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The theory of relativity cannot be neglected if structures and properties of compounds containing 

heavy elements are discussed. The assumption of a constant speed of light implicates an increase of 

the mass and thus of the momentum of the electrons, especially close to the nucleus, amounting to 

more than 20% for the heavy elements belonging to the groups 13 – 18. One of the consequences is a 

relative shift of the atomic orbital energies in comparison to the values obtained from non-relativistic 

calculations, thus stabilizing s- and p-states and destabilizing d- and f-states. The impact of this effect 

on the crystal chemistry and the properties of compounds containing heavy elements has been studied 

extensively in M. Jansen’s department during the last years.  It was shown that the charge transfer 

between the components of intermetallic phases of the noble metals gold and platinum with alkaline 

or alkaline earth elements is rather large, leading to isolated and Zintl-like noble metal anions. Even 

intermetallic salts like Cs2Pt have been synthesized. The investigation of lead and bismuth 

compounds under high pressure resulted in the characterization of a variety of new phases associated 

with the inert pair effect, which is a consequence of the stabilization of the atomic s-states. 

 

The inert pair effect becomes apparent too when regarding clusters built from elements of group 13, 

the triel elements. In these clusters each atom contributes three valence electrons to the formation of 

intra-cluster (skeletal) bonds as well as of exo-bonds, connecting ligands or neighbouring clusters. 

The total number of valence electrons doesn’t suffice to generally form local two- or three-center 

bonds. The bonding in these electron-deficient clusters can be best rationalized by applying Wade’s 

rules, defining closo-, nido- and arachno-clusters et cetera, with 2n+2, 2n+4 and 2n+6 skeletal 

electrons. When the s-valence electrons become more localized with increasing nuclear charge, they 

contribute less to exo- or skeletal bonds. Two consequences arise: Isolated ionic clusters are 

observed, and the formal charge has to be rather high, in order to fill up a sufficient number of 

skeletal orbitals. Despite the high charge, the total number of skeletal electrons is often too low so as 

to fit into Wade’s scheme. In this case, the clusters are denoted as hypoelectronic. Various examples 

of hypoelectronic Tl-clusters are given below. For a long time it had been an open question, if 

isolated hypoelectronic cluster also exist with the lighter triels. For the first time we now have 

characterized such a cluster-type with indium in Cs22In6(SiO4)4 [1], showing that a certain inert pair 

effect cannot be neglected even in the fifth period of the periodic table (Fig. 1). 

 

 

 

Figure1: The structure of the insulating compound 

Cs22In6(SiO4)4  results from an inhomogeneous 

intergrowth of Cs6In6 layers on one hand and of 

Ca4SiO4 layers on the other. The compound contains 

isolated hypoelectronic [In6]
6--clusters. The shape of the 

domains of the electron localization function (ELF, η = 

0.86, left image) is typical for inert electron pairs. 

 

 

Relating the inert pair effect to the theory of relativity is not straightforward as the shielding of the 

valence electrons due to the filling of lower lying sub-shells with higher angular momentum causes 

similar effects (e.g. lanthanide contraction). One effect, however, which is unambiguously 

relativistic, is the coupling between spin and orbital momenta of the electrons. A prominent example 

of this spin-orbit coupling is found in the closed shell ground state of the lead atom (6p1/2
2
)0, making 

diamagnetic thallium compounds conceivable which contain isolated Tl
-
-anions with the same 

valence electron configuration. Such a compound is not yet known, but several ternary and 

quaternary, thallium containing phases have been recently synthesized, whose crystal structure is 

definitely governed by spin-orbit coupling. 
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Figure 2: Cs18Tl8O6 and Cs8Tl8O contain hypoelectronic [Tl8]
6--clusters with an identical number of valence electrons. The different 

shapes, a tetrahedral star in Cs18Tl8O6 and a parallelepiped in Cs8Tl8O, can be derived from an ideal cube by displacive distortions. Both 

compounds are closed-shell electronic systems with a band gap at the Fermi level, consistent with the diamagnetic properties measured 

experimentally. In contrast to the parallelepiped, which is solely the result of a Jahn-Teller distortion, the electronic structure of the 

tetrahedral star can only be explained, if spin-orbit coupling is included in the theoretical treatment (see diagrams of the density of states). 

 

Cs18Tl8O6 was the first member in this class of compounds [2]. It contains Tl8-clusters with the 

formal charge -6 and 30 valence electrons. The thallium atoms are arranged in the form of a 

tetrahedral star. An isoelectronic Tl8-cluster, however with the shape of a parallelepiped, has 

previously been found in Cs8Tl8O. Both polyhedra, the tetrahedral star and the parallelepiped, can be 

derived from a cube by displacive distortions (Fig. 2). Assuming 30 valence electrons, the cube itself 

exhibits a partially filled, degenerate HOMO. In the case of the parallelepiped, a closed shell 

electronic system is achieved solely by a geometric distortion, according to the Jahn-Teller theorem. 

In contrast, at the scalar relativistic level of theory, the degenerate HOMO of the tetrahedral star 

remains partially filled, and a further Jahn-Teller distortion is expected, moreover, as the site 

symmetry of the cluster center in the crystal (T) is lower than the symmetry of the cluster itself (Td). 

A fully relativistic investigation, however, reveals that this is an artifact of the scalar relativistic 

approximation. Due to spin-orbit coupling the degenerate HOMO levels are split, and a closed shell 

system arises in agreement with the diamagnetic properties of Cs18Tl8O6. In addition, the stabilizing 

effect of spin-orbit coupling is more than 35 kJ/mol larger in the tetrahedral star compared to the 

parallelepiped, making both cluster modifications competitive minima on the energy landscape. 

Thus, in nature both clusters can be found, and the respective shape just depends on the Cs2O content 

in the crystal (Cs18Tl8O6 = Cs6Tl8 • 6 Cs2O; Cs8Tl8O = Cs6Tl8 • 1 Cs2O). 

 

 
 

Figure 3: One-dimensional cut through the energy landscape of [Cs8Tl6]
2+, computed either at the scalar relativistic level (left diagram) or 

fully relativistic (right diagram, DFT(PBE), relativistic pseudopotentials, two-component, program TURBOMOLE). The ratio R(basal) / 

R(apical) represents the compression (> 1.0) or the elongation (< 1.0) of the ideal (=1.0) octahedron along one fourfold axis.  

 

Cs18Tl8O6 and Cs8Tl8O are the first couple of compounds where spin-orbit coupling and Jahn-Teller 

distortion turned out to be two competing mechanisms to overcome partial filling of degenerate 

frontier orbitals, but it is not the only one. The structures of the isoelectronic [Tl6]
6-

-clusters in 

Cs4Tl2O and in Rb10Tl6O2 can be addressed in the same way [3]. The irregular tetragonal bipyramid 

in the latter compound is the result of a Jahn-Teller distortion. [Tl6]
6-

 in Cs4Tl2O is a nearly ideal 

octahedron, which would be unstable without spin-orbit coupling. In order to illustrate the impact of 

spin-orbit coupling on the structures of Tl-clusters, a one-dimensional cut through the energy 

landscape of [Cs8Tl6]
2+

 representing the ratio of the basal and apical Tl–Tl distances in the tetragonal 

bipyramidal [Tl6]
6-

-cluster is displayed in Fig. 3. A ratio of 1/1 corresponds to an ideal octahedron as 
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found in Cs4Tl2O. If spin-orbit coupling is omitted, the computed energy of this ideal structure is 

much higher than that of the optimal structure, the bipyramid being compressed along the fourfold 

axis, comparable to the cluster in Rb10Tl6O2. When considering spin-orbit coupling, the energy 

landscape is flattened substantially. The difference between the energies of the ideal and the distorted 

structure is less than 5 kJ/mol, i.e. the structures are competitive. 

 

Spin-orbit coupling is a mechanism alternative to a Jahn-Teller distortion to split molecular orbitals, 

which are degenerate at the scalar relativistic level of theory. It allows for the formation of closed 

shell electronic systems, while a high symmetry of the cluster can be kept. Moreover, it changes the 

relative values of the local minima on the energy landscape, enabling a further structural diversity in 

the cluster chemistry of main group elements. 
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