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Abbildung �]. Vier Grundbausteine 
der Chalkogenidotetrelate.[�]�\] Tetrel-
atome schwarz, Chalkogenidatome 

rot. 
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Abbildung � .̂ Strukturformel des 
Kryptanden [2.2.2]Krypt (oben) 

und  des Kronenether 
�]�d-Krone-6 (unten). 
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Abbildung �_. Abbildung von Struktur-
ausschnitten ausgewählter Merkurate (v.o.n.u.):  

Na� ĤgSe� ,̂[�^�d] K� Ĥg�_Se�`,[�^�e] K�bHgSe�`,[�_�\] 
K� Ĥg�bS�c.[�_�]] 
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Abbildung �d. Auftragung der gemessenen 
Gütefaktoren ZT gegen die Temperatur für SnSe-

Kristalle entlang verschiedener Zellachsen.[�d�d] 

Abbildung �c. UV-Vis Spektren von 
[K�]�\(ROH)n][M �`S(SnCh�`)�`] für Ch = Te (links), 

Se (rechts). M ist im Bild dargestellt.[�^�cc] 
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Abbildung �e. Radiologische Aufnahme 
nach intravenöser Injektion von 10 mL 

elementaren Quecksilbers.[�e�\] 
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Abbildung �]�\. Schematische Darstellung der geplanten 
Umsetzungen. 
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Abbildung �]�.̂ Reaktionsschema zu Publikation II . 

Abbildung �]�_. Reaktionsschema zu Publikation III . 
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Abbildung �]�b. Reaktionsschema zu Publikation VI . 

Abbildung �]�a. Reaktionsschema zu Publikation V. 
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Abbildung �]�c. Reaktionsschema zu Publikation VII . 
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Abbildung �]�d. Reaktionsschema zu Publikation VIII . 
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Abbildung �^�\. Reaktionsschema zu Publikation X. 

Abbildung �]�e. Reaktionsschema zu Publikation IX . 
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About the Syntheses of Chalcogenidometalates by in-situ 

Reduction with Elemental Alkali Metals 

Günther Thiele, Lisa Vondung, Stefanie Dehnen, Z. Anorg. Allg. Chem. �^�\�]�a, im Druck. 

Reduction of chalcogen-rich Pb:Ch (1:2) phases 
in ethane-1,2-diamine (en) by elemental alkali 
metals results in the formation of solutions of 
[Pb��Ch��]2�± of high purity and abundance. In 
contrast, application of the same reaction 
conditions to a binary Bi:Te (1:2) phase yields the 
mononuclear [BiTe��]3�± anion. Instead of the
expected [Tl��Te��]4�±  

or [Tl��Te��]2�± anions, analogous reactions with a 
Tl:Te (1:1) phase end up with a C�±C-bond 
cleavage of the solvent en under formation of a 
�V�D�O�W�� �R�I�� �W�K�H�� �W�H�O�O�X�U�L�G�R�F�\�D�Q�D�W�H�� ���1�A�&�±Te)�± anion. 
Side reactions of en and elemental cesium are 
presented and metalate solutions are 
investigated with NMR spectroscopy.  
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Abbildung �^�]. Ausschnitt aus der Kristallstruktur von [K(18-Krone�æ�b)] � [̂Pb� Ŝe�_���	en. 
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Reduction of chalcogen-rich Pb:Ch ��������) phases in ethane��������-
diamine (en) by elemental alkali metals results in the formation of 
solutions of [Pb��Ch��] ���± of high purity and abundance. In contrast, 
application of the same reaction conditions to a binary Bi:Te ��������) 
phase yields the mononuclear [BiTe��] ���± anion. Instead of the 
expected [Tl��Te��] ���± or [Tl��Te��]2�± anions, analogous reactions  

with a Tl:Te ��������) phase end up with a C�±C-bond cleavage of the 
solvent en under �I�R�U�P�D�W�L�R�Q���R�I���D���V�D�O�W���R�I���W�K�H���W�H�O�O�X�U�L�G�R�F�\�D�Q�D�W�H�����1�A�&�±
Te)�± anion. Side reactions of en and elemental cesium are 
presented and metalate solutions are investigated with NMR 
spectroscopy.  

 

Introduction 

The reduction of main group metals or alloys with 
elemental alkali metals in liquid ammonia, as was first 
described by Joannis,[���@ resulted not only in the 
characterization of the famous (Pb��)4�± ion,�>���@ but also in a still 
growing area of research on a large variety of homoatomic, 
heteroatomic, intermetalloid or organyl-substituted Zintl 
ions.�>���@ Our special focus is directed towards the syntheses 
and characterization of corresponding binary molecular 
anions of Tl, Pb or Bi besides Se or Te.  

The crystallographically determined structures of 
according chalcogenido metallate anions reported in the 
literature can be summarized within a few lines: For thallium 
containing compounds, one knows the butterfly-like anions 
[Tl ��Ch��] ���± (Ch = Se, Te),[��,��] a distorted and {TlSe}-capped 
heterocuban-derived anion [Tl��Se��] ���±,[��] [Tl ��Se��] ���± which 
comprises edge-sharing [TlSe��] tetrahedra,[��] [Tl ��Se����]���± with 
(Se��)���± ligands bound to a [Tl��Se��] unit,[��] the tetranuclear Tl���� 
polyselenide [Tl��Se����] ���±,[��] and finally the related, though 
ternary, trigonal bipyramidal [TlPbTe��] ���± anion.[����] The list of 
selenido- and telluridoplumbates additionally contains the 
trigonal bipyramidal [Pb��Ch��] ���± anions,[ ����-����] trigonal 
pyramidal [PbTe��] ���±,[����] [Pb(Se��)��]���± with two (Se��)���± 
tetraselenide ligands,[����] and tetrahedral [PbSe��]4�±.[����] For Bi 
compounds, only the trigonal bipyramid [BiCh��]���± anions (Ch 
= Se, Te)[����] and [(S��)��Bi(S��)Bi(S��)��] ���± �>�����@ have been known 
so far. 
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The most common route towards those binary anions is the 
preparation in liquid ammonia, being �± however �± quite 
cumbersome. Therefore, alternative reaction pathways, such 
as extraction of alloys that were prepared by high-
temperature procedures, have been extensively studied, as 
well as reductions in less volatile solvents �± preferably liquid 
solvents at room temperature, such as ethane��������-diamine 
(en). We have previously utilized this in-situ reduction 
technique for the syntheses of polytellurides of en-solvated 
lithium derivatives,[����] and have now extended this study 
according to Haushalter�¶�V synthesis of K��[PbTe���@�Â��en (see 
equation ����,[����] towards reduction of heavy main group 
chalcogenides with lithium or potassium; reactions of 
potassium were carried out in the presence of cation 
sequestrating agents. The chalcogen-rich phases are indicated 
�D�V�� �³�3�E�&�K�Â�&�K�´���� �³�%�L��Te���Â�7�H�´���� �D�Q�G�� �³�7�O���7�H�Â�7�H�´���� �D�V��they are 
anticipated as being mixtures of the common binary 
chalcogenides with an additional equivalent of elemental 
chalcogen. This assumption was verified by reactions starting 
out from separate PbCh and Ch, or Bi��Te�� and Te that have 
been pulverized together at room temperature prior to 
reaction under otherwise unchanged conditions. All of these 
reactions afforded the same products in similar abundance. 
Hence, although the chalcogen-rich phases may be formally 
viewed as polychalcogenides, the situation in solution is the 
�V�D�P�H���� �W�K�X�V�� �I�R�U�P�D�O�O�\�� �L�Q�Y�R�O�Y�L�Q�J�� �³�&�K2�±�´�� �D�Q�L�R�Q�V�� �E�H�V�L�G�H�� �³�&�K���´����
The observation made at dissolving the parent phases 
contradicts the presence of polychalcogenide anions, as none 
of the typical colors are obtained.        

�Ä�3�E�7�H�Â�7�H�³              
NH�� / K (2 eq.); en

  K��[PbTe���@�Â��en         ������ 

Scheme 1. �5�H�D�F�W�L�R�Q���S�D�W�K�Z�D�\�V���I�R�U���W�K�H���U�H�G�X�F�W�L�R�Q���R�I���³�3�E�&�K�Â�&�K�´���� 
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This way, we were able to obtain solutions of the [Pb��Ch��] ���± 
anions (Ch = Se, Te)[����] in high abundance and purity, and to 
isolate single-crystals of  [K(18-crown����)]��[Pb��Se���@�Âen (��) 
and [K(18-crown����)��][Pb��Te��]�Âen.[����] A corresponding 
reduction of �³Bi ��Te���Â�7�H�´ yielded the telluridobismuthate 
[K ��(18-crown����)��(en)K(en)��][BiTe ��] (��). For the analogous 
reduction of �³�7�O���7�H�Â�7�H�´, we unexpectedly obtained [K(18-
crown�������@���1�A�&�í�7�H��������) as a side product in high yield. 

Results and Discussion 

All title compounds were obtained in the course of our current 
investigations on the synthesis and reactivity of salts of the 
[M xChy]q�± (M = Tl, Pb, Bi; Ch = Se, Te) anions. The literature 
procedure for the generation of salts of the [Pb��Te��] ���± anion 
involves the extraction of an alloy of the nominal composition 
�³�.�3�ETe�´���Z�L�W�K��en in the presence of [2.��.2]crypt.[����] However, 
these syntheses always came along with the formation of 
[K([2.2.2]crypt)]��(Te��)[����] and [K([2.2.2]crypt)](Te��)[����] as 
side-products, which was determined via X-ray diffraction of 
according crystals, beside Te2�± and (HTe)�± ions, as observed 
by ������Te-NMR experiments of the reaction solution (see 
Supporting Information).  

In contrast, after in-situ �U�H�G�X�F�W�L�R�Q���R�I���³�3�E�7�H�Â�7�H�´���L�Q��en with 
2.1 equivalents of elemental potassium, in the presence of 
�• 2.1 eq. of [2.2.2]crypt or 18-crown-6, exactly one signal of 
the desired [Pb��Te��]2�± anion is observed in the ������Te-NMR 
spectrum of a concentrated reaction solution. The same result 
has been obtained for the use of lithium in the absence of a 
cation sequestrating reagent, due to sufficient cation solvation 
by the solvent en in solution. Scheme 1 provides an overview 
of the corresponding reaction pathways. However, so far we 
were not able to obtain the expected �³[Li( en)��] ��[Pb��Ch��]�  ́as 
crystals. The in-situ reduction with Li or K in en can also be 
applied for the synthesis of the corresponding 
selenidometalates, yet solubilities vary considerably and 
syntheses usually afford the monoselenide anion as a side 
product, according to ����Se NMR spectroscopy of the reaction 
solutions (see Supporting Information). 

Exemplarily for the heavier alkali metals, we have also 
checked the behavior of cesium in this context. However, it 
is too reactive, and immediately decomposes the solvent en 
to a variety of colorless degradation products (Scheme 2, 
Figure S1, Table S2), as was described before in part.[����] 

Scheme 2. Reaction pathways for the oligomerization of en, as 
reported�>�����@ or observed herein (see Figure S1 and Table S2).  

Also during reductions with elemental potassium, we have 
observed small quantities of a colorless precipitate, which 
explains the necessity of a small excess of the alkali metal to 
compensate for the loss. In the case of reductions with lithium, 
no such side products were observed; pure lithium/en 

electride solutions are stable for weeks, as deduced from to 
the unchanged blue color. 

The NMR signal obtained from the [Pb��Ch��] ���± anion in the 
case of en-solvated Li+ or to a minor degree [K(����-crown-��)]+ 
cations is very broad (Figures S2-S7), indicating interactions 
of the metal cations with the chalcogenide ligands in solution, 
while the corresponding [����������]crypt complexes are shielded 
from any electronic affection of the cations, giving rise to 
sharp signals (see Figures S8, S9) as has been reported 
before.[����] However, only in the case of cation sequestration 
or solvation of all cations, the trigonal bipyramidal [Pb��Ch��]2�± 
anion can be obtained. As soon as the amount of sequestration 
agent is lowered to less than one equivalent with respect to 
the alkali metal ion, no NMR signal can be observed for the 
[Pb��Ch��]2�± anion any more. 

We note in passing that fusion of precursors like K��Ch and 
PbCh or K and PbCh and subsequent extraction of the ternary 
phases does not yield the [Pb��Ch��]2�± species in according 
abundance and purity for PbCh and K��Chx ���[��� �����«����, which 
are certainly thermodynamically favoured over the plumbate 
salts. For the corresponding reactions with Bi, we applied 
phases that were generated by simply fusing Bi and Ch in a 
��:2 ratio. For Tl, we absolutely aimed at the use of a TlI 
species, different from the known, mixed-valence phase 
TlTe.[����] For this, we started from Tl��Te,[����] and carefully 
pulverized it along with 1 eq. of elemental Te. 

In the case of an analogous reaction with �³Bi ��Te���Â�7�H�´ and 
potassium in the presence of 18-crown����, we obtained an en-
soluble derivative of Eisenmann�¶�V���.��[BiTe��],[��7b] whereas the 
reduction of �³Tl ��Te�ÂTe�  ́does not yield the expected butterfly-
like [Tl ��Te��]2�± anion, nor the trigonal bipyramidal [Tl��Te��] ���± 
aggregate. Both anions represent minima on the energy 
hypersurface, as studies by means of DFT calculations using 
the program system Turbomole (see Figure 1 and the 
Supporting Information).[����] Instead, we isolated [K(18-
crown�������@�>�1�AC�&�í�7�H�@ (��). 

Figure 1. Left: Structure of the [Tl��Te��]4�± anion upon simultaneous 
optimization of geometric and electronic structure (in C�� symmetry) 
by means of quantum chemistry. Tl�±Te�±Tl: 66.65°-66.77°; Te�±Tl�±
Te: 92.27°������������°.Right: Calculated structure of the  [Tl��Te��]2�± 
anion, as present in [K([2.2.2]crypt)]��[Tl ��Te���@�Âen.[��] 

The telluridocyanate anion has been previously synthesized 
from elemental tellurium and KCN in boiling 
dimethylsulfoxide.[����] However, within the reaction reported 
here, C�±C, C�±H, and N�±H bond cleavage must precede the 
formation of the telluridocyanate, since en is the only carbon 
and nitrogen source within the reaction solution. Whereas we 
did observed breaking of the en C�±N bond under comparably 
harsh conditions (becoming a source for ammonia)[����] no such 
bond cleavage has been reported under these mild reaction 
conditions so far. The whereabouts of the hydrogen atoms has 
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not been clarified so far. We assume hydrogen-richer 
degradation products, CH��NH�� or NH�� + CH��, to be more 
likely than H�� formation, which is, however, not excluded. An 
according investigation is underway, but not trivial owing to 
the given reaction conditions and the aforementioned side-
products formed from en and elemental potassium. 

Apart from compound ��, which has been obtained in high 
crystalline yields, all other crown-ether compounds of the 
above mentioned chalcogenidometalates seem to crystallize 
rather poorly. Beside low yields all crystals investigated so 
far have suffered from heavy twinning and disorder. As stated 
above, for the en-solvated lithium salts, we were not yet able 
to obtain crystalline material, which is probably due to the 
strong interaction of lithium ions with the anions upon 
removal of solvent. The crystallization of �� is accompanied 
by the precipitation of an amorphous, brownish-black powder 
that was proven to contain Tl, Te and K �± presumably as a 
mixture of binary tellurides and the elements. The 

crystallographic information of compounds ���� - �� is 
summarized in Table 1. As mentioned above, the crystal 
structure analysis of Cs��(C��N��H�����Â������en (Scheme 2) is given 
in the Supporting Information (Figure S1, Table S2). 

Crystal Structure of [K(18-crown-�����@��[Pb��Se���@�Â�H�Q���������� 

Compound �� crystallizes in the monoclinic space group P����/c 
with 4 formula units per unit cell. The bond lengths and 
angles within the trigonal bipyramidal [Pb��Se��]2�± anion are 
similar to those in [K([2.2.2]crypt)]��[Pb��Se��] [����] (values given 
in parenthesis): Pb�±Pb 3.2194(6) Å (c.f. 3.2260(8) Å), Pb�±Se 
2.7366(14) - 2.7842(12) Å (c.f. 2.757(11) Å on average). In 
contrast to the [2.2.2]crypt salt, interactions between K+ ions 
�D�Q�G�� �W�K�H�� �D�Q�L�R�Q�� �D�U�H�� �S�U�H�V�H�Q�W�� ���.�«�6�H�� ������������������- 3.625(2) Å), 
thereby capping two Se�±Se edges of the trigonal bipyramidal 
anion (Figure 2). 

 
Table 1. Summary of crystallographic and refinement details for ��-�� (CCDC 1027982������������������. Data for Cs��(C��N��H�����Â������en (CCDC 
��������������) are given in Table S2. 

Figure ��. Structure of the [Pb��Se��]2�± anion and its coordination by 
[K(18-crown����)]+ complexes in ��. Ellipsoids are drawn at 50% 
probability, hydrogen atoms are omitted for clarity. 

Crystal Structure of [K��(18-crown����)��(en)K(en)��][BiTe ���@���������� 

Compound �� crystallizes in orthorhombic space group Pmc���� 
with 2 formula units in the unit cell. Each of the trigonal 
pyramidal [BiTe��] ���± anions is coordinated by three K+ ions 
(K�« Te ���������������� -������������������ Å). Bond lengths for Bi�±Te are��
�������������������� -�� �������������������� Å, thus slightly shorter than in 
�(�L�V�H�Q�P�D�Q�Q�¶�V K��[BiTe��] ������������ Å).[����b] One of the K+ ions per 
formula unit (K1) bridges between two adjacent [BiTe��] ���± 
anions, thereby achieving coordination number (c.n.) 6 
through coordination by four Te atoms from the anions and 
two crown ether oxygen atoms from neighboring cation 
complexes. The second cation (K2) ion is coordinated by a 

Compound 
Formula 

�� 

[K(18-crown�������@��[Pb��Se���@�Âen 

�� 

[K ��(18-crown��������K(en)��][BiTe ��] 
�� 

[K(18-crown-�����@���1�A�&�í�7�H�� 

Empirical formula C����H����K ��N��O����Pb��Se�� C����H����Bi ��K��N��O����Te�� C����H����KNO��Te 

Formula weight /g·mol�±�� �������������� �������������� ������������ 

Crystal color and shape orange stick red block  colorless block 

Crystal size /mm ���������Â���������Â�������� ���������u���������u�������� ���������u���������u�������� 

Crystal system monoclinic orthorhombic monoclinic 

Space group / Flack�>�����@ P����/c Pmc���� /������������������ P����/n 

a /Å  

b /Å  
c /Å 

���������������������� 

������������������ 
�������������������� 

�������������������� 

�������������������� 
���������������������� 

������������������ 

������������������ 
���������������������� 

�E /° ������������������  �������������������� 

V /Å �� ������������������ ������������������ ������������������ 

Z �� �� �� 

�Ucalc /g· cm�±�� ���������� �������� ���������� 

�P(MoK�D) /mm�±�� ������������ ���������� ���������� 

���4 range /° �������� �������� �������� 

Abs. corr. Tmin/Tmax �������������������������� �������������������������� �������������������������� 

Reflections measured ���������� ���������� ���������� 

Independent reflections �������� �������� �������� 

R(int) ������������ ������������ ������������ 

Indep. refl. (I���!�����V(I)) �������� �������� �������� 

Parameters  ������ ������ ������ 

R����(I���!�����V(I)) ������������ ������������ ������������ 

wR�� (all data) ������������ ������������ ������������ 

GooF (all data) ���������� ���������� ���������� 

Max. peak/hole /e�±·10�±��pm�±�� ���������� / �±���������� ���������� / �±���������� ���������� / �±������ 
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18-crown���� and by the Te atoms of one anion (c.n. 9), like the 
third K+ ion (K3), which is additionally coordinated by one 
(disordered) en molecule. The three types of cations alternate 
along the crystallographic a axis, thereby forming a 
coordination polymer together with the anions, the 18-crown-
6 and the en molecules (Figure 3, top). As shown in Figure ����
(bottom), the parallel strands are arranged into corrugated 
layers parallel to the ac plane and separated by sheets of 
further [K(18-crown����)(en)��]+ complexes (K4) with highly 
disordered 18-crown-6 ligands (not indicated in Figure 3 for 
clarity).  

Crystal Structure of [K(18-crown�������@���1�A�&�í�7�H���������� 

Compound �� crystallizes in monoclinic space group P����/n 
with four formula units in the unit cell. The linear (TeCN)�± 
anion (Te�±C�±N: 179.2(6)°) is situated between two [K(18-
crown����)]+ fragments with a K�«�1 distance of 2.775(6)Å, a 
K�«�7�H distance of 3.6249(12)Å and angles of 119.48(16)° 
(�.�« Te�±C) and 176.3(5)° (�.�« N�±C). Bond lengths within 
the anion are Te�±C 2.015(6)Å and N�±C 1.167(7)Å, as 
expected for a single and a triple bond, respectively, with 
further interactions of the terminal atoms to adjacent cations. 
The K+ ion is coordinated by six O atoms from 18-crown���� 
molecules, and additionally by Te and N atoms of the anion. 
The structure thereby forms a coordination polymer along the 
[������] direction (Figure ��).  

Figure 3. Top: Fragment of the coordination polymer in ��. 
Ellipsoids are drawn at 50% probability, hydrogen atoms are omitted 
for clarity, disorder of en is represented by transparent ellipsoids. 
Bottom: Relative orientation of the strands and further [K(18-crow 
n��������en)��]+ complexes, viewed along [�s
$00]. Ellipsoids are drawn at 
50% probability, C, N, O are drawn as wires; H atoms and disorder 
of crown ether molecules are omitted for clarity. 

 

Figure ��. Fragment of the crystal structure of ��. Ellipsoids are drawn 
at 50% probability, H atoms are omitted for clarity. 

Conclusions 

The reduction of crude lead chalcogenide (1:2) phases with 
elemental alkali metals in en is a straightforward route 
towards solutions containing the [Pb��Ch��]2�± anion with high 
abundance and purity. The corresponding treatment of 
�³�%�L��Te���Â�7�H�´���S�U�R�G�X�F�H�V���W�K�H���I�L�U�V�W���W�H�O�O�X�U�L�G�R�E�L�V�P�X�W�D�W�H���D�Q�L�R�Q���W�R���E�H��
�R�E�W�D�L�Q�H�G���I�U�R�P���V�R�O�X�W�L�R�Q�����$�F�F�R�U�G�L�Q�J���U�H�D�F�W�L�R�Q�V���Z�L�W�K���³�7�O���7�H�Â�7�O�´��
cause C�±C-bond cleavage and transfer of protons within 
solvent en molecules under formation of a [K(18-crown�������@+ 
salt of the telluridocyanate anion in high yields. 

Experimental Section 

General: All synthesis steps were performed with strong 
exclusion of air, moisture (Ar atmosphere at a high-vacuum, 
double-manifold Schlenk line or in a glove box) and light. 
Solvents were dried and freshly distilled prior to use. The 
elements were purchased from Sigma Aldrich (>99%) and 
used as received. Phases with the nominal composition 
�³�3�E�&�K�Â�&�K�´ or �³Bi ��Te���ÂTe�  ́ were prepared by fusion of the 
elements in the corresponding ratios in a quartz ampoule 
under Ar using a Bunsen burner. �³�7�O���7�H���7�H�´���Z�D�V���S�U�H�S�D�U�H�G���E�\��
first fusing the elements in a 2:1 ratio, and subsequently 
adding�� �� eqivalent of Te under careful pestling at room 
temperature to avoid formation of the mixed-valence phase 
TlTe.  

Solutions of the title compounds were generated by 
suspending 0.5 g of binary compounds that were prepared as 
mentioned above in 25 mL of en (in the case of reduction with 
K, 2.2 eq of 18-crown���� with respect to the metal within the 
phases has been added to the suspension). 2.1 eq of elemental 
alkali metal was added and the reaction solution was 
vigorously stirred for at least 12 h. The remaining solid 
residues were filtered off and the solution volume was 
reduced to a final volume of 15 mL.  

Crystallization of [K(18-crown����)] ��[Pb��Ch��]�Âen (1)  

���� mL of a solution of �� was carefully layered with 10 mL of 
toluene and left to stand for 4 weeks. The resulting precipitate 
was filtered off and the solution was slowly evaporated. �� 
crystallizes as yellow-orange plates.  

Crystallization of [K��(18-crown����)��(en)K(en)��][BiTe ���@�������� 



 �� 

���� mL of a solution of �� was carefully layered with 10 mL of 
toluene. �� crystallizes within 3 weeks as black blocks. 

Synthesis of [K(18-crown����)](NCTe) (3) 

���� mL of a solution of �� was carefully layered with 10 mL of 
toluene and left to stand for 4 weeks. The resulting precipitate 
was filtered off and the solution volume was reduced to 5 mL. 
�� crystallizes within one week as colorless sticks in 
approximately ����% yield with respect to Te. 

Single-crystal X-ray diffraction:  All measurements have 
been performed on a Stoe IPDS2 or IPDS2T diffractometer 
at ��������K (��, ��, Cs��(C��N��H��)���Â3en) or at a Stoe IPDS-I 
diffractometer at 193 K (��), using MoK�. radiation and a 
graphite monochromator (�� = 0.71073 Å). Upon numerical 
absorption correction, structure solution was performed by 
direct methods, followed by full-matrix-least-squares 
refinement against F��, using SHELXS-97, SHELXL-97 and 
OLEX2 software.[����] Table �� summarizes the data of the X-
ray diffraction experiments. CCDC 1027982������������������ 

Nuclear magnetic resonance spectroscopy: All NMR-
spectra were recorded in en on a Bruker DRX 400, with a 
C��D�� capillary for locking. For ������Te experiments with 
species other than [2.2.2]-crypt salts, short acquisition times 
(0.2 s) reduced the duration of the experiments and helped 
avoiding excessive line broadening. Standard experiments 
applied 15k pulses with short delays (D1 = 1s). ����Se 
experiments applied standard parameter sets with typically 
>10k. 

Quantum chemical methods: DFT calculations were done 
with the program system TURBOMOLE[25a] using the RIDFT 
program[25b������c] and employing the Becke�±Perdew 86 (BP86) 
functional[25d,25e,25f] with def2-TZVP bases[25g] and respective 
fitting bases[25h] for the evaluation of the Coulomb matrix. 
Effective core potentials (ECPs) were used for Tl and Te 
atoms (ECP������ and ECP�������� respectively).[25i] Counter ions 
were modeled by application of COSMO with default 
parameters.[25j,25k] 
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��. Crystallographic details for Cs��(C��N��H ��) �Â������en 

Upon careful addition of elemental Cs to en the solution is stirred for half an hour after which the excess 

en is evaporated, yielding Cs��(C��N��H��) �Â������en as colorless crystals.  

Figure S���� Representation of the asymmetric unit in Cs��(C��N��H��) �Â������en (left, top), of the unit cell (right) 

and the dianionic heterocycle in side and top view (left, bottom). Ellipsoids are drawn at 50% probability.  

  



 �� 

Table S��. Details of Diffraction experiment and refinement of Cs��(C��N��H��) �Â������en.  

Empirical formula  C����H����N����Cs��  
Formula weight  �������������� 
Temperature/K  �������������� 
Crystal system  orthorhombic  
Space group  Pbca  
a/Å  ������������������������ 
b/Å  ���������������������� 
c/Å  ������������������������ 
�.��°  ������ 
����°  ������ 
����°  ������ 
Volume/Å��  �������������������� 
Z  ���� 
�!calcmg/mm��  ������������ 
m/mm-��  ������������ 
F(000)  �������������� 
Crystal size/mm��  0.35 × 0.26 × 0.20  
Radiation  MoK�. ������� �������������������� 
���,��range for data collection  3.996 to 53.488°  
Index ranges  -�������”���K���”����������-�������”���N���”����������-�������”���O���”�������� 
Reflections collected  ������������ 
Independent reflections  6137 [Rint = 0.0527, Rsigma��� ���������������@�� 
Data/restraints/parameters  ���������������������� 
Goodness-of-fit on F��  ������������ 
Final R indexes [I>=2�1��(I)]  R�� = 0.0371, wR����� ���������������� 
Final R indexes [all data]  R�� = 0.0533, wR����� ���������������� 
Largest diff. peak/hole / e Å���� ���������������������� 
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��. NMR spectra of the reaction solutions  

General approach  

a) Extraction with K:���� eq of K and 1eq of Pb were fused in a quartz ampoule with an oxygen/methane 

burner and 2 eq of Se or Te were added to the melt. The resulting regulus was pestled and extracted for 

at least 24h with en in the presence of at least 2.1 eq of either 18-crown-6 or [2.2.2]crypt.  

b) Extraction with Li:���� eq of Pb and 2 eq of Se or Te were fused as in a), followed by pestling, addition 

of 2.1 eq Li in liquid ammonia and subsequent annealing of the resulting powder for 15min with an 

oxygen/methane burner. The resulting regulus was pestle and extracted for at least 12 hours with en. 

c) In situ reduction: �³MCh���´��(M = Pb; Ch = Se, Te) was prepared as in b), subsequent addition of 2.1 eq 

of elemental alkali metal in en (and in case of K additional 2.2 eq of 18-crown-6 or [2.2.2]crypt) and 

filtration yielded the solution for NMR characterization upon reduction of the solution volume upon 

evaporation of the solvent. 

All NMR-spectra were recorded in en on a Bruker DRX 400, with a C��D�� capillary for locking. The quoted 

chemical shifts were taken from ref. [��] (chalcogenides and polychalcogenides) and ref. [��] (metalates). 

�/(Te2�±) = �±1430ppm; �/(Te��
2�±) = �±1080ppm; �/([Pb��Te��]2�±) = �±927ppm. For the in situ reduction of 

�Ä�3�E�6�H���³�� �Z�L�W�K�� �/�L�� �L�Q��en no spectrum of sufficient quality could be obtained due to low solubilty of the 

[Pb��Se��] ��- anion (as compared to the [Pb��Te��] ��-) and extremely broad line width.  

Figure S��. ������Te-NMR spectrum upon �H�[�W�U�D�F�W�L�R�Q���R�I���³�/�L�3�E�7�H�´��with en.  
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Figure S��. ������Te-NMR spectrum upon �H�[�W�U�D�F�W�L�R�Q���R�I���³�.�3�E�7�H�´��with en in the presence of 18-crown����. 
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Figure S��. ����Se-NMR spectrum upon �H�[�W�U�D�F�W�L�R�Q���R�I���³�.�3�ES�H�´��with en in the presence of 18-crown����. 

Figure S��. ������Pb-NMR spectrum upon reduction of �³�3�E�7�H�Â�7�H�´ with K in en in the presence of 18-crown��

��. 
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Figure S��. ������Te-NMR spectrum upon reduction of �³�3�E�7�H�Â�7�H�´ with K in en in the presence of 18-crown��

��. 

 

Figure S��. ����Se-NMR spectrum upon reduction of �³�3�E�6�H�Â�6�H�´ with K in en in the presence of 18-crown����. 
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Figure S��. ������Te-NMR spectrum upon �H�[�W�U�D�F�W�L�R�Q���R�I���³�.�3�E�7�H�´���L�Q��en in the presence of [2.2.2]crypt. 

Figure S��. ������Te-NMR spectrum upon reduction of �³�3�E�7�H�Â�7�H�´ with K in en in the presence of [2.2.2]crypt. 

���� Quantum chemical calculations on the series [Tl��Ch��] ���±, with Ch = O through Po 

DFT calculations were done with the program system TURBOMOLE[��] using the RIDFT program[��] and 

employing the Becke�±Perdew 86 (BP86) functional[��] with def��-TZVP bases[���@ and respective fitting 



 �� 

bases[��] for the evaluation of the Coulomb matrix. Effective core potentials (ECPs) were used for Te and 

Tl, Pb, Bi atoms (ECP-28, and ECP-60, respectively).[��] Counter ions were modelled by application of 

COSMO with default parameters.[��]  

All structures were minima on the potential energy surface as determined from calculating vibrational 

spectra of the optimized geometries.  

Table S��. Structural parameters of the calculated [Tl��Ch��] ��- anions in c�� symmetry. 

Ch d(Tl �±Tl) /Å d(Tl �±Ch) /Å <(Tl �±Ch�±Tl) /° <(Ch�±Tl �±Ch) /° 

O ���������� ���������������������� ���������� ���������������������� 

S ���������� ���������������������� ���������������������� ���������������������� 

Se ���������� ���������������������� ���������������������� ��������2�±���������� 

Te ���������� ���������������������� ���������������������� ���������������������� 

Po ���������� ���������������������� ��������2�±���������� ���������������������� 
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Syntheses, Structures and Electronic Properties of a New 

Series of Tellurides of the Type [Sequestrated Cation]�Z[Tex] 

(x = �Y-�\�� 

Günther Thiele, Niels Lichtenberger, Ralf Tonner, Stefanie Dehnen, Z. Anorg. Allg. Chem. 

�^�\�]�_, �f�c�i�á���^�d�\�e�æ�^�d�]�a. (Titelbild) 

�7�K�H�� �O�L�V�W�� �R�I�� �³�F�O�D�V�V�L�F�D�O�´�� �W�H�O�O�X�U�L�G�H�V�� �Z�L�W�K�� �R�U�J�D�Q�L�F��
cations was expanded by the synthesis of single-
crystalline salts [Li��(en)n](Tex) (en = 
ethylenediamine) with n = 4, x = 1 (��), n = 4, x = 
��������), or n = 5, x = 3 (��), [K(18c6)] ��(Tex) (18c6 = 
1,4,7,10,13,16-hexaoxacycloocta-decane) with, x 
� ������������������������), [K([2.2.2]crypt)]��(Te��) ([2.2.2]crypt 
= 4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8]-hexacosane, ��) and 
[K(18c6)] ��[K(en)] ��(Te��)�� (��).  

Electronic structure calculations on free 
molecules and periodic approaches are 
discussed and compared with experimental 
UV-visible spectra, providing a correlation of 
the band gaps with the telluride chain length, 
and a possibility for affecting the gap by 
according choice of the counterions. 
Additionally, ������Te NMR chemical shifts of the 
presented series of en solvated lithium 
tellurides are presented.  
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Abstract. The list of “classical” tellurides with organic cations was
expanded by the synthesis of single-crystalline salts [Li2(en)n](Tex) (en
= ethylenediamine) withn = 4, x = 1 (1), n = 4, x = 2 (2), andn = 5,
x = 3 (3), [K(18c6)]2(Tex) (18c6 = 1,4,7,10,13,16-hexaoxacycloocta-
decane) withx = 2 (4), 4 (5), [K(18c6)]2[K(en)]2(Te2)2 (6), and
[K([2.2.2]crypt)]2(Te2) (7) ([2.2.2]crypt = 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]-hexacosane). Electronic structure calculations

Introduction

Since the synthesis of the first single crystalline polytellur-
ide[1] the interest in tellurides and tellurium compounds has
been constantly growing – due to interesting structural proper-
ties and a variety of different types of Te–Te-interactions.[2]

The latter is especially valid for tellurium-rich tellurides – in
contrast to classical tellurides, which comprise exclusively
well separated chains with an overall charge of –2. In 2000,
SmithandIberselaborately reviewed all tellurides known until
then and classified those into (a) alkali metal/ alkaline-earth
metal cation and (b) organic cation tellurides, respectively.[3]

The latter included solvated telluride salts. Since then, a large
progress has been made in the area of non-classical tellurides,
including one, two and three-dimensional telluride architec-
tures,[2f,4a,4b] rings and cage formations,[4c] heterometallic,
macrocyclic and carbene analogeous tellurium com-
pounds[4d,4e,4f,4g]as well as the syntheses of a large variety of
telluronium, tellurolate,[4h,4i] and polycationic tellurium
salts.[4j,4k,4l,4m] Nevertheless, the total number of so-called “or-
ganic cation” tellurides, which contain either alkali metal or
alkaline-earth metal cations in solvent, crown ether or cryptand
complexes, or ammonium or phosphonium ions, is still small.
Apart from some arsonium tellurides,[5a] and ammoniates[5b] it
has not been increased since this last review.
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on free molecules and periodic approaches are discussed and compared
with experimental UV/Vis spectra, providing a correlation of the
bandgaps with the telluride chain length, and a possibility for affecting
the gap by according choice of the counterions. Additionally,125Te
NMR chemical shifts of the presented series ofen solvated lithium
tellurides are presented.

Table 1 summarizes the classical “organic cation” tellurides
with solvated alkali or alkaline earth metal cations currently
known, including our contribution of solvated lithium
polytellurides, [Li2(en)4](Te2) (2) and [Li2(en)5](Te3) (3), and
sequestered potassium polytellurides, [K(18c6)]2(Te2) (4),
[K(18c6)]2(Te4) (5), [K(18c6)2]2[K(en)]2(Te2)2 (6), and
[K([2.2.2]crypt)]2(Te2) (7), that were obtained beside the lith-
ium monotelluride [Li2(en)4]Te (1).

Results and Discussion
The title compounds were obtained during our current

attempts to extend and optimize the synthesis of salts of the
[Pb2Te3]2– anion, which we use as starting material in reactions
with transition metal compounds. According to literature
procedures,[7a] the syntheses always afford7 and
[K([2.2.2]crypt)]2(Te3)[1] as side-products. We intended to
achieve a crown ether complexation of potassium ions, as well
as synthesis with lithium as reducing agent. For the lithium
derivatives, we expected a stronger solvation by ethylenedi-
amine (en) and were interested to investigate the effect of an
exchange of K+ with Li+ in the planned125Te NMR experi-
ments to identify products as well as side-products. Thus,
1–7 were isolated as so far unknown side-products during the
experiments described above. Additionally, we have performed
straightforward: direct syntheses of the lithium compounds
1–3 from the elements inen (see Experimental Section). All
of the title compounds represent so far missing species in the
well-established class of telluride salts.1–7 were structurally
characterized by means of single-crystal X-ray diffraction. The
crystallographic data and refinement details are given in
Table 2.
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Table 1. Summary of structurally determined alkali metal/alkaline-earth metal polytellurides with solvated or sequestered cations.[1,6]

(Tex)2– (Te2)2– (Te3)2– (Te4)2–

A+ or EA2+ in solvate complexes Na, Li (2) Ba, Li (3) Ca
A+ or EA2+ in crown ether complexes K (4), (6) a) Sr, Ba, Na, K (5)
A+ or EA2+ in cryptand complexes K (7) K Na

a) A compound with the nominal composition [K(18c6)]2(Te3) was obtained as single-crystals; however, the quality of the data sets were too
low so far for publication.

Table 2. Crystallographic data and refinement details of1–7.

[Li 2(en)4]Te (1) [Li 2(en)4](Te2) [Li 2(en)5](Te3) [K(18c6)]2(Te2) [K(18c6)]2(Te4) [K(18c6)2]2- [K([2.2.2]crypt]2(Te2)
(2) (3) (4) (5) [K(en)]2(Te2)2 (6) (7)

Empirical formula C8H32Li2N8Te C8H32Li2N8Te2 C9H18Li2N9Te3 C24H48K2O12Te2 C24H48K2O12Te4 C28H56K4N4O12Te4 C36H72K2N4O12Te2

Formula weight 381.90 509.50 649.00 862.02 1117.22 1307.57 1086.38
/g·mol–1

Crystal color and shape colorless block black block black block blue block black block purple stick purple plate
Crystal size /mm 0.17� 0.41� 0.14 0.36� 0.79� 0.47 0.17� 0.37� 0.14 0.15� 0.17� 0.22 0.10� 0.06� 0.06 0.51� 0.11� 0.06 0.14� 0.27� 0.06
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic trigonal
Space group P21/c P21/n C2/c C2/c P21/c P21/c R3̄
a / Å 9.2326(4) 11.1617(15) 32.520(4) 22.7116(9) 20.5835(9) 7.5835(2) 11.8966(4)
b / Å 19.5608(9) 14.6234(16) 9.0526(10) 8.5340(2) 11.1976(4) 17.3171(6) 28.1868(18)
c / Å 9.7818(4) 12.4530(16) 17.1476(19) 19.5794(9) 18.1348(7) 36.4663(11)
� /° 94.494(4) 94.413(10) 103.599(10) 112.779(3) 113.370(3) 95.930(2)
V /Å3 1761.13(13) 2026.6(4) 4906.6(10) 3498.9(2) 3836.9(3) 4763.3(3) 3454.8(3)
Z 4 4 8 4 4 4 3
� calc /g·cm–3 1.440 1.670 1.757 1.636 1.934 1.823 1.566
µ(MoK� ) /mm–1 1.688 2.880 3.550 1.957 3.280 2.827 1.506
2� range /° 4–55 4–51 5–51 4–54 4–54 2–55 10–53
Abs. corr.Tmin/Tmax 0.6136 /0.8015 0.0202/0.0539 0.4811 /0.6382 0.6172 /0.7802 0.8454/0.8940 0.3678/0.8376 0.7042/0.9471
Reflections measured 8548 18627 11517 51182 21054 23230 5470
Independent reflections 3729 3729 4334 3714 8082 10617 1616
R(int) 0.0239 0.0902 0.0811 0.0345 0.0749 0.0719 0.0473
Indep. refl. [I � 2� (I)] 2937 2777 4334 3055 4867 6544 1282
Parameters 300 183 248 277 379 469 86
R1 [I � 2� (I)) 0.0166 0.0736 0.0329 0.0288 0.0397 0.0422 0.0409
wR2 (all data) 0.0379 0.2731 0.1057 0.0850 0.0971 0.1290 0.1035
GooF (all data) 0.854 1.115 0.667 0.670 0.689 0.568 0.909
Max. peak/hole 0.559/–0.550 2.130/–0.822 0.572/–0.554 0.651/–1.461 1.716/–0.838 1.759/–2.772 1.207/–0.795
/e–·10–6pm–3

CCDC No. 954799 954800 954801 954802 954803 954805 954804

Inspired by the work ofSeifert-Lorenzand Hafner,[7b] we
performed quantum chemical calculations of molecular anionic
species (Tex)2– (x = 1–4) and of solid-state structures. The lat-
ter served to evaluate differences in the electronic structure as
a function of both the anion chain lengths and the different
cations. The results were compared with experimental UV/Vis
and125Te NMR spectra. All reactions were monitored by NMR
spectroscopy, and compared with the chemical shifts reported
already bySchrobilgenand co-worker.[7c]

Crystal Structures of [Li2(en)4]Te (1), [Li2(en)4](Te2) (2),
and [Li2(en)5](Te3) (3)

Compounds1–3 crystallize in monoclinic space groups. Un-
like the heavier congeners, the coordination number (c.n.) of
Li+ ions is restricted to c.n. = 4. The coordination of Li+ cat-
ions by en molecules leads to the formation of 2D (1, 2) or
1D (3) arrangements.

In 1 (Figure 1), the Li+ ions are arranged into double-layers
parallel to the crystallographicac plane upon bridging byen

www.zaac.wiley-vch.de © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Z. Anorg. Allg. Chem.2013, 2809–28152810

ligands. All en molecules bridge between different cations,
thus, there is no chelating ligand present. Three of the four
coordination sites per Li+ ion are involved in bridges within
one layer, with the fourthen ligand acting as bridge to the
second layer. The telluride anions are located within the
double-layers. The six nearest Te···Li distances (4.60–5.93 Å)
form a distorted octahedron. Four of the Te···Li contacts are
situated within one layer, a fifth one involves a Li+ ion of the
second layer, and the remaining Te···Li contact involves a Li+

ion of the next double-layer, which is not connected to the
respective double-layer byen bridges. The octahedra share
corners and edges, thereby forming a complicated 3D network.

Compound2 (Figure 2) comprises single layers of solvated
lithium ions that are folded in zigzag fashion and extend paral-
lel to theac plane. Herein, the Li+ ions form a folded tetrago-
nal net with bridgingen molecules along all of the Li···Li
edges. Every second tetragonal loop accommodates one of the
(Te2)2– dumbbells [Te–Te 2.774(2) Å], which are orientated
perpendicular to the mean planes of the loops. Six closest Li+

ions form distorted octahedra (4.38–5.46 Å) around the Te–Te
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Figure 1. Crystal structure of1. Side view of one double-layer ofen-
bridged Li+ ions (top) and distorted octahedral coordination environ-
ment of the Te2– ions (bottom). Hydrogen atoms are omitted for clarity.

dumbbells. Four of the six Li+ ions belong to the same zigzag
net, the remaining two Li+ ions above and below belong to
adjacent Li+/enlayers. The octahedra are corner-sharing within
one Li+/en layer, and corner-sharing as well as edge-sharing
between adjacent layers to form a 3D network.

The 1D arrangement of Li+ ions andenmolecules in3 (Fig-
ure 3) instead of a network of higher dimensionality results
from a different coordination mode of theen ligands with re-
spect to the all-bridging mode observed in1 or 2. Here, the
Li+ ions are linked to two (Li2) or three (Li1) adjacent Li+

ions byen ligands, while the remaining coordination sites are
occupied by non-bridgingen molecules: a chelating one (Li2)
or a terminal one (Li1). The Li+ ions within the strands form
rectangular, six-membered loops that are connected by joining
two opposite Li···Li edges along the long rectangular edges per
ring. The (Te3)2– anions [Te–Te 2.722(1) and 2.719(1) Å; Te–
Te–Te 109.41(3)°] are situated between the Li+/en strands
within the crystal.

Crystal Structures of [K(18c6)]2(Te2) (4), [K(18c6)]2(Te4)
(5), and [K(18c6)2]2[K(en)]2(Te2)2 (6)

Although all reactions with potassium as reducing agent
were carried out inen, only compound6 actually incorporates
en within the crystal structure. Potassium ions in4, 5, and6
have c.n. of 8 or higher, including the coordination by18c6.
Again, all compounds crystallize in monoclinic space groups.
Te–Te distances amount to 2.7842(4) Å (4) and 2.7807(6),
2.7823(6) Å (6) in the ditellurides. The tetratelluride Te–Te
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Figure 2. Crystal structure of2. Side view of the 2D network (top)
and distorted octahedral coordination of the (Te2)2– dumbbells within
one Li+/en layer (bottom). Hydrogen atoms are omitted for clarity.

Figure 3. Crystal structure of3. Fragment of one Li+/en strand, em-
phasizing the peculiar coordination modes at Li1 and Li2. Hydrogen
atoms and disorder of two en molecules are omitted for clarity.

bonds in5 differ in lengths with 2.7121(7), 2.7095(7) (Te1–
Te2, Te3–Te4) and 2.7438(6) Å (Te2–Te3). This is similar to
the values observed in related structures.[3] Bond angles are
107.46(2) and 108.07(2)°, the torsion angle amounts to
100.52(3)°.

Within 4 (Figure 4) the (Te2)2– dumbbells bridge two
[K(18c6)]+ cations in a bent side-on mode [K–(Te2 bond cen-
ter)–K angle 114.94°], resulting in c.n. 8 for the K+ ions; the
mean planes spanned by the crown ether oxygen atoms are
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tilted toward each other by 101.75°. The barycenters of these
complexes form a strongly distorted cubic closed pack lattice
with next barycenter-to-barycenter distances of 8.53–12.13 Å.

Figure 4. [K(18c6)]2(Te2) aggregate in4 in top view (left) and side
view (right). Hydrogen atoms are omitted for clarity.

The structural motif of polytelluride-bridged [K(18c6)]+ cat-
ions is also present in5 (Figure 5). However, the (Te4)2– units
bridge in end-on mode between two cations, and the whole
ensemble forms a dimer by self-complementary [K···O]2 ag-
gregation of two cation complexes; accordingly, K+ ions
achieve coordination numbers of c.n. = 7 or 8. The complexes
have a total extension of 28.1 Å (outmost C···C) and form
stacks in crystallographica andb directions.

Figure 5. [K(18c6)]4(Te4)2 aggregate in5. Hydrogen atoms are omit-
ted for clarity.

Two of four independent potassium ions in6 (K1, K3) have
c.n. of 8, resulting from a side-on coordination by the ditellur-
ide anions beside the crown ether coordination. K2 and K4
exhibit another coordination mode, involving twoen
molecules each instead of the crown ether ligands, and two
(Te2)2– anions, each bridging in side-on mode. This way, infi-
nite coordination strands are formed extending parallel to the
crystallographica axis (Figure 6). The ditelluride units [Te–Te
2.781(1) Å] are surrounded by three K+ ions each, and are
stacked along thea axis.

Crystal Structure of [K([2.2.2]crypt)]2(Te2) (7)

Compound7 crystallizes in the trigonal space groupR3̄. The
(Te2)2– dumbbells [Te–Te 2.764(1) Å] are aligned parallel to
the crystallographicc axis, and their barycenters occupy the
positions of a hexagonal close packing topology. Potassium
ions are captured by [2.2.2]crypt molecules revealing accord-
ingly c.n. = 8, and therefore have only weak interactions with
the ditelluride anions. Each [K([2.2.2]crypt)]+ cation complex
is surrounded by three (Te2)2– anions (K···Te distances 6.89,
7.24 Å) with the Te–Te dumbbells orientated “side-on”, nearly
parallel to the O···O edges of the trigonal prism formed by the
six [2.2.2]crypt oxygen atoms (Figure 7). A fourth (Te2)2–
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Figure 6. Crystal structure of6. One-dimensional strands along the
crystallographica axis, including (Te2)2– dumbbells in side-on coordi-
nation mode (top) and arrangement of the strands within the crystal
(bottom). Hydrogen atoms are omitted for clarity.

anion is found “end-on” 7.12 Å apart the K+ ions, in the direc-
tion of one of the K···N contacts. The (Te2)2– anions, in turn,
have eight K+ “neighbors”, six within theab plane, and two
in c direction.

Experimental and Computational125Te NMR Studies

In terms of reaction monitoring we performed125Te NMR
experiments and were able to identify the potassium seques-
tered tellurides according toSchrobilgen’s compilation of
chalcogenide shift tables.[7c] Changing to lithium tellurides, the
telluride anion of1 and monohydrogentelluride were also de-
tected as reported [� (Te2–) = –1430 ppm, � (HTe–) =
–1100 ppm], while lithium polytellurides produce different
chemical shifts.

Table 3 compares125Te chemical shifts of the terminal tel-
lurium atoms of polytellurides as measured from solutions of
lithium solvated or potassium sequestered polytellurides,
respectively. In the case of lithium salts, the terminal tellurides
do not undergo an upfield shift with increasing chain length,
which might be due to a higher Lewis acidity of the (solvated)
lithium ions compared to sequestered potassium salts. Further
indications for a direct interaction of polytellurides with lith-
ium cations are given by relatively broad signals with line
widths of up to 6402 Hz. These indicate a dynamic equilibrium
of solvated and free lithium cations, facilitating a direct impact
of the latter on the electronic structure of the terminal tellurium
atom. Bridging tellurium atoms are not affected that much,
since the negative charge is not delocalized over them to a
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Figure 7. Crystal structure of7. Coordination environment and three
of four next (Te2)2– dumbbells around K+ ions within [2.2.2]crypt li-
gands (top). Embedding of a (Te2)2– dumbbell within eight
[K([2.2.2]crypt)]+ cation complexes (bottom, K···O, and K···N contacts
not drawn). Hydrogen atoms are omitted for clarity.

significant extent. Solutions of potassium tellurides in the ab-
sence of complexation agents do not produce any detectable
signals at all, since the interaction of the (softer) potassium
ions with the tellurium atoms is even stronger, and the sol-
vation tendency byen is lower than for Li+ – according to the
HSAB principle.[8] The broadening of the NMR signals is
strong enough to make them disappear in the noise. Solid state
NMR investigations did not yield any valuable information,
since line broadening even exceeds the overall shift range of
polytelluride anions.

Quantum chemical calculations of125Te NMR shifts were
performed for the different anions (Tex)2– (x = 1–4) (Table 3),
including a full relativistic treatment and an all electron basis
set. Due to problems when treating anions in chemical shift
calculations, the absolute numbers differ considerably. How-
ever, they confirm the trend of an upfield shift of terminal
telluride atoms with increasing chain length, which was re-
ported for non-interacting (sequestered) telluride salts.[7c]
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Table 3. 125Te NMR chemical shifts of the terminal tellurium atoms
of different (poly)telluride anions. Values for bridging tellurium atoms
in parentheses; values for K+-sequestered anions taken from Ref. [7c].

� (125Te) /ppm K+-sequestered Li+-solvated Calculateda)

(Te)2– –1430 –1441 –2901
(Te2)2– –1080 –1022 –1519
(Te3)2– –298 (–372) –1509 (–323)b) –380 (80)
(Te4)2– 19 (19) –1229 (–47)c) –199 (844)

a) For free dianions, see Experimental Section. b) The NMR spectrum
recorded on anen solution of 3 is identical with the NMR spectra
recorded on a solution that was obtained upon reduction of three equiv-
alents of elemental tellurium with two equivalents of metallic lithium
in situ. c) Since no lithium salt of the (Te4)2– anion is known, the NMR
spectrum was recorded on a solution that was obtained upon reduction
of four equivalents of elemental tellurium with two equivalents of met-
allic lithium in situ.

Electronic Structure Calculations and Experimental UV/Vis
Spectroscopy

While the monotellurides are colorless and electronic insu-
lators, the classical polytellurides (Tex)2– with x = 2–4 should
exhibit smaller – that is semiconducting – bandgaps, as indi-
cated by a variety of colors.

The continuous reduction of the bandgap with growing
chain length was examined and confirmed on the examples
reported herein by several approaches: (i) TD-DFT (energy of
HOMO–LUMO singlet excitations, S) for the molecular
anions, (ii) periodic DFT calculations (fundamental bandgap,
bg) considering the periodic arrangement in the crystal and
the corresponding cations (Li+, Na+ or K+), and (iii) UV/Vis
spectroscopic measurements for our series of lithium solvated
tellurides (exp).

Table 4 documents the bandgap narrowing for the series of
(Tex)2– with x = 1–4 by all methods applied. As expected due
to the large impact of charge compensation for a single atom,
single molecule calculations (S) fail to correctly describe the
isolated monotelluride ion in comparison to periodic calcula-
tions and the experiment, but strongly overestimate the gap.
Additionally, the trend from (Te3)2– to (Te4)2– is not correctly
described by this method. In contrast, the calculations taking
into account the full periodic arrangement in the crystal includ-
ing counterions deliver bandgaps in good agreement with the
measured data, both regarding the trend and the absolute val-
ues. This might, however, incorporate some error compensa-

Table 4. Calculated first singlet excitation energies (S), fundamental
bandgaps (bg), and experimental onset of absorption (exp) for
(Tex)2–, x = 1–4. All values in eV.

Anion S (TD-DFT) bg (periodic DFT)a) Exp (UV/Vis)

Te2– 6.66 2.13 c)

(Te2)2– 1.50 1.55 /1.74 1.34
(Te3)2– 1.16 b) 1.05
(Te4)2– 1.27 1.27 d)

a) bg calculated for1–3 and [Na([2.2.2]crypt)]2(Te4);[6c] value for
[K([2.2.2]crypt)]2(Te2) (7) in italics. b) Convergence not achieved. c)
The samples decompose during the measurement due to extreme air-
sensitivity. d) Due to the co-crystallization of K2Te3 (see Exp. Sect.),
a value for the (Te4)2– salt was not available.
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tion since the DFT methods used are known to underestimate
bandgaps of semiconductors.[9]

For the (Te2)2– dianion, periodic DFT values are given for
both Li+ and K+ as counterions. The calculated values indicate
that the counterion does affect the bandgaps, such as suggested
from the NMR measurements.

Conclusions

A variety of new polytelluride salts were synthesized and
characterized by means of single-crystal X-ray diffraction and
NMR spectroscopy. The continuous decrease of the bandgap
was demonstrated using a combination of quantum chemical
calculations and UV/Vis spectroscopy. Computational ap-
proaches taking the full crystal environment into account are
needed for accurate results. Additionally, spectroscopic as well
as periodic quantum chemical methods revealed a notable in-
fluence of the very counterion present on electronic structures
of the (Tex)2– chain.

Experimental Section

General: All synthesis steps were performed with strong exclusion of
air, moisture (argon atmosphere at a high-vacuum, double-manifold
Schlenk line or in a glove box) and light. Solvents were dried and
freshly distilled prior to use. The elements were purchased from Sigma
Aldrich (� 99%) and used as received.Cryptofix© was purchased
from Merck. A phase with the nominal composition KPbTe was pre-
pared by fusion of the elements in 1:1:1 ratio in a quartz ampoule in
an argon atmosphere using a Bunsen burner.

Synthesis of [Li(en)x]2(Tey) (y = 1–3) (1–3):Lithium (300 mg) and
the according equivalents of tellurium were suspended inen (60 mL).
The reaction mixture was stirred for 2 d and filtered to remove possible
solid residues. The solution (40 mL) was taken and carefully layered
with toluene (40 mL). Compounds1–3 crystallize within 2 weeks as
colorless (1) or black blocks (2, 3). Yields: 48% (1), 91% (2), 94%
(3).

Crystallization of [K( 18c6)]2(Te2) (4): A phase with the nominal
composition KPbTe (500 mg),18c6 (500 mg), anden (10 mL) were
stirred for 2 d, filtered, and carefully layered with toluene (10 mL).
After 2 weeks, compound4 crystallized as black blocks. Yield approx.
10%.

Crystallization of [K( 18c6)]2(Te4) (5): A phase with the nominal
composition KPbTe (250 mg),18c6 (250 mg), anden (2 mL) were
heated in an autoclave for 7 d at 150 °C.5 was picked manually from
the reaction mixture as black blocks beside black blocks of K2Te3.[10]

Crystallization of [K( 18c6)]2[K( en)]2(Te2)2 (6): A phase with the
nominal composition KPbTe (330 mg) and18c6(400 mg) were stirred
with en (25 mL) for 2 d, filtered and allowed to stand for one week.
Crystallization was realized by layering of the reaction solution
(10 mL) with toluene (15 mL).6 crystallized after 5 d aslong purple
sticks in approx. 15% yield.

Crystallization of [K([2.2.2] crypt)]2(Te2) (7): A phase with the nom-
inal composition KPbTe (330 mg) and cryptofix© (400 mg) were
stirred withen (25 mL) for 2 d, filtered and allowed to stand for one
week.7 crystallized as purple plates with approx. 15% yield.
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Single crystal X-ray Diffraction: All measurements were performed
at a Stoe IPDS-II or a Stoe IPDS-IIT diffractometer at 100 K (1, 4–7)
or at an Stoe IPDS-I diffractometer at 193 K (2, 3), using Mo-K� radia-
tion (� = 0.71073 Å) and a graphite monochromator. Upon numerical
absorption correction, the structure solution was performed by direct
methods, followed by full-matrix-least-squares refinement againstF2,
using SHELXS-97, SHELXL-97, and OLEX2 software.[11] Table 2
summarizes the data of the X-ray diffraction experiments.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-954799, -954800, -954801, -954802, -954803,
-954804, and -954805 for1–7 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)

UV/Vis Spectroscopy:Optical absorption spectra were recorded with
a Varian Cary 5000 spectrometer. Single-crystalline samples were pul-
verized in nujol oil between two quartz plates (Figure 8).

Figure 8. Optical absorption spectra of (Te2)2– (left hand side) and
(Te3)2– (right hand side) units, such as observed in compounds2 and
3, recorded as suspension of single crystals in nujol oil.

Nuclear Magnetic Resonance Spectroscopy:All 125Te NMR spectra
were recorded with a BRUKER DRX 400 inenwith a C6D6 capillary
for locking. The use of short acquisition times (0.2 s) reduced the
duration of the experiments and avoided excessive line broadening
parameters (15Hz). Standard experiments applied 15k pulses with a
delay (D1) of 1 s.

Methods of the Quantum Chemical Investigations:All molecular
electronic structure calculations were carried out with the Turbomole
program package V6.2.[12] As proven reasonable for many of our pre-
vious investigations of main group element anions,[13] the COSMO
model was used for the compensation of negative charges.[14] Structure
optimizations were undertaken by employment of the RIDFT program,
using the BP86 functional[15] and def2-TZVP basis sets with an effec-
tive core potential at the Te atoms (ECP-28-mdf-TZVP).[16] Nuclear
magnetic resonance properties were calculated using ADF
V2010.02b,[17] with the GIAO Ansatz[18] and all electron basis sets
(QZ4P). For the TD-DFT calculations, all geometries were optimized
using the BP86 functional and def2-TZVP basis sets. Calculations at
crystal structure geometries do change the absolute values, yet the
tendencies are the same. Solid state calculations were carried out using
DFT methodology with periodic boundary conditions applying the
exchange-correlation functional proposed byPerdew, Burke and
Ernzerhof(PBE)[19] in combination with a plane-wave basis set. The
projector-augmented wave (PAW) method[20] was used and enabled a
truncation of the plane-wave basis set at a kinetic energy of 350 eV.
The Brillouin zone was sampled at the� -point and the experimental
crystalstructuresused.Convergencetestsforthebasisset(400 eV),alarger
k-mesh (spacing of 0.1 Å–1 betweenk-points) and optimization of ionic
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positions changed the values by� 0.05 eV. The energy during SCF
cycles was converged to 10–5 eV. The VASP code was used.[21]
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Molecular CHEVREL-like Clusters                .       

[(RhPPh�[)� Ŝe�`] and [Pd� T̂e�`]4��              . 

Günther Thiele, Zhiliang You, Stefanie Dehnen, Inorg. Chem. �^�\�]�a, in Revision.  

[(RhPPh�_)�b��µ�_-Se)�d]·0.5en (�]; en = ethane-1,2-diamine), obtained by reaction of [Pb� Ŝe�_]2�� anions 

with [Rh(PPh�_)�_Cl] in en, represents the first compound comprising a molecular [Rh�b] 

octahedron with all faces capped by Se atoms. Analogous treatment of [Pb� T̂e�_]2�� with 

[Pd(PPh�_)� Ĉl� ]̂ yielded [Li �`(en)�]�\][Pd �b(µ�_-Te)�d] (� )̂, the first compound exhibiting a molecular, 

chalcogen-capped [Pd�b] aggregate. Besides syntheses and structures of the title compounds, we 

report quantum chemical calculations and cyclic voltammetry to understand the electronic 

properties of these molecular CHEVREL-like complexes.  
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Abbildung �^�_. Molekülstruktur von  [(RhPPh�_)�b���Q�_-Se)�d]. 
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ABSTRACT: [(RhPPh��) ��(µ��-Se)��]·������en (��; en = ethane-1,2-diamine), 
obtained by reaction of [Pb��Se��]2�m anions with [Rh(PPh��) ��Cl] in en, 
represents the first compound comprising a molecular [Rh��] octahedron 
with all faces capped by Se atoms. Analogous treatment of [Pb��Te��]2�m 
with [Pd(PPh��) ��Cl��] yielded [Li��(en)����][Pd��(µ��-Te)��] ( ��), the first 
compound exhibiting a molecular, chalcogen-capped [Pd��] aggregate. 
Besides syntheses and structures of the title compounds, we report quan-
tum chemical calculations and cyclic voltammetry to understand the 
electronic properties of these molecular CHEVREL-like complexes.  

For many years, rhodium and palladium compounds have 
attracted great interest in inorganic, organometallic and organ-
ic chemistry due to their properties in various catalytic reac-
tions, such as Grubbs�ï [RuCl� �̂��Ë�������ï���������_)� ]̂ for alkene metath-
esis[�]] and Wilkinson�ï�•�� �����Š���Ž�������Š�_)�_] for hydrogenation of ole-
fins and acetylenes.[� ]̂  

Polynuclear rhodium complexes incorporating an [Rh�b] octra-
hedron, such as the hexadecacarbonyl-hexarhodium 
[Rh�b(CO)�]�b], [�_] with its unique properties as redox catalyst,[� ]̀ 
have been extensively investigated, as well. A large diversity of 
according Rh clusters with terminal, bridging and/or capping 
carbonyl groups have been known, including condensed clus-
ters with up to �_�_ Rh atoms,[ �a] amine and phosphine ligated 
derivatives,[�b] as well as the corresponding hydride clusters, 
such as  [Rh�bH �]�(̂PCy�_)�b][B(C�dH �_F�b)�`] �^

[�c] or [Rh�bH �]�(̂PiPr�_)�b],���d�� 
and a �òpure�ó [Rh�b] octahedron[�e] with potential in syngas con-
version.[�]�\] Compounds that contain [Pd]�b aggregates, in con-
trast, have been far less represented in the literature. Apart 
from [Pd �b(CO)�`(PMe�_)�c], [�]�]] only higher aggregates such as the 
[Pd�_�_Ni �e(CO)�`�](PPh�_)] �`�� cluster anion,[�]�]̂ or [Pd�_�c(CO)�^�d{P(p-
Tolyl) �_}�]� ̂were reported.[�]�_] 

Corresponding molecular [M�b] octahedra with face-bridging by 
chalcogenide ligands have been only known for transition 
metals of groups V-VIII,[ �]� ]̀ and Co[ �]�a] to date. These represent 
molecular analogs of the fundamental building units of 
CHEVREL phases AIIMo �bCh�d (A = Ca, Sr, Ba, Sn, Pb, Au, Ln;  Ch = 
chalcogen), which have triggered large interest due to their 
thermoelectric and/or superconducting potentials. [�]�b] 

In the course of our investigations on the reactivity of 
[Pb� Ĉh�_] �^�� anions[ �]�c] towards transition metal complexes, a 
solution resulting from an extraction of a binary Pb:Se phase 
(1:2) with 2.2 eq. of 18c6 and 2.1 eq. of K (18c6 = 1,4,7,10,13,16-
hexaoxacyclooctadecane) was treated with a stoichiometric 
amount of [Rh(PPh�_)Cl] in en (en = ethan-1,2-diamine), which 
resulted in the formation of [(RhPPh�_)�b(µ�_-Se)�d]·�\�ä�aen (�]) upon 
slow removal of the solvent. In a corresponding reaction of a 

solution resulting from an extraction of a binary Pb:Te phase 
(1:2) with 2.1 eq. of Li with [Pd(PPh�_)� Ĉl� ]̂, we obtained the 
related compound [Li � (̀en)�]�\][Pd �b(µ�_-Te)�d] (� )̂. For synthesis 
and characterization details see the Supporting Information. 
Both product compounds, �] and � ,̂ are based on octahedral 
[M �b] aggregates. They represent the first octahedral clusters in 
Rh or Pd chemistry to be capped by chalcogen atoms, in the 
style of molecular CHEVREL-like complexes. 

Compound �] crystallizes in the triclinic space group P�s
$ with 
one formula unit of the Ci-symmetric cluster and one addition-
al, heavily disordered solvent molecule of en in the unit cell. All 
deltahedral faces are µ�_-capped by Se atoms, and each of the Rh 
atoms is additionally coordinated by one PPh�_ ligand (Figure 1).  

 

Figure 1. Molecular structure of the cluster in compound ��. Ellipsoids are 
drawn at 50% probability, C atoms are drawn as wires, H atoms and split 
positions of disordered Ph rings are omitted for clarity. Selected structural 
�Q�B�S�B�N�F�U�F�S�T�� �<�Q�N�
�� �—�>���� �3�I�w�3�I�� �������������	���
-�������������	��), Se�mRh 243.63(7)-
249.90(7), Rh�mP ������.����(����)-������.����( ����)�
�� �4�F�w�4�F�� �������������	���
-
�������������	�����
; Rh�w�3�I�w�3�I(mer) �������������	�����
-90.230(16)°, 
�3�w�3�I�w�3�I�	�G�B�D�
�� �������������	�����
-60.445(14)°, Se�mRh�mSe(mer)�� ��������20(3)-
157.24(2)°, Se-Rh-Se(fac) 87.01(2)-88.28(2)°, Se�mRh�mP 90.17(4)-
112.58(4)°, Rh�mSe�mRh 77.45(2)-79.60(2)°. 

Different from the carbonyl complex [Rh �b(CO)�]�b], ���_�� the elec-
tronic structure of compound �] cannot be depicted by using 
electron counting rules according to Wade and Mingos.[�]�e] The 
[Rh�b] cluster core is comprised of �e�d��valence electrons, with 
the µ�_-Se ligands counted as 4 electron donors and the phos-
phine ligands as 2 electron donors �� much more than the num-
ber of 86 electrons expected for an octahedral closo cluster. 
���Š�‹�•�� �‹�•�� �™�‡�Ž�Ž�� �”�‡�ˆ�Ž�‡�…�–�‡�†�� �„�›�� �–�Š�‡�� �†�‹�ˆ�ˆ�‡�”�‡�•�–�� ���Š�å���Š�� �†�‹�•�–�ƒ�•�…�‡�• 



 

(310.69(6)-313.26(7) pm), which are much longer than in 
[Rh�b(CO)�]�b] (277.6 pm),���_�� [Rh�b(CO)�]�\(dpm) �_] (dpm = 
bis(diphenylphosphino)methane; 278.3 pm),���]�d�� [Rh�bH �]�(̂PiPr�_)�b] 
(271.8-305.9 pm),���d�� or in [(Cp*Rh)�_���Q�_-Se)� ]̂[PF�b] �  ̂ (288.0(1), 
288.79(8) pm),[20a] but similar to the values observed in 
[NMe � ]̀[Rh �_���Q�_-Se)� (̂CO)�b] (308.6(1), 315.9(1) pm).[�^�\b] Still, there 
is a slight electron deficit (each of the Rh atoms possesses 16�]/ �_ 
electrons without metal-metal bonding). Although an 18 elec-
tron situation for the Rh atoms is not urgently expected as the 
cluster is not an organometallic compound, we explored 
whether the Rh atoms would gain the missing�� �]� /̂ �_ electrons 
each �ˆ�”�‘�•�����Š�å���Š���‹�•�–�‡�”�ƒ�…�–�‹�‘�•�•, or not.  

Quantum chemical calculations applying density function 
theory methods,���^�]�� with a subsequent population analysis of 
the DFT wave function based on occupation numbers 
(PABOON),���^�^�� suggest a very weak interaction of the Rh atoms. 
A total shared electron number (SEN) of 1.�c e�� was calculated 
for twelve 2-center and eight 3-center Rh...Rh interactions (that 
can be summarized as eight (Rh�_) interactions à 0.�  ̂ e��). As 
compared with a total of���]�]�ä�] e�� for �^� ̀Rh��(µ�_-Se) interactions 
(that can be summarized as eight (Rh�_)��(µ�_-Se) interactions à 
�]�ä�  ̀ e��)�á�� �–�Š�‡�� ���Š�å���Š�� �‹�•�–�‡�”�ƒ�…�–�‹�‘�•�•��amount to about �]�%̀ of the 
strength of the Rh��Se covalent bonds that are mainly responsi-
ble for tethering of the atoms within the complex. Inspection 
of the molecular orbitals (MOs) and localized MOs (LMO) 
�…�‘�•�ˆ�‹�”�•�•�� �–�Š�‡�� �ƒ�„�•�‡�•�…�‡�� �‘�ˆ�� �•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–�� ���Š�å���Š�� �„�‘�•�†�‹�•�‰�� �‹�•�–�‡�”�ƒ�…�æ
tions (see Figures S�a and S�b), but indeed reveals an LMO that 
indicates some interaction of the Rh atoms (Figure � ,̂ left), and 
is based on the highest energy MOs. 

Formally, the Rh atoms exhibits different oxidation states, 
Rh(II) � R̂h(III) �`. Actually, it is not possible to clearly assign such 
charges based on the crystal structure, as the Rh�bSe�d core devi-
ates only very slightly from octahedral symmetry (Rhap��Rheq 
311.53(6)-313.26(7) pm, Rheq��Rheq 310.69(6)-312.83(5) pm, Rhap��
Se 245.77(7)-247.98(6) pm, Rheq��Se 243.63(7)-249.90(7) pm). It 
is possible to discriminate the metal atoms by Mulliken popu-
lation analysis[�^�_] of the DFT wave function, if the calculations 
are based on the crystal structure geometry (Figure 2, right). 
However, simultaneous optimization of the geometric and 
electronic structure leads to an equalization of both the cluster 
core symmetry and the atomic charges. Thus, we conclude that 
(a) the slight deviations from octahedral symmetry may be put 
down to packing effects and that (b) the respective electrons 
are delocalized over all Rh atoms.  

Figure 2. Left: Representation of the LMO representing (very) weak 
�3�I�w�3�I���J�O�U�F�S�B�D�U�J�P�O�T��in ��. Further LMOs and the valence MOs are given 
in the Supporting Informations. Phenyl rings are omitted for clarity. 
Amplitudes are drawn at ±0.������a.u.. Right: Charges at Rh atoms (blue) 
according to a Mulliken analysis of the DFT wave function calculated for 
the complex structure in �� as determined by X-ray crystallography. Se 
atoms (orange wires) possess Mulliken charges of �m0.493 to �m0.587. PPh�� 
fragments are omitted for clarity. Note that the charges do not reflect 
formal oxidations states, but are a measure for it. 

To confirm the assumption of a mixed-valence situation in �], 
we examined its electrochemical properties by means of cyclic 
and differential pulse voltammetry (CV and DPV). Initially,  the 

investigations were carried out on a CH� Ĉl�  ̂solution of �] (about 
1.20 mM), in the presence of tetra-n-butylammonium hex-
afluorophosphate (TBFP; 0.1 M) at 25 °C (Figure S�e). However, 
these studies failed due to the oxidation of CH� Ĉl�  ̂itself, occur-
ring prior to the oxidation of �] (see Supporting Information for 
further details). Thus, we changed the electrolyte/solvent com-
bination (TBFP/MeCN), and repeated the measurement under 
otherwise unchanged conditions (Figure S10). Although the 
solubility of �] in MeCN is not high, two well separated oxida-
tion steps were observed (Figure �_). The nearly equal intensi-
ties of the two peaks, with half-wave potentials (E�]���)̂ at 1.11 V 
and 1.39 V, respectively, suggest that each of the two oxidation 
processes should involve the same number of electrons, which 
is in agreement with two successive oxidations of the cluster 
core in �]. 

Figure ��. Differential pulse voltammogram (DPV) of a MeCN solution of 
��, recorded at a platinum electrode in the presence of TBFP (0.1 M). 
Scan range and rate: 0 to +1700 mV, 10 mV/s. Pulse amplitude 50 mV. 

The mixed-valence character of �]��might be made responsible 
for the failure of a straight forward syntheses via reaction of 
[K(18c6)] � Ŝe with Rh(PPh�_)�_Cl; we assume that the Pb atoms in 
[Pb� Ŝe�_]2�� most likely acted as oxidizing agent, such as observed 
in our earlier work on according chalcogenidostannate salts, 
beside their role as chalcogen source.[�^�]̀ The uncommon reac-
tion pathway also rationalizes the relatively low yield of �]; how-
ever, the use of [K(18c6)] � Ŝe along with alternative oxidants is 
not easily feasible, since Se2�� is sensitive to oxidation itself, 
yielding polyselenides as highly favorable reaction products. 

Compound �  ̂crystallizes in the monoclinic space group P� �̂]/n, 
and the cluster possesses crystallographic Ci symmetry. The 
���†�å���†�� �†�‹�•�–�ƒ�•�…�‡�•�� �™�‹�–�Š�‹�•�� �–�Š�‡�� �����†�b] aggregate (> 320 pm) are 
�‡�˜�‡�•�� �Ž�‘�•�‰�‡�”�� �–�Š�ƒ�•�� �–�Š�‡�� ���Š�å���Š�� �†�‹�•�–�ƒ�•�…�‡�•�� �‹�•���]. All faces are µ�_-
capped by Te atoms (Figure 4). In contrast to the complex in �], 
no phosphine groups are attached to the Pd-Te core, which 
remains anionic. Instead, the complexes are embedded in an 
extended {[Li �`(en)�]�\] �`�Æ}n network that forms sheets of double 
layers parallel to the (10�s
$) plane (Figure �a). 

Figure 4. Molecular structure of the anion in compound ��. Ellipsoids are 
drawn at 50% probability, Selected structural parameters [pm, °]: 
Selected s�U�S�V�D�U�V�S�B�M���Q�B�S�B�N�F�U�F�S�T���<�Q�N�
���—�>�����1�E�w�1�E���������������	�����
-324.90(16), 
Pd�mTe 260.43(13)-�������������	�����
���� �5�F�w�5�F�� 357.20(14)-408.05(13) pm; 
�1�E�w�1�E�w�1�E�	�N�F�S�
�� �����������	���
-90.21(4)°, Pd..Pd..Pd(fac) 59.34(3)-
61.10(4)°, Te�mPd�mTe(mer) 157.97(6)-161.37(6)°, Te-Pd-Te(fac) 
�����������	���
-�����������	5)°, Pd�mTe�mPd 74.84(4)-78.03(4)°.  

In contrast to the situation in �], the [Pd�bTe�d]4�� anion comprises 
formal PdII throughout, which is consistent with the corre-



 

sponding Mulliken charges in the range of 0.170 to 0.172. The 
charges at the Te atoms are in the range of ��0.703 to ��0.546, 
thus indicate a slightly higher accumulation of electron density 
at the Te atoms in comparison with the situation at the Se 
atoms in �] in agreement with the lower formal oxidation state 
on average. By considering only Pd��µ�_-Te bonds, the Pd atoms 
possess 16 electrons each if the total charge of the anion is 
equally smeared over all atoms. Thus, the cluster can be viewed 
as an aggregate �‘�ˆ���•�‹�š���ò�����†IITe�`]6���ó���…�‘�•�’�Ž�‡�š�‡�•���–�Š�ƒ�–���ƒ�”�‡���Ž�‹�•�•�‡�†���„�›��
sharing of µ�_-Te2�� ligands to reduce the overall charge. The 
�ƒ�„�•�‡�•�…�‡�� �‘�ˆ�� ���†�å���†�� �‹�•�–�‡�”�ƒ�…�–�‹�‘�•�•�� �‹�•�� �…�Ž�‡�ƒ�”�Ž�›�� �•�Š�‘�™�•�� �„�›�� �•�‡�‰�Ž�‹�‰�‹�„�Ž�‡��
SEN values (<0.1 for both 2-center and 3-center bonds) and the 
analyses of canonical as well as localized molecular orbitals and 
localized molecular orbitals (Figures S�c and S�d) that show no 
�•�‘�–�ƒ�„�Ž�‡�����†�å���†���„�‘�•�†�‹�•�‰���‹�•�–�‡�”�ƒ�…�–�‹�‘�•�•�ä�� 

Figure ��. View of the [Li��(en) ����] ���� network in �� that embeds the 
CHEVREL-like [Pd��Te��] ��- clusters, viewing down the crystallographic b 
axis. The anions are highlighted by polyhedral representation. Ellipsoids 
are drawn at 50% probability, H atoms are omitted for clarity. Selected 
structural parameters [pm]: Li�wN �������	���
-�������	���
�
�� �5�F�w�/�� �������������	�����
, 
Pd�w�/���������������	�����
-�������������	�����
.  

In conclusion, two transition metal chalcogenide complexes 
with CHEVREL-like topologies were obtained by reaction of 
[Pb� Ĉh�_]2�� anions with [Rh(PPh�_)�_Cl] (Ch = Se) or 
[Pd(PPh�_)� Ĉl� ]̂ (Ch = Te). In both cases, the [Pb� Ĉh� ]̂2�� anion 
acted as chalcogen source, in the first case, it was also active as 
an oxidant to produce a mixed-valence RhII/Rh III  complex, as 
confirmed by quantum chemistry and electrochemical studies. 
The second compound can be viewed as six µ�_-Te-sharing, 
squa�”�‡���’�Ž�ƒ�•�ƒ�”�� �ò�����†IITe�`]6���ó�� �…�‘�•�’�Ž�‡�š�‡�•�� �–�Š�ƒ�–�� �ƒ�‰�‰�”�‡�‰�ƒ�–�‡���–�‘�� �”�‡�†�—�…�‡��
the overall charge. While both compounds differ in that the 
Rh-Se cluster possesses a PPh�_ ligand shell and the Pd-Te clus-
ter is a binary anion, both compounds comprise the first mo-
lecular [M �bCh�d] aggregates with the respective elemental com-
binations. 
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SYNOPSIS TOC: [(RhPPh�_)�b(µ�_-Se)�d] and [Pd�b(µ�_-Te)�d]4��, two complexes with [M�b] octahedra capped by eight µ�_-Ch ligands (Ch 
= Se or Te), were obtained by treatment of [Pb� Ĉh�_]2�� anions with [Rh(PPh�_)�_Cl] or [Pd(PPh�_)� Ĉl� ]̂, respectively, in en. Both com-
pounds comprise the first molecular [M�b(µ�_-Ch)�d] aggregates with the respective elemental combinations. Besides syntheses and 
structures of the title compounds, we report quantum chemical calculations and cyclic voltammetry to understand the electron-
ic properties of these molecular CHEVREL-like complexes. 
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������Synthesis Details 
 
 

1.1 General 

All manipulations were performed under strict exclusion of air and moisture using standard Schlenk and glovebox techniques. 
Solvents were freshly distilled prior to use. 18-crown-6 was evacuated for at least 24h at p < 1·10���_��mbar prior use. All elements 
and complexes (Sigma Aldrich) were transferred into a glovebox and used as received. Potassium was freshly cut prior to use. 

 

1.2 Synthesis of �]:  

5 g (0.024 mol, 1 eq) of Pb and 3.81 g (0.048 mol, 2 eq) of Se are placed in a quartz ampule and heated for 5 min with an 
oxygen/methane burner. The homogenous melt is allowed to cool before being thoroughly grinded. 500 mg (1.369 mmol, 1 eq) of 
the resulting powder and 760 mg (2.875 mmol, 2.1 eq) of 18-crown-6 are vigorously stirred in 50 mL en while 112 mg (2.875 mmol, 
2.1 eq) of K is added. The solution is stirred for 48 h, filtered and 10 mL of the resulting solution is carefully layered with 10 mL of 
a saturated THF solution of [Rh(PPh�_)�_Cl]. The resulting reaction mixture is allowed to stand for 2 weeks, filtered and the 
solution slowly evaporated to dryness. �] crystallizes as black sticks in approx. 16% yield (with respect to Rh) along with an 
amorphous powder.  

 

Synthesis of � :̂  

5 g (0.024 mol, 1 eq) of Pb and 6.16 g (0.048 mol, 2 eq) of Te are placed in a quartz ampule and heated for 5 min with an 
oxygen/methane burner. The homogenous melt is allowed to cool before being thoroughly grinded. 500 mg (1.081 mmol, 1 eq) of 
the resulting powder is vigorously stirred in 50 mL en while 16 mg (2.3 mmol, 2.1 eq) of Li is added. The solution is stirred for 48 
h, filtered and 10 mL of the resulting solution is carefully layered with 10 mL of a saturated THF solution of [Pd(PPh�_)� Ĉl� ]̂. �  ̂
crystallizes after 5 weeks as black blocks in approx. 1� %̂ yield (with respect to Pd) along with an amorphous powder.  

 

 

Figure S1. Reaction scheme towards �] and � .̂  
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��. Crystal structure refinement details 
 

Single-crystal X-ray data were collected on a Stoe IPDS-II  (�]) or a Stoe IPDS (� )̂ diffractometer at 100 K (�]) or 193 K (� )̂, 
respectively with Mo-K�D radiation and a graphite monochromator ���P���Ë���\�ä�c�]�\�c�_��Å). Upon numerical absorption correction (Stoe 
X-AREA), the structure solution was performed by direct methods, followed by full-matrix-least-squares refinement against F� ,̂ 
using SHELXS-97, SHELXL-97, and OLEX2 software.[�]] A summary of crystallographic and refinement details is given in Table S1. 
Figure S2 provides additional views of the [Li�`(en)�]�\] �`�Æ coordination network around the anionic [Pd �bTe�d]4�� clusters observed in � .̂  

 

Table S1. Crystal data and structure refinement details for �] and � .̂  

Identification code  [(RhPPh�_)�b(µ�_-Se)�d]·en (�]) [Li �`(en)�]�\][Pd�b(µ�_-Te)�d] (� )̂  

Empirical formula  C�]�\�eH �e�ǸP�bRh�bSe�d  C�]�\H �`�\Li� N̂�]�\Pd�_Te�`  

Formula weight  �^�d�a�^�ä�e�^ �]�]�`�`�ä�\�` 

Radiation  MoK �D ���P���Ë���\�ä�c�]�\�c�_���� MoK �D ���P���Ë���\�ä�c�]�\�c�_���� 

Diffractometer type  STOE IPDS II STOE IPDS 

Temperature/K  �]�\�\���^���� �]�e�_���^���� 

Crystal system  triclinic  monoclinic  

Space group  P-�]�� P2�]/n  

a/Å  �]�`�ä�]�_�_�^���b���� �]�b�ä�e�`�`�a���]�e���� 

b/Å  �]�`�ä�a�\�`�`���b���� �]�\�ä�_�]�e�\���]�\���� 

c/Å  �]�a�ä�`�]�b�\���c���� �]�b�ä�e�a�b�]���]�d���� 

�D��°  �b�`�ä�`�]�b���_���� �e�\�� 

�E��°  �b�c�ä�`�\�e���_���� �]�\�`�ä�d�e�`���e���� 

�G��°  �b�^�ä�d�e�d���_���� �e�\�� 

Volume/Å �_  �^�`�b�c�ä�_���^���� �^�d�b�a�ä�^���a���� 

Z  �]�� �`�� 

�Vcalcmg/mm �_  �]�ä�e�^�\�\ �^�ä�b�a�^�\ 

�Q/mm -�]  �`�ä�\�c�c�� �a�ä�d�c�� 

F(000)  �]�_�d�\�ä�c �^�\�c�\�ä�\ 

Crystal size/mm�_  0.17 × 0.11 × 0.08  0.12 × 0.1 × 0.08  

�^�)��range for data collection/° 3.32 to 53.48  3.94 to 50.89  

Reflections collected  �_�]�d�^�c�� �_�]�e�c�`�� 

Independent reflections  10392 [Rint ���Ë���\�ä�\�e�c�`���� 5281 [Rint ���Ë���\�ä�]�b�_�e���� 

Absorption correction T min / Tmax �\�ä�`�b�^�^�<�����\�ä�d�\�d�\ �\�ä�`�`�]�c�������\�ä�a�b�e�a 

Data/restraints/parameters  �]�\�_�e�^���]�\�b/ �b�_�_  �a�^�d�]���b�\���^�b�_  

Goodness-of-fit on F�  ̂ �\�ä�e�a�_�^ �\�ä�e�d�_�\  

Final R indexes [I�Ï�Ë��̂W (I)]  R�] = �\�ä�\�`�]�c, wR�  ̂= �\�ä�]�\�]�b R�] = �\�ä�\�a�`�`, wR�  ̂= �\�ä�]�^�^�] 

Final R indexes [all data]  R�] = �\�ä�\�b�_�c, wR�  ̂= �\�ä�]�\�e�d R�] = �\�ä�\�b�^�`, wR�  ̂= �\�ä�]�^�b�^ 

Largest diff. peak/hole / e�� Å���_  �_�ä�\�d�d�a��-�]�ä�]�c�a�c �]�ä�a�`�a�`/- �^�ä�\�_�a�b 

 
 

  



 

 

 

�� 

 

Figure S2. Left: Thermal ellipsoid diagram of the cluster in �  ̂and detailed representation of the coordination sphere at the Li+ 
cations. Right: Three different views of the [Li�`(en)�]�\] �`�Æ network that embeds the CHEVREL-like [Pd �bTe�d] �`�� clusters in�� �,̂ viewing 
down the crystallographic axes a, b, or c, respectively. The anions are highlighted by polyhedral representation. Ellipsoids are 
drawn at 50% probability, H atoms are omitted for clarity. 
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3. Energy dispersive X-Ray analysis results 
 

EDX analyses were carried out using an EDX-device Voyager 4.0 of Noran Instruments coupled with an electron microscope 
CamScan CS 4DV. Data acquisition was performed with an acceleration voltage of 20 kV and 100 s accumulation time. The data 
were collected on various crystals and at multiple sites of the respective sample. Figures S3-S4 show representative spectra; 
Tables S2-S3 list mean values that were averaged over all values collected for each sample. Slight differences in observed and 
calculated atomic composition is caused by inhomogenous decomposition of the sample due to short contact with air and 
moisture during sample preparation.  

Figure S3. EDX spectrum of �]. 

 

Table S� .̂ EDX results for �]. 

Element k-ratio 

(calc.) 

ZAF Atom % (calc) Element Wt % Wt % Err.  

(1-Sigma) 

Se-K �\�ä�_�c�e�b �\�ä�e�d�e �`�_�ä�e�_ (�`�^�� �_�c�ä�a�a �Æ��-���^�ä�_�` 

Rh-L �\�ä�a�]�_�a �]�ä�^�]�b �a�b�ä�\�c�����a�c�� �b�^�ä�`�a �Æ��-���]�ä�]�c 

Total   �]�\�\�����]�\�\�� �]�\�\  
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Figure S� .̀ EDX spectrum of���^�ä 

 

Table S�_. EDX results of���^�ä 

Element k-ratio 

(calc.) 

ZAF Atom % Element Wt % Wt % Err.  

(1-Sigma) 

Te-L �\�ä�_�e�e�d �]�ä�\�\�^ �`�`�ä�a�\�����`�^�� �`�\�ä�\�c �Æ��-���^�ä�e�a 

Pd-L �\�ä�a�\�`�b �]�ä�]�d�d �a�a�ä�a�\�����`�d�� �a�e�ä�e�_ �Æ��-���a�ä�`�` 

Total   �]�\�\�����]�\�\�� �]�\�\  
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4. Quantum chemical calculations 
 

4.1 Methods 
DFT calculations were carried out with the program system TURBOMOLE [� ]̂ using the BP86 Functional[�_] with def2-ECPs[� ]̀ and 
def2-TZVP basis sets[ �a] as well as respective auxiliary basis sets.[�b] The COSMO solvation model[�c] was applied to compensate 
molecular charges. Population analyses were applied via Mulliken analysis[�d] with and without localization or via SEN.[�e] Applied 
symmetry: C�] (�]), Oh (� )̂.  

Canonical molecular orbital diagrams for the clusters in �] and �  ̂ are shown in Figures S5 and S7. Localized molecular orbital 
diagrams are given in Figures S6 and S8, respectively. SEN values are summarized in Tables S4-S5 for �] and in Table S6 for � .̂ 

Due to C�] symmetry in �], which is caused by the relative orientation of phenyl rings of (PPh�_) ligands, no degeneracy occurred. 
Nevertheless, orbitals of similar energy and shape (yet different orientation) can be summarized (namely 600a/599a; 
589a/597a/596a; 595a/594a/593a; g89a/588a and 585a/584a) and only one of them is shown in Figure S�a as a representative 
example.  

For localized molecular orbitals, the corresponding orbital shapes for even more orbitals are alike: 601a, 600a-595a, 594a-580a. 
Therefore only few representatives are shown without consideration of respective energies. 

 

 

 

Figure S�a. Molecular orbital diagram of �]. (PPh�_) groups and minor contributions to orbitals are omitted for c larity. Threshold 
for orbital plotting set to +/��0.033 a.u.  
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Figure S�b. Localized molecular orbital diagram of �]. (PPh�_) groups are omitted for clarity. Threshold for orbital plo tting set to 
+/��0.033 a.u.. Mind that the energies can only be taken as a guide to the eye as they are lost during the localization procedure 
and artificially added thereupon.   
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Table S� .̀ Two center shared electron numbers in �] (restricted to Rh/Se).  

 

14 Rh �� 15 Se �\�ä�`�d�_�e 25 Rh �� 73 Se �\�ä�\�_�a�a 15 Se �� 52 Se �\�ä�\�e�`�^ 

14 Rh �� 33 Se �\�ä�\�a�^�a 25 Rh �� 74 Se �\�ä�\�a�^�b 15 Se �� 72 Se �\�ä�\�e�`�c 

14 Rh �� 42 Se �\�ä�\�_�c�_ 34 Rh �� 15 Se �\�ä�\�_�c�_ 15 Se �� 74 Se �\�ä�\�e�\�b 

14 Rh �� 51 Se �\�ä�\�a�^�d 34 Rh �� 33 Se �\�ä�_�e�b�_ 33 Se �� 42 Se �\�ä�\�e�\�a 

14 Rh �� 52 Se �\�ä�\�_�`�b 34 Rh �� 42 Se �\�ä�\�a�^�d 33 Se �� 51 Se �\�ä�\�e�`�a 

14 Rh �� 72 Se �\�ä�`�]�b�a 34 Rh �� 51 Se �\�ä�`�c�a�d 33 Se �� 73 Se �\�ä�\�e�`�] 

14 Rh �� 73 Se �\�ä�`�\�d�b 34 Rh �� 52 Se �\�ä�\�_�a�b 42 Se �� 52 Se �\�ä�\�e�_�^ 

14 Rh �� 74 Se �\�ä�_�b�d�b 34 Rh �� 72 Se �\�ä�\�a�c�b 42 Se �� 72 Se �\�ä�\�d�d�^ 

16 Rh �� 15 Se �\�ä�_�c�\�\ 34 Rh �� 73 Se �\�ä�_�e�]�c 51 Se �� 52 Se �\�ä�\�e�`�a 

16 Rh �� 33 Se �\�ä�\�_�e�a 34 Rh �� 74 Se �\�ä�`�`�d�] 51 Se �� 74 Se �\�ä�\�d�d�] 

16 Rh �� 42 Se �\�ä�\�a�^�\ 43 Rh �� 15 Se �\�ä�\�_�e�a 72 Se �� 73 Se �\�ä�\�e�`�a 

16 Rh �� 51 Se �\�ä�_�\�b�\ 43 Rh �� 33 Se �\�ä�_�c�\�\ 73 Se �� 73 Se �\�ä�\�e�_�^ 

16 Rh �� 52 Se �\�ä�`�_�^�\ 43 Rh �� 42 Se �\�ä�a�\�e�c Total Se �� Se �]�ä�]�]�\�_ 

16 Rh �� 72 Se �\�ä�\�a�^�e 14 Rh �� 16 Rh �\�ä�\�b�]�b 

16 Rh �� 73 Se �\�ä�\�_�b�\ 14 Rh �� 24 Rh �\�ä�\�d�e�e 

16 Rh �� 74 Se �\�ä�a�\�e�^ 14 Rh �� 25 Rh �\�ä�\�a�b�] 

24 Rh �� 15 Se �\�ä�\�a�^�_ 14 Rh �� 34 Rh �\�ä�]�b�]�b 

24 Rh �� 33 Se �\�ä�`�d�^�] 14 Rh �� 43 Rh �\�ä�]�]�e�_ 

24 Rh �� 42 Se �\�ä�_�b�e�d 16 Rh �� 24 Rh �\�ä�]�]�e�a 

24 Rh �� 51 Se �\�ä�`�]�a�c 16 Rh �� 25 Rh �\�ä�^�]�b�^ 

24 Rh �� 52 Se �\�ä�`�\�d�` 16 Rh �� 34 Rh �\�ä�\�b�\�b 

24 Rh �� 72 Se �\�ä�\�a�^�b 16 Rh �� 43 Rh �\�ä�]�\�a�\ 

24 Rh �� 73 Se �\�ä�\�_�`�c 24 Rh �� 25 Rh  �\�ä�]�b�\�_ 

24 Rh �� 74 Se �\�ä�\�_�c�] 24 Rh �� 34 Rh �\�ä�\�a�c�b 

25 Rh �� 15 Se  �\�ä�_�e�a�^ 24 Rh �� 43 Rh �\�ä�\�b�]�a 

25 Rh �� 33 Se �\�ä�\�_�c�` 25 Rh �� 34 Rh �\�ä�\�e�a�_ 

25 Rh �� 42 Se �\�ä�`�`�a�a 25 Rh �� 43 Rh �\�ä�\�b�\�b 

25 Rh �� 51 Se �\�ä�\�a�c�b 34 Rh �� 43 Rh �\�ä�^�]�b�d 

25 Rh �� 52 Se �\�ä�_�e�_�^ Total Rh - Rh �]�ä�b�`�]�e 

25 Rh �� 72 Se �\�ä�`�c�c�e 

43 Rh �� 51 Se �\�ä�\�a�_�\ 

43 Rh �� 52 Se �\�ä�\�_�b�\ 

43 Rh �� 72 Se �\�ä�_�\�b�^ 

43 Rh �� 73 Se �\�ä�`�_�]�b 

43 Rh �� 74 Se �\�ä�\�a�^�] 

Total Rh - Se �]�]�ä�\�e�_�_ 
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Table S�a. Three center shared electron numbers in �] (restricted to Rh/Se).  

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

14Rh 15Se 16Rh  �\�ä�\�c�\�d 14Rh 15Se 74Se  �\�ä�\�]�]�` 14Rh 16Rh 24Rh  �\�ä�\�a�a�_ 

14Rh 15Se 24Rh  �\�ä�\�_�_�e 14Rh 33Se 51Se  �\�ä�\�]�_�^ 14Rh 16Rh 25Rh  �\�ä�\�_�e�_ 

14Rh 15Se 25Rh  �\�ä�\�a�\�d 14Rh 51Se 74Se  �\�ä�\�]�\�b 14Rh 16Rh 34Rh  �\�ä�\�a�]�b 

14Rh 16Rh 33Se  �\�ä�\�]�^�e 15Se 24Rh 72Se  �\�ä�\�]�_�] 14Rh 16Rh 43Rh  �\�ä�\�a�_ 

14Rh 15Se 34Rh  �\�ä�\�^�a�] 15Se 43Rh 72Se  �\�ä�\�]�]�a 14Rh 24Rh 43Rh  �\�ä�\�a�a�_ 

14Rh 16Rh 42Se  �\�ä�\�]�_�c 16Rh 33Se 51Se  �\�ä�\�]�]�a 14Rh 25Rh 34Rh  �\�ä�\�b�]�] 

14Rh 16Rh 74Se  �\�ä�\�e�d�] 16Rh 42Se 72Se  �\�ä�\�]�^�` 14Rh 25Rh 43Rh  �\�ä�\�a�\�d 

14Rh 24Rh 33Se  �\�ä�\�_�_�d 24Rh 33Se 42Se  �\�ä�\�]�]�_ 14Rh 34Rh 43Rh  �\�ä�]�]�a�^ 

14Rh 24Rh 51Se  �\�ä�\�_�_�] 24Rh 42Se 72Se  �\�ä�\�]�\�_ 16Rh 25Rh 43Rh  �\�ä�\�a�\�c 

14Rh 24Rh 72Se  �\�ä�\�_�^�e 25Rh 51Se 74Se  �\�ä�\�]�^�_ 16Rh 34Rh 43Rh  �\�ä�\�a�] 

14Rh 25Rh 33Se  �\�ä�\�]�`�a 34Rh 42Se 72Se  �\�ä�\�]�^�_ 24Rh 25Rh 34Rh  �\�ä�\�b�\�d 

14Rh 25Rh 51Se  �\�ä�\�^�\�c 43Rh 51Se 74Se  �\�ä�\�]�^�a 24Rh 25Rh 43Rh  �\�ä�\�a�\�c 

14Rh 25Rh 72Se  �\�ä�\�c�c�e Total Rh Se Se �\�ä�]�`�^�` 24Rh 34Rh 43Rh  �\�ä�\�_�e�b 

14Rh 34Rh 42Se  �\�ä�\�^�\�e   Total Rh Rh Rh �\�ä�c�_�`�` 

14Rh 34Rh 52Se  �\�ä�\�]�b�_     

14Rh 34Rh 72Se  �\�ä�\�_�_�^     

14Rh 34Rh 73Se  �\�ä�\�`�`�_     

14Rh 34Rh 74Se  �\�ä�\�a�]     

14Rh 43Rh 51Se  �\�ä�\�_�]�_     

14Rh 43Rh 52Se  �\�ä�\�]�`�d     

14Rh 43Rh 72Se  �\�ä�\�`�^�b     

14Rh 43Rh 73Se  �\�ä�]�_�e�a 24Rh 25Rh 74Se  �\�ä�\�^�\�d   

15Se 16Rh 25Rh  �\�ä�]�`�]�b 24Rh 33Se 34Rh  �\�ä�\�a�]   

15Se 24Rh 34Rh  �\�ä�\�]�`�` 24Rh 33Se 43Rh  �\�ä�\�c�]�a   

15Se 24Rh 43Rh  �\�ä�\�]�^�e 24Rh 34Rh 51Se  �\�ä�\�c�c�e   

16Rh 25Rh 52Se  �\�ä�]�_�`�` 24Rh 34Rh 72Se  �\�ä�\�^�\�b   

16Rh 25Rh 74Se  �\�ä�\�]�\�^ 24Rh 42Se 43Rh  �\�ä�\�e�d�]   

16Rh 34Rh 42Se  �\�ä�\�^�_�d 24Rh 43Rh 74Se  �\�ä�\�]�_�c   

16Rh 34Rh 51Se  �\�ä�\�b�a�c 25Rh 34Rh 42Se  �\�ä�\�_�\�_   

16Rh 34Rh 72Se  �\�ä�\�^�^�c 25Rh 34Rh 51Se  �\�ä�\�_�b�^   

16Rh 34Rh 74Se  �\�ä�\�d�` 25Rh 34Rh 72Se  �\�ä�\�_�b�]   

16Rh 42Se 43Rh  �\�ä�\�^�c�^ 25Rh 34Rh 74Se  �\�ä�\�_�\�]   

16Rh 43Rh 51Se  �\�ä�\�_�d�^ 25Rh 42Se 43Rh  �\�ä�\�d�`�_   

16Rh 43Rh 72Se  �\�ä�\�_�d�^ 25Rh 43Rh 51Se  �\�ä�\�^�^�c   

16Rh 43Rh 74Se  �\�ä�\�^�c�^ 25Rh 43Rh 72Se  �\�ä�\�b�a�]   

24Rh 25Rh 33Se  �\�ä�\�^�a�d 25Rh 43Rh 74Se  �\�ä�\�^�_�c   

24Rh 25Rh 42Se  �\�ä�\�`�e�^ 33Se 34Rh 43Rh  �\�ä�]�`�]�`   

24Rh 25Rh 51Se  �\�ä�\�_�` 34Rh 42Se 43Rh  �\�ä�\�]�\�`   

24Rh 25Rh 52Se  �\�ä�\�`�` 34Rh 43Rh 73Se  �\�ä�]�_�`�`   

24Rh 25Rh 73Se  �\�ä�\�]�b�^ Total Rh Rh Se �^�ä�b�e�\�]   
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Figure S�c. Molecular orbital diagram of � .̂ Threshold for orbital plotting set to +/��0.033 a.u. 
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Figure S8. Localized molecular orbital diagram of 2. Threshold for orbital plotting set to +/��0.033 a.u.. Mind that the energies 
can only be taken as a guide to the eye as they are lost during the localization procedure and artificially added thereupon. 

 

 

Table S�b. Shared electron numbers in � .̂ 

Two center SEN Te �� Pd �\�ä�_�c�a�b 

Te �� Te �\�ä�]�_�e�e 

Three center SEN Te �� Pd - Te �\�ä�\�`�a�_ 

Te �� Pd - Te -�\�ä�^�b�\�_ 
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������Cyclovoltammetric measurement results 
 

The cyclovoltammetric measurements (Figures S9-S10) were done under Ar atmosphere at 25 oC, using 0.1 mol/L [nBu�`N][PF�b] 
(TBFP) as the supporting electrolyte. Working and counter electrodes: Pt; scan rate: 50 mV/s. 

  

Figure S�e. Left: Cyclic voltammogram of �] (red), recorded at platinum electrode in a CH� Ĉl�  ̂solution (1.20 mM), in the presence 
of TBFP (0.1 M). Also shown for comparison is voltammogram of a 0.1 mM TBFP/DCM solution (black). Scan ranges and rates: 
�Ç�^�ä�a���–�‘���Æ�^�ä�a�����á���a�\�•�����•�ä Right: Zoom into the oxidation side of the peak. 

Instead of two discrete oxidation processes that are expected from the twofold RhII �: RhIII  oxidations in CH� Ĉl� ,̂ a remarkable, 
very large negative peak potential in the cathodic scan has been observed, indicating RhIII �: RhII reduction. Previous studies by 
cathodic stripping voltammetry (CSV) analysis to selectively detect redox processes in selenium compounds indicated that 
accumulation of Mn+ selenides on the electrode surfaces, which occurred upon reduction of M (n+1)+ selenides (M = Cu, Hg, Rh, for 
instance), led to respective chemical responses �� in an extraordinarily strong manner in the case of rhodium.[�]�\] We therefore 
assume decomposition of the cluster during the twofold oxidation such that the reduction peak monitors the reduction of 
Rh(III)Se. This may additionally explain the lack of any steps on the reduction side. In contrast to the strong reduction signal, an 
RhII �: RhIII  oxidation could not be clearly observed. Beside the high oxidation potential of Rh II �: RhIII , this is probably due to the 
accumulation of rhodium selenide on the electrode that inhibits the diffusion of material to the electrodes and thus reduces the 
oxidation current. The very combination of electrolyte and solvent additionally limits the experimental resolution , as the 
background current increases with increasing potentials owing of the oxidation of the electrolyte and/or solvent. In the current 
system, this obviously caused an overlap of the latter with the RhII �: RhIII  peak. 

However, by performing the measurements in CH�_CN, it was possible to detect a stepwise two-electron oxidation (prior to 
decomposition, see above) both in the CV and the DPV experiment (see Figure S10 and Figure 3 in the main text), in accordance 
with the proposed composition of the cluster. 

 

Figure S�]�\. Cyclic voltammogram of �] (red), recorded at platinum electrode in a MeCN solution in the presence of TBFP (0.1 M). 
Also shown for comparison is the �˜�‘�Ž�–�ƒ�•�•�‘�‰�”�ƒ�•���‘�ˆ���ƒ���\�ä�]���•���������	�������‡�������•�‘�Ž�—�–�‹�‘�•�����„�Ž�ƒ�…�•���ä�����…�ƒ�•���”�ƒ�•�‰�‡�•���ƒ�•�†���”�ƒ�–�‡�•�ã���Ç�^���–�‘���Æ�^�����á��
50mV/s.  
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{µ-PbSe}: The Second Heaviest CO Homolog as an 

Unexpected Ligand 

G. Thiele, S. Dehnen, Manuskript in Vorbereitung.  

The reaction of a solution containing [Pb� Ŝe�_]2�� anions with [Rh(PPh�_)�_Cl] yields Rh-Se cluster 

compounds with a µ-PbSe Ligand. Quantum chemical investigations reveal a strongly ionic Pb��

Se double bond and an analogy to the bonding as found in CO complexes.  
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Abbildung �^�.̀ Ausschnitt aus der Kristallstruktur von 
{[K( �]�d-Krone-�b)][K( en)� ]̂K[Rh�_Se� (̂CN)� (̂PPh�_)�`(PbSe)]}� ·̂1.3en. 
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{µ-PbSe}: The Second Heaviest CO Homolog as an Unexpected 

Ligand 

Günther Thiele and Stefanie Dehnen* 

Abstract:  Reactions of [K(18-crown����)]��[Pb��Se��] or 
[K([2.2.2]crypt)]��[Pb��Se��] with [Rh(PPh��)��Cl]�>�����@  in en (ethane-1,2-
diamine) afforded ionic compounds with [Rh��(PPh��)��(µ��-Se)��]�± and 
[Rh��(CN)��(PPh��)��(µ��-Se)��(µ-PbSe)]3�± anions, respectively. The latter 
comprises a PbSe ligand, thus a very uncommon homolog of C�AO, 
that acts as µ-bridge between two Rh atoms.  

The meaningfulness of C�AO, both as ligand or reactant, can 
hardly be overestimated. Publication of a total of 43 reviews in 
Angewandte Chemie, 41 in Chemical Reviews and more than 50 
in Coordination Chemistry Reviews within the last decade reflects 
the huge diversity of synthesis and catalytic applications of carbon 
monoxide and its compounds. 
In contrast, apart from matrix isolation experiments,�>���@ the 
corresponding (coordination) chemistry of the heavier homologs 
of CO, thus the neutral molecular tetrel monochalcogenides TCh 
(T = C�«�3�E���� �&�K�� � �� �2�«�7�H��, is restricted to complexes with 
chalcogenocarbonyls CS, CSe and CTe.[��] All others were only 
discussed in the course of spectroscopic[������] and theoretical[��������] 
studies of intermediate species, such as molecular PbO that was 
obtained under single-collision conditions from atomic Pb and 
O��.[���� ]  
The reason for the obvious difference between the chemistry of 
C�A�2��and that of its higher homologs has been put down to the 
distinctly lower bond strength of the corresponding �³�W�U�L�S�O�H�´�� �E�R�Q�G��
with increasing atomic number, and therefore a higher tendency 
towards aggregation �± ultimately yielding the corresponding 
minerals, such as litharge or massicot in the case of PbO.[���� ] 
Nevertheless, according to periodic calculations on PbO and PbS 
minerals, the nature and role of the lone pair at the Pb atom is 
reported to be strongly influenced by the corresponding 
chalcogenide, ranging from small contributions (due to the 
possibility of state mixing) in PbO to rather high electron density 
in the lone pair region of PbS.[��] Following this trend, a high 
electron density on the tetrel atom, as in C�AO, is expected within 
the heavier homologs of the Pb�A�&�K�����&�K��� ���6�H�����7�H�����V�H�U�L�H�V�����Z�K�L�F�K��
will be discussed herein. 
At the synthesis of the mixed-valence compound [(RhPPh��)��(µ��-
Se)��][���� ] (A) from solutions of [K(18-crown����)]��[Pb��Se��][���� ] and 
[Rh(PPh��)��Cl][����]  in en (ethane-1,2-diamine), we detected small 
amounts of {[K(���� -crown-��)][K(en)��]K[Rh��(CN)��(PPh��)��(µ��-
Se)��(µ-PbSe)]}��·1.3en (��, approx.. XX%; Figure 1), as a well-
reproducible side-product.  

 

Figure 1.  Top: Molecular structure of the anion in ��. Ellipsoids are drawn at 50% 
probability. Disorder of Se3 atom (see Figure S1) and H atoms are omitted for 
clarity. Phenyl groups are drawn as wires. Selected structural parameters [Å/°]: 
Rh�±Se 2.4563(4)-2.4868(5), Rh�±Pb 2.7542(3)-2.7576(3), Pb�±Se ��������������) and 
2.7105(6) (disorder), �5�K�����������«�5�K���� �;�;�;-�;�;�;���� �5�K���«�5�K���� �;�;�;-XXX, �.�« Se2 
3.2331(9) Å���� �.�«Se3 ����������������-��������������); Rh�±Pb�±Rh 64.972(9), Se�±Pb�±Rh 
106.54(10)-119-09(8), Se�±Rh�±Pb 83.691(12)���������������������� and 103.701(13)-
103.959(13), Se�±Rh�±Se 79.333(14)-80.273(14), Pb�±Rh�±P 92.34(3)-94.06(3). 
Bottom: Dimeric unit in �� with one [Rh��Se��] polyhedron highlighted. Organic 
groups are drawn as wires. Non-coordinating solvent molecules are omitted for 
clarity.  

The anion in �� (Figure 1, top) is based on an [Rh��Se��] trigonal 
bipyramid, with two µ��-Se bridges (Se1, Se2) in apical and three 
Rh atoms (Rh1-Rh3) in basal positions. At first glance, the Rh 
atoms adopt an approximately square planar coordination by two 
Se atoms (cis) and two further ligands: two PPh�� groups at Rh1, 
or one PPh�� and one CN�± ligand at Rh2 and Rh3. However, the 
bonding environment of the latter is extended towards a 
(distorted) square pyramid by a µ-bridging Pb atom (Pb1) that is 
bonded to an Se atom (Se3). Pb1, in turn, forms three bonds 
(Pb1�±Rh2, Pb1�±Rh3, and Pb1�±Se3) in a trigonal pyramidal 
manner, which is in accordance with the expectation for a formal 
PbII atom.  
Two complexes are ever interconnected by a total of six K+ ions 
around an inversion center of the unit cell. While Se1 does not 
show significant interactions with the K+ couterions, and Se2 has 
only one �Q�R�W�D�E�O�H���6�H�«�.+ contact (3.2331(9) Å), Se�� coordinates 
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to five K+ ions, thus adopting a near octahedral µ��-bridging mode 
in the sum. One of the K+ ions (K��) is additionally coordinated by 
a 18-crown-6 molecule, the others show a multiple ligand situation 
including one further O atom per crown ether molecule, both N 
atoms of the CN�± ligands and N atoms form solvent en molecules 
besides one (K2, K3) or two (K��) Se neighbors.  
The list of crystallographically determined compounds that 
comprise a Pb�±Se interactions of any kind can be classified into 
three groups, (a) inorganic solid state phases, ranging from binary 
PbSe (clausthalite[����] or two high pressure modifications[���� ,����]) and 
PbSe��

[���� ] to multinary phases such as 
Cd(In������Bi������)PbBi��(Se��������S��������)��,[���� ] (b) (element-)organic 
compounds without any further Pb�±M or Se�±M bonds (M �z Pb), 
such as Ph��Pb(µ-Se)P(OEt)��Se[���� ] or (AsPh��)[Pb(SePh)��],[����] and 
(c) a total of three complexes with further Se�±M (but no Pb�±M) 
bonds, namely [(Pt(PPh��)��)��(PbSe��)]NO��·CH��Cl��,[���� ] 
(PPh��)��[Pb��W��Se���� ],[���� ] and [Eu{Pb(SePh)��}(thf)].[���� ] In the latter 
three cases, coordination to further metal ions is always achieved 
via Se, and Pb ions are at least bound to two Se atoms. Thus, 
apart from ��, none of the compounds known to date comprise a 
PbSe fragment with a coordination behavior reminding of that of 
of CO, i.e., via the Pb atom. 
The origin of the CN�± ions is likely a result of C�±N bond cleavage 
occurring to the solvent en �± as the only C/N source within the 
reaction solution (possibly under assistance of the [Rh(PPh��)��Cl] 
complex or an intermediate Rh species, and/or Se),ref see 
equation (1). Intentional addition of KCN to the reaction solution 
increases the reaction yield of single-crystals of �� by a factor of 
three.  

        <Rh/Se> 
H��N�±CH���±CH���±NH�� �•�•�•�•�o  2 CN�± + 2 H+ + 3 H�������������������������������������� 

Further attempts to increase the yield by variation of the solvent 
only afforded solvent isomers of ��,[���� ] while the exchange of 18-
crown-���� with [2.2.2]crypt by utilization of 
[K(�>��.��.���@crypt)]��[Pb��Se��][���� ] as the starting material leads to the 
formation of [K([2.��.2]crypt)[Rh��(PPh��)��(µ��-Se)��]·3C��H�� (��). The 
latter is also based on an [Rh��Se��] trigonal bipyramid, but unlike 
the situation in ��, all Rh atoms exhibit an approximately square 
planar coordination by two selenium atoms and two PPh�� ligands 
(see Figure ��).  

 

Figure ��. Molecular structure of the {[(Ph��P)��Rh]��(µ��-Se)��}�± anion in ��. Ellipsoids 
are drawn at 50% probability, H atoms are omitted, C atoms are drawn as wires. 
Selected structural parameters [Å/°]: Rh�±P 2.2307(7)-2.2372(7), Rh�±Se 

��������������������������������������, �5�K�����������«�5�K���� �;XX-XXX, Rh1�«�5�K���� �;�;�;-XXX; Se�±Rh�±
Se 79.493(10)-79.598(10), Rh�±Se�±Rh 81.802(10)-85.775(10), P�±Rh�±P 
98.89(3)-101.18(3), P�±Rh�±Se 88.76(2)�������������������������� 

To further investigate the properties of the highly uncommon and 
unexpected PbSe ligand, its similarities with or differences from 
the CO homolog, and its µ-bridging interaction with the Rh/Se 
cluster, comprehensive quantum chemical calculations were 
performed using density functional theory methods implemented 
in the program system TURBOMOLE.[���� ������ ] The calculations served 
to answer the following questions: ��������Can the anion in �� form from 
that in �� and how are the energetics for a hypothetical CO-bridged 
homolog? (��) What are the differences between molecular PbSe 
and CO and how does this affect the bonding in the anion in �� and 
the hypothetical CO homolog? 
To answer the first question, we simultaneously optimized the 
electronic and geometric structures of the anions in �� and �� 
(maximum deviations of bond lengths: �rXXX pm in ��, �rXXX pm 
in ��), as well as those of all further reactants along a formal 
reaction pathway from the latter to the first, i.e., PPh��, (CN)�±, and 
PbSe, For comparison, the CO homolog of the anion in �� and CO 
itself were calculated by the same methods. Scheme 1 
summarizes the results. 

           
Scheme 1. Calculated reaction pathway from the anion in �� to the anion in �� 
(top) or to a hypothetical CO homolog (bottom). Black triangles represents the 
[Rh��Se��] unit, grey terminal lines denote PPh�� ligands, black terminal lines 
denote (CN)�± ligands. Total energies of all species are provided in Table SX.   

As shown in Scheme 1, both the formation of the anion in �� and 
its hypothetical CO-bridged homolog, from the anion in �� are 
exoenergetic, with a distinctly larger energy difference in the case 
of the PbSe-bridged cluster. This indicates that the Rh�±(µ-PbSe)�±
Rh interaction is not only efficient, but even stronger than a 
corresponding CO bridge. For that, to answer the second question, 
we inspected the bonding situation into detail, starting out from a 
comparison of the molecular orbital (MO) schemes of isolated CO 
and PbSe molecules (Figure 3).    
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Figure ��. MO scheme of the frontier MO region of CO (left) and PbSe (right). 
Amplitudes are plotted at ±0.033 a.u.. 

The MO schemes of CO and PbSe differ significantly. (a) The 
large HOMO-LUMO gap in CO (5.7 eV) is reduced to 2.9 eV in 
PbSe, (b) rather similar energy differences between HOMO and 
HOMO�±�� and HOMO�±1 and HOMO�±�� in CO (ca. 2.�� and ca.�������� 
eV, respectively), are replaced by very unequal differences in 
PbSe (ca. 1.2 and ca. ��������eV, respectively), (c) the two highest 
occupied MOs (e and a) show an inverse energetic order, and (d) 
all MOs differ in the distribution of the electron density over the 
molecule. Whereas the HOMO of CO contributes to the 2pC-2pO 
�V-bond with a much larger MO coefficient at the (�V-donor) C atom, 
the HOMO in PbSe represents a weak 6pPb�±3pSe �S-bond with a 
somewhat larger contribution of the Se 3p-AO. A �V-donor activity 
of PbSe is hence to be realized via HOMO�±��; however, as in 
HOMO, the electron density is shifted slightly toward the Se atom 
here. HOMO�±2 is largely non-bonding 6sPb-AO in PbSe with a 
negligible 3pSe contribution, whereas in CO, it represents a rather 
balanced ��sC-2pO �V-interaction with somewhat larger contribution 
of the 2pO AO. In sum, the MO schemes indicate a rather ionic 
situation in the PbSe molecule, which is better represented by 
+�3�E
$
$
$
$�±�6�H
$
$
$
$|�± than by �±|Pb�{Se|+. 
A a consequence of this difference, also the MO schemes of the 
anion in �� and that of the corresponding CO homolog differ 
markedly. One might imagine the formation of the anions as 
shown in Scheme 1, thus starting out from the anion in ��.  
For the (PPh��)-decorated complex in ��, the molecular orbital (MO) 
diagram reveals a mixture of Rh-centered lone pairs with some 
contribution of (i.e. bonding interactions with) Se atoms for HOMO 
and all lower-energy MOs down to HOMO������ . On replacing two 
PPh�� ligands with (CN)�±, the situation does not change 
dramatically �± a minor contribution of the (CN)�± ligands is 
recogniced ad HOMO-11 and HOMO������ .  
The MO diagram of ��, in contrast, does not show any lone pairs 
centered at the Rh atoms. The HOMO (378a) represents the �V-
type bonding interaction between Pb and Se, followed, in the 
order of decreasing energy by, six MOs that represent the Rh�±Se 
interactions ���������D�«�������D��. Three lower-energy MOs are mostly 
centered at the Se atoms of the Pb�±Se fragment (371a, 370a, 
363a), but possess some contributions from Pb atoms (��������, ��������, 
and ��������, respectively, according to Mulliken analyses[���� ]). 
According with these numbers, 370a might be considered a weak 
�S-bonding interaction �± or at least a polarization of the 
corresponding Se p orbital towards the Pb atom. Based on this 
picture, the Pb�±Se bond should be considered essentially as XXX, 
which is surprising for the fact, that isolated PbSe in comparison 
to CO does not obtain such double bonding contributions (see 
Figure 5, left). Further down on the energy scale within the MO 

diagram of �� are orbitals for Rh�±P interactions (369a, 
�������D�«�������D�������5�K�±CN interactions (362a, 361a) and lone pairs of 
the N atoms at the CN ligands (368a, 367a).  
We conclude that the PbSe fragment has a (weak) double-bond 
character, thus behaves qualitatively like µ-bridging CO. A 
comparison of shared electron numbers (SEN)�>�����@ for Rh�±Pb and 
Pb�±Se in comparison to e.g. Rh�±P or the Rh�±Se bonds (see 
Figure 5, left) indicates strong Rh�±Pb interactions. Evtl 
diskutieren Rh3Se2-Cluster mit µPbSe versus Rh3PbSe3-Cluster. 
On replacing the Pb�±Se unit with a C�±O molecule, the bonding 
situation remains qualitatively similar, but naturally, the order of 
the energy levels is different. Rh-centered localized orbitals 
(357a�������� a, see Figure S5) are highest in energy again, followed 
by Rh/Se centered (352a, 351a) and Rh/CO(/P) centered orbitals 
(350a-345a) with decreasing energy. This energetic shift is in 
agreement with the energies of the frontier molecular orbital in 
PbSe and CO, respectively (Figure 5, left): upon coordination with 
PbSe, the bonding orbitals would be expected at similar energies 
as HOMO and HOMO�±1 in isolated PbSe, while the 
corresponding orbitals from CO ligands would be lower in energy. 
The 350a orbital for the calculated CO-ligated cluster represents 
the well-known textbook example of a �Œ-backdonation from the 
Rh-atoms into the anti-bonding orbital of the CO bond. The 
corresponding �1-bonds are far below in energy (e.g. Rh�±CN and 
C�±N: 317a, 315a, 313a, 311a).  
Therefore no direct isolobal relationship in terms of the bonding 
situation between CO and PbSe can be concluded, yet 
coordination mode and double bond character exhibit strong 
similarities and an unexpected new ligand. 

Experimental Section 

General: All manipulations and reactions were performed under an Ar 
atmosphere using standard Schlenk or glove box techniques. All 
manipulations with Pb-species were performed under exclusion of light.  
Solutions of [K(18-crown�������@��[Pb��Se��] and [K([2.2.2]crypt)]��[Pb��Se��] have 
been prepared according to literature procedures.[���� ] THF, toluene and 
benzene were freshly distilled from NaK alloys prior use. [Rh(PPh��)��Cl] 
(Sigma Aldrich) was dried at dynamic vacuum (p < 1·10���� mbar) for at least 
12h.  
Syntheses: ��: 10 mL of an en solution of [K(18-crown�������@��[Pb��Se��] was 
carefully layered with 10 mL of a saturated THF solution of [Rh(PPh��)��Cl]. 
�� crystallizes after �� weeks alongside of [Rh��Se��(PPh��)��][���� ] as black blocks. 
��: 10 mL of an en solution of [K([2.2.2]crypt)]��[Pb��Se��] was carefully 
layered with 10 mL of a saturated THF solution of [Rh(PPh��)��Cl]. �� 
crystallizes after 1 week as black blocks in approx. ��5% yield. 
Single-crystal X-ray diffraction: Data collection was performed using a 
Bruker Quest (1) or Stoe IPDS2/T diffractometer at 100 K with MoK�. 
radiation  and graphite monochromatization ����� ��������������������Structure 
solution was realized by direct methods, refinement with full-matrix-least-
squares against F�� using SHELXS-97, SHELXL-97, and Olex2 
software.[����������] Crystal data for C������������H������K��N����������O����P��Pb��Rh��Se�� (��, MW = 
��������������  g/mol): a = �������������������� Å, b = �������������������� Å, c = �������������������� Å, �� = 
����������������������°; C������H������KN��O��P��Rh��Se�� (��, MW = ��������������  g/mol): a = 
�������������������� Å, b = �������������������� Å, c = �������������������� Å, �� = ��������������������°. CCDC 
XXX (��) and XXX (��) contain the supplementary crystallographic data for 
this paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.  
Quantum chemical methods: DFT calculations were performed with the 
program system TURMOMOLE[���� ] using the RIDFT program[���� ] and 
employing the Becke-Perdew 86 (BP86) functional[���� ] with def2-TZVP 
bases[���� ] and respective fitting bases[����] for the evaluation of the Coulomb 
matrix. Effective core potentials (ECPs) were used for Pb atoms (ECP��
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��������[����] Counterions were modelled by application of COSMO with default 
parameters.[���� ] Mulliken population analyses[���� ] served to evaluate atomic 
orbital contributions to the molecular orbitals. Population analysis based 
on occupation numbers (PABOON) are given as shared electron numbers 
(SEN).�>����] MO plots were generated using the visualization tool 
gOpenMol.[���� ] 

Acknowledgements  

We are indepted to R. Riedel for his sorrowful attempts on X-ray 
crystallography and for financial support from the Deutsche 
Forschungsgemeinschaft (DFG, SPP ���������� and the Friedrich-
Ebert-Stiftung (FES). We thank Maximilian Fritz, Maximilian Jost 
and Maximilian Biermeier for antecedent experimental studies. 

Keywords:  keyword 1 �‡ keyword 2 �‡ keyword 3 �‡ keyword 4 �‡ 

keyword �� 

�>���@ B. Meyer, J. J. Smith, K. Spitzer, J. Chem. Phys. 1970, 53, 3616������������ 
[��] �)�R�U���&�&�K�����&�K� �2�«�7�H�����5�H�Y�L�H�Z���V�H�H����Y. Mutoh, N. Kozono, K. Ikenaga, Y. 

Ishii, Coord. Chem. Rev. 2012, 256, 589-605 and references therein.  
[��]  K. P. Huber, G. Herzberg, in Molecular Structure and Molecular Spectra 

IV. Constants of Diatomic Molecules (Van Nostrand Reinhold, New York, 
������������ 

[��] J. Drowart, R. Colin, G. Exsteen, Trans. Faraday Soc. 1965, 61, 1376.  
[��] C. Linton, H. P. Broida, J. Mol. Spectrosc. 1976, 62, 396���������� 
[��] B. M. Giuliano, L. Bizzocchi, J.-U. Grabow, J. Mol. Spectrosc. 2008, 251, 

������ ������������ 
[��] B. M. Giuliano, L. Bizzocchi, R. Sanchez, P. Villanueva, V. Cortijo, M. E. 

Sanz, J.-U. Grabow, J. Chem. Phys., 2011, 135, 084303 and references 
therein. 

[��] Z. J. Wu, Chem. Phys. Lett. 2003, 370, 39-43. And References therein. 
[��] J.-M. Raulot, G. Baldinozzi, R. Seshadri, P. Cortona, Solid State Sci., 

���������������������������������� 
�>����] D. Zagorac, K. Doll, J. C. Schön, M. Jansen, Chem. Eur. J., 2012, 18, 

������������������������  
�>����] F. Demiray, S. Berber, Phys. Scr. 2013, 88, 015603���������������� 
�>����] see e.g. P. Canepa, P. Ugliengo, M. Alfredsson, J. Phys. Chem. C, 2012, 

116, 21514-21522 and references therein. 
�>����] K. G. Dyall, J. Chem. Phys. 1993, 98, 2191������������ 
[���� ] S. Chattopadhyaya, A. Chattopadhyay, K. K. Das, J. Phys. Chem. A, 

2002, 106, 833-841.(in 24) 
[����  D. Shi, W. Xing, X. Zhang, J. Sun, Z. Zhu, Y. Liu, Comput. Theor. Chem., 

2011, 969, 17-26. And references therein.  
[���� ] S. Chattopadhyaya, K. K. Das, Chem. Phys. Lett, 2003, 382, 249-257 

and references therein.  
[���� ] A. F. Jalbout, X.-H. Li, H. Abou-Rachid, Int. J. Quantum Chem. 2007, 

������������������������. And references therein.  
[���� ] R. C. Oldenborg, C. R. Dickson, R. N. Zare, J. Mol. Spectrosc. ��������������������

������ ������������ 
�>�����@ E. S. Larsen, American Mineralogist 1917, 2, 18�������� 
�>�����@ G. Thiele, Z. You, S. Dehnen, submitted.  
�>�����@ G. Thiele, L. Vondung, S. Dehnen, submitted.  
�>�����@ Eine Chemikalie referenzieren? 
[���� ] L. S. Ramsdell, Am. Mineral., 1925, 10, 281���������� 
[���� ] A. N. Mariano, K. L. Chopra, Appl. Phys. Lett. 1967, 10, 282���������� 
[���� ] T. K. Chattopadhyay, H. G. von Schnering, W. A. Grosshans, W. B. 

Holzapfel, Physica B+C, 1986, 139/140, 356���������� 
[���� ] M. Bremholm, Y. S. Hor, R. J. Cava, Solid State Sci. 2011, 13, 38�������� 
[�����@ T. B. Zunic, E. Makovicky, Can. Mineral., 2007, 45, 437���������� 
[���� ] C. W. Liu, T. S. Lobana, J.-L. Xiao, H.-Y. Liu, B.-J. Liaw, C.-M. Hung, Z. 

Lin, Organometallics, 2005, 24, 4072. 
[���� ] P. A. W. Dean, J. J. Vittal, N. C. Payne, Inorg. Chem. 1984, 23, 4232.  
[���� ] J. S. L. Yeo, J. J. Vittal, W. Henderson, T. S. A. Hor, J. Chem. SOc., 

Dalton Trans., 2002, 328. 

[���� ] Y.-J. Lu, J. A. Ibers, Acta Crystallogr., Sect. C: Cryst. Struct. Commun., 
�������������������������������� 

[���� ] J. Lee, T. J. Emge, J. G. Brennan, Inorg. Chem., 1997, 36, 5064. 
�>����] Benzene solvent isomer of ��: a = 18.0335(13) Å, b = 23.8399(16) Å, c = 

25.7552(19) Å, ����� ����������������������°, V=10642.0(13)Å�ñ; Space group P����. 
Due to heavy disorder of 2-4 solvent benzene molecule at approx. 8 
positions, disorder of 2-3 solvent en molecules at approx. 6 positions 
and further disorder of coordinating crown ether and en molecules, no 
dataset of sufficient quality for publication could be refined. 

�>�����@ TURBOMOLE Version 6.4, TURBOMOLE GmbH 2012. TURBOMOLE is a 
development of University of Karlsruhe and Forschungszentrum 
Karlsruhe 1989�±������������TURBOMOLE GmbH since 200���� 

�>�����@ a) K. Eichkorn, O. Treutler, H. Öhm, M. Häser, R. Ahlrichs, Chem. Phys. 
Lett. 1995, 242, 652 �± 660; b) K. Eichkorn, F. Weigend, O. Treutler, R. 
Ahlrichs, Theor. Chim. Acta 1997, 97, 119 �±���������� 

�>�����@ a) A. D. Becke, Phys. Rev. A 1988, 38, 3098 �± 3109; b) S. H. Vosko, L. 
Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200 �±������������  c) J. P. Perdew, 
Phys. Rev. B 1986, 33, 8822 �±������������  

�>�����@ F.Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297 �±������������  
�>�����@ F. Weigend, Phys. Chem. Chem. Phys. 2006, 8, 1057 �±������������  
�>�����@ B. Metz, H. Stoll, M. Dolg, J. Chem. Phys. 2000, 113, 2563 �±�������������� 
[���� ] a) A. Klamt, G. Schüürmann, J. Chem. Soc. Perkin Trans. 1993, 799 �± 

805; b) A. Schaefer, A. Klamt, D. Sattel, J. C. W. Lohrenz, F. Eckert, 
Phys. Chem. Chem. Phys. 2000, 2, 2187 �±�������������� 

[���� ] R. S. Mulliken, J. Chem. Phys. 1955, 23, 1833 �±������������ 
[���� ] Ehrhardt, C.; Ahlrichs, R. Theor. Chim. Acta 1985, 68, 231���������� 
�>����] gOpenMol, Leif Laaksonen, Center for Scientific Computing, Espoo, 

Finland, Version 3.0, 2005: D. L. Bergman, L. Laaksonen, A. Laaksonen, 
J. Mol. Graphics Modell. 1997, 15, 301 �±���������� 

 
 



COMMUNICATION          

 
 
 
 

Supporting Information 

 
{µ-PbSe}: The Second Heaviest CO Homolog as an Unexpected Ligand 

Günther Thiele and Stefanie Dehnen* 

 

 
1 Experimental details 
2 Single crystal X-Ray structure and refinement details 
3 Energy dispersive X-Ray spectroscopy results 
4 Quantum chemical details 
5 References 
  



COMMUNICATION          

 
 
 
 

1 Experimental details 
 
1.1 General 
All manipulations were performed under strict exclusion of air and moisture using standard Schlenk and glovebox techniques. Solvents 
were freshly distilled prior to use.  
 
1.2 Synthesis of 1:  
5 g (0.024 mol, 1 eq) of Pb and 3.81 g (0.048 mol, 2 eq) of Se are placed in a quartz ampule and heated for 5 min with an 
oxygen/methane burner. The homogenous melt is allowed to cool and thoroughly grinded. 500 mg (1.369 mmol, 1 eq) of the resulting 
powder and 760 mg (2.875 mmol, 2.1 eq) of 18-crown-6 are vigorously stirred in 50 mL en while 112 mg (2.875 mmol, 2.1 eq) of K is 
added. The solution is stirred for 48 h, filtered and 10 mL of the resulting solution is carefully layered with 10 mL of a saturated THF 
solution of Rh(PPh��)��Cl. �� crystallizes as black blocks after 4 weeks.  
 
Synthesis of 2:  
According to the synthesis of �� but with 18-crown-6 replaced by [2.2.2]crypt. �� crystallizes as black blocks after �� week in approx. 25% 
yield.  

 

Figure S1. Reaction scheme towards ��, and ��.  
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2 Single crystal X-Ray structure and refinement details 
Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge 
Crystallographic Data Center as supplementary publication no. CCDC-XXX (��), and CCDC-XXX (��).  
 

Table S��. Crystal data and structure refinement. 
 

Identification code  �� �� 

Empirical formula  C������������H������K��N����������O����P��Pb��Rh��Se�� C������H������KN��O��P��Rh��Se�� 

Formula weight  ��������������  ��������������  

Temperature/K  �������������� ������������ 

Crystal system  monoclinic  Monoclinic 

Space group  P����/n P����/c 

a/Å  �������������������� �������������������� 

b/Å  �������������������� �������������������� 

c/Å  �������������������� �������������������� 

����°  ���������������������� �������������������� 

Volume/Å��  ������������������ �������������������� 

Z  ���� �� 

�!calcmg/mm��  ���������� ���������� 

Crystal size/mm��  0.22 × 0.21 × 0.19  0.12 x 0.10 x 0.09 

Radiation  MoK�. ������� �������������������� MoK�. ������� �������������������� 

���,�� range for data collection  �������� to 56.75°  2.46 to 53.65° 

Diffractometer type  Bruker Quest STOE IPDS2/T 

Reflections collected  ������������  ������������  

Independent reflections  ������������  ����������  

Data/restraints/parameters  �������������������������� ������������������������  

Goodness-of-fit on F��  ���������� ���������� 

Final R indexes [I>=2�1��(I)]  R�� = 0.0339, wR����� ���������������� R�� = 0.0416, wR����� ���������������� 

Final R indexes [all data]  R�� = 0.0456, wR����� ���������������� R�� = 0.0587, wR����� ���������������� 

Largest diff. peak/hole / e Å����  �������������������������� ������������������������ 

 
Hier müssen zusätzliche X-Ray-Bilder rein. Zum einen die Fehlordnung in �� als Figure S1 (siehe Caption of Figure 1) und anderen 
Zellplots aller Verbindungen. 
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3 Energy dispersive X-Ray spectroscopy results 

 
EDX analyses were carried out using an EDX-device Voyager 4.0 of Noran Instruments coupled with an electron microscope CamScan 
CS 4DV. Data acquisition was performed with an acceleration voltage of 20 kV and 100 s accumulation time. Variations in the different 
observed and calculated atomic composition is caused by extreme sensitivity of the single crystals and an inhomogenous 
decomposition due to contact with air and moisture during sample preparation. 
 

Figure S��. EDX spectrum of ��. 

 
Table S��. EDX results for ��. 

Element k-ratio 

(calc.) 

ZAF Atom % Element Wt % Wt % Err.  

(1-Sigma) 

Se-K      

Rh-L      

Total   �]�\�\ �]�\�\  
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4 Quantum chemical details 

 
4.1 Methods 
DFT calculations were carried out with the program system TURBOMOLE�>���@ using the BP86 Functional�>���@with def��-ECPs�>���@ and def��-
TZVP basis sets�>���@ as well as respective auxiliary basis sets.[���@ COSMO[��] was applied to compensate molecular charges. Population 
analyses were applied via Mulliken analysis�>���@ with and without localization or via SEN.[��] Applied symmetry: C�� in all cases. 
EIN KOMMENTAR ZUR GENAUIGKEIT fehlt: maximale Abweichung von Bindungslängen/Winkeln für jede Sorte von 
Bindungen/Winkeln muss noch her �± z.B. als Tabelle für die beiden Moleküle.  
 

 

 

 

Figure S��. Molecular orbital diagram of the anion in �� (left) and selected localized orbitals of �� (right). Phenyl groups and their minor contributions to the shown 
orbitals are omitted for clarity. Amplitudes are plotted at ±0.033 a.u.  
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Figure S4. Localized MO diagram for the [Rh��Se��(PPh��)��(CN)��(PbSe)]���± fragment in ��. Amplitudes are plotted at ±0.033 a.u.. View along Rh�« Rh (left) and along 
Se�« Se axis (right).  
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Figure S5. Localized MO diagram for the CO analogue of the anion in ���� [Rh��Se��(PPh��)��(CN)��(CO)]���±. Threshold for orbital plotting set to +/- 0.033 a.u. View along 
Se�±Se axis (left) and along Rh�±Rh axis (right).  
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Organic Cation and Complex Cation-Stabilized 

(Poly-)Selenides, [Cation]x(Sey)z: Diversity in Structures 

and Properties 

Günther Thiele, Lisa Vondung, Carsten Donsbach, Susanne Pulz, Stefanie Dehnen, Z. Anorg. 

Allg. Chem. �^�\�]�,̀ �f�d��̀á���^�b�d�`�æ�^�c�\�\�ä 

Based on the synthesis and characterization of a 
series of new (poly-)selenide salts, a classification 
of anionic (poly-)selenide-containing compounds
is proposed. The new compounds have been 
categorized according to these classes. Synthetic
approaches of organic cation-stabilized (poly-) 

selenide compounds that have been already 
known from literature are reviewed, along with 
the crystal structures of new compounds and 
some spectroscopic data, and an experimental 
and theoretical approach towards dichroism 
observed in some of the triselenides. 
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Abstract. Based on the synthesis and characterization of a series of
new (poly-)selenide salts, a classification of anionic (poly-)selenide-
containing compounds is proposed. The new compounds were catego-
rized according to these classes. Synthetic approaches of organic
cation-stabilized (poly-)selenide compounds that have been already

Introduction

Selenides in general are a huge class of compounds, many
of which show exciting properties, leading to vivid discussions
on various applications as well as already established applica-
tions – mainly in semi-conductor technologies – ranging from
photovoltaic devices of CuInSe2

[1] to the tunable optoelec-
tronic series of [M4Sn4Se17–xTex]10– with M = Mn, Zn.[2]

Within this exciting class of compounds especially solid state
(poly-)selenides and selenidometalates have been regularly re-
viewed.[3] In contrast, organic cation-stabilized selenides – that
is, salts of well separated (poly-)selenide anions (Sex)2– besides
purely organic cations or solvated / coordinated metal ions,
respectively – have been lesser focused on, although their solu-
bility in both aqueous and organic solvents makes them ideal
for processing[4] or further reactions towards new materials.
As an alternative to the usage ofin situ-generated polyselen-
ides, where the corresponding reagents serve as both precursor
and reducing agent at the same time[5] [see, for example, Equa-
tion (1) and Equation (2);N-MeIm = N-methylimidazole], or
preformed polyselenides with varying and undetermined chain
lengths,[6] the application of crystalline polyselenides as well
defined starting materials can additionally help understanding
basic reaction mechanisms, for instance towards complicated
metalates with different chain lengths of polyselenide ligands.
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known from literature are reviewed, along with the crystal structures
of new compounds and some spectroscopic data, and an experimental
and theoretical approach towards dichroism observed in some of the
triselenides.

2 Fe(CO)5 + Se8 + 6N-MeIm � [Fe(N-MeIm)6][Fe(Se4)2(CO)2] + 8 CO
(1)

2 Zn + Se8 + 4 N-MeIm � 2 [Zn(Se4)(N-MeIm)2] (2)

Polyselenides have also been discussed to be of use for elec-
trolyte modifications in photoelectrochemical solar cells.[7] Ex-
amples for the advantages are enhanced solubilities of organic
cation-stabilized selenides in new types of electrolytes like
ionic liquids, or a fully determined electronic situation, provid-
ing easy to observe markers to monitor the various (photo-)
redox processes.

Additionally desired properties can be introduced by chang-
ing the cation from pure organic or solvated alkali(ne earth)
metal ions to homo- or heteroleptic transition metal complexes.

Therefore, a unique combination of semiconducting proper-
ties on the one hand, and excellent solubilities and diverse
crystalline structures on the other hand, render organic cation-
stabilized (poly-)selenides promising synthons, which shall be
the focus of this work. Besides (poly-)selenide salts with pu-
rely organic cations, this report comprises also compounds
with solvated or otherwise coordinated metal cations and sol-
vates due to similar solubilities, which usually differ from the
solvent-free salts.

Classification

In the style ofIbers’ review on polytelluride anions,[8] we
would first of all like to assign anionic (poly-)selenide com-
pounds to the following four predominant categories (M being
any metal atom):

(a) (Poly-)selenides of the general formulaMx(Sey)z, with
well separated anions and no solvation of metal cations or
solvate molecules within the crystal structure. Furthermore
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hydrogenselenide anions of the general formulaeMx(HSey)z,
such as Na(HSe),[9] again without molecules of solvation.

(b) (Poly-)selenidometalatesAx[M(Sey)z], with any cation
An+, incorporating at least one covalentM–Se bond.

(c) Organic cation-stabilized (poly-)selenides
[OrgCat]x(Sey)z, including solvated and sequestered metal
cation-stabilized (poly-)selenides of the general formula
[M(solv)w]x(Sey)z, again with well separated anions.

(d) Selenium-rich selenides with extended anionic struc-
tures, or with selenium in formal oxidations states other than
–II…0 and/or other than two-bonding, yet without directM–
Se interactions. Alternatively those compounds can be de-
scribed as a special case of (b) with selenium acting as central
ion and ligand at the same time.[10]

Radical species, such as (Sex)·–
, or hyper-coordinated spe-

cies, such as (Ph4P)2[Se(Se5)2],[11] might be assigned to (a), to
(c), or to (d) in accordance with the involved cations and bond-
ing situations. The same concept can easily be applied to heter-
ochalcogenides, such as [NEt4]2[Te3Se6].[12] Concerning or-
gano-substituted (poly-)selenides,[13] an additional categoriza-
tion according to the number of organic substituents (1–3) is
conceivable, but shall not be part of this work. This holds also
for cationic[14] or neutral[15] (poly-)selenium species.

To the best of our knowledge, there is no example described
in literature so far that cannot clearly be accommodated within
these classes of compounds. Rb2[Pd(Se4)2]·(Se8),[16] for exam-
ple, would be reasonably classified as a metalate (b), in agree-
ment with directM–Se bonding within the [Pd(Se4)2] subunit;
this seems to be justified since the influence of the Pd–Se
bonds on physical and chemical properties will certainly domi-
nate over the presence of Se–Se bonds. Cs2Se22

[17] as a second
example, is a selenium-rich selenide (d), since an extended
3
� [(Se6)3–] anionic network is present instead of well-separated,
molecular anions.

A problem remains where the interatomic distances do not
allow for a clear discrimination of a covalent Se–M bond from
a rather ionic interaction, such that it becomes difficult to as-
sign the compounds to categories (a) or (b). This holds espe-
cially for lanthanide compounds. [La2(en)8(Se2)]4+ (en = eth-
ane-1,2-diamine),[18] for instance, comprises a La–Se distance
of 3.143(2) Å, which is significantly longer than the Hg–Se
bond in [Hg(Se4)2]2– [2.65(2) Å].[19]

However, since the lanthanide–selenium interactions will af-
fect physical properties, we will categorize those examples into
the metalate group (b). Exceptions are made if the involved
lanthanide – or equally: transition metal – ions are entirely
solvated. Since the properties of alkali(ne earth) metal
(poly-)selenides are usually widely unaffected by eventual
metal–selenium interactions, such compounds will always be
assigned to the organic cation-stabilized selenides (c), if any
solvation or sequestration is present within the crystal struc-
ture.

Syntheses of (Poly-)selenides

Selenides and polyselenides that are assigned a number in
the following refer to new compounds. Salts that comprise two
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or more types of (poly-)selenide anions with different chain
lengths are listed with other compounds of the respective
shortest chain length. Below, completeness of reported data is
claimed only for compounds of category (c). Examples from
other categories are only given for comparison and clarifica-
tion and have been reviewed elsewhere.[3]

Synthetic Approaches

The most straight forward method for the generation of po-
lyselenides is the oxidation[20] of H2Se or alkali (poly)selenide
salts or,vice versa, the reduction of elemental selenium.[21]

Oxidation can be achieved with H2O2, elemental iodine or via
electrolysis. Reducing agents range from borohydrides and
N2H4 to elemental alkali metals.[22]

A combination of both methods leads to comproportionation
reactions, for instance between elemental selenium and sele-
nide salts, or between two selenide salts with different selenide
chain lengths. Catalytic amounts of iodine serve as redox me-
diator when starting from selenide salts,[23] aqueous carbonate
solutions are employed, when the reactions start out from
H2Se.

Further methods usually comprise solvothermal experiments
or solvent-based extractions of binary or ternary selenides that
have been gained from high-temperature solid state synthe-
ses.[3] Especially forin situ generation of selenides, which are
immediately consumed by subsequent reactions, a broad vari-
ety of methods has been used, such as ultrasound-induced elec-
trochemical synthesis,[24] pulse radiolysis in saturated aqueous
N2O solutions, which resulted in the interim formation of
(Se2)2– and the formation of short-lived HSe, Se–, probably
(Se3)– and “fairly stable” (Se2)–, as well as (H2Se2)– and
(HSe2)2–.[25]

Salts of Monoselenide or Hydrogenselenide Anions Se2–

and (HSe)–

[(Me2NH2P)2N]2Se (c) was obtained from
decomposition reactions of selenophosphazane heterocy-
cles,[26] [Mn(cyen)3]2[H2cyen](Se2Te)2Se (c) (cyen= trans-cy-
clohexane-1,2-diamine),[27] [Ph2P(NH2)2]2Se (c),[28] the H2O/
MeOH solvated double salt of K10[Zn4Sn4Se13Te4]·4K2Se (c)
with the Se2– anions aggregating to a dodecahedral substruc-
ture,[29] (NMe4)(HSe) (c),[30] and Na2Se·xH2O with x = 5[31]

or 9[32] (c) are reported in the literature. Our own contributions
include the formation and characterization of [Li2(H2O)7]Se
(1) (c), [K(H2O)4]2Se (2) (c), [K4(H2O)10](Se2)Se (3) (c), and
[Ba(H2O)x]3[Ba(OH)2(H2O)x–2]Se3 (4) (x � 13) (c).

Salts of the Diselenide Anion (Se2)2–

[Li 4(THF)5](SeP(NPh)3)]2(Se2) (b) has been the only known
organic cation-stabilized diselenide so far, yet with Li–Se dis-
tances as short as 2.561 Å, hence shorter than the sum of Li(+I)
and Se(–II) ionic radii (2.57 Å).[33] In combination with an
only threefold coordination of the Li+ ion, this compound
would probably be classified as a selenidolithiate.[34] We were
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able to generate and isolate the following diselenides, includ-
ing two double salts with monoselenide or triselenide anions:
(enH)2(Se2) (5) (c) [Li(en)3]2(Se2) (6) (c), [K2(H2O)](Se2)
(7) (c), [K2(NH3)](Se2) (8) (c), [K(18-crown-6)]2(Se2)·en (9)
(c) (18-crown-6 = 1,4,7,10,13,16-hexaoxacyclooctadecane),
1
� [{K(18- crown-6)}{K(NH 3)}(Se2)] (10) (c), Cs4(Se2)(Se3)·en
(11) (a), and (NMe4)2(Se2) (12) (c). A summary of Se–Se bond
lengths alongside with Se–Se–Se angles of the known category
(c) polyselenides are presented in the Supporting Information
(Tables S8–S13).

Salts of the Triselenide Anion (Se3)2–

The formula of [Eu8(dmf)13(µ4-O)(µ3-OH)12(Se3)(Se4)2(Se5)2]
(dmf= N,N-dimethylformamide) might suggest the presence of
fully solvated Eu3+ ions besides well-separated tri-, tetra-, and
pentaselenide chains; yet, as stated by the authors,[35]

polyselenide fragments serve as bridging and chelating ligands
to the Eu3+ ions, therefore classification would lead to
category (b), hence as a selenidoeuropate. In contrast,
[Sr2Sn(OH)6(H2O)5](Se3)·H2O[36] (c), [Mn(NH3)6](Se3)[37] (c),
[Ni( tren)2](Se3) (c) (tren = diethylene triamine),[38]

[Mn(en)3](Se3)[39] (c), and the two ammoniates
Li(NH3)4Rb(Se3) and Na(NH3)5Rb(Se3)·3NH3,[40] (c) incorpo-
rate well separated (Se3)2– anions. This is also the case for
[ctNMe3]2(Se3) (c) [ct = cetyl, (CH2)15CH3],[23] which was de-
termined by means of CHN analysis only, owing to large cell
constants that hampered a proper crystal structure analysis at
the time of publication. We characterized a variety of triselen-
ides, namely [K(18-crown-6)]2(Se3) (13) (c), [K(18-crown-
6)]2(Se3)·H2O (14) (c), [{K(18-crown-6)}2(H2O)3](Se3)·2H2O
(15) (c), and [K([2.2.2]crypt)]2(Se3)·H2O (16) (c) ([2.2.2]crypt
= 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-hexaco-
sane), as well as the solvated transition metal cation-stabilized
triselenides [M(en)3](Se3) [M = Fe, Cd (17, 18)] (c).

Salts of the Tetraselenide Anion (Se4)2–

[Sr2Sn(OH)6(H2O)6](Se4) (c),[36] [Ba2(OH)2(H2O)10]2(Se)4
(c),[41] [Ba([2.2.2]crypt)](Se4)·en (c),[42] [Ba(en)4](Se4)·en
(c),[43] and [Ca(en)4](Se4)[44] (c) clearly belong to organic cat-
ion-stabilized selenides, althoughFässlerandMenezesdiscuss
a 3D network due to interconnecting hydrogen bridges. Di-
morpholine and dipiperidine tetraselanes should be excluded
from this list, although they are sometimes quoted in literature
as (NC4H8O)2(Se4), (NC5H10)2(Se4).[45] However, as the au-
thors correctly state, these organoselenium compounds with
Se–N bond lengths of 1.836 Å and 1.824 Å respectively, do
not comprise salt like ion separation. [Ph3PNPPh3]2(Se4)·
4MeCN[46] (c) and [Mn(MeNH2)6](Se4)[37] (c) are further
prominent examples of selenides of category (c), whereas
[Li( tmeda)2]2(Se4) (tmeda= N,N,N�,N�-tetramethylethane-1,2-
diamine), with Li–Se distances of 2.589 Å to 2.661 Å,[47] be-
long rather to the metalate group (b). We hereby add
[K2(H2O)](Se4) (19) (c), [K2(H2O)2](Se4) (20) (c),
[K2(NH3)](Se4) (21) (c), [K([2.2.2]crypt)]2(Se4) (22) (c), and
[Ba(H2O)6](Se4) (23) (c) to the list of known tetraselenides.
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Salts of the Pentaselenide Anion (Se5)2–

[Cs(18-crown-6)]2(Se5)·DMF[48] (c) and [Cs(18-crown-
6)]2(Se5)·MeCN[46] (c) have been reported with well separated
anions, as well as (NEt4)2(Se5)·(Se7)·(Se6) (c) that contains
(Se5)2– chains and associated six- and seven-membered (Se6)0

and (Se7)0 rings.[49] The structural deviations due to this asso-
ciation are small – for instance, the mean Se–Se bond length
is 2.325 Å as compared to 2.339 Å in (PPh4)2(Se5) (c);[50]

therefore the classification is done alongside with
(NMe4)2(Se5) (c),[51] [Na(15-crown-5)]2(Se5) (c) (15-crown-5
= 1,4,7,10,13-pentaoxacyclopentadecane),[52] [tdNMe3]2(Se5)
(c) [td = tetradecyl = (CH2)13CH3],[23] again, the latter only
characterized by means of elementary analysis, and
[Mn(NH2CH3)6](Se5) (c).[53] [Li 2(Se5)2(pmeta)2] (b)[54] (pmeta
= pentamethyldiethylenetriamine) exhibits mean Se–Li dis-
tances of 2.59 Å that are close to the sum of ionic radii, and
further elongations of the terminal Se–Se bond also indicate a
strong Li–Se interaction. The authors exclude lattice effects to
be the reason for the short Se–Li distances; hence this com-
pound should be viewed as a lithiate (b).

Salts of the Hexaselenide Anion (Se6)2–

(PPh4)2(Se6) (c) was synthesized in an uncommon way by
oxidation of K2Se2 with K3[Mn(CN)6].[55] [Ba(15-crown-
5)2](Se6)·DMF (c) and [Rb([2.2.2]crypt)]2(Se6) (c) were also
obtained from K2Se2, however, with an excess of elemental
selenium.[48] Only elementary analyses were reported for
[NEt4]2(Se6) (c),[23] whereas [NMe4]2(Se6) (c),[51] and
(NBu4)2(Se6) (c)[56] could be characterized by means of single-
crystal X-ray diffraction. Isostructural [M(NH3)6](Se6) (M =
Mn, Fe)[37] (c) and [Mn(cyen)3](Se6)[27] (c) exhibit pseudo-
layers and weak hydrogen bonding, with intermolecular Se–Se
distances of at least 3.618 Å, which are significantly larger
than all intramolecular bonds (terminal: 2.313 Å, intra-chain:
2.360 Å). [Mg6(µ4-OH)2(µ3-MeO)4(MeO)4(MeOH)12](Se6)·
2MeOH,[57] with six Mg ions and six bridging ligands in a
face-sharing cubic arrangement that stabilize the (Se6)2– unit,
is further known besides [(td)NMe3]2(Se6) (c).[23] We addition-
ally present the compounds [K(18-crown-6)]2(Se6)·(18-crown-
6)·H2O (24) (c), [K(18-crown-6)]2(Se6)·(18-crown-6)·2NH3

(25) (c), and (enH)2(Se6) (26).

Salts of Polyselenide Anions (Sex)2– with x � 6

Generally, selenides show a large tendency to form aggre-
gates with five-membered or six-membered rings. This can
even lead to situations that apparently contradict the formal
charge assignment, such as observed in [Sr(15-crown-5)2](Se9)
(c) (see Figure 1).[58] Here, the formation of a six-membered
ring would lead to a formally monocationic, 3-connected sel-
enium atom besides the monoanionic terminal one, thus pro-
ducing an overall neutral species. However, the third interac-
tion of the respective bridgehead selenium atom is a rather
weak, secondary interaction (2.954 Å); thus seven of the nine
selenium atoms are two-bonded and formally neutral, besides
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the two terminal, monoanionic ones – in agreement with the
total charge. The bridgehead atoms found in
[Ph3PNPPh3]2[Se2(Se4)2]·DMF (d)[59] or (Ph4P)2[Se(Se5)2]
(d),[11] in contrast, possess formal oxidation states of +I and
+II, respectively.

Figure 1. ProposedLewis diagram of the nonaselenide dianion in
[Sr(15-crown-5)2](Se9).[58]

[Na(12-crown-4)2]2(Se7) (c)[48] and [K([2.2.2]crypt)]2(Se7)·
H2O (c)[60] are structurally unambiguously determined,
whereas the compounds [(ct)NMe3]2(Sex) (x = 7–9) (c) were
published based on elementary analysis only, and discussed in
analogy with the corresponding crystal structure of the hexa-
selenide compound [(ct)NMe3]2(Se6) (c).[23] [Na(12-crown-
4)2]2[Se8·(Se6,Se7)] (d), which was synthesized in the presence
of CeCl3, forms strongly associated layers parallel to (100).[61]

The usual finding of short terminal Se–Se bonds within the
chain anions and comparably long internal Se–Se bonds are
not found in this species. Unfortunately heavy disorder ham-
pered further interpretations.[61]

Chalcogenidoselenides [Cat](ChxSey)

[Mn(MeNH2)6(S5)0.15(S1.57Se2.43)0.85 (c) and
[Mn(NH3)6](S2.71Se2.29)[37] (c) can unbiased be associated to
group (c) selenides, whereas [M(NH3)4](TeSe3) (b) (M = Zn,
Mn)[62] do not belong to this group, since the central tellurium
atom exhibits a formal +II oxidation state; therefore it rather
belongs to the group of metalates. [Mn(en)3](Se2Te)[39]

(c) that is isostructural to its (Se3)2– congener,
[Mn(cyen)3]2[H2cyen](Se2Te)2(Se) (c),[27] (NBu4)2(Se3SSe2)
(c),[63] [K([2.2.2]crypt)]2[SeTeSe]·en (c) and
[K([2.2.2]crypt]2[Te0.9Se3.4]·en (c) were reported, though the
latter suffered from disorder and the co-crystallization of an
anion of the same composition but with trigonal pyramidal
structure (b).[64] The latter structural arrangement would again
be a metalate-type one, whereas those mentioned before all
belong to the group of organic cation selenides.

Spectroscopic Data and Properties

The first experiments on physical properties of (poly-)sele-
nides date back to the original works byZintl, who performed
potentiometric titrations in liquid ammonia.[65] Much effort has
been put into the understanding of the multifaceted species that
exist in solution.
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Electrochemical Investigations

Lyonsand Youngdiscussed spectrophotometric, titrimetric,
ESR, and NMR studies of soluble selenium species and deter-
mined various redox potentials in a 1 mol·dm–3 KOH solu-
tion.[66] Further spectroelectrochemical data were published by
Paris andAhrika.[67] With a combination ofin situ synchrotron
diffraction, K-edge absorption, X-ray photoelectron, and elec-
trochemical impedance spectroscopy, Li/SeSx (x = 0–7) as
promising phases for secondary lithium cells, were investi-
gated regarding (de)lithiation mechanisms.[68]

UV/Vis and Raman Spectroscopy

Following Hugot’sexamples,[69] sodium polyselenides were
synthesized in liquid ammonia and studied by UV/Vis spec-
troscopy. As a result, equilibrium constants between polyselen-
ides with adjacent chain lengths were determined, and the non-
existence of (Se2)2– and (Se5)2– within these solutions was
shown.[70] Interestingly, no ammoniates such as
[Na(NH3)4]2(Sex) have been crystallographically determined to
date. Further UV/Vis spectroscopic characteristics were re-
corded for H2Se, HSe– and (Sex)2– (x = 1–4) in aqueous solu-
tions, and their equilibria were investigated byLicht andFor-
ouzan.[71] Complementary Raman spectroscopy andab initio
molecular orbital calculations led to the observation of an
(Se2)– radical anion bySaboungiand co-workers.[20] Pressing
these Raman results further, the same group succeeded in in-
corporating selenium species in zeolites; they reported a subse-
quent, photoinduced decomposition of the original chains,[72]

and generated an air-stable selenium/zeolite nanocomposite.[73]

Mass Spectometry

The existence of a (Se5)2– species in solution was deter-
mined by electrospray ionization mass spectroscopy (ESI-MS)
and further studies on pH dependencies and the impact of dif-
ferent counterions were elucidated byDorhout and co-
workers.[74] However, further mass spectrometric data have not
been reported to date.

77Se NMR Spectroscopy

BjörgvinssonandSchrobilgenstarted a compilation of vari-
ous homo- and hetero-(poly)chalcogenides inen and/or liquid
NH3

[21] and on the (HSe)– anion in the solid state,[30] which
were complemented byCusickandDancein other solvents.[75]

Both groups could not observe an (Se2)2– in solution, which
seems to disproportionate.Kanatzidisand co-workers carried
out complementary studies in the solid state and reported77Se
experiments on (NMe4)2Sex with x = 5, 6.[51] Computational
NMR studies so far focused on different methods, functionals
and basis sets,[76] or on special treatment of relativistic ef-
fects.[77]

Crystal Structures
Crystallographic data and refinement details for compounds

1–26 are summarized in Tables S1–S7 (Supporting Infor-
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mation). A summary of selected structural parameters of all
known (poly-)selenide compounds with cations according to
category (c) is provided in Tables S8–S13, including closest
distances between selenium atoms and adjacent atoms from
solvent molecules or cations. The crystal structures of all new
compounds will be provided in the following, in comparison
with known data.

[Li 2(H2O)7]Se (1)

The structure is composed of dimeric [Li2(H2O)7]2+ cations
with two corner sharing tetrahedral [Li(OH2)4]+ units [Li···O
1.910(8)–1.998(7) Å]. Although hydrogen atoms could not be
located crystallographically during the structure determination,
it is anticipated that Se2– ions and water molecules are con-
nected to each other by hydrogen bridges [Se···O 3.303(3)–
3.444(4) Å]. Selenium ions are situated at the barycenter of
distorted, gyroelongated square bipyramids that are formed by
oxygen atoms of the cations [Se···O 3.303(3)–3.444(3) Å, see
Figure 2].

Figure 2. Fragment of the crystal structure of1 and selenide anion
embedding polyhedra of oxygen atoms. Thermal ellipsoids are drawn
at 50% probability.

[K(H2O)4]2Se (2)

The cationic substructure represents distorted [K(H2O)6]+

octahedra with K···O distances of 2.754(2)–2.954(3) Å, which
form 1D strands bytrans-face-sharing. The strands extend
along [120] or [–110], being stacked into sheets parallel to
(004) (Figure 3). Both orientations alternate along the crystal-
lographic [001] axis. Selenide anions are located within the
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almost ideal icosahedral voids that are built by oxygen atoms
from four adjacent anionic strands. Even though no hydrogen
atoms could be crystallographically determined, the interaction
is anticipated to be realized via hydrogen bonds. Accordingly,
Se···O-distances for the icosahedral assembly are 3.391(2),
3.417(2), and 3.462(2) Å.

Figure 3. Fragment of the crystal structure of2, highlighting the poly-
hedra discussed in the text: strands of edge-sharing [K(OH2)6]+ units
along [120] (light blue) or [–110] (dark blue), and icosahedral selenide
anion embedding polyhedron (orange). Thermal ellipsoids are drawn
at 50% probability.

[K4(H2O)10](Se2)Se (3)

The cation substructure is constructed from two different
potassium cation coordination spheres. The first polyhedron is
based on a [K(H2O)6]+ pentagonal pyramid with an additional
coordination of a diselenide fragment opposite the apical water
oxygen ligand (see Figure 4, top right). The second polyhe-
dron, [K(H2O)7(Se2)]–, possesses an equatorial hexangular co-
ordination by four neighboring oxygen atoms of water ligands
and one diselenide unit, capped on one side by one further
water molecules, and on the opposite side by two oxygen
atoms from water (see Figure 4, bottom right). The two coordi-
nation polyhedra are interconnected in such a way, that a 3D
network is formed with channels parallel to [001] (at 0,0,z or
½,½,z, Figure 4) that comprise the monoselenide anions. The
diselenide dumbbells are located close to ½,0,¼, ½,0,¾ and
0,½,¼, 0,½,¾, aligned parallel to [001] and coordinating to
four potassium ions [K···Se 3.3689(15)–3.4668(14) Å] orthog-
onal to and centered around the Se–Se bond [2.4468(16) Å].
Alternatively, this arrangement can be described as an [K4Se2]
square pyramid with selenium on the apical and potassium on
the equatorial positions. The monoselenide ions are again em-
bedded within icosahedra of water oxygen atoms.

[Ba(H2O)x]3[Ba(OH)2(H2O)x–2]Se3 (x � 13) (4)

The asymmetric unit contains four barium cations and 14.75
oxygen atoms from solvent water, coordinating water mol-
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Figure 4. Crystal structure of3 with coordination polyhedron of
monoselenide and potassium ion with c.n. 9 along [110] (top left) and
[001] (bottom left) axis. Coordination polyhedron of potassium ions
(top right) and super cell with resulting channels comprising monose-
lenide ions (bottom right). Thermal ellipsoids are drawn at 50% prob-
ability.

ecules or coordinating hydroxide anions. Most of the oxygen
atoms are disordered with occupation numbers of 0.25 or 0.5.
Reasonable coordination models taking into account the disor-
der due to diverse positions of the water ligands result in occu-
pation numbers of 8 to 10 for the cations. Figure 5 (top) em-
phasizes one possible model that will be described in the fol-
lowing: A threefold face-sharing of the coordination polyhedra
of Ba1, Ba2, and Ba3 within the same plane results in 2D
layers parallel to the (201). The Ba4 coordination polyhedron
in contrast is face-sharing with the coordination polyhedron of
Ba3 within the Ba1/2/3 plane and edge-sharing with its sym-
metry equivalent out of the Ba1/2/3 plane, thereby forming a
step of the cationic substructure as can be depicted in Figure 5.
The whole arrangement results in cavity channels along [001]
that are occupied by additional solvent water and monoselen-
ide anions. The latter are situated in between the aforemen-
tioned layers.

(enH)2(Se2) (5)

Diselenide anions are aligned parallel to [110] with Se–Se
distances of 2.3917(5) Å.En-onium cations form dimers by
hydrogen bridges [N···N 2.822(4)–2.910(3) Å, see Figure 6]
and coordinate diselenide anions by hydrogen bridges [N···Se
3.350(2)–3.580(3) Å].

[Li(en)3]2(Se2) (6)

All lithium ions possess a distorted tetrahedral coordination
by three amine groups of three differentenmolecules and one
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Figure 5. Crystal structure of4: Coordination of disordered water
molecules to barium ions. Four barium ions of the asymmetric unit
are drawn in balls/stick mode, one arrangement of disordered water
molecules is drawn opaque (top). Resulting accumulated disorder net-
work of barium hydrate/hydroxide substructure with cavity channels
(middle), and monoselenide packing between the cation layers with
selenide ions drawn in size-filling mode (bottom). Thermal ellipsoids
are drawn at 50% probability.

terminal selenium atom of a diselenide unit. In turn, allen
molecules and the diselenide anions act astrans end-onµ-
� 1:� 1-bridges between two lithium ions each, which results in
the formation of two interpenetrated diamondoid coordination
networks (Figure 7).[79] The Se–Se bond length is 2.3911(7) Å,
the Li···Se distance amounts to 2.648(6) Å, Li···N distances are
2.055(6), 2.057(6), and 2.065(6) Å.

[K2(H2O)](Se2) (7)

Potassium ions are coordinated in a pseudo-octahedral man-
ner by two oxygen atoms of water molecules, three selenium
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Figure 6. Crystal structure of5. Thermal ellipsoids are drawn at 50%
probability, hydrogen atoms are omitted for clarity.

Figure 7. Crystal structure of6, highlighting the coordination polyhe-
dra around lithium cations. Only one of the interpenetrating dia-
mondoid nets is shown. Thermal ellipsoids are drawn at 50% prob-
ability, hydrogen atoms are omitted for clarity.

atoms of three different diselenide units, and two selenium
atoms of one diselenide anion, if the barycenter of the latter is
counted as one coordination site. According to their position
within the coordination polyhedron, the two water ligands have
very different distances to the potassium ions: 2.818(6) and
3.3201(16) Å. K···Se distances amount to 3.3588(15) and
3.4136(19) Å. The oxygen atoms bridge between two potas-
sium cations each; closest selenium atoms are 3.3492(31) Å
apart. Diselenide dumbbells are located within a coordination
polyhedron, which is best described as two rectangular face-
sharing trigonal prisms, built from eight potassium cations
(Figure 8).

[K2(NH3)](Se2) (8)

Compound8 crystallizes isotypically to7, with slight varia-
tions of the lattice parameter (see Table S4, Supporting Infor-
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Figure 8. Crystal structure of7 with diselenide containing (top) and
potassium containing (bottom) coordination polyhedron. Thermal el-
lipsoids are drawn at 50% probability.

mation). Selected bond length are Se–Se 2.405(3) Å and K···N
2.835(14) Å.

[K(18-crown-6)]2(Se2)·en (9)

Potassium ions are coordinated by six oxygen atoms of the
crown ether molecules [K···O 2.8143(15)–3.0541(16) Å], two
selenide atoms of one side-onµ-� 2:� 2-bridging diselenide
dumbbell [Se–Se 2.4063(4) Å, K···Se 3.1868(5) and
3.2995(5) Å], and one amine group of atransend-onµ-� 1:� 1-
bridgingenmolecule [K···N 3.462(2) Å]. The two crown ether
molecules show an inclined orientation to each other, including
a mean plane angle of approximately 33°, owing to the lone
pairs at the selenium atoms of the bridging (Se–Se)2– anion.
The arrangement forms a 1D strand along [001]. Two neigh-
boring strands are shifted against each other, such that crown
ether molecules step into the voids that the smaller (Se–Se)
units produce along the chains (Figure 9).

Figure 9. Crystal structure of9. Thermal ellipsoids are drawn at 50%
probability. Hydrogen atoms are omitted for clarity.
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1
� [{K(18-crown-6)}{K(NH3)}(Se2)] (10)

The essential structural motif is a1� [{ µ3-� 2:� 2:� 2-Se2)K]–}
zigzag strand along [001]. Besides coordination to two diselen-
ide anions [Se–Se 2.4182(6) Å, K···Se 3.2877(10),
3.2969(12) Å], each potassium cation within the strand is coor-
dinated by one molecule of ammonia [K···N 3.063(5) Å] and
one oxygen atom from an adjacent crown ether complex [K···O
2.977(4) Å], to receive a distorted sixfold coordination. The
crown ether embeds a second potassium ion [K···O 2.846(3)–
2.925(4) Å], which is not part of the zigzag strand. This second
potassium ion is further coordinated by the diselenide unit
within the strand [K···Se 3.2877(10) Å, Figure 10] to obtain
c.n. = 8. As in9, the different strands within the crystal struc-
ture are shifted against each other to enable best packing.

Figure 10. Fragment of the crystal structure of10. Thermal ellipsoids
are drawn at 50% probability. Hydrogen atoms are omitted for clarity.

Cs4(Se2)(Se3)·en (11)

Within the structure, one observes twelve crystallographi-
cally independent cesium atoms with ten different types of co-
ordination (see Figure 11) that are realized by various combi-
nations of every possible hapticity of (Se2)2–, (Se3)2– and en
moieties (Table 1). The most frequent c.n. is 8, yet 7 (Cs6,
Cs9) and 9 (Cs1, Cs2, Cs11) is also realized. By intercon-
nection of these coordination polyhedra, a complicated 3D net-
work is produced. The polyselenide anions show different cat-
ionic environments, as well, and come up with different struc-
tural parameters: Se–Se distances within the four crystallo-
graphically independent diselenide anions are very similar,
2.394(3), 2.401(3), 2.403(3), and 2.404(3) Å. The two crystal-

Table 1.Coordination environment of different Cs atoms within11. Asterisks indicate terminal and bridging Se atom of different (Se3)2– subunits
responsible for coordination.

(� 1-Se2)2– (� 2-Se2)2– (� 1-Se3)2– (� 2-Se3)2– (� 3-Se3)2– � 1-en � 2-en c.n.

Cs1 1 1 1 1 1 9
Cs2 1 3 1 9
Cs3, Cs4 2 2 2 8
Cs5, Cs12 3 1 1 1 8
Cs6, Cs9 4 1 1 7
Cs7 1 3 1 8
Cs8 1 1 2* 1 7
Cs10 1 2* 1 1 8
Cs11 1 1 1 1 1 9
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Figure 11.Crystal structure of11 with coordination polyhedron of Cs1
through Cs7 (top) and Cs8 through Cs12 (bottom). Thermal ellipsoids
are drawn at 50% probability. Hydrogen atoms are omitted for clarity.

lographically independent triselenide anions show a slightly
larger range of Se–Se distances, with or without intramolecular
differences [2.305(4) and 2.358(3) Å or 2.342(3) Å and
2.349(3) Å, respectively]. Se–Se–Se angles are 108.27(15) and
107.85(14)°.

(NMe4)2(Se2) (12)

The barycenters of diselenide dumbbells [Se···Se
2.3888(3) Å] occupy corners and face centers of the cubic cell,
being tilted by 66.007(17)°. The (NMe4)+ cations are situated
in the tetrahedral holes (Figure 12) and interact with the Se2

units via hydrogen bridges.

[K(18-crown-6)]2(Se3) (13)

Potassium cations are coordinated by six oxygen atoms from
crown ether ligands [K···O 2.839(2)–3.150(2) Å] and by two or
three selenium atoms, respectively (depending on the disorder
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Figure 12. Crystal structure of12, highlighting the tetrahedral coordi-
nation sphere of one of the (NMe4)+ cations. Thermal ellipsoids are
drawn at 50% probability. Hydrogen atoms are omitted for clarity.

situation), from triselenide anions [K···Se 3.2969(13)–
3.8584(13) Å, see Figure 13]. The triselenide anion, in turn, is
a µ-� 2:� 3-bridge between two [K(18-crown-6)]+ fragments
[Se–Se 2.2486(10)–2.4892(11) Å]. The central selenium atom
is statistically disordered over two positions [0.7953(11) Å
apart from each other], which includes an uncertainty in the
absolute Se positions and explains the relatively short Se–Se
distance. The crown ether complexes are tilted against each
other by approximately 85°.

Figure 13. Crystal structure of13. Thermal ellipsoids are drawn at
50% probability, disorder is shown via opaque atoms. Hydrogen atoms
are omitted for clarity.

[K(18-crown-6)]2(Se3)·H2O (14)

Potassium cations show coordination by six oxygen atoms
from crown ether ligands, by three selenium atoms of the trise-
lenide anion [K···Se 3.3952(13)–3.7946(12) Å] and – statistic-
ally – half an oxygen atom from water [see below; K···O
2.940(7) Å]. The triselenide anion is situated in a side-onµ-
� 2:� 2:� 2-bridging position between two [K(18-crown-6)]+

complexes. The central Se atom (Se2) is disordered over two
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positions with according half site occupation. Se–Se bond
lengths are 2.2927(11) and 2.6110(13) Å. The disorder of the
triselenide unit comes along with a disorder of the coordinating
water molecule, which is also disordered over two positions,
such that only one of the two potassium ions per dinuclear
complex comprises an additional water ligand on average.

Taking the disorder into account, the resulting complex
[K(18-crown-6)](OH2)(µ-� 2:� 2:� 2-Se3)[K(18-crown-6)]
shows crystallographic inversion symmetry. The correspond-
ing barycenters are positioned on the centers of the four unit
cell edges parallel to theb axis (0,½,0; 0,½,1; 1,½,0; 1,½,1)
and on the centers of the two faces parallel to theac plane
(½,0, ½; ½,1, ½). The imaginary K···K axes of both positions
are inclined against each other by 139.534(65)° (Figure 14).

Figure 14. Crystal structure of14. Dinuclear complexes that are cen-
tered around 0,½,0 or 1,½,1 (see text) are not drawn for clarity. Ther-
mal ellipsoids are drawn at 50% probability. Hydrogen atoms are omit-
ted for clarity.

[{K(18-crown-6)}2(H2O)3](Se3)·2H2O (15)

Potassium cations are coordinated by six oxygen atoms from
the crown ether. Further coordination sites are either occupied
by two adjacent selenium atoms from the triselenide unit and
one oxygen atom from coordinating water [K···Se 3.4029(11)
and 3.5839(11) Å, K···O 2.991(3) Å], or by two oxygen atoms
[K···O 2.871(4) and 2.784(3) Å]. The triselenide can be re-
garded as atrans end-on-side-onµ-� 1:� 2-bridging by Se···(H)
O···K [Se···O: 3.286(3) Å] ligand [Se–Se 2.3610(6) and
2.3687(7) Å] between two [K(18-crown-6)]+ complexes. Be-
sides those water molecules that are involved in coordination,
two further solvent water molecules are found within the crys-
tal structure (Figure 15). A pair of dinuclear complexes [K(18-
crown-6)](OH2)2(µ-� 1:� 2-Se3)(H2O)[K(18-crown-6)], which
enclose an inversion center between them, is located on each
of the faces parallel to (002) and (020).

[K([2.2.2]crypt)]2(Se3)·H2O (16)

The potassium ions are entirely encapsulated by the cryp-
tand molecules, thus coordinated by six oxygen and two nitro-
gen atoms. As observed in14, the central Se atom of the trise-
lenide anion shows twofold disorder. Again, a statistically dis-
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Figure 15. Crystal structure of15. Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms are omitted for clarity.

ordered solvent water molecule is nearby, with site occupation
factors of 0.5 for the four split positions of Se and O atoms
(Figure 16). Se–Se bonds are 2.3474(8) Å and 2.4224(8) Å,
enclosing an Se–Se–Se angle of 111.59(3)°. The barycenter of
the disordered triselenidepseudo-four-membered rings occupy
corners and faces of the (002) plane atc = 0 and 0.5, with the
arrangements in both positions being inclined against each
other by 65.785(33)°. Eight [K([2.2.2]crypt)]+ cations per unit
cell are located within the polyselenide anions such that they
have five nearest polyselenide units within 6.957–9.413 Å
(K···“Se–(Se0.5)2–Se” centroid).

Figure 16. Crystal structure of16. Thermal ellipsoids are drawn at
50% probability. [K([2.2.2]crypt)]+ units are drawn as wireframes and
hydrogen atoms are omitted for clarity, disorder is represented by
opaque drawing.

[M(en)3](Se3) with M = Fe, Cd (17, 18)

The structure of 17 comprises distorted octahedral
[Fe(en)3]2+ complexes and triselenide anions. Fe–N distances
range from 2.20(5) to 2.235(5) Å. N–Fe–N angles are 78.6(3)–
97.68(18)°. The triselenide units are almost coplanar within
(004) and (004–), with a Se–Se bond lengths of 2.3489(6) Å
and an Se–Se–Se angle of 103.63(4)°.

18 crystallizes in the monoclinic space groupC2/c with four
formula units per unit cell and [Cd(en)]2+ replacing the iron
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complexes of the latter compound. Theen ligands show two-
fold disorder, which was modeled by according split positions.
Selected structural parameters are Cd–N 2.354(16)–
2.400(14) Å, Se–Se 2.3411(14) Å, Se–Se–Se 104.70(8)° (Fig-
ure 17).

Figure 17. Crystal structures of17 (left) and18 (right). Thermal ellip-
soids are drawn at 50% probability. Disorder is shown by opaque
representation and hydrogen atoms are omitted for clarity.

[K2(H2O)](Se4) (19)

Potassium cations exhibit two different coordination polyhe-
dra, both with c.n. 10. One of them comprises two tetraselenide
anions in a� 2-(1,2) coordination mode [K···Se 3.287(2)–3.990
(2) Å], and two additional oxygen atoms from water ligands
[K···O 2.830(8)–3.398(8) Å]. The second coordination polyhe-
dron is realized by twofold� 1 coordination of terminal selen-
ium atoms of tetraselenide units, two tetraselenide ligands in
� 2-(1,3) coordination, one� 2-(2,3) coordination, besides two
further oxygen atoms with� 1 coordination (Figure 18). The
shortest K···Se distance is obtained for terminal coordination
[3.295(2) Å], the longest occurs for bridging selenium atom in
the� 2-(1,3)-coordination mode [3.940(2) Å]. The tetraselenide
anion is not disordered; it exhibits Se–Se bond lengths of
2.3622(15) Å (Se1–Se2), 2.3618(13) Å (Se2–Se3), and

Figure 18. Crystal structure of19 and coordination polyhedron for
potassium cations. Thermal ellipsoids are drawn at 50% probability.
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2.3567(14) Å (Se3–Se4); Se–Se–Se angles are 105.64(6) and
106.25(5)°, and the Se–Se–Se–Se torsion angle amounts to
99.64 (6)°.

[K2(H2O)2](Se4) (20)

The compound differs from19 by an additional water li-
gand. Potassium cations are coordinated with c.n. 10. The first
coordination environment results from� 1 coordination by
three water molecules [K···O 2.728(8), 3.240(9), 3.259(9) Å],
one� 1 coordination by one of the inner selenium atoms of an
tetraselenide anion, one� 1 coordination by a terminal selen-
ium atom of another anion, one� 2-(1,2) coordination and one
� 3-(1,2,4) coordination by two further anions. K···Se distances
are 3.341(3)–3.547(3) Å (Figure 19). The other coordination
environment is realized by three oxygen atoms [K···O
2.709(7), 3.106(9), 3.148 (9) Å], one� 1 coordination by a ter-
minal selenium atom, one� 3-(1,2,3) coordination and one� 3-
(1,2,4) coordination. K···Se distances are 3.321(2)–4.293(3) Å.
The tetraselenide anions possess Se–Se bond lengths of
2.3599(14) Å (Se1–Se2), 2.3611(14) Å (Se2–Se3), and
2.3450(16) Å (Se3–Se4), with Se–Se–Se angles of 104.04(6)
and 106.80(5)°, and a Se–Se–Se–Se torsion angle of 76.51(6)°.

Figure 19. Crystal structure of20, highlighting the coordination poly-
hedra around the potassium cations. Thermal ellipsoids are drawn at
50% probability.

[K2(NH3)](Se4) (21)

Compound21 crystallizes isotypically to19 with Se–Se dis-
tances 2.368(3) Å (Se1–Se2), 2.361(3) Å (Se2–Se3), and
2.358(3) Å (Se3–Se4), Se–Se–Se angles of 106.19(8) and
105.70(8)°, and a torsion angle of 99.72(9)°.

[K([2.2.2]crypt)]2(Se4) (22)

Potassium cations are encapsulated by [2.2.2]crypt
molecules, thus coordinated by six oxygen and two nitrogen
atoms. The tetraselenide anions possessC2h symmetry and are
centered around the center of the unit cell edges parallel to the
[100] axis [Se1–Se2 2.3239(11) Å, Se2–Se2� 2.4058(15), Se–
Se–Se 101.50(4)°, Figure 20].
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Figure 20. Crystal structure of22. Thermal ellipsoids are drawn at
50% probability, three [K([2.2.2]crypt)]+ fragments are drawn in wire/
stick modus and hydrogen atoms are omitted for clarity.

[Ba(H2O)6](Se4) (23)

Barium cations are coordinated by nine oxygen atoms from
water molecules, forming a nearly regular delta-tetrakisdeca-
eder with nine apices. Each of these share three edges with
adjacent polyhedra, thereby forming a honeycomb-like net-
work (slightly compressed in [460] direction) parallel to (002)
[Ba···O 2.697(6)–2.862(6) Å, Figure 21]. The tetraselenide
anions (C2h symmetry) are centered around the center of the
unit cell edges parallel to [010] [Se1–Se2 2.3456(1) Å, Se2–
Se2� 2.392(2) Å; Se–Se–Se 98.88(6)°]. They are arranged in
layers that are located between the cation complex layers;
(Se4)2– anions and [Ba(OH2)9]2+ cations interact with each
other by hydrogen bonds [Se···O 3.420(7)–3.585(8) Å].

Figure 21. Crystal structure of23 with barium coordination polyhe-
dron. Thermal ellipsoids are drawn at 50% probability.

[K(18-crown-6)]2(Se6)·(18-crown-6)·H2O (24)

Potassium cations possess coordination number eight, by six
oxygen from the crown ether molecules and by 1,2-type coor-
dination of the (Se6)2– fragment [K···Se 3.2750(8),
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3.5242(9) Å]. The hexaselenide anion is disordered over two
positions, with s.o.f. of approximately 0.95 vs. 0.05, and act
as µ-� 2:� 2-bridge between two [K(18-crown-6)]+ complexes.
The resulting, neutral and centrosymmetric [K(18-crown-6)(µ-
� 2:� 2-Se6)K(18-crown-6)] units are aligned along [11¯0]. One
additional 18-crown-6 molecule and one non-coordinating
water molecule are situated between thesepseudo-1D strands
(Figure 22). Se–Se bond lengths are 2.3185(5) Å [Se1–Se2),
2.3239(6) Å (Se2–Se3), 2.3562(8) Å (Se3–Se3�). Se–Se–Se
angles are 109.50(2)° (Se1–Se2–Se3), 108.92(2)° (Se2–Se3–
Se3�). Torsion angles are 81.94(3)° (Se1–Se2–Se3–Se3�) and
65.10(3)° (Se2–Se3–Se3�–Se2�).

Figure 22. Crystal structure of24. Thermal ellipsoids are drawn at
50% probability. The minor split positions of the atoms of the disor-
dered hexaselenide unit is drawn in transparent mode; hydrogen atoms
are omitted for clarity. The labelling scheme accords with theC2 axis
running through the barycenter of Se3–Se3� bond.

[K(18-crown-6)]2(Se6)·(18-crown-6)·2NH3 (25)

Compound25 crystallizes isotypically with24. While the
disorder of the hexaselenide fragment could not be crystallo-
graphically resolved (� 5%), a second solvent molecule was
located instead that can also be refined in24 upon neglecting
the disorder of the hexaselenide units.

(enH)2(Se6) (26)

All selenium atoms within one hexaselenide chain in26 are
crystallographically independent with Se···Se bond lengths of
2.346(2), 2.330(2), 2.352(2), 2.329(2), and 2.355(2) Å from
head to tail. Terminal selenium atoms of neighboring hexasele-
nide anions are in close contact [Se–Se 3.182(2) Å], thereby
forming a pseudo infinity anionic strand along [001] (see Fig-
ure 23). Se–Se–Se angles are ranging from 103.55(8) to
107.99(8)°, torsion angles from 71.19(10) to 81.70(10)°.

Optoelectronic Properties of Compounds with
Triselenide Anions

A special feature of all triselenide compounds that were ob-
tained during our study is the phenomenon of dichroism. In
general, pleochroism describes the exhibition of different col-
ors depending on the absolute orientation of single crystals
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Figure 23. Crystal structure of26. Thermal ellipsoids are drawn at
50% probability. Hydrogen atoms are omitted for clarity.

anent the plane of polarization of visible light. Whereas the
description of pleochroic substances is quite common in miner-
alogy, this unique property so far has only scarcely been re-
ported within the chemistry community.[80] Neither has such a
property been mentioned within earlier discussion on triselen-
ide containing substances.

The assumption that the optical activity is due to the chiral-
ity of the [M(en)3]2+ cation (M = Fe, Cd) in17 and 18, is
easily frustrated by the fact that those salts crystallize in non-
chiral space groups (e.g. in Laue classmmm), thus including
both the� and the� isomer in varying relative arrangements
along [110], [010], or [001], respectively. We synthesized a
variety of further [M(en)3]X2 salts (X = NO3, Cl, for instance)
to validate this assumption. Indeed, almost all of them show
distinct extinction upon rotation under a polarized-light micro-
scope, yet no change in color could be observed, clearly ruling
out the cation complex as the optically active chromophore.

We therefore focused on the triselenide anion as the source
of pleochroism in the title compounds. Indeed, both14 and16
show different colors, depending on the very crystal orienta-
tion relative to the plane of polarized light. Ranging from
green to red, we now tried quantification via both, simple UV/
Vis spectroscopy of crystals suspended in nujol oil, and an
angle-dependent measurement on a single crystal. While the
latter suffered from too small crystal sizes and did not yield
significant signals, the UV/Vis spectra of single-crystal sus-
pensions showed two distinct absorption bands withEonset of
1.6 and 2.4 eV (Figure 24).

Quantum chemical calculation of first singlet excitations
using time-dependent density functional theory (TDDFT)
methods on the crystal anion geometry exhibits four possible
excitation energies for theC2v symmetric anion: 1.796 eV
(690 nm, b2), 2.849 eV (435 nm, b1), 2.365 eV (537 nm, a2),
and 3.085 eV (402 nm, a1). Our previous investigations con-
firmed a general applicability of TDDFT values for interpret-
ation of UV/Vis spectra of polychalcogenides;[78] therefore two
of the excitations would be in the range of visible light and
would explain (a) the measured UV/Vis spectra and (b) the
observed change in color upon rotation under polarized light,
thus the orthogonal excitation. The latter is in agreement with
the clearly anisotropic anion packing (vide supra).
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Figure 24. UV/Vis spectrum of (14), and structure of the
� -[Fe(en)3]2+ enantiomer that is present beside the� -[Fe(en)3]2+

enantiomer in17. Hydrogen atoms are omitted for clarity.

The UV/Vis spectrum of9 (Eonset = 1.82 eV, 681 nm; Fig-
ure 25) is shown as an example for the optical absorption be-
havior of diselenides in the solid state, which have not been
reported to date. An experimental verification of the angular
dependence of the UV/Vis absorbance is precluded due to the
obtained crystal sizes. The presented data therefore remains
qualitative. For absorption energies of compounds with longer
polyselenide chains and monoselenide anions, see Refs.
[71,20], for instance.

Figure 25. UV/Vis spectrum of9 recorded on a suspension of crushed
single crystals in ParatoneTM oil. Eonset= 1.8 eV (689 nm).

Conformational Isomerism within (Sex)2–

Anions with x � 4

As can be deduced in detail from Tables S9–S13 (Support-
ing Information), the dihedral angles within the structurally
reported polyselenides cover a broad range from 49.5° in
[Sr(15-crown-5)2](Se9)[58] (including secondary intramolecular
interactions) to 180° in [Sr2Sn(OH)6(H2O)6](Se4).[34] Since no
syn-periplanar(� = 0°) conformation has been reported so
far, this geometry seems to be energetically disfavored. In con-
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trast, syn-clinal (� = 60°), anti-clinal (� = 120°) andanti-
periplanar (� = 180°) arrangements, as well as angles in be-
tween appear to be primarily dependent of the coordination
and packing within the crystal structure. We therefore per-
formed density functional theory (DFT) calculations using the
program system TURBOMOLE[83–86] on a tetraselenide anion,
as an example, to elucidate the energy differences of different
conformers characterized by different dihedral angles.

Indeed, the energy difference ofsyn-periplanarand trans-
periplanar conformation is only 7.0 kJ·mol–1 (in favor of the
trans isomer). As expected, thesyn-clinalandanti-clinal iso-
mers are energetically indistinguishable. However, an isomer
with a dihedral angle of 60° is favored over thetrans isomer.
The optimum dihedral angle with lowest energy was found at
84.3°, with an energy difference of 16.8 kJ·mol–1 with respect
to thetrans isomer. Alongside the stabilization, a distinct con-
traction of the central Se–Se bond and a minor shortening of
the terminal Se–Se bonds are observed, along with a change
of the dihedral angle from 180° to 84.3° (see Figure 26, top).
Regarding the molecular orbital diagrams of both isomers, the
energy difference can easily be assigned to the repulsive inter-
actions between the p orbitals of the central and the terminal
Se atoms in both HOMO and HOMO-1, and between the p
orbitals of the two central Se atoms in HOMO. Within the
trans isomer, parallel orientation of the respective p orbitals
enhances this repulsion, while tilting of the chain reduces the
repulsion, especially along the central Se–Se bond (see Fig-
ure 26, right). Further orbitals are widely unaffected by the
rotation.

Figure 26. Calculated bond lengths in Å for thetrans isomer (top,
upper representation) and the isomer with a dihedral angle of 84.3°
(top, lower representation). Representation of molecular orbitals with
dihedral angles of 180° (bottom, left) and 84.3° (bottom, right); from
top to bottom: HOMO, HOMO-1, HOMO-2. Amplitudes are plotted
at +/– 0.05 a.u.

Nevertheless, even with a total energy difference of
23.7 kJ·mol–1 between thesyn-periplanar isomer and the
global minimum structure (with� = 84.3°), the packing ef-
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fects are likely to compensate these rather small energy differ-
ences. Therefore,syn-periplanarpolyselenides are expected to
be found with suitable counterions that allow for an according
stabilization by the packing of the ions within the crystal.

Conclusions

By this report on 26 new (poly-)selenides with organic or
metal complex cations, we have approximately doubled the
number of respective compounds. We have provided a survey
over syntheses and crystal structures along with some selected
further properties that show the diversity of these salts. A clas-
sification according toIbers’ work on related polytellurides
was made, and both the new and the known compounds were
assigned to these classes.

Experimental Section

General Remarks on the Syntheses:All manipulations and reactions
were performed in an argon atmosphere using standardSchlenkor
glovebox techniques. The ternary parent phases “AxMySez” were pre-
pared by fusion of the elements if not stated otherwise, with an oxygen/
methane burner for at least 15 min until homogeneity was achieved. In
case of the presence of a metallic by-product phase, this was manually
removed. The ternary product was pestled and further worked-up as
described below. Solventen was freshly distilled from CaH2, THF,
toluene and Et2O from Na/K, and EtOH from Mg. All solvents were
stored in an argon atmosphere prior to use. Deionized water was de-
gassed at least 3 times to a final pressure� 1� 10–3 mbar and saturated
with an argon atmosphere. The synthetic procedures are outlined in
the following for all new compounds.

In the case of solvothermal reaction conditions, the bulk phase always
contained amorphous (side-)products that were not further investi-
gated. In the presence of K+ ions, K2Se2, and K2Se3 could always be
identified by single crystal diffraction. Binary selenides MyChz are
most likely side-products from extractions of theAxMyChz alloys. Cor-
responding colors of side-product powder were observed. No metallic
precipitate was observed. As a consequence, the provision of yields is
afflicted with high uncertainty and is therefore omitted for all of the
solvothermal reactions.

Energy dispersive X-ray spectroscopy has been performed for all sam-
ples to verify the absence of further metal atoms. All yields are given
with respect to Se.

[Li 2(H2O)7]Se (1):A binary solid of the nominal composition “PbSe2”
(1 g, 2.74 mmol) was suspended in liquid NH3 (150 mL) at –35 °C
and elemental lithium (40 mg, 5.75 mmol) was added within 2 h. The
resulting suspension was stirred for 12 h. The reaction mixture was
brought to room temperature and NH3 evaporated. The resulting gray
powder was extracted with H2O (50 mL). 10 mL of the resulting solu-
tion was carefully layered with THF (15 mL).1 crystallized after 1
week as colorless blocks in approx. 20% yield.

[K(H 2O)4]2Se (2): A ternary solid of the nominal composition
“K 2Hg2Se3” (250 mg, 0.35 mmol), yielded from fusions of K2Se (10g,
63.63 mmol) and the elements (9.13 g, 127.26 mmol Hg; 3.59 g,
127.26 mmol Se) were stirred for 2 h in H2O (25 mL). The resulting
solution was filtered and the solvent slowly evaporated to dryness.2
crystallized as colorless blocks in approx. 15% yield.
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[K 4(H2O)10](Se2)Se (3): An alloy of the nominal composition
“K 4PbSe4” (250 mg, 0.37 mmol) was stirred for 2 h in H2O (50 mL).
The reaction mixture was filtered and 10 mL of the resulting solution
were layered with an NMe4Cl saturated THF solution (15 mL).3 crys-
tallized after 3 d as orange-red sticks in approx. 5% yield.

[Ba(H2O)x]3[Ba(OH)2(H2O)x–2](Se)3 (4): An alloy with the nominal
composition “PbSe2” (5 g, 13.69 mmol) and elemental Ba (2.43 g,
17.69 mmol) were stirred inen (50 mL). The reaction mixture was
evaporated to dryness and 250 mg of the resulting powder was stirred
for 12 h in H2O (25 mL), filtered and layered with Et2O (15 mL). 4
crystallized after 3 weeks as colorless sticks in approx. 20% yield.

(enH)2(Se2) (5): An alloy with the nominal composition “K2TiSe2”
(0.5 g, 1.76 mmol) was stirred for 2 d inen(20 mL), filtered and care-
fully layered with toluene (15 mL). After 4 weeks the resulting solu-
tion was filtered and slowly evaporated to dryness.5 was obtained as
red sticks in approx. 10% yield.

[Li( en)3]2(Se2) (6): Same procedure as for4 but with elemental Li
(198 mg, 28.57 mmol) instead of Ba.6 crystallized after slow evapora-
tion of en as red blocks in approx. 5% yield.

[K 2(H2O)](Se2) (7): An alloy of nominal composition of “K2PbSe2”
(500 mg, 1.13 mmol) was heated for 7 d at 150 °C in a Teflon steel
autoclave withen(2 mL) and H2O (50µL). After turning off the heat-
ing, the autoclave was left for 2 d to slowly cool to room temperature.
Red plates of7 were picked from the reaction mixture.

[K 2(NH3)](Se2) (8): An alloy of the nominal composition “K2PbSe2”
(5 g, 11.28 mmol) obtained by fusion of the elements (882.1 mg,
22.56 mmol K; 2.34 g, 11.28 mmol Pb; 1.78 g, 22.56 mmol Se) was
soxhlet-extracted with NH3 (350 mL) and refluxed for 4 h. The solu-
tion was slowly allowed to warm to room temperature and NH3 to
evaporate within 1 week.8 crystallized as red needles in approx. 30%
yield.

[K(18-crown-6)]2(Se2)·en (9): An alloy of the nominal composition
“PbSe2” (0.5 g, 1.37 mmol) and 18-crown-6 (1.3 g, 4.92 mmol) were
suspended inen(20 mL) and elemental potassium (0.15 g, 3.84 mmol)
was added, stirred for 12 h, filtered and layered with toluene (20 mL).
9 crystallized after 4 weeks as red-orange plates in approx. 5% yield.

1
� [{K(18-crown-6)}{K(NH 3)}(Se2)] (10): Same procedure as for8, yet
the resulting solution (15 mL) and 18-crown-6 (493 mg, 1.87 mmol)
were stirred for 2 d prior to evaporation of solvent over 1 week.10
crystallized as red blocks in approx. 25% yield.

Cs4(Se2)(Se3)·en (11): An alloy of the nominal composition
“CsPb0.26Se” (0.73 g, 2.75 mmol) anden (2 mL) were heated for 5 d
at 200 °C in a Teflon steel autoclave. After turning off the heating, the
autoclave was left another 2 d stand to cool to room temperature.11
was picked manually as red plates.

(NMe4)2(Se2) (12): Same procedure as for3, yet using an NMe4Cl
saturated EtOH solution (15 mL) for layering.12 crystallized after 2 d
as red blocks in approx. 15% yield.

[K(18-crown-6)]2(Se3)·H2O (13): A solution of [K(18-crown-
6)]2[Pb2Se3][81] (10 mL) was carefully layered with a saturated THF –
that was not dried prior use – solution of [Rh(PPh3)3Cl] (10 mL) and
left for 4 weeks. The resulting reaction mixture was filtered and the
solvents evaporated to dryness.13 crystallized as orange blocks in
approx. 5% yield.
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[K(18-crown-6)]2(Se3)·H2O (14): An alloy of nominal composition
“K 4PbSe4” (0.5 g, 0.74 mmol), 18-crown-6 (400 mg, 1.51 mmol), and
trien (2 mL) were heated in a Teflon steel autoclave that was only
lightly closed – enabling certain air/moisture exposition – for 7 d at
150 °C. After cooling to room temperature for 2 d14 was manually
picked as red/green pleochroic plates.

[{K(18-crown-6)}2(H2O)3](Se3)·2H2O (15): An alloy of the nominal
composition “K6HgSe4” (3.28 g, 4.37 mmol), 18-crown-6 (6.98 g,
26.41 mmol) and H2O (125 mL) were stirred for 12 h and filtered.
25 mL of the resulting solution were added to Pb(NO3)2 (292 mg,
0.88 mmol) and stirred for 2 h. The reaction mixture was filtered and
the solvent volume decreased to ca. 10 mL and left standing for 3
months.15 crystallized as red sticks in approx. 5% yield.

[K([2.2.2]crypt)]2(Se3)·H2O (16): Same procedure as for15, yet using
[2.2.2]crypt (568.5 mg, 1.51 mmol) instead of 18-crown-6. 16 crys-
tallized as red/green pleochroic plates.

[M(en)3](Se3) [M = Fe, Cd] (17, 18):An alloy of the nominal compo-
sition “K2PbSe2” (500 mg, 1.13 mmol), FeCl2 (300 mg, 2.37 mmol) or
CdSO4 (400 mg, 1.92 mmol) anden (2 mL) were heated for 7 d at
150 °C in a Teflon steel autoclave.17 and18 crystallized as red/green
pleochroic sticks.

[K 2(H2O)](Se4) (19): An alloy of the nominal composition “K2PbSe2”
(500 mg, 1.13 mmol), VO(acac)2 (300 mg, 1.13 mmol) and H2O
(2 mL) were heated for 7 d at 190 °C in a Teflon steel autoclave.19
was manually picked as black sticks.

[K 2(H2O)2](Se4) (20): An alloy of the nominal composition
“K 2Pb2Se6” (250 mg, 0.26 mmol) was stirred with H2O (25 mL) for
12 h and filtered. Upon removal of solvent,20 crystallized as black
sticks in approx. 15% yield.

[K 2(NH3)](Se4) (21): Same procedure as for8, yet 11 mL of the re-
sulting reaction solution was added to frozenen(7.5 mL). Upon evap-
oration of NH3 and slow removal ofen over 12 h21 crystallized as
red needles in approx. 15% yield.

[K([2.2.2]crypt)]2(Se4) (22): An alloy of the nominal composition
“K 2TiSe2” (500 mg, 1.76 mmol), [2.2.2]crypt (729 mg, 1.94 mmol)
and en (25 mL) were stirred for 2 d, filtered and the solvents evapo-
rated to dryness.22 crystallized as transparent-yellow blocks in ap-
prox. 30% yield.

[Ba(H2O)6](Se4) (23): Same procedure as for4 yet layering with THF
(15 mL) instead of Et2O. 23 crystallized as transparent-yellow sticks
in approx. 40%.

[K(18-crown-6)]2(Se6)·(18-crown-6)·H2O (24): Same procedure as
20, yet in the presence of an excess of 18-crown-6 (343 mg, 1.3 mmol).
24 crystallized as red sticks in approx. 25% yield.

[K(18-crown-6)]2(Se6)·(18-crown-6)·2NH3 (25): Same procedure as
for 8, yet 100 mL of the resulting reaction solution was added to 18-
crown-6 (350 mg, 1.33 mmol) and stirred for 2h. Upon evaporization
of NH3 over 1 week25 crystallized as pale green blocks in approx.
20% yield.

(enH)2(Se6) (26): An alloy of the nominal composition “K2Hg2Se3”
(0.5 g, 0.69 mmol) and MnSO4 (300 mg, 1.98 mmol) were placed in a
Teflon steel autoclave with a 1:1 mixture ofen/tmeda (2 mL) and
heated for 5 d to 150 °C. After turning off the heating, the autoclave
was left another 2 d stand to cool to room temperature.26 was picked
manually as red sticks.
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Single-Crystal X-ray Crystallography: All measurements were per-
formed with a Stoe IPDS-II or a Stoe IPDS-II/T diffractometer at
100 K except measurements of4, 6, 17 with a Stoe IPDS I at 193 K
and 24, 25 with a Bruker Quest at 100 K. All devices applied Mo-
K� radiation (� = 0.71073 Å) and a graphite monochromator. Upon
numerical absorption correction (for24, 25 semi-empirical SADABS
correction), the structure solution was performed by direct methods,
followed by full-matrix-least-squares refinement againstF2, using
SHELXS-97, SHELXL-97, and OLEX2 software.[82] A summary of
crystallographic and refinement details are given in the Supporting
Information (Tables S1–S7).

Further details of the crystal structure investigations for compounds1–
4, 7–8, 19–21, 23 may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-
7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
karlsruhe.de/request for deposited data.html) on quoting the depository
number CSD-428547.

Crystallographic data (excluding structure factors) for the structures5,
6, 9–18, 22, 24–26 in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre, CCDC, 12 Union Road, Cam-
bridge CB21EZ, UK. Copies of the data can be obtained free of charge
on quoting the depository numbers CCDC-1027047, CCDC-1027048,
CCDC-1027049, CCDC-1027050, CCDC-1027051, CCDC-1027052,
CCDC-1027053, CCDC-1027054, CCDC-1027055, CCDC-1027056,
CCDC-1027057, CCDC-1027058, CCDC-1027059, CCDC-1027060,
CCDC-1027061, and CCDC-1027062 (Fax: +44-1223-336-033;
E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

UV/Vis Spectroscopy:Optical absorption spectra were recorded with
a Varian Cary 5000 spectrometer. Single-crystalline samples were pul-
verized in nujol oil between two quartz plates.

Methods of the Quantum Chemical Inverstigations:All molecular
electronic structure calculations were carried out with the TURBOM-
OLE program package V6.4.[83] The COSMO model was used for the
compensation of negative charges.[84] Structure optimizations were un-
dertaken by employment of the RIDFT program, using the BP86 func-
tional[85] and def2-TZVP basis sets.[86] For the TD-DFT calculations,
all geometries were optimized. Contour plots were generated with
gOpenMole.[87]

Supporting Information (see footnote on the first page of this article):
X-ray crystallographic data of1–26 and selected structural parameters
of all known organic cation and complex cation-stabilized (poly-)sele-
nides, [cation]x(Sey)z.
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Table S��. Crystallographic data and refinement details for �� �± ��.  

Compound [Li ��(H ��O)��](Se) ������ [K(H ��O)��] ��(Se) ������ [K ��(H ��O)����](Se��)(Se) ������ [Ba(H ��O)x] ��[Ba(OH) �� 

(H ��O)x-��](Se)�� ����; x �|������) 
Empirical formula H����Li ��O��Se�� K ��O��Se K ��O����Se�� Ba��O����Se�� 

Formula weight /g�Âmol-�� ������������ ������������ ������������ �������������� 

Crystal color and shape Colorless stick Colorless stick Red stick Colorless stick 

Crystal size /mm ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� 

Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic 

Space group Pnna Fddd C����c C����m 

a/Å ������������������ �������������������� �������������������� ������������������ 

b/Å ���������������������� ���������������������� �������������������� ������������������ 

c/Å ������������������ ������������������ �������������������� ���������������������� 

����°   ��������������������  

V/Å �� �������������������� ������������������ ���������������������� ���������������������� 

Z �� �� ��  

�!calc/g�Âcm-�� ���������� ���������� ���������� ������������������ 

����MoK�.) /mm-�� ���������� ���������� ���������� ���������� 

���Ä��range/° ��������-���������� ��������-���������� ��������-���������� ��������-���������� 

Abs. corr. Tmin/Tmax �������������������������� �������������������������� �������������������������� ���������������������������� 

Reflections measured �������� �������� �������� ���������� 

Independent reflections ������ ������ �������� �������� 

R(int) ������������ ������������ ������������ ������������ 

Indep. Reflections (I>2�1(I)) ������ ������ �������� �������� 

Parameters ���� ���� ���� ������ 

R��(I>2�1��I)) ������������ ������������ ������������ ������������ 

wR2 (all data) ������������ ������������ ������������ ������������ 

Goof (all data) ���������� ���������� ���������� ���������� 

Max. peak/hole    /e-�Â����-��pm-�� ���������������������� ������������-���������� ������������-���������� ��������������-���������� 

 



 �� 

Table S��. Crystallographic data and refinement details for �� �± ��. 

Compound (enH)��(Se������������ [Li( en)��] ��(Se������������ [K ��(H ��O)](Se��) ������ [K ��(NH ��)](Se��), ������ 

Empirical formula C��H��N��Se C��H����Li ��N��Se�� K ��OSe�� K ��NSe�� 

�)�R�U�P�X�O�D���Z�H�L�J�K�W�����J�Â�P�R�O-�� ������������ ������������ ������������ ������������ 

Crystal color and shape Red stick Red block Red plate Red plate 

�&�U�\�V�W�D�O���V�L�]�H���P�D�[�Â�P�L�G�Â�P�L�Q�����P�P 0.24·0.14·0.08 ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� 

Crystal system Monoclinic Triclinic Monoclinic Monoclinic 

Space group C����c P���D C����c C����c 

a/Å ���������������������� �������������������� ���������������������� ���������������������� 

b/Å ������������������ �������������������� ������������������ �������������������� 

c/Å ������������������ �������������������� ������������������ �������������������� 

�.��°  ��������������������   

����° ������������������ �������������������� �������������������� ���������������������� 

����°  ��������������������   

V/Å �� ���������������������� �������������������� ������������������ �������������������� 

Z �� �� �� �� 

�!calc���J�Â�F�P-�� ���������� ���������� ���������� ���������� 

����MoK�.) /mm-�� ���������� ���������� ������������ ������������ 

���Ä��range/° ��������-���������� ��������-���������� ��������-���������� ��������-���������� 

Abs. corr. Tmin/Tmax ���������������������������� ���������������������������� �������������������������� ���������������������������� 

Reflections measured �������� �������� ������ �������� 

Independent reflections �������� �������� ������ ������ 

R(int) ������������ ������������ ������������ ������������ 

Indep. Reflections (I>2�1(I)) ������ �������� ������ ������ 

Parameters ���� ���� ���� ���� 

R��(I>2�1��I)) ������������ ������������ ������������ ������������ 

wR2 (all data) ������������ ������������ ������������ ������������ 

Goof (all data) ���������� ���������� ���������� ���������� 

Max. peak/hole    /e-�Â����-��pm-�� ��������������-���������� ��������������-���������� ��������������-����������  
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Table S��. Crystallographic data and refinement details for �� �± ����. 

Compound [K( ����-crown-��)]��(Se�����Âen, ������ �>�¶
�5 {K( ����-crown-��)} 
{K(NH ��)}(Se��)], �������� 

Cs��(Se��)(Se��)�Âen,��������) (NMe��)��(Se��) (����) 

Empirical formula C����H����KNO��Se C����H����K ��NO��Se�� C������H��������Cs��N������Se������ C��H����N��Se�� 
�)�R�U�P�X�O�D���Z�H�L�J�K�W�����J�Â�P�R�O-�� ������������ ������������ ������������ ������������ 
Crystal color and shape Red plate Red block Red plate Red block 
Crystal size /mm ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� 
Crystal system Triclinic Orthorhombic Monoclinic Cubic 
Space group P���D Cmc���� P���� Pa���D 
a/Å ������������������ ���������������������� �������������������� �������������������� 
b/Å ������������������ �������������������� ������������������  
c/Å �������������������� ���������������������� ������������������  
�.��° ��������������������    
����° ��������������������  ������������������  
����° ��������������������    
V/Å �� ������������������ ������������������ ������������������ �������������������� 
Z �� �� �� �� 
�!calc���J�Â�F�P-�� ���������� ���������� ���������� ���������� 
����MoK�.) /mm-�� ���������� ���������� ������������ ���������� 
���Ä��range/° ��������-���������� ��������-���������� ��������-���������� ��������-���������� 
Abs. corr. Tmin/Tmax ���������������������������� �������������������������������� ���������������������������� ���������������������������� 
Reflections measured ���������� �������� ���������� ���������� 
Independent reflections �������� �������� �������� ������ 
R(int) ������������ ������������ ������������ ������������ 
Indep. Reflections (I>2�1(I)) �������� �������� �������� ������ 
Parameters ������ ������ ������ ���� 
R��(I>2�1��I)) ������������ ������������ ������������ ������������ 
wR����(all data) ������������ ������������ ������������ ������������ 
Goof (all data) ���������� ���������� ���������� ���������� 
Max. peak/hole    /e-�Â����-��pm-�� ������������-������������ ��������������-���������� ��������������-���������� ��������������-���������� 
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Table S��. Crystallographic data and refinement details for ���� �± ����. 

Compound [K(18-crown-�����@��(Se�������������� [K( ����-crown-��)]��(Se�����Â�+��O 
(����) 

[{K( ����-crown-��)} ��(H ��O)��] 
(Se�����Â���+��O (����) 

[K( �>�����������@crypt)]��(Se�����Â�� �+��O 
(����) 

Empirical formula C����H����K ��O����Se�� C����H����K ��O����Se�� C����H����K ��O����Se�� C����H����K ��N��O����Se�� 
�)�R�U�P�X�O�D���Z�H�L�J�K�W�����J�Â�P�R�O-�� ������������ ������������ ������������ �������������� 
Crystal color and shape Orange block Green plate Red stick Green block 
�&�U�\�V�W�D�O�� �V�L�]�H�� �P�D�[�Â�P�L�G�Â�P�L�Q��
/mm 

0.21·0.15·0.12 ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P����/n P����/n P����/c C����c 
a/Å �������������������� �������������������� ���������������������� ���������������������� 
b/Å �������������������� ������������������ �������������������� �������������������� 
c/Å �������������������� ���������������������� ���������������������� ������������������ 
�.��°     
����° �������������������� ������������������ ������������������ �������������������� 
����°     
V/Å �� ������������������ ������������������ ������������������ ������������������ 
Z �� �� �� �� 
�!calc���J�Â�F�P-�� ���������� ���������� ���������� ���������� 
����MoK�.) /mm-�� �������� ���������� ���������� ���������� 
���Ä��range/° ��������-���������� ��������-���������� ����������-���������� ��������-���������� 
Abs. corr. Tmin/Tmax �������������������������� ���������������������������� �������������������������������� ���������������������������� 
Reflections measured ���������� �������� ���������� ���������� 
Independent reflections �������� �������� �������� �������� 
R(int) ���������� ������������ ������������ ������������ 
Indep. Reflections (I>2�1(I)) �������� �������� �������� �������� 
Parameters ������ ������ ������ ������ 
R��(I>2�1��I)) ���������� ������������ ������������ ������������ 
wR2 (all data) ������������ ������������ ������������ ������������ 
Goof (all data) ���������� ���������� ���������� ���������� 
Max. peak/hole    /e-�Â����-��pm-�� ������������-���������� ��������������-���������� ��������������-���������� ��������������-���������� 
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Table S��. Crystallographic data and refinement details for ���� �± ����. 

Compound [Fe(en)��](Se��)���������� [Cd(en)��](Se��) �������� [K ��(H ��O)](Se��) (����) 
Empirical formula Se��Fe��N��C��H���� C��CdN��Se�� K ��OSe�� 
�)�R�U�P�X�O�D���Z�H�L�J�K�W�����J�Â�P�R�O-�� ������������ ������������ ������������ 
Crystal color and shape Red/Green pleochroic sticks Red/Green pleochroic block Black stick 
Crystal size �P�D�[�Â�P�L�G�Â�P�L�Q�����P�P ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� 
Crystal system Orthorhombic Monoclinic Monoclinic 
Space group Pbcn C����c Cc 
a/Å ���������������������� ���������������������� ������������������ 
b/Å ������������������ ���������������������� ������������������ 
c/Å �������������������� �������������������� �������������������� 
    
����°  �������������������� ������������������ 
    
V/Å �� ������������������ ������������������ �������������������� 
Z �� �� �� 
�!calc���J�Â�F�P-�� ���������� ���������� ���������� 
����MoK�.) /mm-�� ���������� ���������� ������������ 
���Ä��range/° 4.3 �±������������ ��������-���������� ��������-���������� 
Abs. corr. Tmin/Tmax ������������������������������ ���������������������������� ���������������������������� 
Reflections measured ���������� �������� �������� 
Independent reflections �������� �������� �������� 
R(int) ������������ ������������ ������������ 
Indep. Reflections (I>2�1(I)) �������� �������� �������� 
Parameters ������ ������ ���� 
R��(I>2�1��I)) ������������ ������������ ������������ 
wR2 (all data) ������������ ������������ ������������ 
Goof (all data) ���������� ���������� ���������� 
Max. peak/hole    /e-�Â����-��pm-�� ����������������-���������� ������������-���������� ��������������-���������� 
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Table S��. Crystallographic data and refinement details for ���� �± ����. 

Compound [K ��(H ��O)��](Se��) (����) [K ��(NH ��)](Se��) (����) [K( �>�����������@crypt)]��(Se��) ������) [Ba(H ��O)��](Se��) (����) 
Empirical formula K ��O��Se�� K ��NSe�� C����H����KN ��O��Se�� BaO��Se�� 
�)�R�U�P�X�O�D���Z�H�L�J�K�W�����J�Â�P�R�O-�� ������������ ������������ ������������ ������������ 
Crystal color and shape Black stick Red needle Black block Black plate 
Crystal size /mm ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� ���������Â���������Â�������� 
Crystal system Monoclinic Monoclinic  Triclinic Triclinic 
Space group Pc Cc P���D P���D 
a/Å ������������������ �������������������� �������������������� ������������������ 
b/Å ������������������ ������������������ ���������������������� �������������������� 
c/Å ������������������ ���������������������� ���������������������� �������������������� 
�.��°   �������������������� �������������������� 
����° �������������������� ������������������ �������������������� �������������������� 
����°   �������������������� �������������������� 
V/Å �� ������������������ �������������������� ������������������ �������������������� 
Z �� �� �� �� 
�!calc���J�Â�F�P-�� ���������� ���������� ���������� ���������� 
����MoK�.) /mm-�� ������������ ������������ ���������� ������������ 
���Ä��range/° ��������-���������� ��������-���������� ��������-���������� ��������-���������� 
Abs. corr. Tmin/Tmax ���������������������������� �������������������������������� ���������������������������� ���������������������������� 
Reflections measured �������� �������� ���������� �������� 
Independent reflections �������� �������� �������� �������� 
R(int) ������������ ������������ ������������ ������������ 
Indep. Reflections (I>2�1(I)) �������� �������� �������� �������� 
Parameters ���� ���� ������ ���� 
R��(I>2�1��I)) ������������ ������������ ������������ ������������ 
wR2 (all data) ������������ ������������ ������������ ������������ 
Goof (all data) ���������� ���������� ���������� ���������� 
Max. Peak/hole    /e-�Â����-��pm-�� ��������������-���������� ��������������-���������� ��������������-���������� ��������������-���������� 
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Table S��. Crystallographic data and refinement details for ���� �± ����. 

Compound [K( ����-crown-��)]��(Se�����Â������-
crown-�����Â�+��O (����) 

[K( ����-crown-��)]��(Se�����Â������-
crown-�����Â���1�+�� (����) 

(enH) ��(Se������������) 

Empirical formula C����H����KO����Se�� C��H����K ������N������O������Se������ C��H��N��Se�� 
�)�R�U�P�X�O�D���Z�H�L�J�K�W�����J�Â�P�R�O-�� ������������ ������������ ���������� 
Crystal color and shape Red needles Red needles Red block 
Crystal size /mm ���������Â���������Â�������� ���������Â���������Â�������� 0.12·0.10·0.09 
Crystal system Monoclinic Monoclinic Triclinic 
Space group C����c C����c P���D 
a/Å ���������������������� ���������������������� ������������������ 
b/Å ������������������ ������������������ �������������������� 
c/Å ���������������������� ���������������������� ���������������������� 
�.��°   �������������������� 
����° �������������������� ������������������������ ������������������ 
����°   ������������������ 
V/Å �� ������������������ ������������������ �������������������� 
Z �� ���� �� 
�!calc���J�Â�F�P-�� ���������� ���������� ���������� 
����MoK�.) /mm-�� ���������� ���������� ������������ 
���Ä��range/° ��������-���������� ��������-���������� ��������-���������� 
Abs. corr. Tmin/Tmax �������������������� ���������������������������� ������������/ ������������ 
Reflections measured ���������� ���������� �������� 
Independent reflections �������� �������� �������� 
R(int) ������������ ������������ ������������ 
Indep. Reflections (I>2�1(I)) �������� �������� �������� 
Parameters ������ ������ ������ 
R��(I>2�1��I)) ������������ ������������ ������������ 
wR2 (all data) ������������ ������������ ������������ 
Goof (all data) ���������� ���������� ���������� 
Max. Peak/hole    /e-�Â����-��pm-�� ��������������-���������� ��������������-���������� ������������-���������� 
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Table S��. Selected structural parameters of known monoselenide and diselenide compounds. 

 
 

 

 

 

Compound Anion d(Se�±Set)   

[Å] 
d(Se�±Seb) 
[Å] 

�ã(Se�±Se�±Se) 
[°] 

�ã(Se�±Se�±Se�±Se) 
[°] 

dmin Se�« cat/solv  
[Å] 

[(Me��NH��P)��N] ��Se�>���@ Se2�±     3.302(6) (Se...(H)N) 
[Mn(cyen)��] ��[H ��cyen](Se��Te)��Se�>���@ Se2�±, 

(Se��Te)2�± 
2.478(1) (Te�±
Se) 

 ������������������ 
(Se-Te-Se) 

 3.376(5) (Se...(H)N) 

[Ph��P(NH��)��] ��Se�>���@ Se2�±     ���������������� (Se�« N) 
K ����[Zn��Sn��Se����Te���@�Â���.��Se�>���@ Se2�±     2.454(2) (Se...Zn) 
(NMe��)(HSe)�>���@ HSe�±     ������������(����) (Se...(H)C) 

 
Na��Se�Â5H��O�>���@ Se2�±     �����������������6�H�«�1�D�� 
Na��Se�Â9H��O�>���@ Se2�±     �����������������6�H�«���+���2�� 
[Li ��(H��O)��]Se (��) Se2�±     ��������������������Se...(H)O) 
       
[K(H ��O)��] ��Se (��) Se2�±     ��������������������Se...(H)O) 
[K ��(H��O)����](Se��)Se (��) Se2�±, (Se��)2�± 2.447(1) 

(Se2�±Se2) 
   3.277(4) (Se...(H)O) 

[Ba(H��O)x] ��[Ba(OH)��(H��O)x-��]Se�� (��; x �|������) Se2�±     ������������������(Se�« O) 
(enH)��(Se��) (��) (Se��)2�± ������������������    �������������������� (Se...(H)N) 
[Li( en)��] ��(Se��) (��) (Se��)2�± ������������������    2.648(6) (Se...Li) 
[K ��(H��O)](Se��) (��) (Se��)2�± ����������������    3.305(2) (Se...K) 
[K ��(NH��)](Se��) (��) (Se��)2�± ����������������    3.294(4) (Se�« K) 
[K(18-crown-�����@��(Se�����Âen (��) (Se��)2�± ������������������    3.1867(5) (Se...K) 

�>�¶
�5 {K(18-crown-6)}{K(NH ��)}(Se��)] (����) (Se��)2�± ������������������    3.2828(11) (Se...K) 
Cs��(Se��)(Se�����Âen (����) (Se��)2�± ����������������-

������������������ 
   ��������������������Se...Cs) 

 
(NMe��)��(Se��) (����) (Se��)���± ������������������    �������������������� (Se�«��H)C) 
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Table S���� Selected structural parameters of known triselenide and tetraselenide compounds. 
Compound Anion d(Se�±Set)   

[Å] 
d(Se�±Seb) 
[Å] 

�ã(Se�±Se�±Se) 
[°] 

�ã(Se�±Se�±Se�±Se) 
[°] 

dmin Se�« cat/solv  
[Å] 

Cs��(Se��)(Se�����Âen (����) (Se��)���± ����������������-
���������������� 

 ��������������������-
�������������������� 

 ��������������������Se...Cs) 
 

[K(18-crown-�����@��(Se��) (����) (Se��)���± ��������������������-
�������������������� 

 ������������������-
������������������ 

 �������������������� ���6�H�«�.�� 

[Sr��Sn(OH)��(H��O)��](Se�����Â�+��O�>���@ (Se��)���± ����������������-
���������������� 

 ������������������-
������������������ 

 not given 

[Mn(NH ��)��](Se��)�>���@ (Se��)���± ������������������-
������������������ 

 ������������������  3.420(3) (Se...(H)N) 

[Ni( tren)��](Se��)�>�����@ (Se��)2�± not given  not given  not given 
[Mn(en)��](Se��)�>�����@ (Se��)2�±

 ������������������  ������������������  3.572(2) (Se...(H)N) 
Li(NH ��)��Rb(Se��)�>�����@ (Se��)2�± ������������������-

������������������ 
 ������������������  ������������������ (Se...Rb) 

Na(NH��)��Rb(Se��)��
�>�����@ (Se��)2�± ������������������  ������������������  ���������������� (Se...(H)N) 

[K(18-crown-�����@��(Se�����Â�+��O (����) (Se��)���± ��������������������-
�������������������� 

 ����������������  1.419(7) (Se...(H)O) 

[{K(18-crown-����� �̀�(H��O)��](Se�����Â���+��O (����) (Se��)���± ������������������-��
������������������ 

 ������������������  3.286(3) (Se...(H)O) 

[K���>�����������@crypt)] ��(Se�����Â�+��O (����) (Se��)2�± ������������������-��
������������������ 

 ����������������  1.369(6) (Se...(H)O) 

[Fe(en)��](Se��) (����) (Se��)���± ������������������  ������������������  ��������������������Se...(H)N) 
[Cd(en)��](Se��) (����) (Se��)���± ��������������������  ������������������  3.357(16) (Se...(H)N) 
[Sr��Sn(OH)��(H��O)��](Se��)�>���@ (Se��)2�± ���������������� ���������������� ���������������� ������������������ ��������������������Se...(H)O) 
[Ba���>�����������@crypt)](Se�����Âen �>�����@ (Se��)���± ������������-

������������ 
������������ ����������������-

���������������� 
�������������� 3.4281 (Se...O) 

[Ba��(OH)��(H��O)����]��(Se)���>�����@ (Se��)���± ������������������ ������������������ ���������������� ������ ���������������� (Se...(H)O) 
[Ba(en)��](Se�����Âen�>�����@ (Se��)���± ������������ ������������ ������������ ���������� �!������ 
[Ca(en)��](Se��)�>�����@ (Se��)���± ������������������ ������������������ not given ������������������ not given 
[Ph��PNPPh��] ��(Se�����Â���0�H�&�1�>�����@ (Se��)���± ������������������ ������������������ ������������������ ������ 3.611(19) (Se...(H)C); 
[Mn(MeNH��)��](Se��)�>���@ (Se��)2�± ������������������ ������������������ ������������������ ���������������� 3.514(2) (Se...(H)N) 
[K ��(H��O)](Se��) (����) (Se��)���± ��������������������-

�������������������� 
�������������������� ������������������-��

������������������ 
���������������� ��������������������Se...K) 

[K ��(H��O)��](Se��) (����) (Se��)���± ��������������������-��
�������������������� 

�������������������� ������������������-��
������������������ 

���������������� ��������������������Se...K) 

[K ��(NH��)](Se��) (����) (Se��)���± ����������������-
���������������� 

���������������� ������������������-��
������������������ 

���������������� ��������������������Se...K) 

[K ���>�����������@crypt)] ��(Se��) (����) (Se��)���± �������������������� �������������������� ������������������ ������������������ ��������������������Se...(H)C) 
[Ba(H��O)��](Se��) (����) (Se��)���± �������������������� �������������������� ���������������� ������ ��������������������Se...(H)O) 
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Table S����. Selected structural parameters of known pentaselenide compounds. 

 

 

  

Compound Anion d(Se�±Set)   

[Å] 
d(Se�±Seb) 
[Å] 

�ã(Se�±Se�±Se) 
[°] 

�ã(Se�±Se�±Se�±Se) 
[°] 

dmin Se�« cat/solv  
[Å] 

[Cs(18-crown-�����@��(Se�����Â�'�0�)�>�����@ (Se��)���± ���������������� ���������������� ������������������ 
(Se1-Se2-
Se3); 106.5(2)  
(Se2-Se1-
Se2A) 

�������������� ��������������������Se...Cs) 

[Cs(18-crown-�����@��(Se�����Â�0�H�&�1�>�����@ (Se��)���± ���������������� ���������������� ����������������-
���������������� 

�������������� ��������������������Se...Cs) 

(NEt��)��(Se�����Â���6�H�����Â���6�H��)�>�����@ (Se��)���± ����������������-
���������������� 

����������������-
���������������� 

����������������-
���������������� 

��������������; ����������������  
 

����������������������Se...(H)C) 

(PPh��)��(Se��)�>�����@ (Se��)���± ����������������-
���������������� 

����������������-
���������������� 

������������������-
������������������ 

�������������������� 
���������������� 

����������������������Se...(H)C) 

(NMe��)��(Se��)�>�����@ (Se��)2�± ����������������-
���������������� 

����������������-
���������������� 

����������������-
���������������� 

������������);  
�������������� 

����������������Se...(H)C) 

[Na(15-crown-�����@��(Se��)�>�����@ (Se��)���± ����������������-
���������������� 

����������������-
���������������� 

����������������-
���������������� 

���������������������������������� ������������������Se...(H)O) 

[Mn(NH ��CH��)��](Se��)�>�����@ (Se��)���± ������������������ ������������������ ������������������-
������������������ 

���������������� �����������������������6�H�«���+���&�� 
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Table S����: Selected structural parameters of known hexaselenide compounds. 

 

 

Compound Anion d(Se�±Set)   

[Å] 
d(Se�±Seb) 
[Å] 

�ã(Se�±Se�±Se) 
[°] 

�ã(Se�±Se�±Se�±Se) 
[°] 

dmin Se�« cat/solv  
[Å] 

(PPh��)��(Se��)�>�����@ (Se��)���± ����������������-
���������������� 

��������������������-
���������������� 

������������������-
������������������ 

�������������������� 
����������������; 
�������������������� 
 

��������������������Se...(H)C) 

[Ba(15-crown-������](Se�����Â�'�0�)�>�����@ (Se��)���± ����������������-
���������������� 

����������������-
���������������� 

����������������-
���������������� 

��������������;  
�������������� 

������������������Se...(H)C) 

[Rb([2.2.2]crypt)]��(Se��)�>�����@ (Se��)���± ����������������-
���������������� 

����������������-
���������������� 

������������������-
������������������ 

����������������; 
���������������� 

3.551(9) (Se�«�����+��C) 

[NMe��] ��(Se��)�>�����@ (Se��)���± ���������������� ����������������-
���������������� 

����������������-
���������������� 

��������������; �������������� 
 

������������������Se...(H)C) 

(NBu��)��(Se��)�>�����@ (Se��)���± ���������������� ����������������-
���������������� 

������������������-
������������������ 

����������; �������������� 
 

����������������Se...(H)C) 

[Me��N(Td)]��(Se��)�>����] (Se��)���± ���������������� ����������������-
���������������� 

����������������-
���������������� 

��������������; ������������������ ������������������Se...(H)C) 

[Mn(NH ��)��](Se��)�>���@ (Se��)���± ��������������-
�������������� 

��������������������- 
�������������������� 

������������������- 
������������������ 

����������������;  
����������������;  
���������������� 

�������������� (Se...(H)N) 

[Fe(NH��)��](Se��)�>���@ (Se��)���± ��������������- 
�������������� 

��������������- 
�������������� 

������������-
������������������ 

����������������;  
����������������;  
���������������� 

�������������� (Se...(H)N) 

[Mn(cyen)��](Se��)�>���@ (Se��)���± ������������������ ������������������-
������������������ 

������������������-
������������������ 

��������������������
���������������� 

��������������������Se...(H)N) 

[Mg ��(����-OH)��(����-
MeO)��(MeO)��(MeOH)����](Se�����Â���0�H�2�+�>�����@ 

(Se��)���± ������������������ ������������������-
������������������ 

������������������-
������������������ 

��������������������
���������������� 

��������������������Se...(H)O) 

[K(18-crown-�����@��(Se�����Â������-crown-�����Â�+��O (����) (Se��)���± ������������������ ������������������-��
������������������ 

������������������-
������������������ 

������������������ ����������������������Se...K) 

[K(18-crown-�����@��(Se�����Â������-crown-�����Â���1�+�� (����) (Se��)���± ������������������ ������������������-
������������������ 

������������������-
������������������ 

����������������; 
���������������� 

����������������������Se...K) 

(enH)��(Se��) (����) (Se��)���± ����������������-��
���������������� 

����������������-
���������������� 

������������������-��
������������������ 

������������������; 
����������������); 
������������������ 

����������������������Se...(H)N) 
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Table S����: Selected structural parameters of known heptaselenide and nonaselenide compounds. 

 
 
Table S����: Selected structural parameters of known mixed polychalcogenide compounds. 

 
 

Compound Anion d(Se�±Set)   

[Å] 
d(Se�±Seb) 
[Å] 

�ã(Se�±Se�±Se) 
[°] 

�ã(Se�±Se�±Se�±Se) 
[°] 

dmin Se�« cat/solv  
[Å] 

[Na(12-crown-������] ��(Se��)�>�����@ (Se��)���± ����������������-
���������������� 

����������������-
���������������� 

������������������-
������������������ 

����������������; 
������������������ 
������������������  
�������������������� 

��������������������Se...(H)C) 

[K���>�����������@crypt)] ��(Se�����Â�+��O�>�����@ (Se��)���± ����������������-
���������������� 

����������������-
���������������� 

��������������������-
�������������������� 

�������������������� 
�������������������� 
�������������������� 
������������������; 
������������������ 

����������������������Se...O) 

[Sr(15-crown-������](Se��)�>�����@ (Se��)���± ����������������-
������������������ 

����������������-
���������������� 

��������������-
���������������� 

���������������� 
��������������; 
���������������� 
��������������; 
������������������ 
������������������  

������������������Se...(H)C) 

Compound Anion d(Se�±Set)   

[Å] 
d(Se�±Seb) 
[Å] 

�ã(Se�±Se�±Se) 
[°] 

�ã(Se�±Se�±Se�±Se) 
[°] 

dmin Se�« cat/solv  
[Å] 

[Mn(MeNH��)��(S��)��������(S��������Se��������)��������
�>���@ (S��������Se��������)2�± ������������������ �������������������� ������������������ ���������� (��) ���������������� (Se...(H)N) 

[Mn(NH ��)��](S��������Se��������)�>���@ (S��������Se��������)2�± ��������������������-
�������������������� 

��������������������-
�������������������� 

������������������-
������������������ 

���������� �������� 
���������������������� 

���������������� (Se...(H)N) 

[Mn(en)��](Se��Te)�>�����@ (Se��Te)���± 2.5025(7) 
(Se�±Te) 

 102.50(2) 
(Se�±Te�±Se) 

 ��������������������Se...(H)N) 

(NBu��)��(Se��SSe��)�>�����@ (Se��SSe��)2�± ���������������� ����������������-��
���������������� 

����������������-��
���������������� 

��������������; 
�������������� 
 

������������������Se...(H)C) 

[K([ �����������@crypt)] ���>�6�H�7�H�6�H�@�Âen�>�����@ (SeTeSe)2�± 2.5018-
2.5038 (Se�±
Te) 

 111.32 (Se�±
Te�±Se) 

 ������������������Se...(H)N) 
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K�\[PbSe�\���	�‡�•�	�����[ �� A Non-Oxide, Non-Halide Inorganic 

Lead(IV) Compound 

Günther Thiele, Thomas Krüger, Stefanie Dehnen, Angew. Chem. �^�\�]�,̀ �a�b�f�á���`�c�e�^�æ�`�c�e�c�â��

Angew. Chem. Int. Ed. �^�\�]�,̀ �e�c�á���`�b�e�e�æ�`�c�\�_�ä�� 

The first inorganic lead(IV) compound without 
oxygen, nitrogen or halogen ligands attached to 
the lead atom was obtained as the potassium salt 
of the tetraselenidoplumbate(IV) anion 
[PbIVSe��]4�±. 

It is stable under inert conditions which may 
enable the transfer of the chemistry of 
chalcogenidogermanate(IV) or chalcogenido-
stannate(IV) materials, to the lead homologues. 
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Abstract: The first inorganic lead(IV) compound without
oxygen, nitrogen or halogen ligands attached to the lead atom
was obtained as the potassium salt of the tetraselenidoplum-
bate(IV) anion [Pb IVSe4]

4� . It is stable under inert conditions
which may enable the transfer of the chemistry of chalcoge-
nidogermanate(IV) or chalcogenidostannate(IV) materials, to
the lead homologues.

The chemistry of lead is both very traditional, going back to
the late 7th millennium B.C. and ancient metallurgy,[1] and
also highly topical, for instance in the synthesis of low-valence
organometallic lead compounds,[2] chalcogenide or pnictoge-
nide clusters,[3] or the use of Zintl polyanions of lead as
precursors to form intermetalloid clusters.[4]

However, most academic as well as technical develop-
ments are correlated with formal oxidation states of the Pb
atoms from � I to + II. Of course, this is a well-established
feature, and textbooks attribute this situation to the relativ-
istic effect that strongly stabilizes the 6s atomic orbital (AO),
thus making it fairly unavailable to chemistry; exceptions are
limited to salts with extremely high electronegativity non-
metal partners provided suitable crystal lattices exist which
can overcompensate the high ionization energy through the
corresponding lattice energies, and to lead(IV) organic
compounds, such as PbEt4 that was used in petrol.

By ab initio calculations on the series RxPbX4� x (R = H,
Me; X = F, Cl; x = 0…4) and RxPbX4� x (x = 0…2), the concept
of stable •organic PbIV Ž compounds, in addition to stable
•inorganic Pb II Ž compounds has been illustrated. According
to these studies, an increase of the metal charge caused by
more electronegative ligands leads to the 6p AO becoming
unfavorable for covalent bonding.[5a] These results are in
excellent agreement with the empirically found decrease of
stability in the order R 4Pb> R3PbX > R2PbX2 @RPbX 3 >
PbX4.

[5b]

Thus, the only known •inorganic Pb IV Ž compounds can be
listed in a few lines:[6] PbO2, as the minerals scrutinyite and
plattnerite, [7] or as the prominent anode material in car
batteries as well as several binary oxides, such as Pb2O3 and
Pb3O4, various oxoplumbates, as first described by Zintl and
co-works,[8] Pb(OAc) 4, an oxidizing agent for organic synthe-
ses,[9] PbIV salts with anions of high symmetry, such as
[HAsO 4]

2� , [HPO 4]
2� , [SeO3]

2� , plumbate anions with sub-
stituents of high group electronegativity,
(AsPh4)2[Pb(N 3)6],

[10] K 2[Pb(OH) 6],
[11] and the corresponding

acid Pb(OH) 4, characterized by infrared spectroscopy in solid
argon.[12] For the halides, only PbX4 (X = F, Cl) [13] and salts of
the [PbX 6]

2� ions with X = F, Cl, (IO 6) have been crystallo-
graphically determined.[14] In conclusion, no (isolable) chal-
cogenides PbE2 (E = S, Se, Te) and no tetrahedral PbIV /E
aggregates are known to date.

It thus is quite unexpected to find a tetrahedral unit in the
first chalcogenidoplumbate(IV), K 4[PbSe4]·en·NH 3 (1,
Figure 1; en= ethane-1,2-diamine), which was obtained by
solvothermal extraction of a homogeneous phase with the
nominal composition •K 2PbSe2Ž. The reaction was performed

Figure 1.Fragment of the crystal structure (top) and thermal ellipsoid
plot (ellipsoids set at 50% probability) of the [PbIVSe4]

4� ion (bottom)
in 1. Selected structure parameters: Pb-Se 2.600(2)…2.610(1) �; Se-Pb-
Se 107.71(6)-110.79(6)8.
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based on our expertise on the chemistry of chalcogenidote-
trelates(IV), [15] and on the extraction of ternary phases A/T/E
(A = alkali metals, T = Group 13…14 (semi-)metal, E= pnic-
togen, chalcogen) by means of basic solvents.[16]

The title compound was obtained as deep red crystals
(Figure 2). The crystal structure (triclinic space group P1̄)
contains near tetrahedral [PbSe4]

4� ions that are embedded

between four K+ counterions (K···Se 3.282…3.412 �) and two
solvent molecules (NH3 and en; Se···(H)N 3.346…3.969 �) per
formula unit. The atomic K:Pb:Se ratio of 1 was confirmed by
means of EDX analyses of the crystals (Figure 2). The formal
+ IV oxidation state at the Pb atom was rationalized by
quantum chemical calculations using Møller…Plesset 2nd
order perturbation theory (MP2) methods [17] implemented
in the program system Turbomole, [18] which show unreason-
able elongations of the Pb� Se bonds for a hypothetic
•[Pb II Se4]

6� Ž ion (Supporting Information, Table S3).
Single-crystals of the title compound are rapidly covered

by a metallic film upon contact with air, but are stable under
inert conditions for months. They are stable enough to be kept
as a suspension in nujol oil between two quartz plates for
several hours; over more than 12 h, the solid-state UV/Vis
spectrum (Figure 3) remained the same. Neither room
temperature, nor illumination by visible light changed the
situation. Only upon exposure of the suspension to air, the
sample color turned black and the absorption signal dimin-
ished, indicating decomposition of the compound. In agree-
ment with the visible color (Figure 2), the measured optical
excitation energy, given as onset of absorption, amounts to
Eonset= 2.0 eV.

Quantum chemical calculations using time-dependent
DFT methods (TDDFT, singlet excitations) [19] also imple-
mented in the program system Turbomole [18] were performed
to rationalize the measured excitation energy, and to compare
it to the Eonset values of the entire [TE4]

4� series with T= Si…
Pb and E= O…Te (Figure S1). The calculations show a con-

tinuous development of Eonset along the tetrel family and, for
a given tetrel element, along the chalcogen family.[20] As
expected from the color of the deep red crystals, [PbSe4]

4� and
[SnTe4]

4� [20a…c]have the same absorption energy. In both cases,
the calculated values (1.9 eV) differ by only 0.1 eV from the
measured ones (2.0 eV).

More detailed information about the electronic situation
was gained by further MP2 calculations and consecutive
inspection of the molecular orbitals (MOs) of all possible
[TE 4]

4� combinations (T = Si…Pb; E= O…Te) by means of
Mulliken population analysis. [21] The highest occupied MOs
(HOMO, HOMO � 1, HOMO � 2) and the lowest energy
valence MO (HOMO � 5) have distinct lone-pair character at
the terminal chalcogenide ligands, whereas HOMO� 3 and
HOMO � 4 are T� E bonding in nature. Most developments of
MO energies are steady along the T or E series (Figure S2),
indicating slight destabilization of the HOMO along Pb ! Si,
nearly no change for HOMO � 1 and HOMO � 2, and a slight
stabilization for HOMO � 3, however, the HOMO � 4 energies
reflect the distinct stabilization of the 6s and 6p AO at Pb. As
an example, we compare the MOs for [PbSe4]

4� and [SnSe4]
4�

(Figure 4) into detail.
In [PbSe4]

4� , HOMO and HOMO � 1 (t2, t1) are nearly the
same energy, HOMO� 2 (e) is lower by 0.7 eV. The higher-
energy Pb� Se bonding orbital (HOMO � 3, t2) is below the
•lone pairsŽ by another 1.2 eV. As expected, a very stable,
Pb� Se bonding MO (HOMO � 4, a1) with a significant Pb6s
contribution is found another 5 eV lower, that is, 7 eV below
the HOMO energy level; according to population analyses,
the contributions to this MO are 23.3% Pb6s and 23.3%
Pb6p, along with 40.8% Se4s, and 12.6% Se4p (all four Se
atoms in total). Apart from the energetic order of the highest
t2 and t1 MOs (t 2 is higher in energy than t1 by 0.002 eV for
[PbSe4]

4� ), both the energy differences and AO contributions
found for HOMO, HOMO � 1, HOMO � 2, and HOMO � 3
are very similar for [PbSe4]

4� and [SnSe4]
4� . In contrast, the

situation for HOMO � 4 differs significantly: for the Sn/Se
combination, not only the orbital contributions of the central
atom are lower (19.0% Sn5s and 19.0% Sn5p along with
50.5% Se4s and 11.5% Se4p), but this MO is also by only
4 eV lower in energy than HOMO-3, and by only 6 eV below
the HOMO level in [SnSe 4]

4� . Both the energies of the T� E
bonding MOs HOMO � 3 and HOMO � 4, and the electron-

Figure 2.EDX spectrum of1 along with the analysis data; the inset
shows a photograph of partially crushed crystals of1, as used for the
structural and elemental analyses.

Figure 3.Solid state UV/Vis spectrum of1, recorded from a suspension
of pulverized crystals in nujol oil.

.Angewandte
Communications

4700 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed.2014, 53, 4699 …4703



density distribution in HOMO � 3 may be made responsible
for the observed stability. In the particular case of [PbSe4]

4� ,
although the higher energy bonding MO (t 2, HOMO � 3) is
slightly destabilized (with respect to the situation in
[SnSe4]

4� ), the plumbate(IV) anion is not that reactive as
a consequence of the high stability of the lower energy
bonding MO (a 1, HOMO � 4), which is indeed the lowest
energy HOMO � 4 in the entire [TE 4]

4� series (Figure S2). By
inspection of the relative energies, our recent observation that
a preparation of [PbTe4]

4� is not possible using the described
method can be explained, whereas the synthesis of [PbS4]

4�

should, in general, be possible. Our efforts so far have failed
because no homogenous parent phase (such as •K2PbS2Ž)
could be obtained. In addition to these molecular effects, we
assume a considerable influence of the lattice energy of the
solid 1. This assumption is supported by the observation that
1 precipitates from the mother liquor during the solvothermal
treatment and does not re-dissolve in en, which can be
understood in terms of suitable molecular measures: the Pb�
Se bond lengths in1 (2.600(2)…2.610(1) �) are right within the
Sn� E bond lengths observed inortho-selenidostannate (2.50…
2.54 �) and ortho-telluridostannate anions (2.72…2.80 �),[15]

the potassium salts (hydrates) of which are known,[20a,22]hence
rationalizing the stability of the corresponding crystal lattice
for 1.

To further elucidate the stability or reactivity of ortho-
chalcogenidotetrelate anions, including the anion in 1, we
calculated reaction energies Er (Table 1) for all possible

permutations of elements in reactions of the following type
[Eq. (1)].

½T1E4�
4� þ T2 ! ½ T2E4�

4� þ T1 DE ¼ Er ð1Þ

For a given chalcogen E, all reactions forming a lighter
[T 2E4]

4� homologue are exoenergetic; for given tetrel atoms
T1 and T2, the reactions become more exoenergetic as the
chalcogen E is replaced by a lighter congener; as expected,
a maximum step in Er is observed when changing from E= S
to E = O, in accordance with the extraordinary stability of
oxotetrelates compared to all of their heavier homologues. In
contrast, the Er values differ only marginally between [TE 4]

4�

species comprising the heavier elemental combinations, such
as [PbSe4]

4� versus [SnSe4]
4� (5.2 kJmol� 1), suggesting similar

stabilities and reactivities of the respective anions.

In summary, it was possible to prepare and unambiguously
characterize the first non-oxide, non-halide inorganic PbIV

compound. The potassium salt of the tetraselenidoplumba-
te(IV) anion can be kept under inert conditions (inert gas or
oil) without change to date. This stability should enable the
previously unexpected transfer of the chemistry of chalcoge-
nidogermanate(IV) or chalcogenidostannate(IV) materials,
which has been comprehensively investigated in recent times,
to the homologues of the heaviest tetrel congener, with
accordingly varied photophysical, photochemical, and redox
behavior of the resulting compounds.

Experimental Section
General: All manipulations and reactions were performed under an
Ar atmosphere using standard Schlenk or glove box techniques. The
ternary parent phase •K2PbSe2Ž was prepared by fusion of potassium
and lead in a 2:1 molar ratio, subsequent addition of granular
selenium (2 equiv), and heating with an oxygen/methane burner for
15 min, which yielded an amorphous black powder upon grinding.
Ethane-1,2-diamine (en) was freshly distilled and stored under Ar
prior to use.

1: •K 2PbSe2Ž (500 mg) and en (2 mL) were placed in a glass vial
within a Teflon-lined autoclave; the autoclave was tightly closed and
heated for 7 days at 1508C. After turning off the heating, the
autoclave was left for another 2 days to slowly cool down to room
temperature. Compound 1 appeared as deep red crystals along with
orange polyselenide by-products.

Single-crystal X-ray diffraction: Data collection was performed
using a Stoe IPDSI diffractometer at 193 K with Mo Ka radiation and
graphite monochromatization (l = 0.71073). Structure solution was
realized by direct methods, refinement with full-matrix-least-squares
against F2 using SHELXS-97, SHELXL-97, and Olex2 software.[24]

Crystal data for C2H 11K 4N3PbSe4 (1, MW = 756.6 gmol� 1): a=
8.055(2), b = 8.292(2), c= 12.790(3) �, a = 92.64(2), b = 103.69(2),
g = 92.45(2)8. CCDC 970129 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge

from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Quantum chemical methods: DFT
calculations were performed with the
program system Turbomole [18] using the
RIDFT program [25] and employing the
Becke…Perdew 86 (BP86) functional[26]

with def2-TZVP bases[27] and respective
fitting bases[28] for the evaluation of the

Figure 4. MO schemes along with the visualization of representative
occupied orbitals in [PbSe4]

4� (left) and [SnSe4]
4� (right). MO plots

from top: HOMO ([PbSe4]
4� : t2, [SnSe4]

4� : t1), HOMO� 3 (t2),
HOMO� 4 (a1). Amplitudes are drawn at� 0.033 a.u.; note that only
one of the degenerate MOs is shown for all examples. The lowest
energy valence orbitals (HOMO� 5) that represent the 5s AOs from Se
atoms in both cases are not shown.

Table 1:Reaction energiesEr [kJmol� 1] for the reactions given in Equation (1).[a]

T1 Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb Pb

T2 Si Ge Sn Si Ge Sn Si Ge Sn Si Ge Sn
E O O O S S S Se Se Se Te Te Te
Er � 32.8 � 15.4 � 10.2 � 13.9 � 8.8 � 6.3 � 11.3 � 7.4 � 5.2 � 7.8 � 5.5 � 3.9

[a] Values for all further permutations with T1= Sn, Ge, or Si, respectively, or with T1= T2 for different
types of E can be calculated according to Born…Haber cycles[23] from the given numbers.
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Coulomb matrix. MP2 calculations were undertaken with the
program RIMP2, [29] using def2-TZVP bases[27] and the corresponding
fitting bases.[30] Effective core potentials (ECPs) were used for Sn, Te,
and Pb atoms (ECP-28, ECP-28, and ECP-60, respectively).[31]

Counterions were modeled by application of Cosmo with default
parameters.[32] Mulliken population analyses[21] served to evaluate
atomic orbital contributions to the molecular orbitals. MO plots were
generated using the visualization tool gOpenMol.[33]
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1 Details of the Single-Crystal Data Collection, Structure Solution and Refinement 

�'�D�W�D���F�R�O�O�H�F�W�L�R�Q���Z�D�V���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���D���6�W�R�H���,�3�'�6���G�L�I�I�U�D�F�W�R�P�H�W�H�U���D�W�����������.���Z�L�W�K���0�R�.�.���U�D�G�L�D�W�L�R�Q���D�Q�G���J�U�D�S�K�L�W�H��

�P�R�Q�R�F�K�U�R�P�D�W�L�]�D�W�L�R�Q��������� �����������������������6�W�U�X�F�W�X�U�H���V�R�O�X�W�L�R�Q���Z�D�V���U�H�D�O�L�]�H�G���E�\���G�L�U�H�F�W���P�H�W�K�R�G�V�����U�H�I�L�Q�H�P�H�Q�W���Z�L�W�K���I�X�O�O-matrix-

least-squares against F2 using SHELXS-97, SHELXL-97 and Olex2 software.[1] Table S1 summarizes the relevant 

data. 

 

Table S1.  X-ray measurement, structure solution and refinement of 1. 

Compound 1 

Empirical formula C2K4N3PbSe4 

Formula weight /g·mol�±1 745.48 

Crystal color, shape Red Block 

Crystal size /mm3 0.16 x  0.09 x 0.04 

Crystal system Triclinic 

Space group P-1 

a /Å  

b /Å  

c /Å 

8.0555 (16) Å 

8.292 (2) Å 

12.790 (3) Å 

�D /° 

�E /° 
�J  /° 

92.643 (18)° 
103.692 (16)° 
92.445 (18)° 

V /Å3 827.8 (3) 

Z 2 

�Ucalc /g· cm�±3 2.991 

�P(MoK�D) /mm�±1 19.96 

2�4 range /° 4.92�±52.24 

Reflections measured 7773 

Independent reflections 2848 

R(int) 0.076 

Ind. reflections (I > 2�V(I)) 1864 

Parameters 123 

Restraints 0 

R1 (I > 2�V(I)) 0.052 

wR2 (all data) 0.127 

GooF (all data) 0.92 

Max. peak/hole /e�±·Å�±3 2.03 

Absorption correction type psi-scan 

Min. /Max. transmission 0.012/0.052 
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2 Solid State UV-Visible Spectroscopy 

UV-vis spectra were recorded on a Perkin-Elmer Cary 5000 UV-vis-near-infrared spectrometer in the range of 800-

200 nm employing a double-beam technique. The samples were prepared as suspensions in Nujol oil between two 

quartz plates. 

 

3 Energy Dispersive X-ray (EDX) Spectroscopy Analyses 

EDX analysis on �� was performed using the EDX device Voyager 4.0 of Noran Instruments coupled with the 

electron microscope CamScan CS 4DV. Data aquisition was performed with an acceleration voltage of 20 kV and 

100 s accumulation time. Results are summarized in Table S2.  

Table S2. EDX analysis of 1 (K, Se, Pb). 

Element-
edge 

k-ratio ZAF Atom % 
Atomic ratio 

observed (calc) 
Element 

wt % 
wt % Err. 
(1-sigma) 

K-K 0.1815 1.332 46.32 4.11 (4) 24.17 +/- 0.33 
Se-L 0.3130 1.428 42.42 3.77 (4) 44.70 +/- 0.43 
Pb-L 0.2539 1.226 11.26 1.00 (1) 31.13 +/- 2.99 
Total   100 8.88 (9) 100  

 

4 Details of the Quantum Chemical Investigations 

4.1 Computational Methods 

DFT calculations were done with the program RIDFT[2] implemented in the program system TURBOMOLE[3] 

employing the Becke�±Perdew 86 (BP86) functional[4] with def2-TZVP bases[5] and respective fitting bases[6] for the 

evaluation of the Coulomb matrix. MP2 calculations were undertaken with the program RIMP2,[7] using def2-

TZVP bases and according fitting bases for the evaluation of the J matrix.[8] Effective core potentials (ECPs) were 

used for Sn, Te and Pb atoms (ECP-28 and ECP-60, respectively).[9] Counter ions were modeled by COSMO with 

default parameters.[10] Electronic excitation energies were calculated using the TDDFT module.[11] Mulliken 

Population analyses[12] served to evaluate atomic orbital contributions to the molecular orbitals. Contour plots were 

generated with gOpenMol.[13] 
 

4.2 Structural parameters within [PbSe 4]
q�± (experimental and MP2-calcuations; q = 4, 6) 

In Table S3, the experimentally found structure parameters within the [PbSe4]
4�± anion are given along with 

parameters calculated by means of MP2 calculations for [PbSe4]
4�± �D�Q�G���I�R�U���W�K�H���K�\�S�R�W�K�H�W�L�F���V�S�H�F�L�H�V���³�>�3�EIISe4]

6�±�´�����$�O�O��

calculations were done in C1 symmetry. However, for [PbSe4]
4�±, the calculation ran into perfect Td symmetry. 

�'�L�V�W�L�Q�F�W���E�R�Q�G���H�O�R�Q�J�D�W�L�R�Q�V���H�[�S�X�O�V�H���³�>�3�E�6�H4]
6�±�´���I�U�R�P���E�H�L�Q�J���U�H�D�V�R�Q�D�E�O�H�� 

Table S3.  Structural parameters of [PbSe4]
4�± (exp.), [PbIVSe4]

4�± ���0�3�������D�Q�G���³�>�3�EIISe4]
6�±�³�����0�3������ 

Species [PbSe4]
4�± (X-ray) [PbSe4]

4�± (MP2) �³�>�3�E�6�H4]
6�±�´�����0�3���� 

Pb�±Se /Å 2.600(2)-2.610(1) 2.571 2.975-3.033 

Se�±Pb�±Se /° 107.71(6)-110.79(6) 109.5 107.1-111.2 
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4.3 Electronic Excitation Energies for the [TE 4]
4�± �6�H�U�L�H�V���Z�L�W�K���7��� ���6�L�«�3�E���D�Q�G���(��� ���2�«�7�H 

Figure S1 shows calculated and experimentally reported electronic excitation energies for the [TE4]
4�± series with T 

� ���6�L�«�3�E���D�Q�G���(��� ���2�«�7�H���� 

 

 

 

 

 

 
 
 
 
 
 
 

 

Figure S1.  Calculated and measured optical absorption energies for the series [TE4]
4�±. Experimental values, 

except those of [PbSe4]
4�±, were taken from Ref. [14]. 

4.4 MO-Energies for the [TE 4]
4�± �6�H�U�L�H�V���Z�L�W�K���7��� ���6�L�«�3�E���D�Q�G���(��� ���2�«�7�H 

Figure S2 shows the energies of the five highest occupied molecular orbitals for the [TE4]
4�± �V�H�U�L�H�V���Z�L�W�K���7��� ���6�L�«�3�E��

�D�Q�G���(��� ���2�«�7�H�����D�V���F�D�O�F�X�O�D�W�H�G���E�\���0�3�����P�H�W�K�R�G�V�����2�E�V�H�U�Y�D�E�Oe trends are summarized below. 

 

 
 
 
 
 
 
 
 
 
 
 
 
��
��
��
��
��
��
��
Figure S2. Energies of the five highest occupied molecular orbitals for the [TE4]

4�± �V�H�U�L�H�V���Z�L�W�K���7��� ���6�L�«�3�E���D�Q�G���(�� � ��

�2�«�7�H�� �D�V�� �F�D�O�F�X�O�D�W�H�G�� �E�\�� �P�H�D�Q�V�� �R�I�� �0�3���� �P�H�W�K�R�G�V���� �1�H�J�D�W�L�Y�H�� �F�K�D�U�J�H�V�� �R�I�� �W�K�H�� �D�Q�L�R�Q�V�� �Z�H�U�H���F�R�P�S�H�Q�V�D�W�H�G for by 

application of the COSMO program. 

E: O S Se Te O S Se Te O S Se Te O S Se Te 
T:  ----Si----    ----Ge----    ----Sn----   ----Pb---- 

Species [TE4]
4�± 
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The following trends were observed when going from T = Pb to T = Si: 

1) energy differences between HOMO, HOMO�±1, HOMO�±2, and HOMO�±3 increase 

(exception: Pb/O �Æ Sn/O; for Sn/O, energies of HOMO, HOMO�±1 are nearly equal) 

2) HOMO (�W��) energies increase for given E 

3) HOMO�±1 (�W��) energies decrease for given E (exception: unsteady for E = O) 

4) HOMO�±2 (�H) energies decrease for given E (exception: unsteady for E = O) 

5) HOMO�±3 (�W��) energies decrease for given E 

6) HOMO�±4 (�D��) energies decrease for given E (exception 1:��for T = Pb, HOMO�±4 energies are always significantly 

lower (!); exception 2: Ge/S,Se,Te �Æ Si/S,Se,Te) 

 

The following trends were observed when going from E = O to E = Te: 

1) MO energies increase (exception: for �D����(Pb, Sn, Ge): O>S>Se<Te, whereas for �D�� (Si) O<S>Se<Te) 
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Reactions In and With Acetonitrile         . 

Günther Thiele, Stefanie Dehnen, Manuskript in Vorbereitung. 

Solvothermal reactions and in-situ-reductions in 
acetonitrile yield a variety of new metal salts and 
organometallic compounds including  

ligands of dimers and tetramers of acetonitrile 
upon oxidative C�±C and/or C�±N bond 
formation and its specific decomposition. 
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Abbildung �^�c. Ausschnitt aus der Kristallstruktur von [Pb(C�`H �dN� )̂� (̂µ-Cl)� ]̂n. 
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Reactions In and With Acetonitrile  

Günther Thiele and Stefanie Dehnen 

 

 

 

 

Solvothermal reactions and in situ reductions in acetonitrile 
yield a variety of new metal salts and organometallic 
compounds including ligands of dimers and tetramers of 
acetonitrile upon oxidative C�±C and/or C�±N bond formation 
and its specific decomposition.  

Acetonitrile is an extensively used solvent both 
in common organic chemistry and inorganic 
chemistry, due to its favorable solvation 
parameters. Besides, it has also been investigated 
as synthon for hydrogenation of cyclization 
processes. Especially considering the hydration, 
various catalysts have been exploited, ranging 
from homogenous Os���]�� or Ru���^�� compounds to 
heterogeneous Au���_�� or Pd���`�� systems. Cyclization 
of acetonitrile into pyrimidine has been reported 
applying mesoporous carbon nitride[�a] or SmI�^���b�� as 
catalysts. In contrast, the usage of acetonitrile or 
more complex organic nitriles in solvothermal 
reactions, that is under elevated temperature and 
pressure, has been applied only rarely: in most 
cases, such reactions included the nitriles as 
ligands[�c,�d] or reactands towards carboxylic acids,[�e] 
oxadiazole,���]�\] hydrazines,[�]�]] azides or ammonia.[�]�]̂ 
A dimerization towards imidazole or a 
corresponding tetramerization has not been 
reported to date.  

Our current interests include the extraction of 
ternary phases of the general type AxMMG

yChz 

(M MG = main group (heavy) metal, Ch = S, Se, Te) 
in the presence of transition metal (MTM) salts 

under solvothermal conditions, with the purpose 
to use these for the generation and further 
reactions of multinary, isolated or extended 
metalate anions.[�]�_] For this, we are exploring the 
behavior of various solvents.  In contrast to the 
syntheses and reactions of binary and multinary 
gallates, indates,[�]�]̀ germanates and stannates,[�]�a] 
these syntheses of metalates of the heavy main 
group elements cannot be performed in alcoholic 
solvents that are too reactive and only afford 
decomposition into undefined powders. Amines 
have extendedly been used,[�]�b] but usually take 
place in sequestration reactions to form 
[M TM(amine)x]q+ cations[�]�c] or adducts of the latter 
with the binary metalate substructures. In order to 
explore the influence of another solvent on the 
course of the reactions and their product spectra 
in the supercritical treatment of 
chalcogenidometalates, we have been using 
acetonitrile in according solvothermal reactions �� 
and obtained quite unexpected side products, 
which we would like to report about herein .  

In a typical solvothermal synthesis, we apply �a�\�\ 
mg of a ternary phase �•�—�…�Š�� �ƒ�•�� �ò�����„���‡�ó�á�� �] 
equivalent of a (transition) metal salt per main 
group metal atom, and 2 mL of the chosen 
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solvent. All is combined under inert gas 
conditions in a glass vial within a Teflon vessel, 
which is then placed in a stainless steel autoclave. 
The latter is tightly closed, heated for one week at 
150°C, and then allowed to cool down to room 
temperature within one day.  

Instead of the originally targeted multinary 
metalates, in a reaction �‘�ˆ�� �ò�����„���‡�ó with NiCl �  ̂we 
obtained the acetonitrile tetramer, as a ligand to 
the dinuclear Ni complex, [(C�dH �]�N̂�`)NiCl (µ-Cl)] �  ̂
(�]; Figure 1).  

Figure 1. Molecular structure of the dinuclear complex in �í. Ellipsoids are drawn 
at 50% probability, H atoms are omitted for clarity. Selected structural 
parameters [Å,°]: Ni�tN�� �í�X�õ�ñ�ñ�~�î�•-�î�X�ì�ñ�î�~�î�•, Ni�tCl�� �î�X�î�õ�ô�ð�~�ô�•, Ni�tµ-Cl 2.4032(7)-
2.4266(8), N�v Ni�v N 91.34(9), Ni�v µ-Cl�v Ni 97.31(2), Cl�v Ni�v µ-Cl �õ�î�X�ò�õ�~�ï�•�X�� 

In �], one tetrameric ligand each coordinates to a 
Ni ion (fomally Ni �_�Æ) via one of the pyrimidine N 
atoms and one NH �} group of the anionic 
CH�_C(NH�})=N substituent, beside a terminal Cl�� 
ligand. Another Cl�� ligands per subunit acts as µ-
bridge to form the dinuclear complex, which 
comprises five-coordinated Ni atoms. Similar 
dinuclear and five-coordinated Ni complexes have 
been discussed for their unusual coordination 
geometry���]�e] as well as for catalytic properties���^�\] 
and magnetism.[� �̂]�� However, very small yields so 
far prevented further investigation into these 
directions in the case of �]. Still, the product 
exhibits an excellent crystallinity, the new 
synthesis is straight forward and does not require 
high temperatures; nevertheless, the synthesis is 
still being optimized to overcome the quoted 
drawbacks.  

The oligomerization reaction is atom-neutral; 
while one of the methyl groups was integrated as 
CH moiety into the pyrimidine cycle, two of its H 
atoms have been transferred to the NH�  ̂group of 
the CH�_C(NH � )̂=N group attached to the 
pyrimidine ring (Scheme 1).  

Scheme 1. Suggested reaction scheme for the tetramerization of acetonitrile in 
�š�Z���� �‰�Œ���•���v������ �}�(�� �^�<�W���d���_�� ���µ�Œ�]�v�P�� �(�}�Œ�u���š�]�}�v�� �}�(�� ���}�u�‰�}�µ�v�����í. The different CCN 
moieties from originally separate CH�ïCN molecules are discriminated by different 
colors in the product.  

We assume that oxidized lead atoms (formally 
Pb�^�Æ) �ˆ�”�‘�•�� �–�Š�‡�� �–�‡�”�•�ƒ�”�›�� �’�Š�ƒ�•�‡�� �ò�����„���‡�ó�� �–�‘�� �Š�ƒ�˜�‡��
acted as sacrificial oxidant for the oxidation of Ni 
atoms under formation of elemental lead. Te2�� 
anions and in situ formed (HTe)�� might have 
acted as base to care for the transfer of  protons 
that did not reductively couple to form H � .̂ To 
�…�‘�•�ˆ�‹�”�•�� �–�Š�‡�� �•�‡�…�‡�•�•�‹�–�›�� �‘�ˆ�� �–�Š�‡�� �’�”�‡�•�‡�•�…�‡�� �‘�ˆ�� �ò�����„���‡�ó�á��
we performed corresponding solvothermal 
reaction of only NiCl �  ̂ in CH�_CN, which almost 
quantitatively yielded, single crystalline 
(NH �`)[NiCl �_] with perovskite structure, which has 
been obtained previously in a much more drastic 
conditions (400°C, 1 kbar).[�^�]̂ Assumedly, the Ni 
complex has catalyzed the decomposition of 
acetonitrile to form the ammonium counterion. 

To check the influence of the pH value on the 
reaction, we used NiCl� �̂	6H� Ô without drying by 
(acidic) SOCl� .̂ However, this did not lead to the 
formation of crystalline products. We therefore 
added 1 equivalent of LiOH to the dried NiCl� .̂ 
Under these conditions, another product, 
[Ni (C�`N�_H �d)( C�`N�_H �e)]Cl ( � ;̂ Figure 2) was 
obtained in approx. 15% yield. Here, a 
dimerization of the solvent took place under 
inclusion of another N atom �� again gained upon 
cleavage of acetonitrile, however not yielding 
(NH �`)+ under these basic conditions (Scheme 2). 
Additionally, (partial) deprotonation was 
observed, producing the monoanionic ligand 
HN=C(CH�_)��N=C(CH�_)=NH �}, similar to a 
corresponding reaction involving Cr(III) at 
200°C.[�^�_]  
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Scheme �î. Suggested reaction scheme for the formation of the C�ðN�ïH�í�ì ligand 
from �������š�}�v�]�š�Œ�]�o���� �]�v�� �š�Z���� �‰�Œ���•���v������ �}�(�� �^�<�W���d���_�� ���µ�Œ�]�v�P�� �(�}�Œ�u���š�]�}�v�� �}�(�� ���}�u�‰�}�µ�v�����î. 
The different CCN moieties from originally separate CH�ïCN molecules are 
discriminated by different colors in the product. Before formation of the 
complex in �î, the ligand underwent partial deprotonation. The identity of the 
organic byproduct could not be elucidated so far as is forms a solid, insoluble 
residue that points to the formation of a polymer. 

Figure 2. Molecular structure of the complex cation in �î. Ellipsoids are drawn at 
50% probability, H atoms are omitted for clarity. Selected structural parameters 
[Å,°]: Ni�tN���í�X�ô�ï�î�~�ð�•-�í�X�ô�ó�ñ�~�ð�•, N�v Ni�v N 88.9(2)-�õ�ì�X�ð�~�î�•�X 

Again, Ni�^�Æ ions beside a base (here (OH)��) have 
caused oligomerization of acetonitrile. Within �  ̂
an asymmetric protonation of the two ligands 
appears uncommon, yet quantum chemical 
calculation with and without partial protonation �� 
and thereby comparing NiII versus NiIII  �� only 
yields the asymmetry of the different bond lengths 
(see SI) that is found within the crystal structure 
for a Ni �^�Æ compound. Corresponding bond lengths 
for Ni �_�Æ are almost completely shorter than has 
been determined which �� for DFT �� supports our 
assumption of a wrong oxidation state. 
Furthermore, within the crystal structure only one 
H atom at the non-coordination N can be assigned 
via the electron density and a resulting hydrogen 
bond towards the Cl�� counte�”�‹�‘�•�� �����å���Ž�� �^�ä�_�c Å) 
can only be formed on one side of the complex.  

To get further insight in the potential role of 
Pb�^�Æ ions during the original synthesis of �], we 
performed a similar reaction with only PbCl�  ̂
instead of NiCl�  ̂that yielded the acetonitrile dimer 
imidazole, which coordinated to Pb�^�Æ ions in the 
crystalline product of this reaction, 
[Pb(C�`H �dN� )̂� (̂µ-Cl)� ]̂n  (�_; Figure �_) in 
approximately 40% yield. In �_, the lead atoms 
achieve a distorted octahedral coordination 
environment through coordination by two 

imidazole molecules and four chloride ions each. 
The octahedra are edge-bridging via two chlorid e 
ions, thereby forming a coordination polymer 
along the crystallographic c axis. 

Figure �ï. Fragment of one of the coordination polymer strands in �ï. Ellipsoids are 
drawn at 50% probability, H atoms on Pb-coordinating imidazole ligands are 
omitted for clarity. Imidazole molecules that are connected via H-bridges are 
drawn in wire/stick mode. Selected structural parameters [Å,°]: Pb�v N 2.470(6), 
Pb�v Cl 2.892(2), N�v Pb�v N 81.1(3), N�v Pb�v Cl 89.85(15)-94.78(15), Cl�v Pb�v Cl 
�í�ó�ï�X�õ�í�~�ó�•�X��  

The formation of �_ suggests that the lead atoms 
do not only act as oxidatant to Ni ions, but also 
trigger the C��C and C��N bond formations that 
come along with the observed oligomerizations. 
Hence, Ni atoms are only welcome central atoms 
for the formation of relatively stable coordination 
compounds and do not seem to b necessary for the 
organic reactions themselves. 

To finally elucidate the impact of chalcogenide 
anions on the original reaction to form �], we 
investigated the treatment of NiCl�  ̂ in acetonitrile 
in the presence of A� Ĉh (A = Li, Na, K; Ch = S, Se, 
Te) under the same solvothermal reactions. 
However, no crystalline product could be obtained 
upon corresponding reactions so far, again 
indicating the obvious necessity of the metalate 
phase.  

Another attempt for generating metalates that 
we are currently developing is the in situ-
reduction of binary metal chalcogenide/chalcogen 
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mixed phases, such as �ò���„���‡�	���‡�ó, with elemental 
alkali metals in room temperature amines. Again, 
we transferred the corresponding reaction strategy 
to acetonitrile to test the impact of using another 
solvent. Since the alkali metals caused immediate 
decomposition of the solvent, we utilized CoCp�  ̂
as a more gentle reduction agent. Upon reflux for 
2 days, [CpCo(C�cH �cN)] (� ;̀ Figure �`) was obtained 
in approximately 35% yield.  

 
Figure �ð. Molecular structure of �ð. Ellipsoids are drawn at 50% probability. 
Selected structural parameters [Å]: Co�v C 1.970(4)-2.098(4), C�v N 1.155(5). 

Under the given conditions, an oxidative C��C 
coupling reaction was observed that led to a 
functionalization of one of the Cp rings under 
formation of a cyclopentadiene (C�aH �aR) 
derivative. Since H�  ̂ generation was not observed 
during the reaction, we assume that the role of the 
�ò�����„���‡�ó���’�Š�ƒ�•�‡���™�ƒ�•���–�‘���ƒ�…�–���ƒ�•���„�ƒ�•�‡���—�•�†�‡�”���ˆ�‘�”�•�ƒ�–�‹�‘�•��
of (HTe) ��. According investigations are underway. 

Conclusions 

Solvothermal �–�”�‡�ƒ�–�•�‡�•�–�� �‘�ˆ�� �ò�����„���‡�ó�� �™�‹�–�Š�� ���‹�^�Æ 
or Co�^�Æ compounds in acetonitrile as both 
solvent and synthon yielded heterocyclic 
acetonitrile oligomers and derivatives that act 
as ligands to new coordination compounds �], 
� ,̂ �_, and � .̀ Apparently, the nature of the very 
metal cations, which undergo redox side 
reactions, and/or chalcogenide anions, as well 
as the presence of OH�� present during the 
reaction is proposed to be responsible for the 
very type of heterocycle formed under the 
given conditions. Additionally, the reactions 
afforded a simple method for preparing the 
perovskite-type (NH �`)[NiCl �_] with high 
crystallinity and yields, and the synthesis of a 
nitrile functionalized cobaltocene complex. 
 
 

Notes and references 
Philipps-Universität Marburg, Fachbereich Chemie and 

Wissenschaftliches Zentrum für Materialwissenschaften (WZMW), Hans-

Meerwein-Straße 1, 35043 Marburg. 

Financial support from Deutsche Forschungsgemeinschaft (SPP ��������) 

and Friedrich-Ebert-Stiftung (FES) are gratefully acknowledged. We 

thank T. Krüger, M. Müller and L. Trombach for preparative support in 

preliminary studies. 

�‚ Crystal structure and refinement details: [(C��H����N��)��Ni ��Cl��] (��): 

P����/c, a = 8.3432(11) Å, b = 10.6886(16) Å, c = 13.128(2) Å, ���� � ��

101.468(11)°, V = 1147.3(3) Å�ñ����final R��(I>3�1����� ����������������wR��(all) = 0.096, 

GooF = 1.068. [Ni(C��N��H ��)(C��N��H ��)]Cl (��): P21/n, a = 8.8236(12) Å, b = 

13.881(3) Å, c = 10.2611(16) Å, ����� ��91.900(12)°, V = 1256.1(4) Å�ñ����final 

R��(I>3�1���� � �� ��������������wR��(all) = 0.084, GooF = 0.943. (C��H��N��)��PbCl���� (��): 

C����c, a = 13.246(2) Å, b = 12.119(2) Å, c = 8.1684(13) Å, V = 1295.7(4) 

Å�ñ����final R��(I>3�1���� � �� ��������������wR��(all) = 0.079, GooF = 1.046. C����H����CoN 

(��): P����/c, a = 12.6373(13) Å, b = 7.4477(7) Å, c = 11.0658(10) Å, ���� � ��

106.189(8)°, V = 1000.20(17) Å�ñ����final R��(I>3�1���� � �� ��������������wR��(all) = 

��.0957, GooF = 0.846. 
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Synthesis details 

 

General: All synthesis steps were performed with strict exclusion of air and moisture. Acetonitrile 
was dried with CaH�  ̂�ƒ�•�†���ˆ�”�‡�•�Š�Ž�›���†�‹�•�–�‹�Ž�Ž�‡�†���’�”�‹�‘�”���–�‘���—�•�‡�ä���ò�����„���‡�ó �ƒ�•�†���ò���„���‡�	���‡�ó was generated by fusion 
of the elements in a 1:1:1 and 1:2 ratio in a quartz ampule using an oxygen/butane. NiCl�  ̂was generated 
from NiCl � ·̂6H� Ô in excess SOCl�  ̂reflux for 5 h, subsequent filtration and dynamic vacuum for 12 h at p 
< 1·10-�b bar. All other salts were dried at a dynamic vacuum for 12 h at p < 1·10-�b bar and subsequent store 
in a Ar operating glovebox.  

Standard procedure for solvothermal treatment will place all reagents in a glass within a Teflon vessel, 
which is then placed in a stainless steel autoclave. The latter is tightly closed, heated for one week at 
150°C, and then allowed to cool down to room temperature within one day. Products can manually be 
picked.  

 

Synthesis of [(C��H ����N��)��Ni ��Cl ��] (��):  

0.5 g (1.37 mmol, 1 eq) o�ˆ���ò�����„���‡�ó�á�� �]�c�a mg (1.38 mmol, 1.1 eq) of NiCl�  ̂and 2 mL of acetonitrile were 
treated according to the solvothermal method, yielding orange-green blocks.  

 

Synthesis of [Ni(C��N��H ��)(C��N��H ��)]Cl ( ��):  

500 mg (3.85 mmol) of NiCl� ,̂ 150 mg (6.27 mmol) of LiOH and 2 mL of acetonitrile were treated 
according to the solvothermal method, yielding yellow blocks in ~ 15% yield. 

 

Synthesis of (C��H ��N��)��PbCl���� (��):  

500 mg (1.80 mmol) of PbCl�  ̂ and 2 mL of acetonitrile were treated according to the solvothermal 
method, yielding colorless blocks in ~ 40% yield.  

 

Synthesis of [(C��H ��)(C��H ��N)Co] (��):  

500 mg (1.08 mmol, 1 eq) �‘�ˆ���ò���„���‡�	���‡�ó�á���`�]�\ mg (2.17 mmol, 2 eq) of CoCp�  ̂and 100 mL of acetonitrile 
were heated at reflux for 5 h. The resulting reaction mixture was filtered and slowly evaporated until 
only a small residue of approx.. 5 mL solvent was still present. 4 crystallizes as brown sticks in ~ 35% 
yield.  
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Single crystal X-ray diffraction 

General: Data of the X-ray structure analysis: T = �^�e�_ K (�]-�_) or �^�e3 K (� )̀, graphite monochromator, 
imaging plate detector Stoe IPDS (�]-�_) or IPDS�  ̂ (� )̀. All structures were solves by direct methods in 
WinGX ���]�� and OLEX2���^�� refined by fullfull-matrix least-squares refinement against F2 in SHELXL-�^�\�]�_�ä[�_] 
Absorption correction were performed numerically including  shape optimization with STOE X-
AREA.���`�� Table S1 summarizes the crystallographic data of all crystalline compounds. CCDC XXX - XXX 
contain the supplementary crystallographic data for this paper. These data can be obtained free of 
charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Tabel S1: Crystallographic and refinement details for Compounds �] �� � .̀  
Compound [(C��H ����N��)��Ni ��Cl ��]  

������ 
[Ni(C ��N��H ��)(C��N��H ��)]Cl ��
������ 

(C��H ��N��)��PbCl ��  
������ 

[(C��H ��)(C��H ��N)Co�@��
������ 

Empirical formula C����H����Cl4N��Ni�� C��H����ClN��Ni C��H����Cl2N��Pb C����H����CoN 

Formula weight  
/g�Âmol-�� 

������������ ������������ ������������ ������������ 

Crystal color and shape Orange-green block Yellow block Colorless block Brown stick 

Crystal size /mm 0.25·0.22·0.19 0.12·0.11·0.08 0.32·0.25·0.21 0.20·0.13·0.09 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P����/c P����/n C����c P����/c 

a/Å �������������������� �������������������� ������������������ ���������������������� 

b/Å ���������������������� ������������������ ������������������ ������������������ 

c/Å ������������������ ���������������������� �������������������� ���������������������� 

����° ���������������������� �������������������� �������������������� �������������������� 

V/Å �� ������������������ ������������������ ����������������) ���������������������� 

Z �� �� �� �� 

�!calc/g�Âcm-�� ���������� ���������� ���������� ���������� 

����MoK�.) /mm-�� ���������� ���������� ������������ �������� 

���Ä��range/° ������-�������� ������-�������� ������-�������� ������-�������� 

Abs. corr. Tmin/Tmax ������������ / ������������ ������������ / ������������ ������������������������������ ������������ / ������������ 

Reflections measured ���������� ���������� �������� �������� 

Independent reflections �������� �������� �������� �������� 

R(int) ������������ ������������ ���������� ������������ 

Indep. Reflections 
(I>2�1(I)) 

�������� �������� �������� �������� 

Parameters ������ ������ ���� ������ 

R��(I>2�1��I)) ������������ ������������ ������������ ������������ 

wR2 (all data) ������������ ������������ ������������ ������������ 

Goof (all data) ���������� ���������� ���������� ���������� 

Max. peak/hole     
/e-�Â����-��pm-�� 

���������� / -���������� ���������� / -���������� ����������������-���������� ����������������-���������� 
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Energy dispersive X-Ray spectroscopy 

EDX analyses were carried out using an EDX-device Voyager 4.0 of Noran Instruments coupled with 
an electron microscope CamScan CS 4DV. Data acquisition was performed with an acceleration voltage 
of 20 kV and 100 s accumulation time. Differences in observed and calculated atomic composition is 
caused by inhomogenous decomposition of applied single crystals due to contact with air and moisture 
during sample preparation. 

 

Table xx. EDX results for 2.  

Element k-ratio 

(calc.) 

ZAF Atom % Element Wt 
% 

Wt % Err.  

(1-Sigma) 

Cl-K �\�ä�b�\�b�\ �]�ä�]�_�d �c�d�ä�b�^ �b�d�ä�e�a �Æ��-���\�ä�e�b 

Ni-K �\�ä�^�d�c�b �]�ä�\�d�\ �^�]�ä�_�d �_�]�ä�\�a �Æ��-���]�ä�b�` 

Total   �]�\�\ �]�\�\  
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Quantum chemical calculations 

 

General: DFT calculations were done with the program RIDFT[�a] implemented in the program system 
TURBOMOLE[�b] employing the Becke��Perdew 86 (BP86) functional[�c] with def2-TZVP bases[�d] and 
respective fitting bases[�e] for the evaluation of the Coulomb matrix. Counter ions were modelled by 
COSMO with default parameters.���]�\��  

 

Fig. S2: Labelling scheme for optimizes compounds. N3b has one H atom attached (protonated) or no 
H atom (deprotonated).  

 

Starting from the crystal structure as determined experimentally the monocation in 2 (see Fig. S2) 
has been optimized to minimize external forces, resulting in a minimum structure. While one 
calculation has been done with two symmetric ligands that are both deprotonated at N3 (therefore 
Ni3+) a cooresponding calculated started from an asymmetric deprotonation of the ligands (N(3a) 
deprotonated, N(3b) protonated, therefore Ni �^�Æ). The resulting bond length and those from X-ray 
diffraction results are summarized in table S3. Applied symmetry: C�]. 

 

Table S3: Comparision of calculated and determined bond length in the cation in 2. All values in Å. 

 X-ray results Protonated N(3b) Deprotonated 

a b a b a b 

���‹�å���] �]�ä�d�`�_���`�� �]�ä�d�c�a���`�� �]�ä�d�a�\ �]�ä�d�c�] �]�ä�d�_�d �]�ä�d�_�e 

���‹�å���  ̂ �]�ä�d�`�_���`�� �]�ä�d�a�c���`�� �]�ä�d�a�\ �]�ä�d�c�] �]�ä�d�_�e �]�ä�d�_�d 

N3�� C1 �]�ä�_�`�e���a�� �]�ä�_�b�]���a�� �]�ä�_�`�c �]�ä�_�c�` �]�ä�_�`�a �]�ä�_�`�a 

N3�� C2 �]�ä�_�_�d���a�� �]�ä�_�c�\���a�� �]�ä�_�`�c �]�ä�_�c�` �]�ä�_�`�a �]�ä�_�`�a 
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K�ZHg�ZSe�[: A Novel Selenidomercurate(II) for 

Photothermoelectric Applications 

Günther Thiele, Sina Lippert, Philipp Bron, Felix Fahrenbauer, Maik Assmann, Phil Rosenow, 

Ralf Tonner, Oliver Oeckler, Arash Rahimi-Iman, Martin Koch, Bernhard Roling, Stefanie 

Dehnen, Manuskript in Vorbereitung. 

K� Ĥg� Ŝe�_ has been obtained in quantitative yields by means of solvothermal extraction of the 

corresponding parental alloy and analyzed for its photoelectric, electrochemical and 

thermoelectric properties.  
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Abbildung �^�d. Ausschnitt aus der Kristallstruktur von K� Ĥg� Ŝe�_. 
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ABSTRACT: K� Ĥg� Ŝe�_ has been obtained in quantitative 
yields by means of solvothermal extraction of the correspond-
ing parental alloy and analyzed for its photoelectric, electro-
chemical and thermoelectric properties.  

The chemistry of mercury is fascinating due to its structural 
diversity and unique properties, yetneglected for its tox-
icity. ���]�á�^] But whereas organic compounds of mercury often ex-
hibit high vapor pressures and thus are easily inhaled or ab-
sorbed via the skin, most inorganic compounds �� especially its 
salts �� are fairly easy to handle if care is taken to avoid con-
tamination of skin or inhalation of dusts. In addition, the co m-
bination of Hg and Se is known to be antagonistic at a toxico-
logical significance.���_�� 

In terms of unique properties and application heavy metal 
chalcogenides and chalcogenidometallates are discussed for 
their thermoelectric properties, [� ]̀ defined by the figure of 
merit, zT = S� �̂WeonT/ �Wth (with the Seebeck coefficient S and the 
electrical and thermal conductivity �Weon and �Wth)which is 
known to largely depend �� besides structural composition �� 
on particle size and composition for binary and multinary ma-
terials.���a�� 

Isolated binary ortho- and meta-mercurate anions 
[HgCh�`] �b-[�b�á�c](Ch = chalcogen) and [HgCh�_] �`-[�d]as well as linear 
[HgCh� ]̂ � -̂ and planar [HgCh�_] �`- units within [Hg � Ĉh�`] � -̀[ �e]are 
long known yet most often only been discussed for their struc-
tural features.More complex mercurates such as one dimen-
sional (1D) [Hg�_Ch�`] � -̂,[�]�\�á�]�]] 3D [Hg�bCh�c] � -̂ [�]�]�æ�]�_] and the 1D 
[Hg �aTe�]�_] �`- [�]� ]̀ were reported as wide-band-gap semiconduc-
tors or discussed for band gap engineering respectively. How-
ever, within the divers structural library of mercurate anions, 
only multinarymercurates, such as Tl� ĤgGeTe�`

[�c] have so far 
been examined considering their thermoelectric application.  

Extending our previous studies on heavy chalcogenido-
metallates,���]�a] we examined solvothermal reaction conditions 
to the K-Hg-Se system. Upon aminothermal reaction of a pa-
rental alloy of the same composition K� Ĥg� Ŝe�_ (�]) can be ob-
tained in quantitative yield.  

In contrast to a sulfidocadmate with a corresponding stoi-
chiometry K� Ĉd� Ŝ�_

[�]�b] that exhibits two dimensional (2D) lay-
ers of [Cd� Ŝ�_] � -̂that are interconnected by potassium ions, �] ex-
hibits a 3D structure incorporating channels with K+ ions 
along the crystallographicc-axis (see figure 1).  

Figure 1: Crystal structure of �] with representation of channels 
along the crystallographic c axis. Ellipsoids are drawn at 50% 
probability. 

�] crystallizes in tetragonal space group P� �̀ /̂ ncm with cell 
constants a = 15.0690(4)Å, c = 7.1060(3)Å. The Hg atom ob-
tains distorted tetrahedral coordination with three Se atoms 
in close proximity (2.5758(13)�æ�^�ä6634(12)Å) and one Se atom 
with an extended Hg�� Se bond length of 2.9595(12).  Selenium 
atoms in turn interconnect the [HgSe�`] tetrahedral units to an 
anionic uninodal net (6-c, 6/3/t30) of the topological type 
whp.[�]�c] The corresponding vertex symbol for the Hg sublattic 
(point symbol) is {3^3.4^5.5^5.6.7}. Potassium ions are located 
within the three different anionic channels with distorted oc-
tahedral or square antiprismatic coordination by Se atoms 
(see fig. 2).  



 

Thermogravimetric analysis and diffential scanning 
calometry suggest a thermal stability of �] up to 387.4 °C with-
out alteration of the structure. With an onset of 430 °C an 
overall mass change of -54.54% is observed (see SI1). UV-
visible spectroscopy reveals the onset of absorption Eonset = 2.0 
eV (see SI2).  

Figure 2: Coordinationpolyhedra of K+ ions and tetrahedral 
[HgSe�`] unit with the elongated bond drawn with fragmenta-
tion. Ellipsoids are drawn at 50% probability.  

Impedance spectroscopy 
Charge transport in K� Ĥg� Ŝe�_ may take place via electronic 

charge carriers and/or via mobile K+ ions. Ion transport is gen-
erally not desirable for many semiconductor applications, 
since it can result in changes in the properties of junctions as 
well as influence the concentration of traps and other features 
of the semiconductor microstructure.  

On the other hand, mixed conductors with very high ionic 
conductivity, such as cuprous and silver chalcogenides, ex-
hibit a phonon-liquid electron-crystal (PLEC) behavior with 
excellent values of zT, as demonstrated for p-type Cu2-xSe. 
This material reaches a value of zT = 1.6 at 1000 K, the highest 
value among all bulk TE materials.[P�]] However, it was also 
�•�–�ƒ�–�‡�†�á���–�Š�ƒ�–���–�Š�‡���î�Ž�‘�•�‰-term effect of ionic mobility on the TE 
properties in these ion conductors should be addressed before 
�…�‘�•�•�‡�”�…�‹�ƒ�Ž�‹�œ�ƒ�–�‹�‘�•�ï�ä[P�]] 

A simple method for determining electronic and ionic con-
ductivities of mixed conductors is based on impedance spec-
troscopy using ionically-blocking electrodes. As shown by 
Jamnik et al., the Nyquist plot of a mixed conductor between 
ion-blocking electrodes exhibts a high frequency semi-circle 
followed by either a low-frequency semicircle or a finite-
length Warburg impedance, depending on the electronic car-
rier density.[P�^�� The diameter of the high-frequency semicircle 
is identical to the parallel resistance Rpar of ionic (ion) and 
electronic (eon) carriers �4�’�ƒ�”
L �:�4�‹�‘�•

�?�5
E �4�‡�‘�•
�?�5�;�?�5, whereas the 

resistance measured in the limit of low frequencies is the elec-
tronic resistance.  

At high electronic charge carrier concentrations, a War-
burg-like low frequency response is observed, which is gov-
erned by the electronic resistance and a chemical capacitance 

Cchem, the latter reflecting the storage of chemical energy in 
the sample due to stoichiometry changes. The chemical capac-
itance is proportional to the sample thickness L and hence the 
corresponding relaxation time of the Warburg impedance is 
proportional to L� .̂ [P�^��  

If, on the other hand, the electronic carrier concentration is 
several orders of magnitude lower than the ionic carrier con-
centration, the electrostatic energy stored in the ionic double 
layers is much larger than the chemical energy. In this case, a 
low-frequency semicircle determined by the electronic re-
sistance and the ionic double layer capacitance is observed. 
The double layer capacitance  Cel is independent of the sample 
thickness. Hence the relaxation time is proportional to L. [P�^�� 

The latter was observed in our case and thus the pictured 
equivalent circuit on the left-hand side of figure P�]��can be used 
for fitting the impedance spectra, with Cdiel denoting the die-
lectric capacitance of the sample. The simplified equivalent 
circuit on the right-hand side allows to obtain the Rpar values, 
if the low frequency semicircle is not completely resolved in 
the frequency window of the experiment. 

.  

            
Figure P�]�ã��Left: Complete equivalent circuit for fitting the 

impedance spectra. Right: Simplified circuit for fitting the 
high-frequency semicircle at temperatures at which the low-
frequency semicircle is not fully visible. 

 

In the case of K� Ĥg� Ŝe�_, the semicircle are suppressed, and 
therefore constant-phase elements (CPE) had to be used in-
stead of capacitances. The impedance of a CPE is given by: ZCPE 
= Q���] �	�����‹�Z)��n �™�‹�–�Š���•���Ð���]�ä The capacitance values Ci were calcu-
lated from the parameters Ri, Qi and ni according to the Brug 

formula �%�Ü
L 
k�4�Ü
�5�?�á�Ô�® �3�Ü
o

�5 �á�Ô�¤
.[P�_�� For both equivalent circuits 

exemplary Nyquist plots comparing the measured data points 
with the obtained fit values are shown in fig. P�^�ä 

 
Figure P�^�ã��Representative Nyquist plots for pellet 2 at two 

different temperatures.  

 

The strong dependence of the electronic conductivity on 
carrier concentration makes materials sensitive to impurities 
and dopant concentrations. Small inhomogeneities can result 
in large variations within a sample. Therefore measurements 

Reon 

Cdiel 

Rion 
Cel 

Rpar 

Cdiel 



 

on three different pellets P1-P3 were performed to determine 
the reproducibility. Figure P3 and P4 show that all pellets ex-
hibit very similar conductivities. For the parallel conducti on 
of both ions and electrons, the activation energies EA is around 
0.8 eV, and the parallel conductivities amount to 10�æ�^�\���PS�c̃m�æ

�] at 200 °C (see figure P3). As can be seen in figure P4 the par-
allel conduction is governed by the electronic conduction, and 
the ionic contribution is almost negligible. Up to 200 °C the 
electronic transference number teon = Rion/( Rion + Reon) is well 
above 0.95. At temperatures above 210 °C,  te drops slightly be-
low �\�ä�e�a. This temperature dependence is related to the 
higher activation energy of the ionic conduction process.    

We expect that the tuning of the electron carrier concentra-
tion in this novel material class will result in a drastic increase 
of zT. Although the Seebeck coefficient will suffer from an in-
crease in the carrier concentration, the resulting higher elec-
tronic conductivity should overcompensate by far the effect 
on zT. The most favorable carrier concentration is typically 
between 10�]�e and���]�\�^�] carriers per cm�_ and thus in the range of 
heavily doped semiconductors. [P�`�� The shape of the low-fre-
quency semicircle in our impedance spectra reveals that the 
electronic carrier concentration K� Ĥg� Ŝe�_ is several orders of 
magnitude lower. 

 

 
Figure P�_�ã��Arrhenius plot of the parallel conductivity �Wpar. 

 

 
Figure P�`�ã��Arrhenius plot for the ionic and electronic con-

ductivity of different pellets as well as the temperature de-
pendence of the electronic transference number.  

Wärmeleitung/Seebeckkoeffizienten 
 

Photoleitfähigkeit  

In this section, we present photocurrent spectroscopy 
measurements which allow for the characterization of 
the photoexcitation wavelength. The setup employed 
for this experiment is placed in a nitrogen-filled box. 
The sample is contacted via Tungsten needles with a tip 
diameter of 5 µm. The detection sensitivity limit lies at 
50 fA. Light is shed on the sample from a white-light 
source  via a monochromator (model/type: stanford re-
search SR 850) and the photocurrent scan is performed 
with a maximum wavelength resolution of 3nm. We de-
tected the current with a lock-in after amplification by 
a femto-current amplifier (Modell:DLCPA �æ�]�\�\). 

The measurements were performed at an external volt-
age of 10 V with a wavelength scan in steps of 10 nm. 
Two different samples of the investigated structure were 
probed in order to rule out a sample specific response. 
The recorded spectrum presented in Fig. xy clearly 
shows a dominant peak at 890 nm which we attribute 
to pronounced absorption and a rise in the electrical 
conductivity induced by photoexcitation. A representa-
tive absorption spectrum is presented as inset in Fig. �_. 
The absorption spectrum clearly shows an edge corre-
�•�’�‘�•�†�‹�•�‰���–�‘���–�Š�‡���î�„�ƒ�•�†-�‰�ƒ�’�ï���‡�•�‡�”�‰�›�ä Remarkably, the ex-
perimental data well agrees with theoretical modeling 
�‘�ˆ���–�Š�‡���•�ƒ�•�’�Ž�‡�ï�•���„�ƒ�•�†���•�–�”�—�…�–�—�”�‡���ˆ�”�‘�•���™�Š�‹�…�Š���–�Š�‡���’�Šotoex-
citation energy can be derived. 

Next, we provide current-voltage (I-V) characteristics of 
K� Ĥg� Ŝe�_ in order to compare their electrical properties 
to semiconductors. As prominent material with direct 
band gap, GaAs is chosen to provide a representative 
photo-induced current curve of semiconductor mate-
rial. The current is measured for both materials, 
K2Hg2Se3(solid line) and GaAs (dashed line), in a dark 
environment (dark color line) and under white-light ex-
posure (bright color line), applying maximum voltages 
of +/-10 V. Thereby, a similar performance of both ma-
terials is revealed which is attributed to the semicon-
ductor-like properties of K2Hg2Se3. All curves show a 
clear Schottky behavior for positive and negative bias 
voltage. In a dark environment, the conductivity is little, 
while under light exposure, a significant rise is obtained, 
as can be seen in Fig. xy. Additionally, light of 890 nm 
is shed on our novel material system (red thick curve in 
Fig. xy) which reveals a pronounced modification of the 
electrical conductivity in the sample compared to an or-
dinary white-light excitation. In this case, a particularly 
high amount of charge carriers seems to be injected by 
resonant excitation. This leads to a situation where 
K2Hg2Se3 even overcomes the performance of GaAs.  

 



 

Figure �_. a) Photocurrent spectrum for two different samples 
of the investigated structure. The spectrum shows a dominant 
peak at 1.39 eV. b) Current-Voltage characteristic of K� Ĥg� Ŝe�_ 
(red) and GaAs (green). Both materials are measured in a dark 
environment and under whitelight exposure. Additional, 
K� Ĥg� Ŝe�_ is measured with light of 892 nm.  

We attribute the small asymmetry observed in the 
measur#ed I-V-curves to the individual contacts estab-
lished between the sample and the contact needles: 
Since these contacts are of Schottky type, a minor dif-
ference in the contact quality at each junction leads to 
a change in the current with respect to its direction. 

Experimental Section 

All experimental steps were performed with strong ex-
clusion of air and moisture. Ethan-1,2-diamine was 
dried and freshly destilled prior to use. Elements were 
purchased from Sigma Aldrich (>98%) and used as re-
ceived. K� Ŝe was synthezised from the elements in liq-
uid ammonia, HgSe from fusion of the elements. 
�����’�ƒ�”�‡�•�–�ƒ�Ž���ƒ�Ž�Ž�‘�›���‘�ˆ���–�Š�‡���•�‘�•�‹�•�ƒ�Ž���…�‘�•�’�‘�•�‹�–�‹�‘�•���ò��� Ĥg� Ŝe�_�ó��
was obtained from fusion of K� Ŝe and HgSe in a 1:2 ratio 
with a oxygen/methane burner. The resulting block was 
pestled and transferred into a glass vial with 2 mL 
ethane-1,2-diamine. The vial was placed in a Teflon In-
lay within a stainless steel autoclave. The autoclave is 
tightly closed and heated to 150°C for 2 days and allowed 
to cool to room temperature for 1 day. Black sticks of �], 

suitable for single crystal diffraction or photoelectric 
measurements can manually be picked from the reac-
tion mixture.  
Larger quantities of powder samples of �]can be obtained 
by subsequent separation of reaction solution and solid 
product. �] was washed with ethane�æ�]�á2-diamine until no 
further colored components were dissolved. The reac-
tion can be scaled from 0.5 g to 50 g (which is the limit-
ing volume of the glass vial), yielding up to �e�`�Ä�ä�� 
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Supporting Information 

�]�ä��Complete X-Ray refinement details for �] 

Crystal Data  for Hg�dK�dSe�]� ̂ (M =2865.04): tetragonal, space group P4� /̂ncm (no. 138), a = 15.0690(4) Å, c = 7.1060(3) Å, V = 
1613.59(11) Å�_, Z �Ë���^�á��T = 100(2) K, �Q(MoK�D) = 52.469 mm�æ�], Dcalc = 5.897 g/mm�_�á���]�]�\�b�d���”�‡�ˆ�Ž�‡�…�–�‹�‘�•�•���•�‡�ƒ�•�—�”�‡�†�����_�ä�d�^�^���Ð���^�) �Ð���a�_�ä�_�a�^���á��
904 unique (Rint  = 0.1432) which were used in all calculations. The final R�] was 0.0505 (I >2�W(I)) and wR�  ̂was 0.1262 (all data).  

 

Table SI1 Crystal data and structure refinement for �].  
Empirical formula  Hg�dK�dSe�]� ̂

Formula weight  �^�d�b�a�ä�\�`�� 

Temperature/K  �]�\�\���^���� 

Crystal system  tetragonal  

Space group  P4� /̂ncm 

a/Å  �]�a�ä�\�b�e�\���`���� 

b/Å  �]�a�ä�\�b�e�\���`���� 

c/Å  �c�ä�]�\�b�\���_���� 

�D��°  �e�\�� 

�E��°  �e�\�� 

�G��°  �e�\�� 

Volume/Å �_ �]�b�]�_�ä�a�e���]�]���� 

Z  �^�� 

�Vcalcmg/mm �_ �a�ä�d�e�c�� 

m/mm -�] �a�^�ä�`�b�e�� 

F(000)  �^�`�\�\�ä�\�� 

Crystal size/mm�_ 0.15 × 0.07 × 0.03  

Radiation  MoK �D ���P���Ë���\�ä�c�]�\�c�_���� 

�^�)��range for data collection  3.822 to 53.352°  

Index ranges  -�]�e���Ð���Š���Ð���]�e�á��-�]�e���Ð���•���Ð���]�d�á��-�d���Ð���Ž���Ð���e�� 

Reflections collected  �]�]�\�b�d�� 

Independent reflections  904 [Rint ���Ë���\�ä�]�`�_�^���� 

Data/restraints/parameters  �e�\�`���\���_�d�� 

Goodness-of-fit on F �  ̂ �]�ä�]�d�\�� 

Final R indexes [I>=2�W��(I)]  R�] = 0.0505, wR� �̂��Ë���\�ä�]�^�a�\�� 

Final R indexes [all data]  R�] = 0.0514, wR� �̂��Ë���\�ä�]�^�b�^�� 

Largest diff. peak/hole / e Å�æ�_ �]�ä�b�b���æ�_�ä�a�a�� 

 

 

 

 
  

Table 2 Fractional Atomic Coordinates (×10�`) and Equivalent Isotropic Displacement Parameters (Å� ×̂10�_) for Compound 1. Ueq 
is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 



 

 

�� 

Hg1 �]�b�e�ä�a���_�� �b�d�`�]�ä�_���_�� �]�\�c�b�ä�]���c�� �_�]�ä�c���_�� 

Se2 �æ�]�_�]�^�ä�^���d�� �b�_�]�^�ä�^���d�� �^�a�e�_���^�� �^�e�ä�\���`�� 

Se3 �]�b�_�e�ä�a���d�� �a�b�d�b�ä�_���d�� �^�_�a�^�ä�a���]�c�� �^�d�ä�b���_�� 

K1 �\ �a�\�\�\ �a�\�\�\ �^�e�ä�`���]�\�� 

K2 �æ�]�a�]�a�ä�\���]�b�� �d�`�d�a�ä�\���]�b�� �^�a�]�^���b�� �_�^�ä�\���d�� 

K3 �^�a�\�\ �c�a�\�\ �\ �_�_�ä�c���]�]�� 

  

Table 3 Anisotropic Displacement Parameters (Å� ×̂10�_) for Compound 1. The Anisotropic displacement factor exponent takes 
the form: -�^�U� [̂h � â*� Û�]�]+2hka*b*U�]��̂Æ�å���ä 

Atom U�]�] U�^� ̂ U�_�_ U�^�_ U�]�_ U�]� ̂

Hg1 �^�e�ä�]���_�� �_�\�ä�e���_�� �_�a�ä�^���`�� �æ�]�ä�_�c���]�b�� �^�ä�\�_���]�b�� �æ�]�ä�\�]���]�c�� 

Se2 �^�b�ä�`���a�� �^�b�ä�`���a�� �_�`�ä�^���e�� �æ�\�ä�d���`�� �\�ä�d���`�� �\�ä�`���b�� 

Se3 �^�a�ä�d���b�� �^�c�ä�]���b�� �_�_�ä�\���b�� �\�ä�_���`�� �æ�\�ä�a���`�� �]�ä�_���`�� 

K1 �^�c�ä�_���]�`�� �^�c�ä�_���]�`�� �_�`���^�� �^�ä�\���]�`�� �æ�^�ä�\���]�`�� �]�ä�_���]�d�� 

K2 �^�d�ä�^���]�]�� �^�d�ä�^���]�]�� �`�\���^�� �æ�\�ä�e���]�\�� �æ�\�ä�e���]�\�� �æ�\�ä�a���]�`�� 

K3 �_�_�ä�\���]�a�� �_�_�ä�\���]�a�� �_�a���^�� �\ �\ �æ�_���^�� 

  

Table 4 Bond Lengths for Compound 1. 
Atom Atom Length/Å   Atom Atom Length/Å 

Hg1 Se2 �^�ä�b�\�`�b���]�]��   K1 Se3�d �_�ä�^�c�_�]���]�^�� 

Hg1 Se3�] �^�ä�b�b�_�`���]�^��   K1 Se3�` �_�ä�^�c�_�]���]�^�� 

Hg1 Se3�  ̂ �^�ä�a�c�a�d���]�_��   K1 K2�a �_�ä�b�d�e���`�� 

Hg1 Se3 �^�ä�e�a�e�a���]�^��   K1 K2�c �_�ä�b�d�e���`�� 

Hg1 K1 �_�ä�e�`�]�e���a��   K2 Hg1�]�\ �_�ä�b�e�\�a���]�^�� 

Hg1 K2�_ �_�ä�b�]�e���_��   K2 Hg1�]�] �_�ä�b�]�e���_�� 

Hg1 K2 �_�ä�b�e�\�a���]�^��   K2 Hg1�]� ̂ �_�ä�b�]�e���_�� 

Hg1 K3 �_�ä�c�^�d�b���a��   K2 Se2�]�_ �_�ä�a�^�^���`�� 

Se2 Hg1�  ̀ �^�ä�b�\�`�a���]�]��   K2 Se2�]� ̂ �_�ä�b�_�c���`�� 

Se2 K1 �_�ä�^�c�c�e���]�c��   K2 Se2�b �_�ä�^�d�e���_�� 

Se2 K2�a �_�ä�a�^�^���`��   K2 Se3�] �_�ä�_�^�`���_�� 

Se2 K2�b �_�ä�^�d�e���_��   K2 Se3�]�  ̀ �_�ä�_�^�`���_�� 

Se2 K2 �_�ä�^�d�e���_��   K2 K1�]�_ �_�ä�b�d�e���`�� 

Se2 K2�_ �_�ä�b�_�c���`��   K2 K2�b �`�ä�]�e�d���c�� 

Se3 Hg1�  ̂ �^�ä�a�c�a�d���]�_��   K3 Hg1�  ̂ �_�ä�c�^�d�b���a�� 

Se3 Hg1�c �^�ä�b�b�_�a���]�^��   K3 Se3�]�a �_�ä�`�a�b�]���]�^�� 

Se3 K1 �_�ä�^�c�_�]���]�^��   K3 Se3�c �_�ä�a�b�^�_���]�^�� 

Se3 K2�c �_�ä�_�^�`���_��   K3 Se3�]�b �_�ä�a�b�^�_���]�^�� 

Se3 K3 �_�ä�`�a�b�^���]�^��   K3 Se3�]�c �_�ä�a�b�^�_���]�^�� 

Se3 K3�] �_�ä�a�b�^�_���]�^��   K3 Se3�  ̂ �_�ä�`�a�b�]���]�^�� 

K1 Hg1�d �_�ä�e�`�]�e���a��   K3 Se3�] �_�ä�a�b�^�_���]�^�� 

K1 Hg1�  ̀ �_�ä�e�`�]�e���a��   K3 Se3�]�d �_�ä�`�a�b�]���]�^�� 

K1 Hg1�e �_�ä�e�`�]�e���a��   K3 K3�] �_�ä�a�a�_�\�\���]�a�� 



 

 

���� 

 

�^�ä��TGA/DSC results 

Figure SI1: Thermogravimetric Analysis and Differential Scanning Calorimetry Results of . 

3. UV-Vis results 

Figure SI2: UV-visible spectra of �]with extrapolation towards onset of absorption Eonset.  
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Solvothermal and Ionothermal Syntheses and Structures 

Of Amine- and/or (Poly-) Chalcogenide Coordinated Metal 

Complexes 

Günther Thiele, Silke Santner, Carsten Donsbach, Maik Assmann, Marcus Müller, Stefanie 

Dehnen, Z. Kristallogr. �^�\�]�,̀ �b�b�i, 489���`�e�a����Titelbild). 

A series of five compounds, namely [Ba(trien)� ]̂ �_[SbSe�`] � �̂	trien ���]����(trien = diethylenetriamine), 

[(Se�_)Cr(en)� (̂Se� )̂Cr(en)� (̂Se�_)] �  ̂���^�� (en = ethylenediamine), [(pren)�_Eu(Te�_)� Êu(pren)�_] ���_����(pren 

= 1,3-diaminopropane), [(en)�`Ba(pren)Ba(en)�`](Te�_)�  ̂���`�� and [enH] �`[Sn� Ŝe�b] ���a��, which illustrate 

the transition of classical polychalcogenides to metalates, are presented, where mixed 

amine/(poly-)chalcogenide interaction with metal centers are in the focus of interest. A 

conventional aminothermal synthesis is discussed in comparison with ionothermal 

approaches. The compounds are considered useful precursors to study in-situ interconversion 

of selenido- and telluridometalates under ionothermal conditions. 
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Abbildung �^�e. Ausschnitt der Kristallstruktur von 
[(pren)�_Eu(Te�_)� Êu(pren)�_]. 
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Introduction

Syntheses of new materials by smooth transformation of 
metastable compounds at relatively low temperatures is 
a highly desirable method for minimizing energetic costs. 
One methodology that has attracted considerable impact 
is the solvothermal synthesis under moderate tempera-
tures (up to 200 � C) leading to a considerable pressure, 

which produces structural results that are not available by 
standard solvent chemistry, although temperatures are far 
below those applied in common solid state chemistry [1–3].

A new area that emerges in the same spirit employs 
ionic liquids (ILs) as solvent [4–7]. Due to an negligible 
vapor pressure of ILs, no pressure is generated during 
the reaction – in contrast to classical solvothermal 
approaches, yet anion and/or cation of the solvent can 
adopt templating properties or even be reagent at the 
same time.

Since a combination of temperature and pressure 
in classical solvothermal reactions affects the solvent’s 
dielectric constant, therefore dramatically varying the 
solvent’s properties, this method has been extensively 
employed for extraction of multinary phases or reaction of 
otherwise insoluable components, and has led to a variety 
of different M/Ch phases in our work (M���metal, Ch���chal-
cogen) [8–10]. In contrast, utilization of ILs is restricted to 
a variation of temperatures with approximately constant 
pressure unless further volatile auxiliaries are added.

Our current interest in the usage of ILs points at the 
syntheses of selenido- and telluridometalates and their 
in situ interconversion, where standard procedure starts 
from a chalcogenide source, a (main group) metal ion 
source, and an amine for tuning the pH value for appropri-
ate synthesis conditions. Further investigations towards 
incorporation of transition metal ions are underway for 
controlling and fine tuning of optoelectronic proper-
ties. Reactions of the binary precursor [Ge

4Se10]
4– with 

tin salts in [BM(M)Im][BF4] (BM(M)Im���1-butyl-(2,)3-(di)
methylimidazolium) in the presence of amines led to the 
formation of a variety of materials with different composi-
tions including binary and ternary systems with topolo-
gies varying from discrete clusters, through 1D chains, 2D 
layered strutures to 3D extended frameworks [11, 12]. In 
contrast to this bottom-up strategy, a temperature-induced 
top-down approach caused the stepwise deconstruc-
tion of the 3D selenidostannate network in K2[Sn2Se5] [13] 
through a layered phase to infinite double-chain anions. 
In turn, synergistic effects of temperature and addition of 
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auxiliary amines lead to an inversion of the phase trans-
formation direction under increase of the dimensionality 
back from the 1D chains into another 3D open-framework 
selenidostannate [14, 15].

However, so far we did not succeed in establishing 
atom economic reactions to facilitate either continuous 
flow or at least be able to recycle reaction media. Whereas 
[BF4]

– salts can be filtered off due to precipitation, espe-
cially halide containing byproducts form well soluable 
compounds that change solvent properties considerably 
and prevent reusage of the reaction medium.

We are therefore interested in the provision of com-
pounds, that allow the introduction of metal and chal-
cogen atoms, as well as the auxiliary amine by the least 
possible number of synthons. Ensuring reaction would 
ideally accord to equations 1 or 2.
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Suitable compounds should thus
a. incorporate polychalcogenide anions or ligands for 

high reactivity and tendency to re-arrange into new 
(T)M–Ch–M aggregates,

b. as cations, include (partly) solvated metal and/or 
transition metal ions without (too strong and thus 
inreactive) (T)M–C or Ch–C bonds,

c. comprise amine solvent molecules or ligands that are 
restricted to a small to medium sterical demand, and 
that do not form a symmetric, dense coordination 
sphere around the metal ions,

d. if possible, exlude further, uncoordintated alkaline 
or alkaline earth metal cations or any kind of non-
polychalcogenide anion, likely to be substituted by the 
IL counterpart and have to be removed after synthesis.

A group of compounds that comply with these requirements 
are solvated polychalcogenide metalates and polychalco-
genides of the formulae [TM(amine)

y][M�Chx] [1–3, 16] or 
[TM(amine)y][Chx] [17], respectively. However, most of these 
compounds include well-separated and fairly stable anions 
and cations that do not undergo the desired rearragements 
to larger aggregates. For instance, [Mn(en)3]

2+ (en���1,2-diami-
noethane) cations or [SnSe4]

4– anions remain intact, leading 
to simple ions exchange in ILs of ions such that treatment of 

[Mn(en)3]2[SnSe4] in BMIm[BF4] affords [Mn(en)3][BF4]2 and 
[BMIm]4[SnSe4]. Therefore, we thought about introduction 
of heteroleptic metal complexes including polyselenide or 
polytelluride moieties beside amine ligands as synthons.

Only a small number of those alkali/alkaline earth ion-
free compounds so far has been reported in the literature. 
Some of these compounds, such as [{(R1)V(Se)}2(�

2-Se2)] 
(R1���2,6-(2,6-iPr2-C6H3N���CPh)2-C5H3N) [18] or {R2Cr(� -� 2)
(Ch2)CrR2} (R2���substituted terphenyle) [19], include amines 
that appear to be too bulky for further reactions.

In contrast, Sheldrick’s series of [{Mnx(Sey)(amine)}z], 
x���1, 2, y���4–6, z���1, 2 [20, 21], [Mnx(amine)xAsySez] with 
x/y/z ���3/2/8 or 2/2/6 [22], as well as [M(en)3][In 2Te6] 
(M���Fe, Zn) or [Mo3(en)3(�

2-Te2)3(�
3-Te)(� 3-O)][In2Te6] [23] 

appear suitable, with the Mo compound providing three 
metal ions at once. Further potential precursor com-
plexes are [(� -� 1-Te2)(� -NtBu)2V2Cp2] [24], [R5Ni(� -� 2)(Se2)
NiR5] (R5���CH-(CMeN{2,6-iPr2C6H3}2)2) [25], and [ZnSe4(N-
MeIm)2] (N-MeIm���N-methylimidazole), synthesized in 
an elegant way by in situ degeneration of N-MeIm and 
redox reaction of elemental Zn and Se [26]. As not all reac-
tions within ILs that have been reported today require 
amine auxiliaries, further non-amine ligated precursors 
such as {M[Me2SiCp2]Se5} (M���Ti, Zr, Hf) [27], [Cp*Re(Se3)
(� -Se2)]8 [28], [Cp*2Mo(� 2-Se4)] [29] would be also worth 
trying. Finally, further auxiliaries in ionothermal reac-
tions still have to be exploited, expanding the field of 
possible synthons to phosphine coordinated compounds, 
such as [(ppp)Ni(Te2)Pt(PPh3)2] (ppp���bis(2-dipheny1phos-
phino-ethyl)phenylphosphane) [30], and amine/phos-
phine bifunctional auxiliaries releasing synthons like 
[(N(CH2CH2PPh2)3)PdTe]2 [31].

Herein we report on several compounds that might 
have similar potential for further transformations in 
that they combine at least two of the aforementioned 
prerequisites.

Results and discussion

To contribute to the named class of synthons, we 
recently produced the following series of compounds: 
[Ba(trien)2]3[SbSe4]2·trien (1) (trien���diethylenetriamine), 
[(Se3)Cr(en)2(Se2)Cr(en)2(Se3)]2� (2),�[( pren)3Eu(Te3)2Eu 
(pren)3] (3) (pren���1,3-diaminopropane), [(en)4Ba(pren)
Ba(en)4](Te3)2 (4) and [enH]4[Sn2Se6] (5) that fulfill at least 
two of the criteria quoted above, yet might prove able to 
successively identify different kind of reactive sites and 
requirements for a profound understanding of ionother-
mal prospects.
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Apart from 5, all compounds have been obtained from 
solvothermal reactions from ternary alloys “AMCh” with 
A���K, Ba, Eu; M���Pb, Sb; Ch���Se, Te (in case of transition metal 
compounds under addition of one equivalent of TM(SO4)x 
TM���Co, Cr), with the coordinating amines as solvent. In one 
case (1), also the main group metal of the ternary alloy was 
transferred into the product, whereas in the other cases, the 
main group metal was not part of the crystalline product. 
Here, the alloy served as transition metal (2, 3) or barium (4) 
as well as (poly-)chalcogenide source (2–4). 5 was synthe-
sized from Li4[Sn2Se6] [32] by means of ionothermal recrys-
tallization from the above mentioned [BMIm][BF4] in the 
presence of en. All compounds were structurally character-
ized by means of single-crystal X-ray diffraction. The struc-
tures will be presented in the following.

[Ba(trien)2]3[SbSe4]2·trien (1)

Compound 1 crystallizes in monoclinic space group P21/c 
with four molecules in the unit cell. The two independent 
[SbSe4]

3– anions exhibit Sb–Se distances in the expected 
range (2.461(2)–2.477(2) Å) and coordinate to three adjacent 
[Ba(trien)2]

2+ cations each. While one of the selenium ligands 
each (Se1, Se7) bridges two of the cations, the other three 
either coordinate to one complex fragment (Se2–Se5, Se8; 
Ba…Se 3.359(2)–3.665(2) Å), or do not coordinate the cationic 
complex (Se6). All Ba2+ ions possess coordination numbers 
(c.n.) 9 by two tridentate trien molecules and two adjacent 
antimonate anions that clearly disturb a pure hexa-coor-
dination by N donors. The coordination by trien molecules 
differs by the ligands’ constitutions, leading either to a half-
sphere (Ba1, Ba2) or an equatorial coordination (Ba3). The 
entire assembly forms double strands along the crystallo-
graphic a axis (see Figure 1). An additional molecule of trien 
is incorporated within the structure as crystal solvent.

[(Se3)Cr(en)2(Se2)Cr(en)2(Se3)]2 (2)

Compound 2 crystallizes in monoclinic space group C2/c 
with eight monomeric formula units per unit cell. These can 
be described as arrangement into dimers [(Se3)Cr(en)2(Se2)
Cr(en)2(Se3)]2, thus as a dimeric arrangement of a dimer of 
[Cr(en)2]

3+ units with two terminal (Se3)
2– and one bridging 

(Se2)
2– ligands (see Figure 2). Distances Se1–Se2 and Se7–

Se8 are 2.3409(8) and 2.3540(10) Å, respectively, which 
are slightly smaller than Se2–Se3 and Se6–Se7 (2.3685(10) 
and 2.3583(8) Å, respectively), comprising coordination 
of an adjacent chromium ion each. The bridging (Se2)

2– 
ligand has a Se–Se distance of 2.3788(9) Å. Distances 

Fig. 1:�Fragment of the crystal structure of 1. Thermal ellipsoids 
are drawn at 50% possibility. Hydrogen atoms are omitted for 
clarity.

between two selenium atoms that coordinate one Cr3+ ions 
in cis fashion are much longer (3.2808(9) and 3.4698(9) Å 
for Se3…Se4 and Se5…Se6, respectively). Cr–Se distances 
are in the range 2.4896(10)–2.5226(12) Å, Cr…N distances 
amount to 2.080(5)–2.130(5) Å, causing distorted octa-
hedral coordination of the chromium ion. Terminal sele-
nium atoms Se1 and Se8 of the (Se3)

2– anions interact with 
hydrogen atoms from adjacent en molecules, and Se8’ has 
a relatively short distance to Se3 in the neighboring (Se3)

2– 
fragment (Se8�…Se3 3.6758(9)Å).

[(pren)3Eu(Te3)2Eu(pren)3] (3)

Compound 3 crystallizes in orthorhombic space group 
Pbca with eight formula units per unit cell. The com-
pound represents a dimeric complex [(pren)3Eu(Te3)2

Eu(pren)3] with the two (Te3)
2– fragments bridging two 

[Eu(pren)3]
2+ counterions; the Te1–Te2 and Te2–Te3 dis-

tances (2.7544(12) and 2.7698(11) Å, respectively) are 
much shorter than that of Te3…Te3’ with 3.3615(12) Å (see 
Figure� 3), yet the difference between primary and sec-
ondary distances is not as large as in 2. Eu–Te distances 
amount to 3.4761(10)–3.5165(9) Å. It should be noted that 
so far, structurally determined compounds that comprise 
Eu–Te bonds besides organic ligands can only be found 
in three further compounds: {Eu[TeSi(SiMe3)3]2(dmpe)2}2 

(� -dmpe)] [33] (dmpe���Me2PCH2CH2PMe2), [(thf)3Eu(TeC6H5)2 
NaTePh], and [(thf)2Eu(TeC6H5)2] [34] with Eu–Te distances in 
the range of 3.160–3.231Å, 3.335–3.359Å, and 3.324–3.426Å.
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Fig. 2:�Fragment of the crystal structure of 2. Thermal ellipsoids are 
drawn at 50% possibility. Hydrogen atoms are omitted for clarity.

Fig. 4:�2D layers formed by coordination network in 2. Atoms 
are drawn in wire/sticks model, hydrogen atoms are omitted for 
clarity.

Fig. 3:�Fragment of the crystal structure of 3. Thermal ellipsoids are 
drawn at 50% possibility. Hydrogen atoms are omitted for clarity.

The europium ions obtain c.n. 8, by coordination of 
two of the Te atoms, two chelating pren molecules and two 
further pren molecules in end-on coordination mode. The 
latter act as bridges to two adjacent Eu2+ ions, thus gener-
ating a 2D coordination polymer that runs parallel to the 
crystallographic ab-plane (see Figure 4).

[(en)4Ba(pren)Ba(en)4](Te3)2 (4)

Compound 4 crystallizes in triclinic space group P1 with one 
molecule per unit cell and well-separated [(en)4Ba(pren)
Ba(en)4]

2+ cations besides (Te3)
2– anions. Te–Te distances 

are in the range 2.7330(8)–2.7520(8) Å, Te–Te–Te angles 
amount to 109.01(3)–112.64(3)� . Ba2+ ions obtain c.n. 9 
from four chelating en molecules and one pren molecule 
that bridges two adjacent [Ba(en)4]

2+ fragments (Figure 5). 

Fig. 5:�Fragment of the crystal structure of 4. Thermal ellipsoids 
are drawn at 50% possibility. Hydrogen atoms are omitted for 
clarity.

The space group was rationalized by application of Platon 
software [35]; it is obvious that no inversion symmetry is 
present anywhere within or between the complexes.

[enH]4[Sn2Se6] (5)

Finally, a compound without any metallic counterion 
that still might provide an amine for coordination beside 
a main group chalcogenide moiety is compound 5. It 
crystallizes upon ionothermal treatment of Li4[Sn2Se6] 
in BMIm[BF4] in triclinic spacegroup P1� with 2 formula 
units in the unit cell (Figure 6). It is a solvent isomer of 
the known salt [enH]4[Sn2Se6]·en [36]. Hence, the synthesis 
accords with a simple cation exchange in IL in the pres-
ence of en and therefore much more convenient than as 
described in literature. It is worth noting that the IL cation 
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Fig. 6:�Fragment of the crystal structure of 5 indicating the relative 
orientation of the anion and the enH counterions within one formula 
unit in the crystal. Thermal ellipsoids are drawn at 50% possibility. 
Hydrogen atoms are omitted for clarity.

had not been incorporated into the compound. All bond 
lengths and angles are similar to the reported ones.

Conclusion

Five potential synthons and their prerequisites for an effi-
cient and continuous flow ionothermal synthesis have 
been presented, with compound 3 incorporating a rare 
Eu…Te interaction.

Experimental section

General

As all of the title compounds are highly sensitive to air and mois-
ture, in that they would decompose into binary metal chalcogenides, 
(alkaline earth) metal oxides/hydroxides, higher polychalcogenides 
and/or elemental chalcogens, all manipulations and reactions were 
performed under an Ar atmosphere using standard Schlenk or glove-
box techniques. All precursor materials for solvothermal reactions have 
been obtained by fusion of the elements in the respective equivalents. 
BMIm[BF4] has been degassed at p���10–5 mbar for at least 12 h, all amines 
have been distilled from CaH2 prior to use. Solvothermal reactions were 
performed in a glass vial that was placed within a Te�on cylinder that 
was tightly enclosed by a stainless steel autoclave. The autoclave was 
then heated to 150 �C for 7�days and allowed to cool to room tempera-
ture for 2 days. Products were manually picked under a light microscope. 
Due to the co-precipitation of di�erently-colored, inhomogeneous and 
usually amorphous by-products, the estimation of yields is di�cult. 
Energy-dispersive X-ray spectroscopy of the single-crystalline products 
con�rmed the given compositions of the heavy atoms in all cases.

Syntheses

[Ba(trien)2]3[SbSe4]2·trien (1): 500�mg of an alloy of the nominal com-
position K2(Sb/Pb)Se2 and 2�mL of trien were reacted under solvother-
mal conditions as mentioned to yield 1 as yellow blocks.

[(Se3)Cr(en)2(Se2)Cr(en)2(Se3)]2 (2): 500�mg of an alloy of the nom-
inal composition K2PbSe2, 300� mg Cr2[SO4]3·H2O and 2� mL en were 
reacted under solvothermal conditions to yield 2 as black blocks.

[(pren)3Eu(Te3)2Eu(pren)3] (3): 500�mg of an alloy of the nominal 
composition EuPbSe2 and 2�mL pren were reacted under solvothermal 
conditions to yield 3 as black blocks.

[(en)4Ba(pren)Ba(en)4](Te3)2 (4): 500�mg of an alloy of the nomi-
nal composition BaPbTe and 2�mL of a 1:1 mixture of en/pren were 
reacted under solvothermal conditions to yield 4 as black blocks.

[enH]4[Sn2Se6] (5): 120� mg Li4[Sn2Se6], 20 � L en and 1� mL 
BMIm[BF4] were sealed under vacuum in a pyrex ampule and heated 
to 100 � C for 4 days. 5 can manually be picked as orange plates.

X-ray crystallography

Data collection was performed on a STOE IPDS-I (5) or IPDS-II (1–
4) di�ractometers with graphite-monochromated MoK�  radiation 
(� ���0.71073 Å) at 193�K or 100 K. The structures were solved by direct 
methods and re�ned by full-matrix least-squares methods against F2, 
using WinGX and OLEX2 so�ware [37, 38]. Crystal data:

1 (Mw���1966.07 g·mol–1): monoclinic, space group P21/ c, 
a���8.2838(2), b���27.3069(9), c���26.9354(9) Å, � ���90.889(2)� , 
V���6092.2(3) Å3, Z���4, � c���2.144 g·cm–3, � ���7.605 mm–1, 50,084 re�ec-
tions measured (R(int) ���0.14), 12,866 unique, 9514 with I���2� (I) 
and �nal R values R1���0.1123 (I���2� (I)); wR2���0.2422 (all data). The 
compound su�ers from poor crystal quality, hence the individual 
with best scattering properties that we could �nd (data given 
here) showed three-fold twinning. The respective domains contain 
65.0%, 8.3%, and 5.8% of the peaks, respectively. The remaining 
20.9% of peaks could not be assigned. We assume the twinning and 
an overlap of 19.9% during integration to be the main reason for 
the poor data quality besides heavy disorder of solvent and ligand 
molecules.

2 (Mw���966.01 g·mol–1): monoclinic, space group C2/c, 
a���27.0402(10), b���8.1733(3), c���24.1854(12) Å, � ���110.462(3)� , 
V���5007.9(4) Å3, Z���8, � c���2.563 g·cm–3, � ���12.509 mm–1, 32,820 re�ec-
tions measured (R(int) ���0.0618), 5314 unique, 4066 with I���2� (I) and 
�nal R values R1���0.0488 (I���2� (I)); wR2���0.0987 (all data).

3 (Mw���745.05 g·mol–1): orthorhombic, space group Pbca, 
a���15.6072(11), b���10.7546(5), c���23.6570(15) Å, V���3970.8(4) Å3, 
Z���8, � c���2.493 g·cm–3, � ���7.477 mm–1, 33,289 re�ections measured 
(R(int) ���0.1233), 4205 unique, 2238 with I���2� (I) and �nal R values 
R1���0.0458 (I���2� (I)); wR2���0.1006 (all data).

4 (Mw���1591.21 g·mol–1): triclinic, space group P1, a���9.2783(10), 
b���9.7068(10), c���16.1630(16) Å, � ���82.799(6), � ���74.795(8), � ���61.45� , 
V���1233.9(2) Å3, Z���1, � c���2.141 g·cm–3, � ���5.096 mm–1, 18,738 re�ections 
measured (R(int) ���0.0285), 9211 unique, 8835 with I���2� (I) and �nal R 
values R1���0.0273 (I���2� (I)); wR2���0.0664 (all data).

5 (Mw���879.36 g·mol–1): triclinic, space group P1�, a���8.8572(13), 
b���11.0142(18), c���12.5583(18) Å, � ���75.121(12), � ���73.836(11), 
� ���89.939(13)� , V���1134.0(3) Å3, Z���2, � c���2.575 g·cm–3, � ���11.83 mm–1, 
12,844 re�ections measured (R(int) ���0.0511), 3915 unique, 2647 with 
I���2� (I) and �nal R values R1���0.0286 (I���2� (I)); wR2���0.0567 (all data).
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The supplementary crystallographic data CCDC 989397–989401 
for 1-5 can be obtained free of charge from The Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk.data_request.cif.
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K�ZHg� Ŝe�_ �� A new Mercurate from Ionothermal Synthesis: 

A Pseudo-Flux Reaction 

Günther Thiele, Hendrik Borkowski, Lars Finger, Jörg Sundermeyer, Stefanie Dehnen, 

Manuskript in Vorbereitung.  
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Abbildung �_�\. Ausschnitt aus der Kristallstruktur von K� Ĥg�bSe�c. 
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The new chalcogenidomercurate K��Hg��Se�� has been prepared 
by ionothermal treatment of K ��Hg��Se��. The structure is closely 
related to its lighter congener K��Hg��S�� though cannot be 
synthezised on classical pathways. Accordingly, the reaction 
conditions are mimicked, though smoothed by application of a 
(SH)�± based ionic liquid, the pseudo flux. 
Ionothermal reactions �� that is syntheses in ionic liquids �� have 

attracted considerable attention in recent times. Among the many 

advantages of this new technique are the reusability of solvent, low 

reaction temperatures and new structural motifs of product 

compounds.[�Y] We have been investigating the phase transitions of 

chalcogenidostannates in ionic liquids to gain a profund understanding 

of reaction pathways and equilibria in the still new area of low 

temperature inorganic synthesis,[�Z,�[] and have now extended this work 

to chalcogenidomercurates. Those are promising materials for e.g. 

thermoelectric applications[�\] or hard radiation detection.[�]] 

Common ionothermal reactions apply organic cations with halide 

anions or weakly coordinating halide containing anions. Our previous 

investigations[� ]̂ revealed the salt metathesis of educt metalates (MET) 

and ionic liquids (IL) to be a major side reaction, thereby reducing the 

efficiency of new reaction conditions (see equation 1�æ�Z). Thus the 

reusage of ionic liquid solvent is prevented. 

 

(CatMET)[AnMET] + (CatIL)(AnIL) �Æ (CatIL)[AnMET] + (CatMET)[AnIL�����������������������Y�� 

K�\[SnSe�\] + �\��BMIM[BF�\]          �Æ 4 K[BF�\] + (BMIM)�\[SnSe�\] �����������������������Z�� 

 

Therefore we applied ionic liquids with chalcogenide containing anions, 

namely the hydrogensulfide, (SH)��  and hydrogenselenide (SeH) ��,[�_] to 

yield K�ZHg� Ŝe�_ (�Y) in 90% crystalline yield (see equation �[).  

 

�^��K�ZHg�ZSe�[ ----EMIM(SH)--->���Z K�ZHg� Ŝe�_ + 4 K�ZSe  �����������������������[�� 

 

�Y posesses a close structural relationship to its lighter congener 

K�ZHg� Ŝ�_
[� ]̀ (see Fig. 1) yet with a disorder of two of the three 

crystallographically independent Se atoms (see Fig. 1) different 

tetragonal space groups P�\�Z/mnm (K�ZHg� Ŝ�_: P���\�Z�Ym) with a = 

14.2241(16) Å, c = 4.2075(5) Å (K�ZHg� Ŝ�_:  13.805(8) Å, 4.080(3) Å). 

However, upon translation upon [0,½,¼] and neglection of disorder, 

both structures can be brought to congruence upon normalization of 

the unit cell.  

 Figure 1. Crystal structure of �í (left) and K�îHg�òS�ó (right). Ellipsoids are drawn at 
50% (left) or 90% (right) probability (see experimental section).  

K�ZHg� Ŝ�_, in contrast, has been prepared using flux reaction conditions 

at �[� �̀X°C [�a] and can also be recrystallized via solvothermal reactions.[�Y�X] 

The corresponding Se �� �Y �� analogue could not be prepared in the same 

manner via classical flux methods, which the authors allocate to the  K+ 

ions to be too small to support the enlarged tunnels. 

Our own solvothermal attempts for any A�ZHg� Ĉh�_ (A = alkali metal, Ch 

= chalcogen) failed, too, although we could obtain various 

selenidomercurates under aminothermal reactions, such as K�\HgSe�[
[�Y�Y] 

or K�ZHg�ZSe�[.[�[]  

..::TGA Messung der Phase hier::.. 

We therefore conclude, that the unique chalcogen-flux conditions are 

necessary for the structural constitution of the corresponding A�ZHg� Ĉh�_ 
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structures, while the thermal instability at elevated temperatures of 

the compound prevents the respective reaction conditions. However, 

the present EMIM(SH) solvent mimics the salt melt while the 

temperatures are below those of product degradation and can thus be 

called pseudo flux.  

This is supported by preceding attempts within common ionic liquids, 

such as EMIM- and BMIM salts with Cl��, Br�� and [BF4]�� anions, that did 

not yield any crystalline samples, nor could the presence of �Y be 

elucidated from powder diffraction experiments. Reaction of K�ZHg� Ŝ�_ 

within EMIM(SH) only resulted in recrystallization, while reactions in 

EMIM(SeH) did not yield homogenous and analysable product. 

Investigations are underway, whether AHgTe-compounds can, too, be 

obtained with typical AHgS structural motifs upon treatment under 

pseudo sulphur flux conditions.   
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