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Abstract 

The review, wi th  64 references and  17 figures, repor ts  on  the s t ructures  of  chalcogen 
polycat ions and  covers the l i terature since 1988 together  with  some unpubl i shed  work.  The 
s t ructures  of  the polycat ions are discussed by the appl ica t ion of  basic electron count ing  rules 
according to the Zin t l  concept  and  are compared  with already k n o w n  cations.  A new m e t h o d  
of  p repa ra t ion  is the chemical  vapor  t r anspor t  which leads to novel  types of cat ions and  a 
great  increase in the formerly l imited n u m b e r  of  anions.  Recent  findings in this field of  
research are the existence of several isomeric forms of  one polycat ion and  the occurrence of 
polymeric  chains  as a novel  s t ructural  feature. © 1997 Elsevier Science S.A. 

1. Introduction 

It was a historical discovery in the early nineteenth century that the elements 
sulfur, selenium and tellurium are soluble in concentrated sulfuric acid to give 
intensively colored solutions. The compositions of these solutions or the chemical 
nature of the colored species remained unknown until the mid-1960s. Pioneering 
work by the research groups of N. Bierrum, R.J. Gillespie and J. Corbett showed 
that polyatomic, positively charged clusters are responsible for the coloring. A 
variety of methods have been successfully employed to prepare such polycations. 

0010-8545/97/$32.00 © 1997 Elsevier Science S.A. All rights reserved. 
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All of these involve highly electrophilic and acidic media such as H2504,  HSOaF, 
anhydrous HF, molten salts like Na[A1C14], or liquid SO2. The elemental chalcogens 
are oxidized by suitable oxidants like 5206F2, AsFs, or by a higher halide of the 
chalcogen itself in the sense of a synproportionation reaction in the presence of a 
strong halide ion acceptor. In this way, salt-like compounds are formed whose 
anions like [AsF6]-, [SbF6]-, [SOaF]- or [AIC14]-, as weak conjugate bases of very 
strong Lewis acids, stabilize the naked polycationic clusters. The first confirmed 
chalcogen polycation was prepared in 1962 by N. Bartlett from oxygen and PtF6, 
yielding O2[PtF6] with the ion O~- [1]. R.J. Gillespie and coworkers prepared a large 
number of polycations in the 70s and 80s. The variety increases with atomic weight. 
There are only a few examples for sulfur polycations but a plethora of tellurium 
polycations. 

Several review articles appeared on this topic by R.J. Gillespie and coworkers in 
1975 [2] followed by an article in 1979, in which the structures of polycations are 
treated in the context of general structural principles of cluster chemistry of the 
main group elements [3]. A review article on homopolyatomic cations of main group 
elements with special emphasis on the molten salt preparation route was published 
in 1976 by J. Corbett [4]. The latest reviews date from 1989. N. Burford, J. Passmore 
and J.C.P. Sanders surveyed all known polycations of the chalcogens and halogens, 
models for bonding and estimations on the stability using Born-Haber cycles [5]. 
Since stable binary compounds of iodine with sulfur and selenium are not known, 
the discovery of S-I and Se-I polycations such as SvI + or SezI42 + was quite spectacu- 
lar. A review by T. Klap6tke and J. Passmore treats sulfur and selenium iodine 
cations known until 1989 [6]. More recently, the preparation of chalcogen poly- 
cations by oxidation with transition metal halides with the metal in high oxidation 
states via chemical vapor transport opened up a new synthetic route leading to novel 
polycations. This work was reviewed in 1994 [7]. 

The aim of this article is to present new research on the polycations of the 
chalcogens published since 1988 together with some yet unpublished work. The 
structures are rationalized by application of basic electron counting rules according 
to the Zintl concept and are compared with already known cations. 

2. The ions $4 2+, SeE ÷ and Te4 2+ in delocafized and localized forms 

Tetraatomic cations Ch42÷ (Ch=S, Se, Te) were the first to be characterized. 
Crystal structures of Se4[HS2OT]2 [8] and Te4[A1C14]2 [9] showed these ions to be 
square planar, discrete molecular entities. Isolable compounds with S 2÷ are more 
difficult to obtain. It was not until 1980 that the first compound with a S~ ÷ ion was 
structurally characterized [ 10]. 

The Zintl concept allows a prediction of the structure of a polycation with given 
composition when the charge is known. Alternatively, the known structure of a 
polycation can be interpreted by applying the concept [ 11 ]. If no violation of the 
octet rule by hypervalence occurs, one expects the formal charge - 1  for a single 
bound chalcogen atom, a double bound should be neutral and a triple bound should 
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carry the formal charge + 1. Additionally, applying the Gillespie-Nyholm concept 
[12] one can predict the stereo-chemistry of  the double and triple bound chalcogen 
atoms: the former is expected to be in a bent, the latter in a trigonal pyramidal 
environment with bond angles around 100 ° (Fig. 1). 

The observed structure of  the Ch4 z+ (Ch = S, Se, Te) ions are inconsistent. Ch] + 
carries 22 valence electrons and should contain two double and two triple bound 
chalcogen atoms. Such a bicyclic structure is observed in Ba3Si4, a classical Zintl 
phase. The anion Si 6- has 22 valence electrons and a butterfly shaped structure 
with C2v point symmetry [13]. Another possibility is a one-dimensional band of 
connected four-membered rings (Fig. 2). In both cases the positive charges are 
formally localized in the triple bound positions. The observed structure, however, 
shows no localization of  charges and bonds, but deiocalization, which was confirmed 
by a series of  theoretical investigations at various computational levels [14]. The 
substantial rt stabilisation of Ch 2 + is concluded from all calculations. 

The new synthetic route of  oxidation of  elemental chalcogens by highly oxidized 
transition metal halides or by the use of metal halides as halide ion acceptors towards 
chalcogen subhalides yielded compounds of Se4 z+ and Te 2 + with a whole variety 
of counter ions such as [{MOOC14}2] 2- [15], [WCI6]-  , [Zr2Brlo] 2- [16], 
[ZrCl6]:-, [HfC16] z- ,  [NbC16]- [17], [TaC16]- [17], [TaBr6]- [17], [TazOBr~o] 2- 
[17], [A1Br4]- [18], [AlI4]- [18], [ReC16] 2- [19] or [BizCI8] 2- [201. 

Se4[{ MOOC14}2] undergoes a first order phase transition at - 2 1  °C leading to a 
structure with a doubled unit cell volume. Cations and anions are slightly reoriented 
with respect to each other [21]. Te4[WCI6]2 has been found to exist in two polymor- 
phic forms with a different packing of  the ions [22,23]. Se4[MCI6], ( M = Z r ,  H f )  
and Te4[HfCl6] [24] contain mononuclear dianions for the first time, leading to a 
1:1 ratio of  cations and anions. The structures are simple: Te4[HfCl6] adopts the 
CsC1 structure with eight anions surrounding one cation and Se4[MC16] with the 
smaller Se42+ ion, the NaC1 structure with six anions surrounding one cation. 
Se4[ReC16] is nearly isostructural to the tetragonal Se4[MC16] ( M = Z r ,  H f )  but 
crystallizes with lower symmetry in the orthorhombic crystal system. Actually 
Se4[ZrCI6] undergoes a second order phase transition to the orthorhombic system 

Fig. 1. Valence dash formula and formal charge for single, double and triple bound chalcogen atoms. 

2+ 

- ~ ~ ~ n  I S ~ S I  

S ~ S  

Fig. 2. A schematic representation of the expected structure of a molecular form of Ch] + (Ch = S, Se, Te) 
in analogy to Si46-, of a polymeric chain with the formula (Ch4Z+),, and of the known molecular form of 
Ch24 + . 
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with T o = - 8 0  °C and becomes isostructural with Se4[ReCI6] [25]. So far we have 
only observed solid state phase transitions for compounds with See ÷ and not with 
Tee ÷ ions. The smaller see + has more possibilities of  being embedded in a environ- 
ment of  anions. Ch] ÷ ions have a very specific coordination. There are always four 
halogen atoms of surrounding anions that bridge the edges of the square with the 
shortest Ch-halogen distances. Electron density is transferred into the o* orbitals 
of  the cations with the effect of substantial Ch-Ch  bond lengthening. Clear correla- 
tions can be seen between Te-Te bond lengths in a series of compounds and 
Te-halogen bond lengths: the shorter the Te-halogen distances the longer the Te-Te 
distances [17, 26]. Moreover Te-Te distances increase with lowering electronegativity 
of  the halogens. An example is the series Te4[SbF6] 2 (Te -Te=267 .3pm)  [27], 
Te4[TaC16] 2 (Te-Te=267 .8pm)  and Te4[TaBr6] 2 (Te -Te=268 .4pm)  [27]. 
Te-halogen bonding is therefore stronger with the heavier halogens. 

BiC13 turned out to be a suitable Lewis-acidic reagent towards tellurium subhal- 
ides. The reaction of  Te/TeC14/BiC13 at 170 °C yielded (Te4)(Telo)[Bi2C18] 2 [20] 
containing a Tee + ion with a novel, polymeric structure (Fig. 3). The four-membered 
rings have Te-Te bonds in the range of  single bonds (275 and 281 pm) and are 
connected by 298 pm long Te-Te bonds. 

This chain fulfils the requirements for a "Zintl-precise" structure. It has a balanced 
number of  double and triple bound Te atoms and a formal charge localization in 
the three coordinate positions. There is now a classical Te 2+ beside the well-known 
non classical, delocalized molecular Te~ +. In an analogy with Zintl anion chemistry 
a polymer chain form of  the Si46- ion type was recently discovered. Ba3Ge 4 [27] 
contains simultaneously isolated butterfly-shaped Ge 6- ions and linked four- 
membered Ge4 rings, which also fulfil the Zintl concept as (Ge6-), .  

3. The six- and eight-atomic chalcogen polycations - further examples for delocalized 
and localized systems 

The structures of  the known six atomic polycations can be derived from a hexago- 
nal prism with more or less open edges. Te3S 2 + [28] and YezSe42 + [29] have structures 
which are in accordance with the Zintl concept (Fig. 4). In both ions two edges of 
the prism are opened and in both there are two Te atoms with three bonds formally 
carrying the positive charges. A clear tendency can be seen to localize charge on the 
heavier chalcogen atoms. 

Te~ + was first prepared in 1979 as Te6[AsF6] 4 [30] and in 1988 found again in 
(Te6)(Se8)[AsF6] '  SO 2 [31], a unique compound with two different and not mixed 

Fig. 3. The structure of the polymeric (Te~+), cation in TevBi2Cls [64]. 
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T e T e ~ S  S Se Se 

2+ 2+ 
Te3 S 3 Te2 Sea 

4+ 2+ 
Te6 Te6 

Fig. 4. The structures of the six-atomic polycations Te3S32+, Te2Se] +, Te64+ and Te62+. 

cations. Te 4 + has the structure of an elongated prism with six very short bonds of 
267 pm between the Te atoms of the triangular faces and three very long Te-Te 
bonds of about 312 pm which link the triangular faces. Te 4 + has 32 valence electrons, 
two more than required for a prismane shaped molecule. The hypothetical Te 6+ is 
expected to have a regular prismane structure with all six Te atoms triply bound 
and each carrying one formal positive charge. The two excess electrons should cause 
the breaking of one prism edge or in terms of Zintl's concept, reduce the number 
of triple bound Te atoms from six to four. A recent theoretical investigation based 
on density functional methods has shown that the elongated trigonal-prismatic 
D3h structure actually represents the ground state of Te 4+ [32]. The extra pair of 
electrons causes the simultaneous lengthening of all three bonds parallel to the C3 
axis, as found experimentally. 

Te~ + was first obtained by the oxidation of elemental tellurium with W O C I  4 [33]. 
Te~ + ([WOC14]-)2 contains boat shaped cations and square-pyramidal anions which 
are linked to linear chains by asymmetric W = O  . . . . .  W bridges. NbOC13 is a 
suitable Lewis-acid to remove chloride anions from the tellurium subhalide TeaCI2 
yielding the analogous compound TeZ+([NbOC14]-)2 [34]. In both structures the 
TeE + ions form one-dimensional strands facing towards each other with the triangu- 
lar prism faces. The shortest Te-Te distances between individual ions are 461 pm 
for Ye6[WOC14] 2 and 482 pm for Ye6[NbOCl4] 2 and indicate no cation-cation inter- 
actions. For Te 2+ to adopt a structure according to the Zintl concept there would 
be two triple bound Te atoms or two edges of the prism would be opened since two 
excess electron pairs are present with respect to Te 6+. Instead only one prism edge 
is fully opened and two prism edges in the triangular faces are "half opened" with 
Te-Te distances between 321 and 338 pm, while all other Te Te bonds are in the 
normal single bond range (mean 272 pro) (Fig. 4). The two positive charges are thus 
delocalized over four Te centers. 

Only the six atomic mixed polycations have classical structures with localized 
bonds, the homoatomic ions Te62 + and Te64 + show the phenomenon of bond delocal- 
ization and adopt non-classical structures. 
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Te 2 + was a missing link in the series of  eight atomic chalcogen polycations since 
its lighter homologues S 2+ and Se 2+ were well known. Te 2+ could not be prepared 
by the route of  oxidizing tellurium with AsFs/SbF 5 in liquid SO2. Te 2+ in an 
isostructural form like its lighter homologues became available by a Lewis-acid-base 
reaction between Ye3C12 and ReC14 at 200 °C. Yes[ReC16] contains the typical quasi- 
bicyclic exo-endo conformed eight-membered rings (Fig. 5) [35]. Since the discovery 
of  S 2 + [36] and Se 2 + [37] bonding in the Ch 2 + cluster ions is a matter  of  discussion. 
Their structure can be derived from the crown shaped ring of the neutral molecules 
Ss, Ses and very recently Tea, observed embedded in the structure of  the polytelluride 
Cs3Te22 [38]. Flipping one a tom from the exo to the endo position, removal of  two 
electrons and a deformation of the ring to an oval leads to a bicyclic structure. The 
shortest transannular bonds, however, are very long in all cases ($2+: 283 pm; 
Se 2 +: 284 pm; Te~ + : 315 pm). Recent models for the interpretation of  bonding take 
for each ion the first three closest cross-ring contacts into account and view the 
bonding as a six-center, two electron ~z*-rc* bond [5]. A structurally closely related 
form of Te 2+ was already known in T%[WCI612 [39]. The structure of  this isomeric 
form shows marked differences to the ion in Tes[ReC16]. It has a bicyclic structure 
composed of two five-membered rings each in an envelope conformation. The 
transannular bond is 299 pm long and is much shorter than in Tes[ReC16] , giving 
the ions in Yes[WC16] 2 a pronounced bicyclic character (Fig. 5). A remarkable 
feature in the structure of  Ye8[WC16] 2 is the association of the Te 2+ ions into an 
undulated chain (Fig. 5). The shortest interionic contacts are 343 pm and are still 
within the range of weak bonding. The 299 pm transannular bond is not a full single 
bond with an expected length of 275 pm. The four additional weak bonds of  each 
ion to its neighbors indicate a partial charge delocalization leading to a polymeric 
tellurium cation (Te,) "/4+. 

2+ 2+ 
Te 8 inTes[ReC16] Te 8 inTe8[WC16] 2 

Fig. 5. The structures of the eight-atomic polycations Te 2+ in Tes[ReC16] and in Tes[WCI6]2, and the 
association of Te 2+ ions in the structure of Tes[WC16]2 leading to an undulated chain (Te,) "'4+ . 
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Another possibility for a chalcogen polycation Ch~ + is a bicyclo[2.2.2]octane 
structure, which was first found as the cation Te2S62+ in (TezSe6) (TezSes) [AsF6] 4 • 
2 SOz [40] (Fig. 6). The two tellurium atoms are in the triple bound bridgehead 
positions, the selenium atoms form three Se2 bridges between the Te atoms. As in 
TezSe 2+ or Te3S32+ this structure conforms to the Zintl concept without charge and 
bond delocalization. The solvothermal reaction of  Te with WC16 and of  Te, TeC14 
and NbCI 5 in SnC14 at 150 °C yields the compounds (Te6)(Yes)[MC16] 4 ( M = W ,  
Nb) [18]. The structures contain boat shaped Te6 z + ions, analogous to those described 
above, and Te 2+ ions, which are isostructural to Te2Se~ + (Fig. 6). This is now the 
third form of Te~ + besides Tes[ReC16] and Yes[WC16] z. Although homoatomic, it 
has a classical structure with two triply bound Te atoms which carry the formal 
positive charges and six neutral Te atoms with two bonds. The structures of  these 
eight-atomic polycations can easily be derived from a cube with three open edges 
[40]. A cube-like chalcogen polycation consists only of  triple bound atoms and is 
thus expected to have eight positive charges Ch88+. Adding six electrons or three 
pairs respectively leads to the opening of  three bonds in a bicyclo[2.2.2]octane 
structure. 

Another eight-atomic mixed polycation with an unexpected structure was obtained 
from Te/Sn and AsF5 in liquid SO2. The presence of metallic tin causes the reduction 
of S O / t o  elemental sulfur which yields with tellurium (Te4S4) [AsF6] 2 • 2 SO2 [41]. 
Te4S~ + has the closed cage structure of S4N 4 (Fig. 7). The Te-Te distances of 271 pm 
are in the range of  single bonds while the Te-S bonds of  mean 230 pm are substan- 
tially shorter than other Te-S bonds (e.g. 245 pm in Te3S32+ [28]). The closed cage 
structure is normally realized at a count of 44 valence electrons but Te4 $2 + has two 
electrons more. In terms of the Zintl concept one expects for the four triple bound 
Te atoms a charge of  Te4S 4+. 

Te % S ~  Se 

~¢~Te 

2+ 2+ 
Te 2 Se 6 Te 8 

Fig. 6. The structures of We2Ze6 2+ and of Te 2+ in (Te6)(Wes)[WCl6] 4. 

Te Te 

2+ 
Te4S4 

Fig. 7. The structure of Te4S~ +. 
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The structure was therefore interpreted with a pair of  delocalised electrons trapped 
inside the cluster [41]. On the other hand, theoretical investigations at the density 
functional level have shown the Te4S 2 ÷ to have a half filled doubly generate highest 
occupied molecular orbital which is strongly antibonding between the tellurium 
atoms. An optimized geometry for the 46 valence electron cluster lead to a geometry 
differing substantially from the experiment. The cleavage of one Te-Te bond is 

$8 /Se8 /Te8 ions predicted to produce a structure similar to the isoelectronic 2+ 2+ 2+ 
[32]. This conflict would be solved with one a tom of tin on one of the four Te 
positions and the respective formula Te3SnS4 z+. The Sn a tom probably may not have 
been detected in the X-ray study because it has a scattering power very similar to 
Te and could be disordered over all four Te positions [42]. A triply bound 
q~-tetrahedrally coordinated Sn a tom has a formal charge of - 1 ,  which gives with 
the three + 1 charges of  the Te atoms an overall charge of + 2 for the cationic cluster. 

A higher oxidized cation became available by the reaction of  tellurium with 
VOC13. At 200 °C green VOCIz and silvery Te3CI 2 are formed by a redox process. 
At 270 °C Tes[VOC14] z is then formed in a Lewis-acid-base reaction [43]. The 
oxidation state + IV was confirmed by a magnetic measurement which delivered the 
paramagnet ism expected for one unpaired electron per [VOC14] 2- group. The struc- 
ture of  the Te 4+ ion (Fig. 8) is according to the charge. The cage-like structure of  
$4N4 can be expected for this 44 electron molecule, but another possibility is realized. 
Te 4 + forms a cube with two open edges, leaving four of  the eight Te atoms triple 
bound in a ql-tetrahedral geometry. As in the structures of  Tes[WCI6] 2 [39] and 
Te6[MOC14] 2 ( M = N b ,  W)  [33,34] relatively short cat ion-cat ion contacts are 
observed. The cations form a linear strand reminiscent of  a stack of cubes (Fig. 8) 
surely favored by the rigid framework provided by the polymeric [VOCI4] z-  counter- 
ions. The cationic strand is also reminiscent of  a stack of Tel + cations. The delocalized 

Fig. 8. The structure of Te 4 ~. The ions form one-dimensional strands which can be derived from a stack 
of equidistant Te42+ ions, which are paired and form (Tea+)2 dimers. 
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character of the Te 2+ ions including their planarity is lost through the formation 
of (Te~+)2 pairs with localized bonding (Fig. 8). 

4. Towards larger clusters - chalcogen polycations with more than eight atoms 

Only a few examples of discrete chalcogen polycations composed of more than 
eight atoms are known. The ten-atomic cations TeESe82 + and Se 2+ were obtained as 
(TezSes)[AsF6] 2 and (Te2Se6)(TezSes)[AsF6]4.2SO 2 [40], (TezSes)[AsF6] 2 • SO2 [44], 
and as Selo [SO3F]2 [45]. Their structures (Fig. 9) are isomorphous. A six-membered 
twisted ring is linked across the 1,4 positions by a chain of four Se atoms leading 
to a bicyclo[4.2.2]decane type structure. In TeaSe~ + the Te atoms are localized in 
the triply bound positions in analogy to Te3S~ +, Te2Se~ + and Te2Se~ +. Even Se~J 
has an electron-precise, localized bond structure although it is homoatomic. This 
could be due to the lattice energy in the solid state, since VTSe NMR studies showed 
evidence for an intramolecular exchange and thus a non-rigid structure in solution 
[46]. 

The largest non-polymeric cations known are Sere and S~-. Se~ + became first 
available as Selv[WC16]z by a chemical vapor-transport reaction of selenium and 
WC16 at 100 °C [47]. Meanwhile the isotypic SelT[NbC16]z and SeaT[TaBr6] 2 could 
be prepared from selenium and NbC15, and TaBr5 by solvothermal reaction in 
SnC14 and SiBr 4 as solvent, respectively [48]. S ~  was prepared by oxidation of 
elemental sulfur with AsF5 or SbF5 in liquid SO2 [49]. Their structures are very 
closely related. Both ions consist of two seven-membered rings in the chair conforma- 
tion connected by a Se3 chain and by a $5 chain, respectively (Fig. 10). Both ions 
contain two triple bound chalcogen atoms that carry the two formal positive charges. 
Another typical feature are the marked bond lengths alternations in the seven- 
membered rings of both ions. 

The reaction of selenium with NO[SbCI6] as an oxidant in liquid SO2 yields 
(SegC1)[SbC16] [50]. The SegC1 + ion consists of a seven-membered ring with an 
SezC1 group attached to one of the Se atoms of the ring (Fig. 11). The ring is in 
the chair conformation and shows the typical bond lengths alternation between 227 
and 243 pm. The Se9Cl + ion is strikingly similar to the respective fragments of 
S~- and Se~ and one can speculate that Se~¢ was formed in the reaction initially, 

e ~ . ~ S e  

T e ~ T e  

2+ 2+ 
Te2Se 8 Se 10 

Fig. 9. The structures of TezSe82 ÷ and Selo2+. 
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2+ 
Sel7 

2+ 
819 

Fig. 10. The structures of Sere and S~-. 

+ 
Se9C1 

Fig. 11. The structure of SegCI + 

followed by the oxidative cleavage of a Se-Se bond in the Sea bridge by traces of 
SbCI 5 present in the reaction mixture. 

5. Polymers in the form of chains - a novel type of chalcogen polycations 

A new structural feature among the chalcogen polycations are polymeric, chain- 
like entities, known only since 1991. The tellurium subhalides Te3C12 and Te2Br 
already contain one-dimensional Te substructures, a spiral chain in Te3C12 and a 
chain of fused six-membered rings in Te2Br [51]. The new structure type 
(YelsX4)n[MOX4]2n ( M  = M o ,  W;  X = C 1 ,  Br) contains a modified Te2Br structure 
[52]. The cations form strands in which one of the two rows of halogen atoms that 
bridges the band of condensed Te6 rings is stripped off by the Lewis acids 
MoOC13, MoOBr3 and WOBr3. Additionally, one Te position is only occupied by 
75%, so one out of every four of these Te atoms is removed (Fig. 12). In a cationic 
strand with all Te positions fully occupied there would be one positive charge for 
every repeating TenX unit. Since there are two cationic strands for only one anionic 
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Fig. 12. A section of the chain structure of (TetsX4Z+), (X=C1, Br) and a schematic representation of 
the cationic strand. The removal of one fourth of one type of Te atoms in the Te6 rings halves the number 
of positive charges on each polycationic strand. 

strand and thus two Te4X units for one [MOX4]- unit the compounds would have 
no charge balance between cations and anions. The removal of  one Te a tom in every 
fourth Te4Br unit leaves the neighboring Te atoms only double bound and with no 
formal charge. The result is a (TelsX4) 2+ chain and the charge balance in the 
structure. 

Four one-dimensional, chain-like polycations composed of tellurium or mixed 
with tellurium/selenium structure are known with a "Zintl  precise" structure. 
TeT[AsF6] / was obtained from the reaction of Te4[AsF6] z and [Fe(CO)s] in liquid 
SO2 [53]. The role of  the iron carbonyl is still not clear but most  likely it causes the 
reduction of Tea + to Te~ +. The structure contains besides octahedral [AsF6]- ions, 
a polymeric chain of  six-membered tellurium rings in the chair conformation con- 
nected through bridging tellurium atoms in the 1- and 4-positions (Fig. 13). 
Therefore, two of the seven Te atoms are triple bound and carry the formal posi- 
tive charges. 

A very closely related cation is found in Te8[BioC114] which is obtained by a 
chemical vapor  transport  reaction from Ye/TeC14 and BiC13 [20]. The structure 
contains a two-dimensional polymeric chlorobismutate network [Bi4Cl14] 2- and a 
polymeric chain of  six-membered tellurium rings in a chair conformation connected 

Fig. 13. A section of the chain (Te-~+). in the structure of Te7[AsF6] 2. 
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through a Tea bridge (Fig. 14). This polymeric (Te82+). now is the fourth isomeric 
form of  Te82+. 

The reactions of  Y e 6 [ W O C l 4 ]  2 with selenium or of Te/Se mixtures with WOC14 
are a source for new polymeric cations [54]. (Se4.85Te3.15)[WOC1412 contains square- 
pyramidal [WOC14]- units which are linked by W = O  . . . .  W bridges to linear 
strands and a polymeric chain, consisting of  five-membered rings connected through 
tri-atomic chalcogen bridges in the 1,3-positions (Fig. 15). The given composition 
is the result of  the refinement of  the occupation factors. All positions are simulta- 
neously occupied by tellurium and selenium in a disordered way, but as expected 
the Te content in the triple bound positions is very high. The overall composition, 
however, of this cationic strand is (Ch82+), and represents, besides the four other 
isomeric forms of TEE+, a fifth possibility to realize a structure of  six double and 
two triple bound chalcogen atoms. 

(Se4Te3)[WOC14]2 completes the series of connected chalcogen rings [54]. The 
structure contains four-membered rings connected through three-atomic bridges. Te 
and Se are well-ordered and alternatively occupy the atomic positions, tellurium 
again is found in the triple bound positions. This cation of the general formula 
(Ch2+), is an isomeric form of  2+, ( T e 7 ) ,  in Tev[AsFt]2.Fig. 16 

Another type of  polymeric cationic strand occurs in the structure type 

Fig. 14. A section of the chain (TesZ+), in the structure of Tes[Bi4C114 ]. 

Fig. 15. A section of the chain (Te3.15Se4Z~5). in the structure of (Tea.15Se4.8~)[WOC14] 2. All positions are 
occupied by selenium and tellurium, but some positions contain predominantly (> 85%) only one type of 
chalcogen. For these positions, only the predominant atom type is labeled. 

Fig. 16. A section of the chain (TeaSe42+), in the structure of (TeaSe4)[WOC14] 2. 
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Te7[MOX4]X , for which four examples are known so far: TeT[WOBr4]Br [55], 
Tev[WOC14]C1 [56], TeT[NbOC14]C1 and Tev[NbOBr4]Br [57]. The polymeric 
(Te2+), strands are made up from planar Te7 groups linked by four Te-Te bonds 
to give a folded band (Fig. 17). Te atoms in this polymeric cationic chain have three 
different types of  bonding. The central Te atoms are in a square planar environment 
with four relatively long Te-Te bonds between 295 and 300 pm. The Te atoms which 
connect the Te7 groups are in a trigonal pyramidal environment and there are two 
Te atoms in each Te7 group which are double bound and formally neutral. The four 
triple bound Te atoms carry a formal charge of + 1, the central Te atom is interpreted 
as being in a ~2-octahedral coordination with two lone pairs t rans  to each other 
and having a formal charge of  - 2 .  The result is a charge of  + 2 for the Te7 group. 
The charge distribution in the TeT[MOX4]X structure type was unambiguously 
clarified by the diamagnetism of  the niobium containing compounds which showed 
that the niobium is in an oxidation state of +V.  So there is a [NbOX4]- group, 
and an isolated halide ion X -  in the structure, necessarily charge balanced by a 
Te 2÷ group. The structural motifs of the (Te2+), ion are very unusual in the area 
of  chalcogen polycations but are realized in various ways in compounds with 
tellurium polyanions. For example the spirocyclic anions Te 2- [58], Te82- [59], 
TeSe2o [60] or Te 6- [61] all contain a square planar coordinated Te atom with 12 
valence electrons. 

The structure of  (Te4)(Telo)[Bi2C18]2 ([20], see Section 2) contains a novel poly- 
cation 2 + (Telo) ,  (Fig. 17) besides the polymeric chain (Te2+),. It has a striking 
similarity to (Te2+), and can be discussed in an analogous manner. It consists of 
two spirocyclic centers, six triple and two double bound Te atoms, giving the charge 

Fig. 17. Sections of the chains (Te2+), in the structures of TeT[MOX4]X (M =Nb, W; X=C1, Br) and 
(Te21~), in the structure of (Te4)(Telo)[Bi4C116]. 
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Table 1 
The presently known polyatomic cations of  the chalcogens * 

Number of atoms 4 6 8 10 > 10 c~ 

S,] + TeaS 2 + Ss 2 * Se~ + 
sd + Te~Sd +° Se~ + Xe~Se~ + 
Te4 > ~ -re~+ Te.S~ + 

Te 4+ TeaSe 2+ 
Te~+ d 
Te4+ 

Se~¢ 
(Td~). 
(TeaSel+), 
(Te.~ - ) .~  
(Te3asSe42.~5), 
(Te~+), 
(Te2o~). 

aChalcogen-halogen polycations are not included in this table. 
bMixed species such as TezSez 2+ and TeaSe 2+ are also known [62]. 

~+ 
eMixed species of  the types TexS~+x and TexSeT,_ x are also known [63]. 
dThree isomeric forms are known. 
°Two isomeric forms are known. 

+ 2 for the planar Telo group. Again there are hypervalent Te atoms incorporated 
in a chain of connected repeating units. 

6. Summary and Scope 

The presently known polyatomic cations of  the chalcogens are summarized in 
Table 1. New methods of syntheses made new types of  cations available. Polymeric 
chains as a novel structural feature have only recently been prepared. Moreover, 
the new discovery of  several isomeric forms of one polycation, for instance the three 
forms of  molecular Te 2÷ and the two different types of  (Te~+), chains, provide a 
deeper understanding in this still increasing area of main group element chemistry. 
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