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1. Introduction 
 
Intermetallic compounds are formed by two or more metals and represent a huge 

and important group of chemical compounds.[1] Today, the important research areas 

of intermetallic compounds are very broad and range from refractory high-strength 

super alloys,[2] magnetic compounds [3]  and superconductors, [4] to metallic glasses 

for possible applications in fuels cells.[2] Furthermore, the possibility of functional 

intermetallic materials has been validated by several discoveries of polar 

intermetallics and Zintl phases that display complex combinations of structural, 

electronic, thermal, magnetic, and transport properties.[5-10] In the last 30 years, a 

large number of new intermetallic compounds have been synthesized, and their 

structural and electronic characterizations have given tremendous informations 

about their structure-property relationship.[11-13] 

Among the classes of inorganic solids, the intermetallics remain the least understood 

with respect to their bonding properties. [14-15] This is mainly due to the fact that some 

of the features that primarily determine the chemical bonding, such as the degrees of 

valence-electron transfer and localization, vary widely and almost continuously with 

composition and the nature of the elements involved.[16-17] Several useful concepts 

for classifying the rich empirical knowledge on intermetallic systems have been 

developed. The most efficient ones are based on the degree of electron transfer 

which occurs during phase formation. [18-22] 

Owing to the significant electronegativity differences between the components, the 

combination of main group p-block elements (E) – which can be metals, semimetals, 

or small-gap semiconductors – with electropositive s-block active metals (alkali A 

and alkaline-earth Ae metals) frequently leads to so called “polar intermetallic” 

compounds that contain polyanions of the post-transition elements. It is the merit of 

Zintl, [23-25] Klemm and others that some easily applicable rules exist for this 

subgroup of intermetallic compounds.  

Mooser and Pearson [26-29] as well as Klemm and Busmann [30-33] found a correlation 

between the generalized 8-N rule and the possible anionic substructure in normal 

valence compounds (Zintl phases). The original definition of a Zintl phase was based 

on the concept of isostructural relationship of the reduced post-transition semimetal 

to structures of the elements with the same number of valences electrons. Schäfer 

and Eisenmann [34] developed an expansion of the definition: 
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“(…) The limitation of the concept to the lattices of the elements may reasonably 

be dropped in favour of an extension of its validity to ensure the same number of 

bonds to neighbours of the same species, i.e. the (8 – N) rule should be fulfilled. 

The general valence rule of Pearson also leads to the same results”.  

 
With Eduard Zintl’s interpretation of structures that are based on the NaTl [35] 

arrangement and his extensive studies of related compounds began the onslaught 

on the strict division between metallic and non-metallic compounds. The structural 

peculiarities of Zintl phases are explained by assuming the presence of both ionic 

and covalent parts in the bonding picture. Within the Zintl-Klemm-Busmann concept, 

all valence electrons can be assigned, at least formally, to the electronegative main 

group elements. The electrons are then localized either in two-center-two-electron 

(2c-2e) bonds between post-transition metal atoms or in the form of lone pairs 

located at these atoms. The applicability of the octet rule and the occurrence of 

anionic, homoatomic (or heteroatomic) analogues of some catenated nonmetals 

were first recognized among alkali-metal “salts” of the heavy post-transition metals 

and metalloids.[36-40] The electron transfer concept is strictly formal and has 

generated a great deal of misunderstanding. A major criticism of the Zintl concept is 

indeed the unreasonable assignment of ionic charges. The fact that the Zintl-Klemm 

concept works at all given the magnitudes of charge transfer is because we are 

counting occupied electronic states, not electrons as Nesper pointed out. [15] 

Interest in the study of these valence compounds which are referred to as “Zintl 

phases” has increased markedly in recent decades, deriving mainly from the rich 

structural variety shown by these compounds, as well as the evident or prospective 

simplicity of their bonding schemes among polar intermetallic compounds. [39] 

 
1.1 Probing the Zintl Concept – Double-salts with Zintl anions 

The chemical bond situation in Zintl phases should be characterized by closed shell 

atoms having, if necessary, covalent interactions in the anionic part of the structures, 

while ionic bonding governs the cation-anion interactions. From this picture, Zintl 

anions are chemical species whose existence is not bound to a specific crystal 

structure. Thus, they can form salts of various cations which can subsequently be 

combined with other salts (even those featuring classical anions) to form double 

salts in which two types of anions co-exist in stable salt-like compounds, providing 
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that a topological compatibility is achieved. [41] The resulting double-salts may be 

considered as further chemical proof for the validity of the term Zintl anion. Indeed, 

very recent exploratory investigations on double salts with Zintl anions have proven 

to be a very effective approach for the design of new classes of compounds.[42-43]  

The first class of such double salts are the halogenide tetralide compounds like 

Ba3E2I (E = Si, Ge),[44] which may be understood as double salts between the Zintl 

phases Ba2E[45-46] and BaI2.[47] Also, Ba4Si3Br2 [48] can be understood with respect to 

its stoichiometry as a double salt of Ba3Si3 and BaBr2,[47] where the silicon partial 

structure Ba3Si3 completely differs from the infinite zigzag chain in BaSi;[49] instead a 

previously unknown finite variant in the form of a three-membered silicon ring [Si3]6- 

is formed.  

The second class of double salts with Zintl anions involves compounds containing 

oxides. They may also be considered as a specific subgroup of metal rich ternary or 

quaternary oxides where the bonding can be interpreted as polyanionic within the 

Zintl concept. They can further be divided in two groups. The first group involves 

ternary metal rich oxides (or suboxides) with Zintl anions and oxygen, and they can 

be classified as ‘mettalide oxides’. They contain isolated oxide ions coordinated by 

alkali or alkaline-earth cations combined with a wide variety of Zintl anions. These 

can range from simple noble gas isosteric metallide anions like Ge4– in the anti-

perovskites Ca3GeO, [50] to dumbbells like Sb2
4– in Ba3Sb2O [51] which are 

isoelectronic with the halogens and, Ge4
4- tetrahedra in Ba3Ge4O [52] that are 

isosteric and isostructural with white phosphorus. Even more complex anions like the 

Wade’s cluster anions [Tl8]6-, was described recently in Cs8Tl8O.[53] The second 

group of the double salts with oxides involves ternary or quaternary metal rich oxides 

with both Zintl and oxometallate anions. They form a rather unimaginable class of 

compounds. The most prominant examples of these are the recently reported 

’tetrelide tetrelates’ [54, 42] which (see § 3.1) contain the same group 14 element 

simultaneously in positive and negative oxidation states. Rare examples of solids 

containing an element in both positive and negative oxidation states are found in the 

auride aurate homologous series [MAu]n[M3AuO2] (M = Rb, Cs), which was 

systematically investigated by Jansen and co-workers. [55-56] Other classes of 

compounds that may be viewed as double salts with Zintl anions exist, like the 
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germanide carbide Ba3[Ge4][C2] which contains the well known Zintl anion Ge4
4- and 

acetylenide C2
2-.[57-58] 

Although there remain unresolved questions about the physical accuracy of the Zintl 

picture, the Zintl concept has particularly proven to be an effective tool in 

rationalizing structural properties and chemical bonding of salt-like materials along 

the border between metals and non-metals.  

 
1.2 Beyond the Zintl concept 
 
However, as soon as we leave the group of valence compounds and approach the 

variety of (inter)metallic compounds it becomes very difficult to work out simple 

bonding rules. In fact, the transition from valence compounds to typical metals is not 

abrupt and doesn’t depend solely on the electronegativity difference (which 

determine the degree of charge transfer), but also on the valence electron 

concentration (VEC).[17] Zintl phases as valence compounds are expected to be 

diamagnetic and semiconducting. In the spectrum from insulators to valence 

compounds to intermetallic compounds, we observe a continuous transition in their 

chemical bonding going from ionic to metallic (see Scheme 1). At the border 

between classical Zintl phases and normal (inter)metallic phases, typical properties 

of Zintl phases diminish and metallic conductivity appears. Borderline cases of Zintl 

phases, that is, those exhibit “locally delocalized electrons” and not conforming to 

either 8-N rule or the Zintl-Klemm concept, marked the transition to the intermetallic 

phases. It is important to understand their chemical bonding and structure in order to 

establish relationships between stoichiometry, structure and physical properties. 
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-  Metallic Zintl Phases 
The metallic conductivity of Zintl phases at the border to intermetallics can formally 

arise from: 

i) The significant occupation of the conduction bands, as illustrated with the idea 

of ‘submerged continent’ (valence band) by Nesper. [15] 

ii) The overlap of a formally filled valence band with an empty conduction band.  

iii) Thirdly, among ‘electron-deficient’ phases. This unusual condition exists, 

among formally electron-deficient phases (hypoelectronic), as having an open 

valance band. Here, elementary views of the bonding are based on precepts 

similar to those developed for molecular compounds which include newer and 

more complex aspects of “valence rules” and require extension of the Zintl 

classification to accommodate modern bonding concepts such as Wade’s 

rules, multicenter two-electron bonding, and non-classical multicenter bonding 

also called ‘hypervalent’ bonding.[15] 

 
Thus, extending the efficacy of the Zintl picture in understanding the chemical 

bonding of borderline Zintl phases is an important step in developing a useful 

general chemical understanding of compounds between metallic elements.  

 
1.2.1 Bonding at the Zintl border 
All the successive reformulations of Zintl concept proposed up to now aim at finding 

a “valence rule” for borderline polar intermetallics, using an analogy of any modern 

bonding concept known in molecular chemistry.  

 
1.2.1.1 Intermetallic π-systems 

As in molecular chemistry, an alternative path to compensate for electron-deficiency 

is the formation of multiple bonds, through π-interactions, as in unsaturated and 

aromatic molecular systems. The efficacy of the Zintl concept in rationalizing the 

stoichiometry, structure, and chemical bonding of complex π-bonded intermetallics 

has been probed successfully. The significance of Zintl phases exhibiting π-bonds 

has been emphasized by the discovery of high-Tc superconductivity in the nominal 

Zintl phase MgB2.[6] Recently, Sn3
2- cyclopropenium-like trimers, were formulated to 

exist in the superconducting Zintl phase BaSn3 (Ni3Sn-type), [59] where the isolated 

chains of face sharing octahedra may be viewed as stacked antiprismatic triangular 
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units, with strong interactions between the component π-systems along the chains, 

leading to metallic character. The observed superconductivity was therefore likened 

to the existence of pairing localization of conducting electrons. Extensive exploratory 

work by von Schnering and Nesper on ternary tetrelides (Si and Ge) resulted in the 

synthesis of arene-like π-systems, represented by Ba4Li2Si6 [60] featuring [Si6]10- units 

related to aromatic hydrocarbon rings such as benzene and, Li8MgSi6 with quasi-

aromatic Si five-membered rings, [Si5]6-.[61] Also, condensed systems consisting of 

hexagonal Si6 rings similar to arenes and conjugated polyaromatics have been 

isolated and characterized. [62-67] 

 
1.2.1.2 Multi-center bonded deltahedral clusters 

Certain group of compounds (mainly of the early main-group elements) containing 

isolated cluster with delocalized bond may be understood by the application of the 

Wade-Mingo’s rules, which give a guide to the magic electron count developed for 

deltahedral boranes BnHn
2–.[68] These isolated clusters were originally categorized as 

Zintl ions because of the first broad investigation of them by Eduard Zintl in the 

1930s through electrochemical studies on alkali-metal–post-transition metal (E) or 

metalloid systems in liquid ammonia. [69] While the occurrence of isolated clusters is 

well known for the group 13 (triel, Tr) elements, [70-71] large deltahedral clusters of 

group 14 (tetrel, Tt) elements in solid state systems have been fairly limited. 

Examples of phases with isolated cluster of the carbon group are the metallic Ae3Tt5 

(Tt = Sn, Pb; Ae = Sr, Ba), [72-73] which may be viewed as containing arachno-

clusters of [Tt5]6–, and the Rb4Li2Sn8 [74] with arachno-[Sn8]6– as well as A4Tt9 and 

A12Tt17 (A = alkali-metal) with nido-[Tt9]4–.[75-78] More recent studies explored 

heteroatomic systems for clusters such as [Tr4Pn5]3–, [79] which are isoelectronic with 

[Tt9]4–. The advantage of such clusters is that it might be possible to vary their 

charge by changing the ratio between the two elements without changing the total 

number of atoms of the cluster, for example [Tr4Pn5]3– and [Tr5Pn4]5– (Pn, pnictogen).  

Furthermore, of great interest is the possibility to bring the nine-atom clusters of the 

heavier tetrel group [Tt9] into solution, and explore their reactivity towards a variety of 

ligands.[80] They are interesting in making semiconducting thin films and single-size 

nanoparticles from the dissolved clusters. Such particles exhibit size-dependent 

band gaps and large nonlinear optical effects that may lead to the next generation of 

optical devices. 
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1.2.1.3  Non-classical electron-rich multicenter bonded networks 

Many polyanionic networks in intermetallic compounds built up from heavier late p-

block elements show an unusual, non-classical local coordination. These include 

mainly, linear chains, two-dimensional square sheets and number of fascinating 

structures derived from these, like one-dimensional strips cut from square lattice.[81-

82] The bonding theory for these systems, that arises from experimental studies, [16, 

83-84] is constructed within a framework that makes a connection to well-understood 

multicenter bonding in small molecules such as XeF4, XeF2, and I3– and, which is 

based on the fundamental 3c-4e bonding, independently introduced by Pimentel and 

Rundle.[85-86] This is similar in spirit to the analogy between the Zintl-Klemm 

treatment of classical polyanionic networks and octet rule for molecules. Non-

classical bonding goes along with the relative absence of significant s-p interactions. 

The s-p mixing (or its absence) plays a critical role in the occurrence of these phases 

and in general, in determining their geometrical and electronic structures [87] (see §. 

4). The electron-rich multicenter bonding may be viewed as delocalized, but directed 

bond. Meaning that it is intermediated between covalent bond (localized and 

directed) and metallic interaction (delocalized and non-directed). 

 
1.2.2  Beyond electronic effects  

Furthermore, a significant number of compounds between post-transition p-element 

and s-block metal have been found to show metallic properties with open-shell 

electron configurations, although they retain other characteristics long attributed to 

Zintl phases, especially salt like brittleness, stoichiometric formulations, and 

relatively high melting points. [88] It is implied that phase stability can be achieved not 

only through covalent bonding in the anionic lattice but also via other factors such as 

Madelung energy and packing efficiency. Unusual deviations from the classical 

closed-shell bonding scheme may then be tolerated when these other factors are 

equally important or even dominant in structure formation. [89] Thus, a new paradigm 

has emerged and is still being refined, one that accommodates modern bonding 

concepts and recognizes competitive factors in structural stabilization. 
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1.3 Scope and aims of this work 
The work presented here should be considered within the framework of compounds 

design within and beyond the Zintl-concept. Our first goal is the design and synthesis 

of new double salts of Zintl anions involving soluble nine atoms clusters Tt94- and 

oxometallate anions of transition metal like tungstates. Secondly, we are interested 

in the investigation of the transition from Zintl phases to intermetallics. The smooth 

transition of chemical bonding and electronic properties from electron-precise to 

electron-deficient Zintl phases, to nearly-free-electron intermetallic compounds 

provides a fertile area to search for materials with unique structural chemistry and 

novel electronic properties. It is well known that unusual structures and properties 

can be discovered at the transition between bond types.  

In fact, the transition from Zintl phases to polar intermetallics can be investigated by 

systematic chemical combinations. Recent approaches have been based on the 

variation of the composition (thus of the VEC) in binary phases i.e., an increase of 

E/A ratio. Also mixed cations approaches have been explored. In the present work, 

we have embarked on exploring a new approach based on substitutions in the 

polyanionic substructure of some Zintl phases at the border to intermetallics.  

One of the most prominent candidates to study the relationship between structure 

and physical properties is the element tin, since tin has the outstanding property that 

it exist in a metallic and nonmetallic allotropes almost equal in stability. The 

difference of the thermodynamically more stable α-form compared to the β-form is 

only 2 kJ mol-1. This fact manifests also in binary phases of tin and electropositive 

metals. On the tin-rich side compounds form structures that are typical for 

intermetallic compounds, but there exist also examples which form structures that 

are typical for valence compounds and furthermore compounds that are intermediate 

between the two classes and which possess both structural motives. [17] 

Thus, the systematic study of the effects of Bi for Sn partial substitutions in some 

borderline Zintl phases of the Na/Sn and Ba/Sn phase systems are considered. In 

addition, the design of new phases with heteronuclear polyanion isoelectronic with 

borderline Zintl phases was investigated using the ternary system Ba/In/Bi. Last but 

not least, we have investigated the effects of analogous substitutions in the ternary 

system Ba/Bi/Sb to study the influence of some relevant atomic properties like 

electronegativity and relativistic effects on structure and bonding at the Zintl border.  
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2. Experimental and characterization methods 
 
2.1  Starting materials and synthesis 
 
The starting materials used for the synthesis in this work are all available as 

commercial products. They are listed in Table 2.1 according to manufacturers form 

and purity. Almost all manipulations of reactants and products were done in a dry 

glove box (Mbraun, Garching) under argon atmosphere with O2 and H2O level less 

than 1 ppm. Air stable reactants were dried under dynamic vacuum (10-3 mbar) at 

150°C over night prior to use. Air and moisture sensitive reactants were stored in the 

glove-box and were used as received. For alkali and alkaline-earth metal, surface 

impurities were removed with a scalpel immediately before loading. The syntheses 

were done in arc-welded niobium or tantalum crucibles. Pieces of 4 to 5 cm length 

tubes (external diameter 10 mm, wall width: 0.5 mm) were cut from a longer pipe, 

washed with distilled water and, subsequently dried in an oven at about 120°C over 

night. The metal tubes were then pressed together on one end with pliers and sealed 

with an arc-welder under argon atmosphere at reduced pressure (~ 400 mbar). The 

mixture of reactants was loaded in the container previously sealed on one end. The 

container was then pressed on the open side with pliers and sealed by arc-welding 

under argon. The ampoule containing the educts was finally enclosed in a schlenk-

quartz tube which was subsequently evacuated and taken into the reaction ovens. 

No binary alloy of the alkali and alkaline-earth metals with niobium or tantalum is 

reported. However, Nb and Ta form variety of binary alloys with p-block elements 

like Ge, Sn, Sb …, etc. The reactivity of the p-block elements with the tube material 

is nevertheless much lower than with the active metal at the applied temperature 

ranges. 

Reaction ovens: The thermal treatment of the protecting quartz Schlenk-tubes (gas 

proof closed) containing the metal crucible were done in tubular computer-controlled 

ovens. The crucibles are enclosed in the quartz Schlenk tubes to prevent their 

oxidation at high temperature. Characteristics of the ovens (HTM Reetz GmbH, 

Berlin): Model LOBA, maximum temperature: 1200 °C, interior diameter: 45 mm, 

tube length: 300 mm, length of uniform temperature zone: 200 mm. 
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Table 2.1 Starting material used in the synthesis 
 
Elements   Manufacturer Form  Purity  
Na Merck rod under oil 99 % 
K Merck rod under oil 99 % 
Rb Riedel-de-haën ampoule  99.9% 
Cs Riedel-de-haën ampoule 99.9% 
Ca Riedel-de-haën chips 99.5% 
Sr Chempur pieces  98 +% 
Ba Chempur  rod 99.3% 
In Aldrich  shot (tear shape) 99.99% 
Si Merck powder  
Ge Chempur pieces 99.9999 +% 
Sn Chempur granules 99.999% 
Sb Alfa aesar ingot 99.99% 
Bi Chempur granules 99.999% 
W Chempur 2.8µ powder 99.95% 
Compounds     
WO3 Aldrich 20µ powder 99+% 
Rb2WO4 Chempur white powder 99.9% 
GeO2 Chempur  white powder 99.999% 
SnO Aldrich  black powder 99+% 
HgO Alfa aesar red powder 99.0% 
 

 

 

Thermal treatments: The majority of the syntheses were performed according to 

the temperature program in Figure 2.1. The normal heating rate r1 employed was 

between 120 and 180 K/h. The reaction time t1 at first reaction temperature T1, and 

the cooling rate re were different for each synthesis. The cooling rate r2, the second 

reaction temperature T2 and reaction time t2 were not in all case applied. All these 

parameters as well as specific deviations from this general procedure are discussed 

in more details in the preparative parts of each chapter. 

The crucibles were subsequently opened in the glove-box under protecting argon 

atmosphere as the products are generally very sensitive to air and moisture. The 

outcome of all reactions was monitored by X-ray powder diffraction. 
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Figure 2.1 Typical temperature program used for high temperature chemical synthesis 
 
 
 
2.2 X-ray Diffraction Analysis 
 
2.2.1  Powder X-ray diffraction 

X-ray diffraction on powder was used for the phase analysis of our reaction products. 

The preparations of the samples were done in the glove box. The samples were 

finely ground in an agate mortar with a pestle to a homogeneous powder and then 

filled into a glass capillary which was previously dried under dynamic vacuum at 

150°C over night (Markt-Röhrchen, length: 80 mm, diameter: 0.1-0.5 mm, Co. 

Hilgenberg). The capillary filled with the sample was sealed using a red-hot platinum 

wire. 

The powder diagrams were collected on a powder diffractometer STADI P2 (Ge(111) 

monochromator for Cu-Kα1 radiation: λ = 1.54056 Å) equipped with a linear position 

sensitive detector PSD with 2Θeff ~ 40°, or with an image plate detector IP-PSD with 

2Θ range of 0-140° (STOE, Darmstadt). Transmission geometry was used to 

characterize air-stable starting materials, but because the reaction products are very 

air sensitive only Debye-Scherer geometry was appropriated.  

Calculations of theoretical powder diagrams, as well as data processing of the 

experimental powder diagrams were performed with the STOE program package 

WinXPow.[1] Phase analyses can be done directly using a databank containing 

crystallographic data from original literatures or from the ICSD database.[2] 

 
 

T1, τ1 

r1 

T 

Tstart = 298K 

r2 

re 

T2, τ2 
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2.2.2  Single crystal X-ray diffraction 
 
Single crystal X-ray diffraction is the bedrock structural technique in modern day 

chemistry. Single crystals were selected with a needle and mechanically isolated 

from the crushed samples in a glove box equipped with an optic microscope (Leica, 

Wetzlar- Germany), fixed at the top of a 0.1 mm capillary with dry silicon grease, 

which was in turn inserted into another 0.3 mm capillary and sealed with the hot-

platinum wire or with melted wax. The capillaries were previously dried as for powder 

diffraction. The moisture was removed from the silicon grease by an eutectic mixture 

of Na and K metals. 

The data collections were performed on various single crystal-diffractometers with 

image detector using monochromated Mo-Kα radiation λ = 0.71073 Å (graphite 

monochromator). Before full data collection, the crystals were first checked for 

singularity and unit cell was determined from a limited number of diffraction pictures 

obtained by an appropriate routine. Only crystals with unreported unit cell were 

involved in full data collection. Among the devices used were the IPDS II with an 

image plate detector (STOE, Darmstadt) with active imaging plate diameter of 340 

mm, max. 2Θ = 77°, 2-circle goniometer, 180° ω range, unlimited φ range, which 

was also used at a window of a rotating anode (Nonius, FR591), as well as the 

Enraf-Nonius KappaCCD equipped with a CCD (charge coupling device) detector at 

the window of the same rotating anode. A cryostat (Cryostream Controller 700, 

Oxford Cryosystems) allows measurements at low temperature. Numerical (Xshape, 

Stoe) [3] or empirical absorption correction were applied to the data. The definitions of 

the parameters used in the crystal structure study by X-ray diffraction are 

summarized in Table. 2.2. 

The structure was solved by direct methods and refined by least-squares on F2 with 

the program package SHELXTL.[4] This contains, among other, the sub-programs 

XPREP for space group determination, SHELXS for structure solution and SHELXL 

for structure refinement. Graphical visualization of the structure can be done using 

the program XP. For the pictorial representation of the crystal structures, the 

program DIAMOND [5] was used.  
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2.3 Energy Dispersive X-ray (EDX) analysis  
 
Chemical composition of the products was investigated with a scanning electron 

microscope equipped with an integrated energy dispersive X-ray system. 

Compositional analysis by this method is semi-quantitative. All synthesized materials 

were investigated in a JEOL 5900LV operating at 20 kV and equipped with a LINK 

AN 10000 detector system for EDX analysis. 
 
 
Table 2.2 Definitions of different parameters in X-ray diffraction study of single crystal 
 
Error  
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f atomic scattering factor 
f’ corrected atomic scattering factor 
(to include atomic vibration) 
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2.4  Differential Thermal analysis (DTA) 
The thermal behaviour of our products was studied by differential thermal analysis 

with the help of a differential scanning calorimeter NETZSCH DSC 404 c 

(NETZSCH, Germany). D.T.A is based on the spontaneous temperature difference 
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between a sample and a thermally inert reference heated in the same oven. This 

temperature difference arises when a thermal event (exothermic or endothermic) 

occurred in the sample. This method therefore allows the determination of reaction 

temperatures, and melting or decomposition points. As reference we used an empty 

crucible similar to the one containing the sample. Nearly 200 mg of sample was 

introduced in a Nb crucible which was sealed by arc-welding under argon. The DTA 

curves were collected under continuous argon flux (TU München) or under static 

argon atmosphere (TU Darmstadt) to prevent the corrosion of crucible at high 

temperature. In most cases two cycles of heating and cooling were performed. After 

the DTA experiments, the crucibles are open in the glove box and the product is 

again analyzed by x-ray diffraction. 

 
2.5  Magnetic measurements  
Magnetic susceptibility measurements of some samples were performed using a 

SQUID magnetometer (Quantum Design MPMS 5S). The samples were cooled in 

the absence of a magnetic field checked before by an external Hall probe. After the 

introduction of a magnetic field, data were recorded while the sample was warmed 

(“shielding”) and then cooled (“Meissner”). 

 
2.6  Theoretical calculation of the electronic structures  
The quantum mechanical band structures calculation of some of our compounds 

have been performed with the TB-LMTO-ASA method (Tight Binding Linear Muffin 

Tin Orbital) using the LMTO program package of Andersen et al. [6] in order to point 

out structure–properties relations. In the LMTO approach, the density functional 

theory is used with the local density approximation (LDA) for the exchange 

correlation energy.[7] The calculations are done within the atomic spheres 

approximation (ASA) which includes correction for the neglect of interstitial region 

and the partial waves of higher order. To reduce the overlap between the atomic 

spheres as much as possible, empty interstitial spheres were added to the potential. 

The construction of the ASA radii was performed by an automatic procedure of the 

program package using the method proposed by Andersen. [8] As a measure of the 

bonding strengths we computed the crystal orbital Hamiltonian population (COHP) [9] 

function which is the Hamiltonian population weighted density of states. Integrated 

COHP values of selected atom pair interactions were extracted from the energy-
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partitioning crystal orbital Hamilton population scheme [10] to gain information about 

the bond strengths, comparable to the longer established Mulliken overlap 

populations [11] deduced from the crystal orbital overlap populations (COOP).[12] 

Bonding properties were also investigated by analyzing the electron localization 

function (ELF) [13] topologically.[14] The ELF results from a comparison of the local 

Pauli repulsion in the compound with that in a uniform electron gas of the respective 

electron density at a given point. It can take on values between 0 and 1. High ELF 

values are found in core shells, covalent bonds, and lone pairs. The ELF may be 

graphically represented either as 2D slices or by isosurfaces of a certain ELF value 

enveloping regions of higher ELF. The latter are called domains of the ELF that are 

considered irreducible if they contain only one attractor (maximum). The topological 

analysis of the ELF leads to basins, which are the spatial regions containing all 

points whose gradient paths end at the same attractor. Basins may be grouped into 

basin sets if the ELF at the interconnection point exceeds a certain value. The ELF 

proved to be a valuable tool to identify covalent substructures even in intermetallic 

compounds. [15-16] 
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3.  Alkali-metal Germanides and Germanide-Tungstate double 

salts  
 
3.1.  Introduction 

The possibility to combine Zintl anions with other classical anions in formally double 

salts was first demonstrated quite recently in some halogenide silicides by Simon 

and co-workers using rare-earth metals as counterions.[1-2] The systematic 

investigation of silicide halogenide double salts using alkaline-earth metal by Nesper 

and co-workers results in further examples of such type of materials, sometimes with 

unprecedented Zintl anions like cyclotrisilicide.[3-4] The real breakthrough in the 

synthesis of this emerging class of composite materials was the discovery of the 

rather unexpected tetrelide-tetrelate compounds where the same group 14 elements 

co-exist with negative and positive oxidation states in the two different anions of the 

structure.[5] This class of double salts features tetrelate anions and the ubiquitous 

Zintl anions [Tt4]4– (Tt = element of the group 14). The latter are isosteric with white 

phosphorus and are known from the binary Zintl phases ATt and A12Tt17 (A = alkali 

metal). They co-exist in the latter with Wade nido-clusters [Tt9]4– in the ratio Tt4:Tt9 = 

2:1. In the tetrelide–silicate Cs10[Si4][Si3O9] [5] the Zintl anion [Si4]4– exists along with 

the cyclotrisilicate ion [Si3O9]6–, known from silicates of the form A6Si3O9. [6] The two 

isotypic rubidium compounds Rb14[Si4]Si6O17 and Rb14[Ge4]Si6O17 can also be 

formally separated into ions in the same way. Beside the tetrelide anions [E4]4–, they 

feature the anion [Si6O17]10–, previously unknown for the silicates and composed of 

two condensed cyclotrisilicate rings.[5] It is amazing that in those compounds, Ge or 

Si atoms have a the formal oxidation state –I in the anions [E4]4–, whereas in the 

silicate unit [Si6O17]10- Si has the formal oxidation state +IV. Moreover, the stannide 

silicate Cs20[Sn4]2[SiO4]3 and stannide germanate AI
12[Sn4]2[GeO4] (A = Rb, Cs) have 

been reported. [7] Even some ’metallide metallate oxides’ compounds featuring the 

anions [Sn4]4- beside [SnO3]4- as well as isolated oxygen anions have been 

discussed. [8]  

The tetrelate-tetrelide mixed materials have great potential as precursors for the 

synthesis of nanoparticles of the tetrel elements. Nanostructured materials featuring 
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metal or semiconductor clusters of well defined sizes are tunable light-emitting 

materials due to quantum size effects and they often display catalytic properties that 

can be modified by the particle size. [9-11] Therefore the next logical step is to look for 

double salts with the larger Zintl anions [Tt9]4– which may have several advantages 

compared to the smaller [Tt4]4- anions. The former are molecules of captivating 

beauty and simplicity, which can be regarded as small charged element particles 

that open new possibilities for chemical reactions and the development of nano-

scaled materials. In fact, they are soluble in diverse organic solvents, providing 

further possibilities of synthetic strategies of nanoscaled materials in liquid media. 

Furthermore, they can be functionalized and interconnected through controlled 

oxidation, allowing an effective tuning of cluster size and properties.[12-14] 

Also, of great fundamental and technological interests is the preparation of double 

salts between Zintl anions and oxometallate of transition metal. The semiconducting 

transition metal oxides are important wide band gap semiconductors that have 

distinctive properties.[15] Among the numerous transition metal semiconducting 

oxides, tungsten oxides are of intense interests and have been investigated 

extensively for their outstanding electrochromic, optochromic, and gaschromic 

properties. Tungsten oxides have been used to construct flat panel displays, 

photoelectrochromic “smart” windows, optical modulation devices, writing-reading-

erasing optical devices, gas sensors, humidity and temperature sensors, and so 

forth.[16] Recently, some non-stoichiometric tungsten oxides WO3-x have attracted 

considerable attention in physics, chemistry and materials areas for their interesting 

electronic properties, especially the superconductivity and charge carrying 

abilities.[17-18] However, studies on nanoscale tungsten oxides were comparatively 

rare because of lack of preparation methods for such materials. In attempting to 

meet the needs of the development of display systems, catalysts, and sensors, the 

preparation of WO3 nanostructures with small crystals and superior surface 

properties is still a primary challenge for scientists.[19-21] Thus, the preparation of 

soluble mixed salts of tetrelide tungstate is of trivial importance. In addition, 

outstanding electronic configurations may arise from the relative energy levels of the 

transition metal oxometallate LUMO on one hand, and those of the tetrelide clusters 

HOMO and LUMO on the other, which can lead to interesting electronic or even 

opto-electronic properties. 
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3.2. Synthesis and characterizations of the alkali metal germanide tungstates 
A10[Ge9]2WO4 (A = K, Rb, Cs)    

 
3.2.1 Synthesis 

Several synthesis approaches were implemented for the preparation of germanide 

tungstates. Reactions were carried out in niobium ampoules using various synthesis 

route with different starting mixtures. 

(i) The double salts could be obtained from reactions using the tungstates A2WO4, 

elemental Ge and alkali metal. Mixtures with the composition A:Ge:A2WO4 = 3:5:1 

were used. The mixtures were heated at the rate of 120K/h first to 600°C for 24 

hours (to prevent evaporation of the alkali-metal), then to 950°C for 5 hours, cooled 

down at the rate of -6°C/h to 750°C, annealed for five days, and subsequently cooled 

down to room temperature at the same rate. Crystals with quite big size could be 

obtained by this method. 

(ii) The compounds could also be prepared directly from simple elements and oxide. 

Starting mixtures comprise elemental K or Rb, Ge and W as well as GeO2. Mixtures 

of the composition A:Ge:W:GeO2 = 5:3:1:2 were submitted to thermal treatment 

similar to point (i). This results in the best crystal quality for Rb10[Ge9]2WO4 which 

forms ruby red translucent crystals with rod-like or needle-like shape. Nevertheless, 

the crystals of the Rb based compound are of lower crystalline quality and poorly 

diffracting compared to the K analogue. 

 (iii) In the third method, mixtures of elemental alkali metal and Ge as well as the 

oxides WO3 and HgO (added as a mere oxygen provider) in the ratio 

A:Ge:WO3:HgO = 5:5:1:1 were heated at the rate of 120K/h first to 600°C for 24 

hours, then to 800°C for 120 hours and subsequently cooled down to room 

temperature at the rate of -6°C/h. This results in the best single crystal quality for the 

K10[Ge9]2WO4 which forms also ruby red transparent crystals with rod- or needle-like 

shape.  

In all three methods described above, the A/Ge ratio in the starting mixtures also 

appears to be important for the quality of the crystal and even for the obtaining of the 

desired phases. It should be close to 1 for a successful synthesis. Attempts to 

prepare the phase from stoichiometric mixtures always failed as the presence of an 

excess of tungsten oxide seems to be necessary to obtain single crystals of good 

quality suitable for X-ray diffraction study. The tungstate surface likely contains the 
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nucleation sites of the mixed salt crystal. Indeed, a careful observation of the 

reaction products with the optical microscope suggests that mixed salt crystals 

growth in an epitaxial fashion on the surface of the tungstate phase. 

 
3.2.2  EDX analysis and powder X-ray diffraction  

Single crystals extracted from the reaction products were analyzed using energy 

dispersive X-ray spectroscopy. The measurements confirmed the presence of all 

four elements (K or Rb, Ge, W and O). A quantitative estimation of the atomic ratio 

was difficult to perform due to the extreme sensitivity of the compounds to moisture. 

However, an atomic ratio A:Ge close to 1:2 (A = K, Rb) could be observed for most 

of the analyzed crystals, as well as Ge:W atomic ratio close or larger than 10:1. 

Because the preparation of the mixed salts from stoichoimetric mixtures always 

failed, all reactions were designed to yield an excess of K2WO4. The X-ray diagrams 

of the reaction products (Figure 3.1) show reflections corresponding to the double 

salt (calculated from single crystal structure solution data), along with some other 

major peaks which are assigned to unreacted elemental tungsten and the tungstate 

K2WO4. 

 
3.2.3  Characterization by Raman spectroscopy  

The transparency of the double salt crystals allowed their characterization by Raman 

spectroscopy. The Raman spectrum of a single crystalline solid of the Rb based 

phase was recorded at room temperature on single crystals (sealed in a 1mm Ø 

capillary) from a with a Bio-Rad Fourier transformed Raman system, employing the 

1024 nm radiation of an infrared Nd:YAG laser. It should be noted that the Notchfilter 

cut the signal for wave numbers < 130 cm-1. At least three measurements were 

made on different crystals and were highly reproducible. 

Intensive studies by Raman spectroscopy of the Nine-atom nido-clusters of the 

group 14 have been done by von Schnering et al. [22] for both the A12Tt17 and the 

A4Tt9 phases. The E9 clusters show typical lines in the Raman spectrum. For a nine-

atom species with C4v symmetry one expects 21 fundamentals with 20 Raman active 

modes. Generally four to five broad bands are observed, a phenomenon that was 

attributed to accidental coincidences and low intensities. Therefore, solid state 

Raman spectroscopy cannot be used for an analysis of small cluster distortions as 
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they are observed using X-ray diffraction methods, but they can prove the presence 

of various clusters in the single crystals, powders, in non-crystalline samples and in 

solutions. [22] 

The Raman spectrum of the [Ge9]4- anion in the alkali metal compounds A4Ge9 (A = 

K, Rb, Cs)[22] exhibits the breathing mode at 222 cm-1, beside two bands of medium 

intensity at 147 and 164 cm-1 and two additional very weak intensities at 188 and 

241 cm-1, respectively. The “cluster breathing” modes (Ge9) at 222 cm-1 is often 

considered as fingerprints because this mode is the most intense and doesn’t 

overlap. The three fundamentals of WO4
2– (cm-1) are Raman active, A1 (v1 = 925), 

B2 (v3 = 833.5) and E (v2 = 325). For the anion tungstate, the frequencies of solid 

samples are generally lower than those of vapor or solution samples (see Table 3.1). 

[23-24] 

 

 
 
Figure 3.1 Powder diagram of the reaction products K:Ge:W:GeO2 (ratio 5:5:1:2) at 750°C; (above) 

calculated diagrams of K10[Ge9]2WO4; (below) peak positions of K2WO4. Peaks marked 
with W correspond to unreacted tungsten metal. 
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An automatic peak search using the instrument program reveals the following peak 

positions (cm-1) with the corresponding assignement: 915 (WO4, A1), 807 (WO4, B2), 

325 (WO4, E), 221 (Ge9) and 164 (Ge9). Very weak peaks could possibly be present 

at 203 (shoulder for Ge9) and 830 (WO4, F2). The experimental peaks assigned to 

the WO4
2- anion are in good agreement with those reported in the literature (Table 

3.1). Only two peaks can clearly be assigned to the Ge9 cluster. The most intense 

band of the spectrum appears at 222 cm-1 and correspond to the breathing mode of 

the [Ge9]4- cluster.[22] Considering the characteristic peak of Ge9 at 222 cm-1, the 

Raman spectrum confirms, thus, the presence of two different anions [Ge9]4- and 

WO4
2– with very specific intensity patterns and characteristic wave numbers.  

 
 
 
Table 3.1 Raman frequencies (cm-1) of WO4

2-  

 v1 (A1) v3 (F2) v2 (E) 

Solution [23] 

Solid state samples [24] 

931 – 928 – 925  
901 – 909  

838 ± 4  
836 – 830  

325  

Experimental  916 807 and 830* 325 
* very weak peak 

 

 
Figure 3.2  Raman spectra of the double salt Rb10[Ge9]2WO4 . The inset focuses in the region from 

750 to 950 cm-1; see text and Table 3.1 for the proposed assignment. 
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3.3 Crystal structure of the potassium germanide tungstates K10[Ge9]2WO4   

3.3.1 Crystal structure determination  

A transparent ruby-red crystal with needle-like shape was selected and mounted on 

top of a glass stick. Full data collection was carried out on the Oxford diffractometer 

XCalibur3. The unit cell angles are all close to 90°, but on the basis of systematic 

extinction, the structure was solved in the space group P21/c. The crystallographic 

data as well as details for structure solution and refinement are summarized in Table 

3.2 and Tables 3.3. The structure was solved using the Patterson method and 

allowed the localization of the W atoms. Ge and Rb positions were successively 

determined by the difference Fourier method based on the atomic distances and the 

previously known geometry of the Ge9 clusters. All atoms, but O were refined with 

anisotropic thermal parameters. The O positions were localized on the residual 

electron density map around the W position and refined isotropically. One over two 

Ge9 cluster of the structure is disordered.  

The displacement ellipsoids of the K9 and K10 atoms which are located within the 

layer of the disordered cluster B are elongated along the direction to Ge atoms with 

largest ADPs. This feature seems to indicate a correlation with the disorder of the 

cluster B. Nevertheless, we were not able to find an acceptable splitting model, as 

the orientational disorder of the cluster seems to have a rather complex model with 

more than two orientations of the clusters.  

The refinement based on the non-split average model was at first unsatisfactory with 

a high residual with R1 of about 25%. But in fact, the monoclinic cell here is pseudo-

orthorhombic with a β angle of 90.05°. This is a typical case of twinning by pseudo-

merohedry, known to occur when the lattice of the individual has a metric close to 

that of a higher holohedry. The appropriated twinning matrix was found to be -100 

010 001, and this is indeed the most important factor, lowering the residuals to 

acceptable levels. Thus, we considered only the non-split average model and the 

final residuals, when appling the twinning law, were R1 = 0.080 and wR2 = 0.198 for 

all data and R1 = 0.073 and wR2 = 0.191, for observed reflections [I > 2σ(I)]. No 

significant peaks in the residual density map are visible. In fact, when the disorder is 

only partially refined (two over nine atoms of the disordered Ge cluster B), the 

residuals drop significantly to R1 = 0.073 and wR2 = 0.186 for all data.  
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Table 3.2 Crystallographic data and details of structure refinement parameters for K10[Ge9]2WO4   
 
Chemical formula K10Ge18WO4   
Formula weight  1945.47 
Temperature 293(2) K 
Crystal size 0.1×0.15×0.25 mm3 
Crystal colour and habit Ruby-red platy rod 
Diffractometer Oxford XCalibur CCD 
Crystal system Monoclinic   
Space group  P 1 21/c 1 (Nr. 14) 
Unit cell parameters 
 

a = 13.908(1) Å 
b = 15.909(1) Å; β = 90.050(6)°  
c = 17.383(1) Å 

Unit cell Volume  3846.03(5) Å3 
Z 4 
Density calculated 3.369 g/cm3 
Absorption coefficient (Mo Kα)  17.90 mm-1 (λ = 0.71073 Å) 
Absorption correction  Semi empirical  
F(000) 3488.0 
Theta range  3.47° - 20.30° 
Resolution range  5.87 - 1.02 Å 
Index range  -13 ≤ h ≤ 10,  -15 ≤ k ≤  15,  -16 ≤ l ≤ 16 
Data completeness 100.0% 
Integrated reflections 15358 (Rσ = 0.061) 
Independent reflections 3726 (Rint = 0.077)      
Refinement method Full-matrix least-squares on F2 
Parameters  279 
Goodness of fit on F2 1.060   
Observed reflections [I>2σ(I)] 3251 
Final R indices [I>2σ(I)] R1 = 0.073, wR2 =  0.191 
Final R indices (all data) R1 = 0.080, wR2 =  0.198 
Twin law  -1 0 0  0 1 0  0 0 1 
Twin ratio  0.506 
Largest diff. peak and hole Highest peak 2.96 [2.77 Å from O2] 

Deepest hole -1.51 [0.86 Å from W1] 
w=1/[σ2(Fo2) + (0.121×P)2 + 85.41×P] where P = (Fo2+2Fc2)/3  
 
 
 
3.3.2 Description of the Structure of K10[Ge9]2WO4   
 
The crystal structure of K10[Ge9]2WO4 is represented in Figures 3.3. It shows discrete 

WO4 units and Ge9 clusters that are separated by isolated K atoms. This is 

consistent with the ionic formulation as 10 K+ (WO4)2-[(Ge9)4-]2 with the Wade’s nido-

cluster Ge9
4-. The structure contains two crystallographically independent Ge9

4- 

clusters (A and B) and one WO4
2- anion (C). The anions form alternated layers that 

are stacked in the [100] direction with the sequence ACBC…(Figures 3.3a). 
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Figure 3.3  (a) Structure projection of K10[Ge9]2WO4 in [010] direction showing alternating layers of 

germanide clusters (A and B) and tungstate tetrahedra (C) with the sequence ACBC. The 
WO4

2– anions are shown as polyhedra, the black spheres are Ge atoms in the Ge9
4- 

clusters and isolated crossed spheres are K+ cations. 
 
 
 

 
Figure 3.3  (b) Projection of the crystal structure of the K10[Ge9]2WO4 in [001] direction showing 

alternating layers of germanide clusters and tungstate tetrahedra with the ratio Ge9
4–

:WO4
2– = 2:1.  
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Table 3.3a  Atomic coordinates and equivalent displacement parameters for the compound 

K10[Ge9]2WO4  
 

Atom Wyck. x y z Ueq /Å2 
W1 4e 0.7537(1) 0.0383(1) 0.0047(1) 0.0473(5) 
O1 4e 0.846(2) 0.976(2) 0.053(2) 0.050(6) 
O2 4e 0.664(2) 0.974(2) 0.962(2) 0.066(8) 
O3 4e 0.700(2) 0.099(2) 0.075(1) 0.048(6) 
O4 4e 0.806(2) 0.093(1) 0.930(1) 0.046(6) 

Ge1A 4e 0.1906(2) 0.3476(2) 0.1604(3) 0.051(1) 
Ge2A 4e 0.0863(3) 0.3371(2) 0.0373(2) 0.045(1) 
Ge3A 4e 0.0447(3) 0.4463(2) 0.1515(3) 0.050(1) 
Ge4A 4e 0.0675(3) 0.3182(2) 0.2662(2) 0.044(1) 
Ge5A 4e 0.1156(3) 0.2010(2) 0.1552(2) 0.045(1) 
Ge6A 4e 0.9133(3) 0.3684(3) 0.0710(2) 0.052(1) 
Ge7A 4e 0.9019(3) 0.3699(3) 0.2179(2) 0.049(1) 
Ge8A 4e 0.0561(3) 0.7111(3) 0.2915(2) 0.051(1) 
Ge9A 4e 0.0285(3) 0.7117(2) 0.4374(2) 0.048(1) 
Ge1B 4e 0.4483(8) 0.3219(5) 0.3574(6) 0.195(6) 
Ge2B 4e 0.5915(6) 0.2372(9) 0.4363(7) 0.236(7) 
Ge3B 4e 0.4059(5) 0.2022(5) 0.4554(3) 0.121(3) 
Ge4B 4e 0.3628(4) 0.2117(7) 0.2974(6) 0.171(5) 
Ge5B 4e 0.5484(4) 0.2471(4) 0.2602(3) 0.092(2) 
Ge6B 4e 0.5369(6) 0.0940(7) 0.4478(6) 0.190(5) 
Ge7B 4e 0.3819(5) 0.0753(6) 0.3681(6) 0.159(4)  
Ge8B 4e 0.4999(5) 0.0920(4) 0.2618(3) 0.106(2) 
Ge9B 4e 0.6427(3) 0.1395(4) 0.3354(4) 0.097(2) 

K1 4e 0.1458(6) 0.7515(5) 0.1086(5) 0.051(2) 
K2 4e 0.1205(7) 0.1039(5) 0.3392(5) 0.064(3) 
K3 4e 0.2453(6) 0.5032(5) 0.0209(5) 0.061(2) 
K4 4e 0.2043(8) 0.3201(5) 0.4489(7) 0.082(3) 
K5 4e 0.7113(6) 0.2557(6) 0.1156(6) 0.069(3)  
K6 4e 0.0256(5) 0.5151(6) 0.6049(6) 0.060(2) 
K7 4e 0.6844(7) 0.4474(8) 0.3085(5) 0.087(4) 
K8 4e 0.2224(9) 0.5276(7) 0.2912(5) 0.094(4) 
K9 4e 0.4397(8) 0.389(1) 0.1447(7) 0.118(5) 

K10 4e 0.504(1) 0.090(2) 0.0668(9) 0.19(1) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 

The geometry of the anions and their coordination by the alkali metal cations 

strongly resemble that of the respective parent compounds, the Zintl phase K4Ge9 

and, the tungstate K2WO4.  

The cluster B is strongly disordered resulting in a pathological shape of the thermal 

ellipsoids of the corresponding Ge atoms. The disorder neither vanishes nor reduces 

if the data are collected at low temperature (100 K). An acceptable splitting model 

was difficult to find as the most disordered atoms seem to be distributed in more 

than two positions. Therefore a non-split average model was chosen for its 
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description. The distortions due to orientational disorder are very often observed in 

the structure of different phases featuring E9 nido-clusters and this seems to be 

mainly a consequence of the incomplete orientational ordering of the clusters and 

results in relative large conventional R-values with several alkali metal positions 

disclosing large values of atomic displacement parameters (ADPs). Sometimes, the 

disorder can be modelized in terms of statistical occupation by two or more 

overlapping clusters with different orientations coinciding with only some of the atom 

positions. In fact, a threefold orientational disorder was found in the binary phase 

K4Ge9 for one of the two crystallographically different clusters (see § 3.6). 

 
Table 3.3b  Atomic displacement parameters (Å2) for the compound K10[Ge9]2WO4   
 

Atom U11 U22 U33 U12 U13 U23 
W1 0.047(1) 0.052(1) 0.043(1) -0.0013(7) 0.001(1) 0.0024(7) 
Ge1A 0.030(2) 0.053(2) 0.070(3) -0.008(2) -0.002(2) 0.002(2) 
Ge2A 0.049(2) 0.056(2) 0.031(2) -0.005(2) 0.015(2) -0.002(2) 
Ge3A 0.049(2) 0.035(2) 0.067(3) 0.001(2) -0.004(2) -0.011(2) 
Ge4A 0.051(2) 0.057(3) 0.024(2) 0.003(2) -0.007(2) -0.003(2) 
Ge5A 0.042(2) 0.039(2) 0.054(3) 0.008(2) -0.005(2) -0.002(2) 
Ge6A 0.039(2) 0.075(3) 0.041(2) 0.013(2) -0.015(2) 0.004(2) 
Ge7A 0.043(2) 0.068(3) 0.037(2) 0.015(2) 0.014(2) -0.000(2) 
Ge8A 0.049(2) 0.057(3) 0.046(2) 0.015(2) 0.015(2) -0.006(2) 
Ge9A 0.061(3) 0.044(2) 0.039(2) 0.011(2) -0.013(2) 0.002(2) 
Ge1B 0.27(1) 0.112(5) 0.20(1) 0.073(7) 0.177(9) 0.034(6) 
Ge2B 0.109(6) 0.38(2) 0.22(1) -0.022(8) -0.024(7) -0.23(1) 
Ge3B 0.118(5) 0.19(1) 0.058(3) 0.081(5) 0.052(3) 0.043(4) 
Ge4B 0.061(4) 0.26(1) 0.195(9) 0.006(5) -0.038(5) 0.135(8) 
Ge5B 0.116(4) 0.085(3) 0.074(4) 0.016(4) 0.057(4) 0.026(3) 
Ge6B 0.148(6) 0.108(5) 0.063(4) -0.037(4) -0.010(4) -0.036(3) 
Ge7B 0.037(2) 0.151(5) 0.102(5) 0.020(3) 0.017(3) 0.000(4) 
Ge8B 0.134(6) 0.23(1) 0.21(1) 0.099(7) 0.048(6) 0.158(9) 
Ge9B 0.087(5) 0.176(8) 0.21(1) -0.057(5) 0.040(6) 0.024(7) 
K1 0.065(5) 0.044(5) 0.043(5) -0.001(4) 0.006(4) 0.005(4) 
K2 0.081(6) 0.057(6) 0.052(6) -0.002(5) -0.026(5) 0.003(5) 
K3 0.066(6) 0.046(5) 0.071(6) -0.008(4) -0.018(5) 0.017(4) 
K4 0.097(8) 0.033(5) 0.116(9) 0.002(5) 0.046(7) -0.001(5) 
K5 0.061(5) 0.065(6) 0.080(7) -0.012(5) 0.016(5) -0.005(5) 
K6 0.041(5) 0.070(6) 0.068(6) 0.007(4) -0.007(4) -0.018(5) 
K7 0.065(6) 0.16(1) 0.034(6) 0.041(6) -0.010(5) -0.010(6) 
K8 0.12(1) 0.115(9) 0.044(6) -0.064(7) 0.020(6) -0.023(6) 
K9 0.063(7) 0.21(2) 0.081(9) 0.061(8) -0.008(6) 0.004(9) 
K10 0.09(1) 0.38(3) 0.10(1) -0.14(1) -0.011(9) 0.02(2) 
 
 
 
Some relevant interatomic distances are listed in Table 3.4. Considering the 

idealized C4v symmetry (i.e. neglecting the deviation from 4mm symmetry), the 

intracluster Ge–Ge contacts can be sorted into four groups where atoms at 

equivalent positions are expected to have similar bond distances (Scheme 2): 
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distances to the capping Ge1 atom (group I), within the capped square (group II), 

between the two square (group III), and finally within the open basal square (group 

IV). In fact, there are only two types of effective bond lengths in cluster A (ordered). 

The distances of the group I and III and IV are shorter (from 2.526(5) Å to 2.625(6) 

Å) than those of the group II between five-bonded atoms (from 2.700(5) Å to 

3.009(5) Å). This corresponds to the bond pattern found for all fully isolated E9 nido-

cluster. Similar distribution of bond distances is observed in the ordered Ge9
4- cluster 

of the binary K4Ge9, (see § 3.6) with Ge–Ge distances ranging from 2.517(6) Å to 

2.906(6) Å.  

The Ge–Ge intracluster distances are also similar to those in e.g. Cs4Ge9 (2.522(8) 

Å – 3.008(11) Å) [25] and to those in Ge9 clusters of the K-crypt salt crystallized from 

solution (from 2.538(5) Å to 2.962(7) Å). [26]  
The bond distances in the disordered cluster B are roughly in the same range 

(between 2.360 Å and 3.123 Å) but, because of the strong distortion, the usual bond 

pattern of E9 nido cluster can not be rigorously observed. The contacts of the group I 

range from 2.36(1) Å to 2.77(2) Å, with some rather short distances like Ge1B–Ge4B 

(2.36(2) Å) and, also quite long bond distances like group IV Ge2B–Ge5B = 3.12(1) 

Å, which do not correspond to the real distances but result from the non-split 

average model.  

For comparison, the intracluster Ge–Ge distances of the Zintl cluster Ge4
4- which 

correspond to 2c–2e bond, are between 2.506(3) Å and 2.556(3) Å in the double salt 

Rb14Ge4Si6O17,[5] but a bit longer in the Zintl phase RbGe (from 2.557(1) Å to 

2.584(1) Å). [27] Similar Ge–Ge bond distances from 2.496(3) Å to 2.501(3) Å are also 

found in the germanium type I clathrate (see § 3.7), while in the element the Ge–Ge 

distance is shorter 2.445 Å. 

 
  
 
 
 
 
 
 
 
 
Scheme 2.  Ortep view of the Ge9 cluster A (50% probability level) with 
labeling of the bond lengths in four groups (I, II, III, IV) according to 
approximate C4v point-group symmetry.  
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Table 3.4 Ge–Ge and W–O distances of Ge9

4- clusters and WO4
2- anion respectively, in 

K10[Ge9]2WO4 (standard deviations are in parentheses) 
 
Cluster A   Cluster B (disordered)  

Atomic pair distance /Å  Atomic pair distance /Å 
Ge1 —Ge5 2.556(5)  Ge1B —Ge4B 2.36(2) 

 —Ge4 2.556(6)  —Ge5B 2.49(1) 
 —Ge3 2.570(5)  —Ge2B 2.77(2) 
 —Ge2 2.589(6)  —Ge3B 2.62(1) 

Ge2 —Ge6 2.526(5)  Ge2B —Ge9B 2.45(1) 
 —Ge9 2.593(5)  —Ge6B 2.41(2) 
 —Ge3 2.700(5)  —Ge3B 2.66(1) 
 —Ge5 3.009(5)  —Ge5B 3.12(1) 

Ge3 —Ge6 2.611(6)  Ge3B —Ge6B 2.51(1) 
 —Ge7 2.599(6)  —Ge7B 2.55(1) 
 —Ge4 2.868(6)  —Ge4B 2.81(1) 

Ge4 —Ge7 2.585(5)  Ge4B —Ge7B 2.51(1) 
 —Ge8 2.618(5)  —Ge5B 2.72(1) 
  —Ge5 2.765(5)  —Ge8B 2.77(1) 

Ge5 —Ge9 2.576(5)  Ge5B —Ge9B 2.52(1) 
  —Ge8 2.567(5)  —Ge8B 2.56(1) 

Ge6 —Ge7 2.557(5)  Ge6B —Ge9B 2.55(1) 
  —Ge9 2.625(6)  —Ge7B 2.58(1) 

Ge7 —Ge8 2.598(6)  Ge7B —Ge8B 2.49(1) 
Ge8 —Ge9 2.566(6)  Ge8B —Ge9B 2.46(1) 
Ge6 —Ge8 3.485(5)*  Ge6B —Ge8B 3.28(1)* 
Ge7 —Ge9 3.818(5)*  Ge7B —Ge9B 3.81(1)* 

* corresponding to the diagonal of the open basal square of the clusters 
 

Atomic pair distance /Å  O–O distances (/Å) at the 
edges of WO4

2– tetrahedra 
Corresponding  

Oi–W–Oj angles (°) 
W1 —O4 1.72(2)  O1—O2 2.99(4) 111.9(11) 

  —O3 1.72(2)  O1—O3 2.84(3) 106.4(11) 
  —O2 1.78(3)  O1—O4 2.88(3) 108.8(10) 
 —O1 1.83(2)  O2—O3 2.84(4) 108.5(11) 
     O2—O4 2.79(4) 106.0(12) 
    O3—O4 2.91(3) 115.4(11) 

 

 

The distortion of the clusters from ideal C4v symmetry can be assessed by the ratio of 

the two diagonals (d1 and d2) of the open basal square which should be equal to one 

in an ideal geometry. The cluster A with d1/d2 ratio of 1.1 has the shape of a distorted 

monocapped square antiprism close to C2v symmetry. The cluster B (d1/d2 = 1.16) is 

more distorted because of the incomplete orientational ordering and may be viewed 

as hybrid between a monocapped square antiprism and a tricapped trigonal prism 

(D3h) in the non-split average model. For comparison, the two clusters (A and B) are 

represented in Figure 3.4 with {1,4,4} setting.  



Chap. 3 32  Germanide-Tungstate 

TU München 2006  Dissertation Ponou 

 

              
  Cluster A         Cluster B 

Figure 3.4  Ball and stick representation of the cluster A (left) and cluster B (right). Grey lines denote 
heights of eventual tricapped trigonal prism geometry with the fragmented representing 
the longest height. 

 
 
 

                
Figure 3.5  (a) Ortep plot of the coordination of Ge9

4- (cluster A) by K+ cations (up to 3.9 Å) with 
several of them capping the polyhedron faces (left) (b) Non-split average model of Cluster 
B (disordered) with pathological shapes of thermal ellipsoids (at 50% probability level) 

 
 

Due to the above mentioned distortion of the clusters, it is often difficult to distinguish 

between a nine-atom closo species (a tricapped trigonal prism) and a nine-atom nido 

species (a monocapped square antiprism), even for clusters that crystallized from 
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solution.[12] However the two clusters in the present compound are unambiguously 

nido-clusters according to their formal charge and their interatomic distances, 

although they are strongly distorted with one edged (Ge2–Ge5) of the waist that is 

significantly longer (3.009(5) Å in cluster A and 3.123 Å in cluster B) than other 

equivalent contacts.  

The Ge9 clusters are surrounded by 16 closest K+ neighbours (Figure 3.5) in a quite 

similar way than in the binary phase K4Ge9 (see §3.6) with several of the cations 

capping the polyhedron faces. The K–Ge interaction distances in cluster A vary from 

3.37(1) Å to 3.87(1) Å, and in cluster B from 3.38(1) Å to 3.97(2) Å. The shortest 

intercluster distance of 4.01(1) Å observed between cluster A and cluster B is slightly 

longer than in Cs4Ge9 (3.956(8) Å) although the latter contains bigger Cs+ cations. 

The shortest interaction distance between K+ cations is 3.70(5) Å.  

The coordination of the central W atom by the four surrounding oxygen atoms yields 

a tetrahedra structure. The W–O distances in the WO4
2– anion of the mixed-salt 

range from 1.72(2) Å to 1.83(2) Å and are comparable with those in K2WO4 (from 

1.76(4) Å to 1.81(2) Å).[28] As illustrated in Figure 3.6, the WO4
2- anionic units are 

surrounded by 9 K+ cations which is less than the 11 K+ neighbours found in K2WO4, 

but there are strong similarities for the coordination in the two phases as five over six 

tetrahedron edges are capped by K+ in both cases.  

 

(a)         (b)  
 
Figure 3.6  (a) Ortep view of the coordination of WO4

2- anion by K+ in K10[Ge9]2WO4 with several of 
them capping the tetrahedron edges (the thermal ellipsoids are at 50% probability level). 
(b) Coordination of the same anions in K2WO4. 
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Table 3.5  Some relevant O–K and Ge–K interaction distances (< 3.95 Å) in K10[Ge9]2WO4 (standard 

deviations are in parentheses) 
 

Atomic pair distance  /Å  Atomic pair distance /Å 
O1 —K4 2.58(2)  K4 —Ge3B 3.38(1) 

 —K6 2.65(3)  —Ge2A 3.36(1) 
 —K8 2.98(3)  —Ge1B 3.75(1) 
 —K6 3.34(3)  —Ge4A 3.70(1) 

O2 —K10 2.60(3)  —Ge5A 3.81(1) 
 —K7 2.97(3)  —Ge9A 3.83(1) 
 —K10 3.42(3)  —Ge4B 3.84(1) 
 —K4 3.42(4)  K5 —Ge6A 3.42(1) 

O3 —K5 2.59(2)  —Ge5B 3.39(1) 
 —K10 2.74(3)  —Ge2B 3.53(2) 
 —K8 2.81(3)  —Ge7A 3.67(1) 

O4 —K1 2.66(2)  —Ge8A 3.68(1) 
 —K6 2.72(2)  —Ge9A 3.80(1) 
 —K7 2.78(3)  K6 —Ge5A 3.76(1) 
     —Ge7A 3.72(1) 

K1 —Ge9A 3.44(1)   —Ge9A 3.76(1) 
 —Ge8A 3.48(1)   —Ge4A 3.71(1) 
 —Ge9B 3.57(1)  K7 —Ge7A 3.63(1) 
 —Ge7A 3.62(1)     —Ge5B 3.80(2) 
 —Ge2B 3.75(1)     —Ge7B 3.80(2) 
 —Ge6A 3.75(1)  —Ge8B 3.66(1) 
 —Ge4A 3.83(1)  —Ge1B 3.94(2) 

K2 —Ge3A 3.41(1)  K8 —Ge9B 3.40(1) 
 —Ge5A 3.55(1)  —Ge3A 3.70(1) 
 —Ge2A 3.60(1)  —Ge1A 3.68(1) 
 —Ge7B 3.70(1)  —Ge8A 3.73(1) 
 —Ge4A 3.71(1)  K9 —Ge5B 3.38(1) 
 —Ge4B 3.85(1)  —Ge1A 3.54(1) 
 —Ge8A 3.76(1)  —Ge3B 3.62(2) 
 —Ge7A 3.86(1)  —Ge6B 3.65(2) 

K3 —Ge6A 3.40(1)  —Ge8B 3.72(2) 
 —Ge6B 3.40(1)  —Ge1B 3.85(2) 
 —Ge2A 3.46(1)  —Ge7B 3.88(2) 
 —Ge1A 3.55(1)  —Ge6B 3.69(2) 
 —Ge7B 3.50(1)  K10 —Ge8B 3.39(2) 
 —Ge9B 3.66(1)  —K10 3.70(5) 
 —Ge3A 3.71(1)  —Ge2B 3.76(2) 

 
 
 
The interaction distances between K and the oxygen atoms of the tungstate (Table 

3.5) vary from 2.58(2) Å to 2.81(3) Å in K10[Ge9]2WO4 which is a bit shorter 

compared to those in the simple tungstate K2WO4 (between 2.68(3) Å and 2.97(3) 

Å). In the double salt, the shortest distance between two W centers of the tungstate 

anions is 6.961(2) Å, much longer than in K2WO4 (4.201(5) Å). 
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Regarding only the packing of the anions, the structure can be described as a 

hierarchical cluster replacement derivative of the Al2Cu structure type. [29] As shown 

in Figure 3.7, Ge9 clusters substitute Al atoms and the WO4 tetrahedra occupy the 

Cu position, while the K+ cations occupy the resulting tetrahedral voids of the 

structure. The relationship between the basic structure Al2Cu and the hierarchical 

derivative structure by atom-by-cluster replacement plus filling of 10 over 16 

tetrahedral voids can be written as �16Al2Cu ≅ �6K10[Ge9]2[WO4] (� denoted 

tetrahedral hole). 

As a consequence, the structure of K10[Ge9]2WO4 may be described as an 

antisymmetrical stacking in the [100] direction of almost planar 32434 nets (A and B) 

formed by isolated Ge9 clusters, that are separated by a larger planar 44 net of 

tungstate (C), resulting in the stacking sequence ACBC…. Subsequently, the 

staggered alternating Ge9 layers are penetrated in their quadrangles based channels 

by strings of isolated WO4
2- anions running in the [100] direction in the way that the 

latter are positioned above and below the layers of the former and are coordinated 

by eight Ge9 clusters in a square antiprismatic geometry (Figure 3.8).  

Apart from the effect of the unfilled tetrahedral holes, the deformation of the formally 

tetragonal unit cell of the aristotyp (Al2Cu) to a monoclinic one is mainly a result of 

the site colouring due to the different orientations of the ’non-spherical’ Ge9 clusters 

for a better packing in the crystal. The distribution of the Ge9 clusters here differs 

clearly with that in the K4Ge9 phases where the clusters form interpenetrated linear 

chains in a Cr3Si like hierarchical derivative. 

 
 

 
 
 
 
 



Chap. 3 36  Germanide-Tungstate 

TU München 2006  Dissertation Ponou 

 
 
 

(a)       (b)  
 
Figure 3.7  (Top) Projection of the structure of K10[Ge9]2WO4 in [100] direction. Ge9 clusters in 

polyhedral representation; different alternating A and B layers are grey (x = 0) or light 
grey (x = ½). (a) The Ge9 clusters are replaced by their centre of gravity for clarity 
revealing the hierarchical replacement relation with the Al2Cu-type (b).  
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(a)        (b)  
 
Figure 3.8  Some details of the K10[Ge9]2WO4 structure. (a) Square antiprismatic coordination of 

WO4
2- anion by eight Ge9

4- clusters with (b) K+ cations located in the voids of the resulting 
face sharing tetrahedral.  
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3.4 The Crystal structure of the rubidium germanide tungstates Rb10[Ge9]2WO4  

3.4.1 Crystal structure determination  
The structure solution of the Rb phase which is isostructural to the K compound was 

straightforward and reveals the similarity of the two crystal structures. A ruby-red 

transparent crystal with needle shape was selected and mounted on a top of a glass 

stick. Full data collection was carried out on the Stoe IPDS II diffractometer with an 

image plate detector which turns to be more appropriated as the crystals of the Rb 

phase were very poor diffracting. The monoclinic unit cell is again pseudo-

orthorhombic, with larger cell edges consistent with the bigger atomic size of the Rb 

cation compared to K. On the basis of systematic extinctions, the structure solution 

was done in the space group P21/c, confirming the isotypism with the previous phase 

K10[Ge9]2WO4. The crystallographic data as well as details for structure solution and 

refinement are summarized in Table 3.6, and the atomic parameters in Tables 3.7. 

The structure model of the K phase was successful used as starting model in the 

refinement. All atoms, but O were refined with anisotropic thermal parameters. One 

over two Ge9 cluster of the structure is disordered. The refinement based on a split 

model was still unsatisfactory. Using the same twinning matrix -100 010 001 the 

residuals were lowered to better levels of R1 = 0.145 and wR2 = 0.312 for all data [R1 

= 0.118, wR2 = 0.289 for I > 2σ(I)] with no significant residual density map. The poor 

crystalline quality of the crystal is reflected in the residuals. 

 

3.4.2 Description of the Structure of Rb10[Ge9]2WO4   

The compound Rb10[Ge9]2WO4 is isotyp to the previously described K homologue. 

There is one ordered cluster A and one disordered cluster B. The interatomic 

distances in the Ge9
4- clusters and the WO4

2- anion are listed in Table 3.8. The Ge–

Ge intracluster contacts in cluster A are between 2.555(8) Å and 2.985(7) Å which 

indicated that this cluster here is overall less distorted than the corresponding one in 

the K analogue, probably due to packing effects. In the clusters of type B the Ge–Ge 

contacts are between 2.47(3) Å and 3.04(2) Å. The shape of the Ge9 clusters (Figure 

3.9) keeps the two types of bond lengths. For the cluster A, the bond distances to 

the capping Ge1 atoms (group I) and within the basal open square (group IV) range 

from 2.555(8) Å to 2.626(8) Å and those of group III (between atoms of the two 
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different squares) from 2.533(7) Å to 2.623(8) Å. The group II distances within the 

capped square range from 2.727(7) Å to 2.985(7) Å. 

Similar distribution of the bond distances can not rigorously be found in the second 

cluster B due to the strong distortion. The intracluster bond distances of group I 

range from 2.47(3) Å to 2.69(2) Å and those of group III from 2.50(1) Å to 2.73(2) Å. 

The bond distances of group II which should all be longer vary from 2.68(1) Å to 

3.04(2) Å. At least one bond distance of the group II is shorter than some of the first 

type, but the general trend remains.  

 

 
Table 3.6 Crystallographic data and details of structure refinement parameters for Rb10[Ge9]2WO4   
 
Chemical formula Rb10Ge18WO4   
Formula weight  2409.17 
Temperature 293(2) K 
Crystal size 0.1×0.1×0.3 mm3 
Crystal colour and habit Ruby-red needle 
Diffractometer STOE IPDS II 
Crystal system Monoclinic   
Space group (No.) P 1 21/c 1 (14) 
Unit cell parameters 
 

a = 14.361(3) Å 
b = 16.356(3) Å; β = 90.01(3)°  
c = 17.839(4) Å 

Unit cell Volume  4190.3(2) Å3 
Z 4 
Density calculated 3.910 g/cm3 
Absorption coefficient (Mo Kα)  27.62 mm-1 (λ = 0.71073 Å) 
Absorption correction  none  
F(000) 4208.0 
Theta range  3.32° - 23.94° 
Resolution range  6.17 - 0.88 Å 
Index range  -15 ≤ h ≤ 16,  -18 ≤ k ≤ 18,  -20 ≤ l ≤ 20 
Data completeness 95.3% 
Integrated reflections 27051 (Rσ = 0.129) 
Independent reflections 6255 (Rint = 0.228)      
Refinement method Full-matrix least-squares on F2 
Parameters  279 
Goodness of fit on F2 1.050 
Observed reflections [I>2σ(I)] 4726 
Final R indices [I>2σ(I)] R1 = 0.118, wR2 =  0.289 
Final R indices (all data) R1 = 0.145, wR2 =  0.312 
Twin matrix  -1 0 0  0 1 0  0 0 1 
Twin ratio  0.523 
Residual map (e–/Å3) 5.67 /-4.21  
w = 1/[σ2(Fo2)+(0.1449×P)2 + 300.6819×P] where P = (Fo2 + 2Fc2)/3 
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Table 3.7a Atom coordinates and equivalent isotrope atomic displacement parameters for the 
compound Rb10[Ge9]2WO4 (standard deviations are in brackets) 

 
Atom Wyck. x y z Ueq /Å2  

W1 4e 0.7557(2) 0.0400(1) 0.0048(1) 0.0511(5)
O1 4e 0.844(2) 0.980(2) 0.051(2) 0.05(1)
O2 4e 0.671(3) 0.980(3) 0.961(2) 0.08(1)
O3 4e 0.707(3) 0.108(3) 0.075(3) 0.09(1)
O4 4e 0.801(3) 0.100(2) 0.934(2) 0.07(1)

Ge1A 4e 0.1831(4) 0.3479(3) 0.1615(3) 0.057(1)
Ge2A 4e 0.0841(4) 0.3377(3) 0.0406(2) 0.048(1)
Ge3A 4e 0.0428(4) 0.4440(3) 0.1535(3) 0.053(1)
Ge4A 4e 0.0639(4) 0.3183(3) 0.2644(2) 0.051(1)
Ge5A 4e 0.1109(4) 0.2053(3) 0.1537(3) 0.052(1)
Ge6A 4e 0.9166(4) 0.3698(4) 0.0739(3) 0.054(1)
Ge7A 4e 0.9028(4) 0.3682(4) 0.2175(3) 0.055(1)
Ge8A 4e 0.0557(4) 0.7140(3) 0.2923(3) 0.057(1)
Ge9A 4e 0.0273(4) 0.7172(3) 0.4345(3) 0.050(1)
Ge1B 4e 0.445(1) 0.314(1) 0.355(1) 0.208(9)
Ge2B 4e 0.579(1) 0.246(1) 0.430(1) 0.231(9)
Ge3B 4e 0.398(1) 0.191(1) 0.448(1) 0.167(6)
Ge4B 4e 0.369(1) 0.199(1) 0.290(1) 0.185(8)
Ge5B 4e 0.546(1) 0.242(1) 0.262(1) 0.090(2)
Ge6B 4e 0.535(1) 0.097(1) 0.451(1) 0.139(5)
Ge7B 4e 0.390(1) 0.065(1) 0.366(1) 0.148(5)
Ge8B 4e 0.509(1) 0.089(1) 0.265(1) 0.131(4)
Ge9B 4e 0.640(1) 0.143(1) 0.339(1) 0.108(3)

Rb1 4e 0.1412(3) 0.7472(3) 0.1077(2) 0.050(1)
Rb2 4e 0.1283(4) 0.1028(4) 0.3375(3) 0.065(1)
Rb3 4e 0.2437(4) 0.5041(3) 0.0221(3) 0.058(1)
Rb4 4e 0.2039(5) 0.3200(4) 0.4486(5) 0.102(3)
Rb5 4e 0.7084(4) 0.2589(5) 0.1117(4) 0.083(2)
Rb6 4e 0.0269(3) 0.5099(4) 0.6060(3) 0.064(1)
Rb7 4e 0.6783(5) 0.4393(6) 0.3098(3) 0.094(2)
Rb8 4e 0.2189(5) 0.5293(4) 0.2899(3) 0.086(2)
Rb9 4e 0.4324(5) 0.3826(8) 0.1465(5) 0.137(4)

Rb10 4e 0.5076(7) 0.0859(13) 0.0669(6) 0.213(9)
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 

                              
Figure 3.9  Ball and stick model of the cluster A (left) and cluster B (right), the stronger distortion of 

cluster B is emphasized by higher bond fluctuation at the heights (draw as grey lines). 
The shorter diagonal is shown as dashed line. 
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Table 3.7b  Anisotropic displacement parameters (Å2 ) for Rb10[Ge9]2WO4 
 

Atom U11 U22 U33 U12 U13 U23 
W1 0.053(1) 0.062(1) 0.038(1) -0.007(1) 0.007(1) 0.001(1) 

Ge1A 0.044(3) 0.059(3) 0.067(3) -0.007(2) -0.002(3) 0.002(3) 
Ge2A 0.054(3) 0.056(3) 0.032(2) -0.011(2) 0.015(2) -0.005(2) 
Ge3A 0.048(3) 0.046(3) 0.064(3) -0.002(2) -0.003(3) -0.013(2) 
Ge4A 0.057(3) 0.069(3) 0.025(2) -0.001(3) -0.004(2) -0.004(2) 
Ge5A 0.049(3) 0.048(3) 0.060(3) 0.013(2) -0.005(3) 0.000(2) 
Ge6A 0.048(3) 0.076(3) 0.038(2) 0.017(3) -0.017(2) 0.006(2) 
Ge7A 0.049(3) 0.081(4) 0.035(2) 0.014(3) 0.012(2) 0.006(2) 
Ge8A 0.068(4) 0.061(3) 0.043(3) 0.024(3) 0.017(3) 0.000(2) 
Ge9A 0.065(3) 0.053(3) 0.032(2) 0.014(2) -0.014(2) 0.001(2) 
Ge1B 0.26(2) 0.19(1) 0.17(1) 0.14(1) 0.16(1) 0.08(1) 
Ge2B 0.26(2) 0.25(2) 0.19(1) -0.02(2) -0.065(14) -0.16(1) 
Ge3B 0.16(1) 0.26(1) 0.080(5) 0.14(1) 0.089(6) 0.079(7) 
Ge4B 0.046(4) 0.31(2) 0.20(1) -0.038(7) -0.048(6) 0.16(1) 
Ge5B 0.102(5) 0.109(6) 0.060(4) -0.003(5) 0.039(4) 0.027(4) 
Ge6B 0.18(1) 0.139(8) 0.076(5) -0.082(8) 0.028(6) -0.043(5) 
Ge7B 0.044(3) 0.166(8) 0.113(6) 0.020(4) 0.013(4) 0.020(6) 
Ge8B 0.097(6) 0.22(1) 0.100(6) 0.060(7) 0.009(5) 0.089(7) 
Ge9B 0.075(5) 0.23(1) 0.137(8) -0.042(7) 0.012(6) 0.051(9) 

Rb1 0.059(3) 0.060(3) 0.031(2) 0.000(2) 0.005(2) -0.004(2) 
Rb2 0.061(3) 0.083(4) 0.051(3) -0.002(3) -0.015(2) 0.003(3) 
Rb3 0.063(3) 0.054(3) 0.055(3) -0.007(2) -0.018(2) 0.011(2) 
Rb4 0.100(5) 0.043(3) 0.162(7) 0.007(3) 0.051(5) 0.008(4) 
Rb5 0.066(3) 0.109(5) 0.073(4) -0.007(3) 0.015(3) -0.003(4) 
Rb6 0.049(3) 0.079(4) 0.063(3) 0.006(3) -0.004(2) -0.023(3) 
Rb7 0.075(4) 0.170(7) 0.036(3) 0.041(4) -0.012(3) -0.004(3) 
Rb8 0.102(5) 0.113(5) 0.043(3) -0.043(4) 0.011(3) -0.019(3) 
Rb9 0.070(4) 0.26(1) 0.079(4) 0.066(6) -0.007(4) -0.004(6) 

Rb10 0.099(7) 0.44(3) 0.099(6) -0.13(1) 0.006(5) 0.01(1) 
 

 

 

Just like in the K analogue, the cluster A with d1/d2 ratio of 1.08 has the shape of a 

distorted monocapped square antiprism close to C2v symmetry (Figure 3.9). The 

cluster B (d1/d2 = 1.15) with orientational disorder is a hybrid between a monocapped 

square antiprism and a tricapped trigonal prism in non-split average model.  

The Ge clusters are coordinated by Rb+ cations with the shortest Rb–Ge distance of 

3.49(1) Å (Table 3.9). The shortest intercluster distance is 4.28(2) Å, whereas the 

interaction distances between the Rb+ cations are all longer than 3.69(3) Å (Rb10–

Rb10). 
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Table 3.8  Interatomic distances within Ge9

4– clusters and the anion WO4
2– in Rb10[Ge9]2WO4 

(standard deviations are in parentheses)  
 
Cluster A   Cluster B (disordered)  

Atomic pair distance /Å  Atomic pair distance /Å 
Ge1 —Ge5 2.555(8)  Ge1B —Ge4B 2.47(3) 

 —Ge4 2.557(8)  —Ge5B 2.50(1) 
 —Ge3 2.559(8)  —Ge2B 2.59(3) 
 —Ge2 2.587(8)   —Ge3B 2.69(2) 

Ge2 —Ge6 2.533(7)  Ge2B —Ge9B 2.51(2) 
 —Ge9 2.577(7)  —Ge6B 2.54(3) 
 —Ge3 2.727(7)  —Ge3B 2.77(2) 
 —Ge5 2.985(7)  —Ge5B 3.04(2) 

Ge3 —Ge6 2.603(7)  Ge3B —Ge6B 2.50(1) 
 —Ge7 2.623(8)  —Ge7B 2.53(2) 
 —Ge4 2.869(8)  —Ge4B 2.84(2) 

Ge4 —Ge7 2.591(8)  Ge4B —Ge7B 2.59(2) 
 —Ge8 2.623(8)  —Ge5B 2.68(1) 
  —Ge5 2.787(7)  —Ge8B 2.73(2) 

Ge5 —Ge9 2.540(7)  Ge5B —Ge9B 2.52(1) 
  —Ge8 2.583(8)  —Ge8B 2.56(1) 

Ge6 —Ge7 2.569(7)  Ge6B —Ge7B 2.46(1) 
  —Ge9 2.626(8)  —Ge9B 2.51(1) 

Ge7 —Ge8 2.597(8)  Ge7B —Ge8B 2.62(1) 
Ge8 —Ge9 2.569(7)  Ge8B —Ge9B 2.63(2) 
Ge6 —Ge8 3.514(8)*  Ge6B —Ge8B 3.33(1)* 
Ge7 —Ge9 3.803(8)*  Ge7B —Ge9B 3.84(1)* 

 * corresponding to the diagonals of the basal open square 
 

Atomic pair Distance /Å  O–O distances (/Å)at the 
edges of WO4

-2 tetrahedra  
Corresponding  

Oi–W–Oj angles(°) 
W1 —O4 1.73(4)  O1—O2 2.95(5) 113.1(17) 

  —O2 1.75(4)  O1—O3 2.90(5) 106.9(18) 
  —O1 1.80(3)  O1—O4 2.92(5) 112.2(17) 
 —O3 1.82(5)  O2—O3 2.96(7) 112.9(20) 
     O2—O4 2.75(6) 104.6(19) 
    O3—O4 2.86(6) 107.1(20) 

 
 
 
The structure of the tungstate anion and its coordination by Rb+ cations are similar to 

those in the parent compound Rb2WO4 (Figure 3.10).[30] The W–O distances in the 

double salt (Table 3.8) are between 1.73(4) Å and 1.82(5) Å, generally shorter than 

in Rb2WO4 (from 1.82(4) Å to 1.88(2) Å). The shortest distance between two W 

atoms is 7.140(3) Å longer than in the structure of Rb2WO4 (4.35(2) Å). The closest 

Ge atom to W (Ge9A) is at about 4.391(6) Å which means that the WO4
2- anions are 

closer to the Ge9
4- cluster than to other equivalent anions; nevertheless, the Ge9

4- 
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clusters and the WO4
2- anion don’t see each other directly, but through a screen of 

Rb+ cations. The interaction distances between O and the 9 closest Rb+ cations 

range from 2.55(5) Å to 2.97(4) Å and is reasonably comparable to the 

corresponding interactions in Rb2WO4 (from 2.75(4) Å to 3.10(4) Å) in which WO4
2- 

anion is coordination by 11 Rb+ cations. 

 

 
Table 3.9  Some relevant O–Rb and Rb–Ge interaction distances (< 4.0 Å) in Rb10[Ge9]2WO4 

(standard deviations are in parentheses) 
 

Atomic pair distance  /Å  Atomic pair distance /Å 
O1 —Rb4 2.71(3)  Rb4 —Ge3B 3.49(1) 

 —Rb6 2.81(3)  —Ge2A 3.51(1) 
 —Rb8 3.09(3)  —Ge1B 3.85(1) 
 —Rb6 3.39(3)  —Ge4A 3.85(1) 

O2 —Rb10 2.83(5)  —Ge5A 3.92(1) 
 —Rb7 3.00(4)  —Ge9A 3.97(1) 
 —Rb10 3.48(5)  Rb5 —Ge6A 3.56(1) 
 —Rb4 3.57(4)  —Ge5B 3.57(1) 

O3 —Rb5 2.55(5)  —Ge2B 3.74(2) 
 —Rb10 2.90(5)  —Ge7A 3.82(1) 
 —Rb8 2.93(5)  —Ge8A 3.86(1) 

O4 —Rb1 2.73(4)  —Ge9A 3.94(1) 
 —Rb7 2.90(4)  Rb6 —Ge5A 3.82(1) 
 —Rb6 2.97(4)   —Ge7A 3.86(1) 
     —Ge9A 3.86(1) 

Rb1 —Ge9A 3.55(1)   —Ge4A 3.86(1) 
 —Ge8A 3.56(1)  Rb7 —Ge7A 3.80(1) 
 —Ge7B 3.70(1)  —Ge5B 3.84(1) 
 —Ge7A 3.75(1)  —Ge9B 3.87(2) 
 —Ge6A 3.85(1)  —Ge6B 3.87(1) 
 —Ge4A 3.90(1)  Rb8 —Ge7B 3.58(1) 

Rb2 —Ge3A 3.58(1)  —Ge3A 3.78(1) 
 —Ge5A 3.69(1)  —Ge1A 3.79(1) 
 —Ge2A 3.81(1)  —Ge8A 3.82(1) 
 —Ge9B 3.84(1)  Rb9 —Ge5B 3.49(1) 
 —Ge4A 3.87(1)  —Ge1A 3.64(1) 
 —Ge4B 3.89(1)  —Ge3B 3.78(1) 
 —Ge8A 3.96(1)  —Ge8B 3.81(1) 
 —Ge7A 3.99(1)  —Ge6B 3.82(2) 

Rb3 —Ge6A 3.53(1)  —Ge1B 3.89(2) 
 —Ge8B 3.56(1)  —Ge9B 3.93(2) 
 —Ge2A 3.57(1)  —Ge8B 3.94(2) 
 —Ge1A 3.67(1)  Rb10 —Ge6B 3.53(1) 
 —Ge9B 3.67(1)  —Rb10 3.69(4) 
 —Ge7B 3.75(1)  —Ge2B 3.81(2) 
 —Ge3A 3.85(1)    
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Figure 3.10  Comparison of the coordination of WO4

2- by Rb+ in K10[Ge9]2WO4 (top) with several of 
them capping the tetrahedron edges (the thermal ellipsoids are at 50% probability level) 
and in Rb2WO4 (bottom) showing some clear similarities. 

 
 
 
3.5 Discussions on the double-salts A10[Ge9]2[WO4] 
 
The A10[Ge9]2[WO4] (A = K, Rb, Cs) compounds crystallize in a new structure type. 

For the isostructural Cs phase, the unit cell parameters was a = 14.944(1), b = 

16.472(1), c = 18.498(2), β = 91.48(1)° and V = 4551.7(7), but the crystals were not 

good enough for satisfactory structure refinements. The topological analysis of the 

structure shows that they are hierarchical derivatives of the initiator Al2Cu (I4/mcm) 

with Ge9
4– clusters at Al positions and WO4

2– anions at Cu positions. Their structure 

may be viewed as an interpenetration of the two simple parent structures A4Ge9 and 

A2WO4 with the ratio 2:1, i.e. 2A4[Ge9]•A2[WO4] (A = K, Rb, Cs). At first glance, the 
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formation of composite materials between two parent compounds, comprising an 

almost binary intermetallic phase A4Ge9 (with alkali metal, A and a semi-metal, Ge) 

and an oxometallate of a transition metal (W) may be explained by the topological 

compatibility of the two parent compounds structures. It is most likely that the main 

factor behind the existence of the composite compounds is the most favorable 

Madelung energy. The volume per formula unit of the composite materials, is bigger 

than the sum of the volumes of the two simple parent compounds: 

V(Rb10[Ge9]2[WO4]) = 1048 Å3 bigger than 2V(Rb4Ge9) + V(Rb2WO4) = 1027 Å3 and, 

for the K phase V(K10[Ge9]2[WO4]) = 961.5 Å3 also bigger than the sum of the 

volumes 2V(K4Ge9) + V(K2WO4) = 943.16 Å3. Indeed, in the structure of the 

composite materials, all the anions involved are more distant to each other than in 

the corresponding simple compounds. This is particularly true for WO4
2- anions 

which are farther in the double salt (7.140(3) Å) than in the structure of Rb2WO4 

(4.35(2) Å). In K10[Ge9]2[WO4] the shortest Ge–Ge intercluster distance is 4.01(1) Å, 

significantly longer than in the binary K4Ge9 (3.656(5) Å). In the case of the Rb 

double salt, the shortest Ge9 intercluster distance is 4.28(2) Å, longer than in the 

binary Cs4Ge9 structure (3.956(8) Å) though the latter features the bigger Cs+ cation. 

Consequently, the formation of the double salt is followed by an increase of volume 

along with weaker interactions between the different anions of the compounds. This 

is in agreement with ionic nature of these salt-like compounds.  

The preparation of naked Ge9
4- cluster in ‘neat’ solid was reported only recently. The 

difficulty to obtain large cluster of group 14 in the solid state is attributed to the large 

ratio of nuclearity to charge. Wade’s rules for counting bonding electron states in 

given classes of clusters (closo, nido …etc) indicate that deltahedral tetrel clusters 

will have charges that are independent of their nuclearity, so that large clusters 

would carry relatively small negative charges. This can presumably set up situations 

in which the number of cations is insufficient to separate the large clusters. The most 

common way to crystalline products of Group 14 clusters is therefore the extraction 

of binary or ternary alloys with ethylenediamine (en) followed by the addition of the 

sequestering agents [2.2.2]crypt [26] or 18-crown-6.[31] Only few examples show that 

crystalline products can be obtained from solution without such sequestering agents. 

Among these, the inclusion of ethylene diamine (en) into the structure of Rb4Ge9 was 

reported and the solvated phase Rb4[Ge9][en] crystallizes in a hierarchical derivative 



Chap. 3 46  Germanide-Tungstate 

TU München 2006  Dissertation Ponou 

of the Al4YbMo2 structure type and has an orange colour indicating an increase of 

the band gap. [32] 

The use of salt melts instead of organic solvents as reaction media for Zintl anion 

was at the origin, one of the basic ideas behind the investigations of double salts 

with Zintl anions. The existence of the A10[Ge9]2[WO4] composite compounds shows 

that, similarly to organic solvents and to diverse tetrelates, the inclusion of transition 

metal oxometallate into the structure of the almost pure binary intermetallic phases 

A4Ge9 is possible. Interestingly, the synthesis can be done, not only through the 

reaction between the two simple parent compounds, but also from the simple 

elements and oxides, yielding the double salt as the major product with no 

detectable binary intermetallic A4Ge9. This may indicate that the crystallization of the 

composite material is easier than the corresponding simple binary phases. The 

presence of an excess tungstate phase in the reaction product is in agreement the 

starting mixtures.  

Beyond topological compatibility, the stability of the anion tungstate in a strongly 

reductive medium should be vital for the existence of the compound. This may 

explain why attempts to prepare the molybdate analogues have not been successful 

so far. As a matter of fact, the structure of α-SnWO4 contains octahedral coordinated 

W6+ (WO2O4/2) and was prepared by direct reaction below 600°C between the oxides 

SnO and WO3, but not the corresponding SnMoO4. Any attempt using SnO and 

MoO3 leads to a mixture of SnO2 and MoO2 indicating that the MoO3 is reduced by 

SnO. [33] This is in agreement with the fact that the tungsten bronzes are generally 

more stable than the corresponding molybdenum bronze. 

The composite compounds are ruby-red transparent, whereas the semiconducting 

binary phases A4Ge9 are deep red. This may also indicate a change of the band gap 

in the double salt. Indeed, the dark red colour of α-SnWO4 has been attributed to the 

charge transfer from Sn2+ to octahedral coordinated W6+ in, whereas the colourless 

β-SnWO4 with discrete WO4 tetrahedra show significant absorption only in the 

ultraviolet region because this charge transfer band has been moved to higher 

energies.[33] The A2WO4 phases (A = K, Rb, Cs) which contain also isolated WO4 

tetrahedra are colourless.  

Although it is more difficult to transfer an electron to W6+ in tetrahedral coordination, 

the energy level of highest occupied molecular orbital (HOMO) of the Ge9
4- cluster is 

higher than that of Sn2+ cation and this should lower the energy gap. Thus, a charge 
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transfer from the HOMO of the Ge9
4- cluster to the LUMO of the WO4

2- anion can not 

be ruled out as suggested by the plausible electronic states schematically drawn 

below (Scheme 3). 

The phases A10[Ge9]2[WO4] represent an intriguing class of material in which an 

oxometallate anion with unfilled non-bonding states (W6+, d0) co-exist beside 

polynuclear units of a semimetal (Ge) in its negative oxidation state. It is well 

established that such Zintl anions are very easy to oxidize and this is the main 

reason why they are air and moisture sensitive. 

It would be an exciting challenge to prepare similar composite materials with 

magnetic transition metal oxide like rhenium or even f-block elements like uranium 

whose chemical reactivity is often very similar with that of tungsten. This may lead to 

a new class of materials with dispersed magnetic d-elements. In such system, the 

long-distant magnetic d-electrons can interact with each other through nano-scale 

spacing and may lead to unique spontaneous spin ordering. Thus, the investigations 

of optical and electronic properties as well as the preparation of novel composite 

materials with magnetic d-elements are suitable. 

 

  

 

 

 
Scheme 3.  Schematic drawing of the most likely electronic states of the composite material 

A10[Ge9]2[WO4]: b = bonding, nb = non bonding, ab = antibonding 
 
 

WO4
2- Ge9

4- 

Ge–Ge nb 

Ge–Ge b 

HOMOb: O2-  

LUMOnb: W (d0)

SLUMOab : K+ /Ge–Ge Energy 
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3.6  The crystal structure of K4Ge9 

3.6.1  Synthesis and characterization 
During the preparation of the double salt, simple binaries were often obtained 

instead, depending on the temperature treatment. Single crystals of the binary phase 

K4Ge9 whose crystal structure is still missing, were obtained from the reaction with 

the composition W:GeO2:Ge:K = 1:2:4.5:6. The mixture, loaded in a niobium 

ampoule, was heated at the rate of 2K/min to 600°C, hold for 24 hours, then heated 

up again at 1K/min to 950°C, hold for 5h and, subsequently cooled down to room 

temperature at -0.1K/min. Some deep red brittle crystals with irregular shape could 

be extracted from the reaction mixture. EDX analysis reveals the presence of only K 

and Ge elements, indicating a K/Ge binary phase.  

 
3.6.2  Crystal structure determination of K4Ge9 
Several crystals were selected and first checked for singularity. The best crystal was 

used for full data collection on the Oxford Xcalibur3 diffractometer at room 

temperature. Three series of 138 frames were collected with an exposure time of 45 

sec each with a crystal-detector distance of 50 mm. The reflection intensities were 

integrated and a semi-empirical absorption correction was applied. The cell 

parameters of the rhombohedra lattice were determined and refined using all the 

integrated peaks. Then, the structure was successfully solved by direct methods in 

the noncentrosymmetric space group R3c for a fairly large cell (ca. 21×21×25 Å3). 

Eleven apparent Ge positions were assigned on the basis of peak heights and six K 

positions judging from bond distances and peak heights. Subsequent least-squares 

refinements and difference Fourier syntheses quickly located five other weak peaks 

atoms assigned to defect Ge positions. The occupancies of these positions were 

allowed to vary, and they converge successively to approximately 1/3, in agreement 

with the expected stoichiometry. The occupancies at those five positions were 

therefore fixed to 1/3 and they were refined isotropically. To obtain acceptable 

residuals, the twin matrix 100010001 was applied because of the obverse/reverse 

twinning which is typical in acentric phase with rhombohedra symmetry. The final 

refinement on F2 yields the residual factors R1 = 0.073 and wR2 = 0.203 for all data 

[R1 = 0.070 and wR2 = 0.199 for I > 2σ(I)]. The residual Fourier map was essentially 

featureless. Relevant crystallographic and refinement details are listed in Table 3.10 

and, Tables 3.11 contains the atomic positions and displacement parameters. 
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Table 3.10  Crystallographic data and details of structure refinement parameters for K4Ge9   
 
Chemical formula K4Ge9   
Formula weight  809.71 
Temperature 293(2) K 
Crystal size 0.2×0.2×0.25 mm3 
Crystal colour and habit deep-red block 
Diffractometer Oxford Xcalibur 3 
Crystal system Rhombohedra   
Space group R3c (Nr. 161) 
Unit cell parameters 
 

a = 21.208(1) Å 
c = 25.096(2) Å 

Unit cell Volume  9775.4(8) Å3 
Z 24 
Density calculated 3.301 g/cm3 
Absorption coefficient (Mo, Kα)  17.338 mm-1 (λ = 0.71073 Å) 
Absorption correction  empirical  
F(000) 8736 
Theta range  3.33° - 20.30° 
Index range  -20 ≤ h ≤ 19,  -20 ≤ k ≤ 20,  -19 ≤ l ≤ 24 
Integrated reflections 12106  (Rσ = 0.076) 
Independent reflections 1780 (Rint = 0.158)      
Data completeness 99.4% 
Refinement method Full-matrix least-squares on F2 
Parameters / restraints 168 / 1 
Goodness of fit on F2 1.173 
Observed reflections [I>2σ(I)] 1684 
Final R indices [I>2σ(I)] R1 = 0.070, wR2 =  0.199 
Final R indices (all data) R1 = 0.073, wR2 =  0.203 
Twin law -100  0-10  00-1 
Twin ratio 0.883 
Residual map [e/Å3] 1.14 / -1.29  
w = 1/[σ2(Fo2)+(0.1303×P)2 + 132.17×P] where P = (Fo2 + 2Fc2)/3 
 
 
 
3.6.3  Description of the structure of K4Ge9 

The phase K4Ge9 crystallizes in the polar space group R3c and its structure can be 

described as built of isolated nine-atom clusters of germanium surrounded by 

potassium cations (Figure 3.12). This is consistent with the ionic formulation as 4K+, 

(Ge9)4- in accordance with Wade’s rules, electron precise nido clusters with 22 

skeleton electrons.  There are two crystallographically independent Ge9 clusters in 

the structure: type A cluster (ordered) and type B cluster (disordered) in a ratio A:B = 

3:1. The type A cluster adopts a monocapped square antiprism with only small 

deviations from the ideal C4v symmetry (Figure 3.13). The type B cluster 

approximately represents threefold orientational disordered around the threefold 
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axis. This means that the site is statistically occupied by three overlapping clusters 

with different orientations coinciding only with four over nine atomic positions.  

Regarding only the packing of the Ge9 clusters, the crystal structure of K4Ge9 

represents a hierarchical atom-to-cluster replacement structure of Cr3Si in which Cr 

atoms are replace by the type A Ge9 clusters and Si atoms by the disordered type B 

Ge9 clusters (Figure 3.14). The K+ cations occupy 16 of the 24 tetrahedral holes of 

the pseudo cubic packing. The hierarchical relation can be written as: �24[Cr]3[Si]1 ≅ 

�8K16[Ge9]3[Ge9]1 (� represent tetrahedral holes) 

 
 
 
 
Table 3.11a Atom coordinates and equivalent isotrope atomic displacement parameters for the 

compound K4[Ge9] (standard deviation are in parentheses) 
 
 Atom Wyck. s.o.f x y z Ueq /Å2  
Ge1 18b 1 0.8684(2) 0.0487(2) 0.2024(2) 0.058(1) 
Ge2 18b 1 0.7763(2) 0.0802(2) 0.1620(2) 0.052(1) 
Ge3 18b 1 0.7688(2) 0.9416(2) 0.1500(2) 0.055(1) 
Ge4 18b 1 0.7896(2) 0.9357(2) 0.2588(2) 0.053(1) 
Ge5 18b 1 0.7937(2) 0.0666(2) 0.2756(2) 0.050(1) 
Ge6 18b 1 0.6550(2) 0.9576(2) 0.1521(2) 0.054(1) 
Ge7 18b 1 0.6638(2) 0.8632(2) 0.2136(2) 0.058(1) 
Ge8 18b 1 0.6775(2) 0.9434(2) 0.2944(2) 0.055(1) 
Ge9 18b 1 0.6715(2) 0.0368(2) 0.2316(2) 0.053(1) 
Ge1B 6a 1 0 0 0.0422(3) 0.063(2) 
Ge2B 18b 1 0.4094(2) 0.6798(3) 0.0565(2) 0.067(2) 
Ge3B 18b 1/3  0.017(1) 0.906(1) 0.9879(5) 0.043(3) 
Ge4B 18b 1/3 0.062(1) 0.949(1) 0.9732(6) 0.058(4) 
Ge5B 18b 1/3 0.973(1) 0.890(1) 0.9927(6) 0.059(4) 
Ge6B 18b 1/3 0.119(1) 0.041(1) 0.9780(6) 0.050(3) 
Ge7B 18b 1/3 0.096(1) 0.997(2) 0.9656(7) 0.063(5) 
K1 18b 1 0.5999(6) 0.8059(5) 0.0740(4) 0.071(3) 
K2 6a 1 0 0 0.2563(7) 0.071(5) 
K3 18b 1 0.7590(5) 0.0123(5) 0.0283(4) 0.072(3) 
K4 18b 1 0.6544(6) 0.1172(7) 0.1053(8) 0.136(7) 
K5 18b 1 0.8453(6) 0.8412(6) 0.0975(4) 0.080(3) 
K6 18b 1 0.8172(6) 0.2386(5) 0.2323(5) 0.083(3) 

Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
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Figure 3.12 Projection of the crystal structure of K4Ge9 in the c-direction. The ordered Ge9 clusters 

(type A) are shown as polyhedra. Black spheres are Ge atoms in the disordered cluster 
(type B) and K atoms are isolated grey spheres.  

 
 
 

   
 
Figure 3.13 View of the two types of Ge9 clusters in K4Ge9 with a monocapped square antiprism: left 

type A and right type B. Cluster B has the same geometry in its three symmetry related 
orientations. The numbering system here serves for the assignment of the atoms in 
Table 3.12. 
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Table 3.11b Anisotrope atomic displacement (/Å2) parameters for the compound K4[Ge9] (standard 

deviations are in parentheses) 
 
Atom U11 U22 U33 U12 U13 U23 

Ge1 0.036(2) 0.066(3) 0.069(3) 0.023(2) 0.003(2) 0.001(2)
Ge2 0.064(3) 0.041(2) 0.050(3) 0.026(2) 0.001(2) 0.013(2)
Ge3 0.070(3) 0.067(3) 0.047(2) 0.048(2) -0.003(2) -0.012(2)
Ge4 0.060(3) 0.058(3) 0.055(3) 0.040(2) 0.002(2) 0.011(2)
Ge5 0.047(2) 0.046(2) 0.055(3) 0.020(2) -0.008(2) -0.016(2)
Ge6 0.049(2) 0.053(2) 0.057(3) 0.023(2) -0.016(2) -0.009(2)
Ge7 0.068(3) 0.034(2) 0.055(3) 0.013(2) -0.004(2) -0.002(2)
Ge8 0.061(3) 0.051(2) 0.051(3) 0.027(2) 0.015(2) 0.009(2)
Ge9 0.062(3) 0.076(3) 0.045(2) 0.051(2) 0.001(2) -0.004(2)
Ge1B 0.070(3) 0.070(3) 0.047(5) 0.035(2)  
Ge2B 0.054(3) 0.096(4) 0.055(3) 0.040(3) 0.004(2) 0.005(2)
Ge4B 0.047(9) 0.08(1) 0.068(9) 0.05(1) 0.004(8) -0.014(9)
K1 0.101(8) 0.051(5) 0.066(6) 0.040(5) 0.000(5) 0.004(5)
K2 0.068(7) 0.068(7) 0.08(1) 0.034(3)  
K3 0.081(6) 0.057(6) 0.049(5) 0.013(5) -0.008(5) -0.010(5)
K4 0.069(7) 0.094(9) 0.22(2) 0.024(7) -0.030(9) 0.09(1)
K5 0.107(9) 0.063(6) 0.077(8) 0.048(6) 0.018(6) 0.004(5)
K6 0.096(8) 0.055(6) 0.091(8) 0.034(6) 0.018(6) 0.002(6)
 
 
 
 
 

 
 
Figure 3.14 Some details of the crystal structure of K4Ge9 showing the hierarchical relationship with 

the initiator Cr3Si structure (right): Cr, large dark grey spheres and Si, small light grey 
spheres 
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Table 3.12  Interatomic distances within Ge9
4- cluster in K4Ge9 (standard deviations are in 

parentheses)  
 
Cluster A   Cluster B disordered  

Atomic pair distance /Å  Atomic pair distance /Å 
Ge1 —Ge4 2.555(6)  Ge5B ––Ge1B 2.45(1) 

 —Ge3 2.560(6)  —Ge4B 2.54(2) 
 —Ge2 2.568(6)  —Ge7B 2.56(3) 
 —Ge5 2.574(6)  ––Ge2B 2.66(2) 

Ge2 —Ge6 2.599(6)  Ge1B —Ge4B 2.69(1) 
 —Ge9 2.605(6)  —Ge3B 2.59(1) 
 —Ge3 2.878(6)  —Ge6B 2.75(1) 
 —Ge5 2.906(6)  —Ge7B 2.83(2) 

Ge3 —Ge7 2.563(6)  Ge2B —Ge2B 2.586(7)     ×2 
 —Ge6 2.699(6)  —Ge7B 2.80(2) 
 —Ge4 2.778(6)  —Ge4B 3.09(3) 

Ge4 —Ge7 2.582(6)  Ge3B —Ge6B 2.60(2) 
 —Ge8 2.620(6)  —Ge2B 2.62(1) 
  —Ge5 2.766(5)  —Ge7B 2.51(3) 

Ge5 —Ge8 2.586(6)  Ge4B —Ge6B 2.56(2) 
 —Ge9 2.589(6)  —Ge2B 2.51(2) 

Ge6 —Ge9 2.517(6)  Ge2B —Ge2B 2.586(7) 
  —Ge7 2.607(6)  Ge6B —Ge2B 2.52(2) 

Ge7 —Ge8 2.568(6)  Ge7B —Ge2B 2.52(2) 
Ge8 —Ge9 2.585(6)  Ge6B —Ge2B 3.46(2)* 
Ge6 —Ge8 3.634(6)*  Ge3B —Ge2B 3.82(2)* 
Ge7 —Ge9 3.631(7)*    

(*) corresponding to the diagonals of the basal (open) square 
 
 
 
Interatomic contacts (Table 3.12) within cluster A range from 2.517(6) Å to 2.906(6) 

Å with two types of effective bond lengths, applying the bond classification according 

to Scheme 2. Shorter bonding distances are found in group I (2.555(6) Å to 2.574(6) 

Å), group III (2.563(6) Å to 2.699(6) Å) and group IV (2.517(6) Å to 2.607(6) Å). The 

bond distances of group II are significantly longer and range from 2.766(5) Å to 

2.906(6) Å. In agreement with the general pattern of the bond distances distribution 

observed for all similar nine-atom nido-cluster of the tetrel group E9
4-. The ratio of the 

two diagonals d1/d2 for cluster A is 1.00, indicating very small deviation from the ideal 

C4v symmetry of a monocapped square antiprism.  

Cluster B, on the other hand, is disordered around the threefold axis giving three 

orientations which coincides with four of its nine atomic positions. These fixed 

positions are Ge1B at special position (6a) on the C3 rotation axis and, Ge2B at 

general position (18b) with three positions that are related by the C3 symmetry. The 

five other atomic positions (general position, 18b) are virtually repeated by the 
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symmetry operations of the threefold axis, leading to 1/3 occupancy. The 

orientational disorder is ascribed to the resulting three possible symmetry equivalent 

orientations of the cluster B. The analysis of the electron density distribution around 

the disordered atoms suggests that some of them are slightly offset from the ideal 

(symmetry equivalent) positions, probably due to packing effects. These atoms 

(Ge3B, Ge5B, Ge6B, Ge7B) could therefore be refined only isotropically. 

Consequently, the three symmetry equivalent orientations of the cluster B are just 

average orientations and further splitting of the disordered atomic positions may be 

need for a more precise description of the cluster B. In the average model, the 

cluster orientations are constrained to be symmetrically equivalent, and corollary the 

structure of the cluster in the three different orientations is the same (Figure 3.15).  

The intracluster bonds in the disordered cluster B vary from 2.449(14) Å to 3.086(25) 

Å with nearly the same bond distribution pattern as for cluster A. Shorter bonding 

distances are found in group I (2.45(1) Å to 2.66(1) Å), group III (2.52(1) Å to 

2.62(1) Å) and group IV (2.51(3) Å to 2.59(1) Å). The bond distances in group II that 

involve five-bonded atoms are generally longer and range from 2.693(13) Å to 

3.086(25) Å. The strong distortion of cluster B is mirrored by the rather long 

distances like 3.086(25) Å at the waist (Ge2B–Ge4B, group II) and like 2.75(1) Å for 

Ge1B–Ge6B (group III) which is longer than some bond distances of group II. Also, 

the ratio of the basal square diagonals for cluster B, d1/d2 = 1.10, diverges from the 

ideal value of 1, indicating much stronger deviation from the ideal C4v symmetry of 

the expected monocapped square antiprism. Nevertheless, although the incomplete 

orientational ordering leads to strongly distorted cluster B, the model of the disorder 

as three symmetrically related orientations appears to be quite satisfactory as the 

resulting geometry of the cluster remains close to that observed for similar cluster in 

other phase. Stronger distortions have been described also for the Ge9 clusters in 

the double salt A10[Ge9]2WO4.   

Thus, the Ge–Ge intracluster distances are close to those in the Cs homologue 

Cs4Ge9 (2.522(8) Å to 3.008(11) Å) and also close to those of the K-crypt salt 

crystallized from solution (2.538(5) Å to 2.962(7) Å). 

The K+ cations are coordinated by 6 to 11 Ge atoms. Relatively large ADPs are 

found for the least coordinated K4 atom which is surrounded by only 6 Ge atoms. 

The Ge9 clusters A and B are surrounded by 16 and 13 closest K+ neighbours 
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respectively (up to 4.0 Å), with several of the cations capping the polyhedron faces 

(Figure 3.16). The K–Ge interaction distances (Table 3.13) vary from 3.42(1) Å to 

3.91(1) Å for cluster A, and from 3.11(2) Å to 3.95(2) Å for cluster B. The shortest 

intercluster distance is 3.656(5) Å between two clusters A and is shorter than in 

Cs4Ge9 (3.956(8) Å) with bigger Cs+ cations. The shortest interaction distance 

between K+ cations is 3.97(1) Å.  

 
 
 
 

  
 
Figure 3.15 Representation of the three orientations of the disordered Ge9 cluster type B in the 

crystal structure of K4Ge9. The defect positions are in grey, Ge1B and Ge2B positions 
(black spheres) coincide in all orientations; Capping atom, Ge5B. 

 
 
 
 
 

   
 
Figure 3.16 Coordination of Ge9 cluster by K+ cations in K4Ge9 (up to 4 Å): (a) The ordered type A 

Ge9 cluster with 16 closest K+ neighbours; (b) The disordered type B Ge9 cluster with 13 
closest K+ neighbours clusters (thermal ellipsoids at 50% probability level). Grey spheres 
denoted Ge atoms refined isotropically. 
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Table 3.13  Some relevant K–Ge interaction distances (< 4.0 Å) in K4[Ge9] (standard deviations are 

in parentheses) 
 

Atomic pair distance  /Å  Atomic pair distance /Å 
K1 —Ge6B 3.25(2)  K3 —Ge3B 3.27(2) 

 —Ge9 3.42(1)  —Ge5B 3.32(2) 
 —Ge6 3.44(1)  —Ge7 3.43(1) 
 —Ge5 3.58(1)  —Ge3 3.46(1) 
 —Ge7B 3.58(3)  —Ge9 3.46(1) 
 —Ge2B 3.59(1)  —Ge8 3.59(1) 
 —Ge5B 3.65(2)  —Ge2 3.60(1) 
 —Ge7 3.73(1)  —Ge6 3.65(1) 
 —Ge3 3.80(1)  —Ge5 3.78(1) 
 —K3 3.97(1)  —Ge6B 3.95(2) 

K2 —Ge2B 3.67(2)    ×3  K4 —Ge4 3.31(1) 
 —Ge1 3.68(1)    ×3  —Ge2 3.37(1) 
 —Ge4 3.961(4)  ×3  —Ge1 3.46(1) 
    —Ge6 3.59(1) 

K6 —Ge4B   3.11(2)  —Ge5 3.67(1) 
 —Ge7B   3.19(2)  —Ge9 3.70(2) 
 —Ge8    3.40(1)  K5 —Ge6B 3.32(2) 
 —Ge2    3.50(1)  —Ge3 3.52(1) 
 —Ge4    3.59(1)  —Ge7 3.53(1) 
 —Ge5    3.59(1)  —Ge5B 3.54(2) 
 —Ge3B   3.61(2)  —Ge7B 3.54(2) 
 —Ge2B   3.69(1)  —Ge8 3.54(1) 
 —Ge6B   3.83(2)  —Ge4B 3.60(2) 
 —Ge9    3.83(1)  —Ge1B 3.60(1) 
 —Ge6    3.91(1)   —Ge1 3.64(1) 
     —Ge3B 3.83(2) 

 
 
 
3.6.4 Discussions 

K4Ge9 crystallizes in a rhombohedra (pseudo cubic) polar space group R3c, in 

agreement with the unit cell parameters previously found by von Schnering and co-

workers. [22] Its structure represents the much symmetrical Cr3Si-analogous packing 

of E9 clusters of the group 14, with only two types of Ge9 clusters. In the structure of 

other germanides Cs4Ge9 and Rb4Ge9 which have the same Cr3Si hierarchical 

packing of the clusters, four crystallographically independent clusters are found, 

whereas up to 16 different types of Sn9 clusters exist in the structure of the stannide 

Rb4Sn9. 

The orientational disorder of one Ge9 cluster in K4Ge9 structure can be explained by 

the existence in the crystal lattice of three symmetrically equivalent orientations 

(related by a C3 axis) which are successively adopted by the cluster with the same 
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frequency. The strong distortion of the disordered cluster may originate from the 

weak number of coordinating K+ cations which creates some kind of local 

instabilities. The subsequent relaxation provokes a slight ‘crack of symmetry’, and 

results in more than three ‘real’ orientations for the cluster which are no more 

perfectly symmetrically related.  

The isolated clusters [E9]4- (E = Si, Ge, Sn, Pb) are well known in solution and have 

been stabilized with a variety of counterions and solvates. In solid state, they are 

found in simple binary intermetallic phases A4E9 and A12E17, but their crystal 

structures are made difficult by problems with crystal quality, multiple twinning, 

structural disorder or large unit cells. [34] 

In case of the germanide A4Ge9, reliable data are available to the best of our 

knowledge only for the crystal structure of Cs4Ge9. [25] Unit cell parameters suggest 

Rb4Ge9 to be isostructural with the Cs analogue, but the poor crystallinity of the 

single crystal prevents a satisfactory refinement of the data. [25] 

No silicium phase with the formulation A4Si9 is known. Generally speaking, in the 

structures of the A4E9 phases (A = K, Rb, Cs; E = Ge, Sn, Pb), two type of clusters 

arrangements are reported so far (Table 3.14). The plumbides A4Pb9 (A = K, Rb, Cs) 

have been structurally characterized with a hexagonal close packing arrangement of 

[Pb9]4- clusters.[35-37] For the stannide, only the structure of K4Sn9 is reported with 

also a hexagonal close packing arrangement of the [Sn9]4- clusters.[38]  In the course 

of the present work, we have structurally characterized the Rb4Sn9 phase with a 

Cr3Si hierarchical cluster replacement. In contrast to the structures of solvated 

phases where the dimensionality of the arrangement of [E9]4– cluster (E = Ge, Sn) 

depends on the kind and size of the counter ions,[39-40] in ‘neat’ solid A4E9, the 

packing mode of the clusters varies only for the tin phases.  

 
Table 3.14 Different Arrangements of E9

4- Clusters in A4E9 crystal structures  

Element (Property) K Rb Cs 
Ge  (Semi-conductor) Cr3Si Cr3Si Cr3Si  
α-Sn  (Semi-metal) 
β-Sn  (Metallic) hcp Cr3Si Cr3Si (?) 

Pb  (Metallic) hcp hcp hcp 
hcp: hexagonal close packing 
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3.7  Rb8Hg3Ge43 a Mercury substituted Germanium Clathrate-I  
 
 
3.7.1 Synthesis and characterization 
 
During the preparation of the double salt, a type I clathrate of germanium was 

obtained from the reaction with the composition HgO:WO3:Ge:Rb = 1:1:5:3.5. The 

mixture loaded in a niobium ampoule was heated at the rate of 2K/min to 750°C for 

120 hours, cooled down at -0.1K/min to 400°C, then annealed for several days and 

subsequently cooled down to room temperature by witching off the oven. Some 

reddish crystals with very regular polyhedral shape could be extracted from the 

reaction mixture as by-product. EDX analysis indicates the presence of only Rb, Ge 

and Hg elements with the Ge/Hg ratio roughly in agreement with the refine value.  

 

3.7.2 Crystal Structure determination 
 
The best crystal was used for full data collection on the Stoe IPDS diffractometer at 

room temperature. The crystal-detector distance was 100 mm. The crystallographic 

data as well as the structure refinement data are summarized in Table 3.15 and the 

atomic positions and equivalent isotropic displacement parameters are listed in 

Tables 3.16. The cubic primitive lattice parameters were determined and refined 

using 13043 integrated peaks from the 360 collected images. Systematical absence 

reflection was consistent with the space group n3Pm . The structure was successfully 

solved by direct method. Ge/Hg mixed occupancy was found at one position (site 

6d). The refinement on F2 yield the satisfactory residual factor R1 = 0.053 and wR2 = 

0.099 for all data with essentially featureless residual map.  

 
 
3.7.3 Description of the structure of Rb8Hg3Ge43  
 
As represented in Figure 3.17, Rb8Hg3Ge43 has a structure of a type I germanium 

clathrate which is substituted by a group 12 metal (Hg) in the host framework. The 

compound crystallizes in primitive cubic lattice (space group n3Pm , No. 223). The 

crystallographic sites of the (tetrahedral) framework atoms are 6c, 16i and 24k, and 

those of the (endohedral) guest atoms are 2a and 6d. The 6c site is a Ge/Hg mixed 

occupied position. 
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Table 3.15  Crystallographic data and refinement parameters for Rb8Hg3Ge43 
 
Empirical formula Rb8Hg2.9Ge43.1(1) 
Formula weight  4406.90 
Temperature 293(2) K 
Crystal size 0.2×0.2×0.2 mm3 
Crystal color and habit Reddish with polyhedral shape 
Diffractometer Stoe IPDS II  
Crystal system cubic   
Space group n3Pm (Nr. 223) 
Unit cell parameters a = 10.882(2) Å 
Unit cell Volume  1288.73(3) Å3 
Z 1 
Density calculated 5.678 g/cm3 
Absorption coefficient (Mo Kα)  41.028 mm-1 (λ = 0.71073 Å) 
Absorption correction  semi-empirical  
F(000) 1912.0  
Theta range  3.74° - 29.11° 
Resolution range  5.44 - 0.73 Å 
Index range  0 ≤ h ≤ 10,  0 ≤ k ≤  10,  2 ≤ l ≤ 14 
Data completeness 100.0% 
Integrated reflections 529 (Rσ = 0.031) 
Independent reflections 317 (Rint = 0.027)      
Refinement method Full-matrix least-squares on F2 
Parameters  17 
Goodness of fit on F2 1.286   
Observed reflections [I>2σ(I)] 276 
Final R indices R1 = 0.044, wR2 =  0.097 
Final R indices (all data) R1 = 0.053, wR2 =  0.099 
Extinction coefficient 0.0030(4) 
Residual map 2.08 / -3.15  
w = 1/[ σ2(Fo2) + (0.05 × P)2 + 0.00×P ]   
 
 
Table 3.16a  Atomic coordinates and equivalent isotropic displacement parameters for Rb8Hg3Ge43 

Atom  Site  x y z s.o.f Ueq /Å2  
Ge(1)  6c ½  ¼ 0 0.51(2) 0.0076(6) 
Hg(1) 6c ½  ¼ 0 0.49(2) 0.0076(6) 
Ge(2) 16i 0.1838(1) x    x    1 0.0048(5) 
Ge(3) 24k 0.3048(1) 0.1176(1)   0      1 0.0055(4) 
Rb(1) 2a 0 0 0 1 0.0123(9) 
Rb(2) 6d ¼ ½ 0 1 0.0224(7) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 
Table 3.16b  Anisotropic displacement parameters (Å2) for Rb8Hg3Ge43 

Atom U11 U22 U33 U23 U13 U12 
Ge(1)/Hg(1) 0.0050(6)  U11 0.0128(8)  – – – 
Ge(2) 0.0048(5)  U11 U11 U12 U12 -0.0004(3)  
Ge(3) 0.0054(7)  U11 U11 – – 0.0003(5) 
Rb(1) 0.0123(9)  U11 U11 – – – 
Rb(2) 0.026(1)  0.014(1)  U11 – – – 
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The prototypes of the clathrate-I structure are the gas hydrates with stoichiometry 

G8(H2O)46, where G = Ar, Kr, Xe, H2S, Cl2, CH4 , etc. The 46 clathrand atoms (Ge 

and Ge/Hg atoms in this case) are all in tetrahedra coordinated and their 

arrangement in the unit cell is such that one can define two type polyhedra of 

different sizes: one is a 20-atom pentagonal dodecahedron [512], and the other is a 

24-atom tetrakaidecahedron [51262] (the symbol [51262] denotes a polyhedron with 12 

pentagonal and 2 hexagonal faces). They are eight cages per formula unit, two 

smaller and six larger. The guest atoms (Rb in this case) are encapsulated into 

these cages (i.e. Rb1@Ge20 and Rb2@Ge24). Another feature of this structure is that 

the tetrakaidecahedra are condensed into “channels” by sharing common hexagonal 

faces. A system of three pairs of mutually perpendicular and nonintersecting 

“channels” of tetrakaidecahedra result and it encloses the smaller pentagonal 

dodecahedra which are separated from each other, as shown in Figure 3.18.  

The shortest Ge–Ge separations (Table 3.17) are 2.496(3) Å and 2.501(3) Å. Similar 

Ge–Ge distances are found in the type II germanium clathrate (2.486(1) Å to 

2.503(1) Å).[41] Somewhat longer Ge3–Ge3 bond distance of 2.559(1) Å is observed 

and, the longest interatomic separation (2.567(1) Å) is between the same Ge(3) and 

the Hg substituted Ge1. The slightly increase of interatomic distance here may 

therefore be correlated with the Ge/Hg substitution in agreement with the bigger 

atomic size of Hg compared to the lighter Ge atom. Rb1 (site 2a) is enclosed in the 

smaller cage with Rb–Ge distance ranging from 3.464(2) Å to 3.555(1) Å whereas 

Rb2 (site 6d) occupy the largest cage with longer Rb–Ge distances that range from 

3.681(1) Å to 3.847(1) Å. Because the sizes of the cages are significantly different, 

the Rb2 is freer to rattle and, subsequently, its Ueq is nearly twice that of Rb1. On the 

other hand, the Ge atoms in the rigid framework with strong covalent bonds have 

relatively very small ADPs. This is typical for the clathrate structures. 

 
 
Table 3.17  Some relevant Interatomic distances 

Atomic pair  distance /Å Atomic pair  distance /Å 
Ge(1)/Hg(1) – Ge(3) 2.567(1)  ×4 Rb(1) – Ge(2) 3.464(2)   ×8 

Ge(2) – Ge(2) 2.496(3)  – Ge(3) 3.555(1)   ×4   
 – Ge(3) 2.501(1)  ×3 Rb(2) – Ge(3) 3.681(1)   ×8 

Ge(3) – Ge(2) 2.501(1)  ×2  – Ge(1)/Hg(1) 3.848(1)   ×2   
 – Ge(3) 2.559(3)    
 – Ge(1)/Hg(1) 2.567(1)    
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Figure 3.17 Polyhedral representation of type-I clathrate with the pentagonal dodecahedra in black 

and the tetrakaidecahedra in grey. 
 
 

 
(a) 

    
(b) Rb1@Ge20  (c) Rb2@Ge24 

 
Figure 3.18 Structural details of the clathrate-I Rb8Hg3Ge43 (a) View of the two types of germanium 

polyhedra (Ge20 and Ge24) in the unit cell (with thermal ellipsoids at 99% probability 
level), linked by sharing pentagonal faces. (b) The pentagonal dodecahedron is centered 
by Rb1 and (c) the tetrakaidecahedron by Rb2. 
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In the simple clathrate-I structure of Rb8Ge46, all Ge atoms of the framework are in 

tetrahedral coordination with four neighbouring Ge atoms and the octet is satisfied. 

In other words, the Ge covalent network can be completed without using electron 

from guest metals (Rb).  

Nevertheless, there are different ways to achieve electronically balance clathrates, 

i.e. to stabilize true Zintl phases. [42-43] One way is to form vacancies in the framework 

like in Rb8Sn44�2 (� = vacancy) in which partial ordering of these vacancies was 

recently observed.[44-45] A missing Tt atom will leave the four neighbouring atoms 

with incomplete valence shells; i.e. four extra electrons will be needed to complete 

their octet configurations with lone pairs. Two vacancies per formula will translate to 

2 × (–4) = –8 charges and, this equals the number of donated electrons by the 8 

alkali metals. Another way to balance the extra electrons from the alkali metals is to 

substitute group 14 atoms with an electron-poorer element, from group 13 (Triel, Tr) 

or group 12 for example. This idea has been widely utilized for making novel ternary 

phases with the clathrate-I structure. The corresponding ideal stoichiometries will be 

A8Tr8Tt38 and A8M4Tt42, where (Tr, group 13 element and M, group 12 metal). Many 

clathrates with these compositions exist, and their compliance with the Zintl concept 

has been proven. [46] 

Hg (group 12) has two electrons less than Ge. Therefore, the three Hg atoms of the 

framework need only six electrons, resulting in two unaccounted electrons from the 

guest metal Rb. This means that the compound Rb8Hg3Ge43 is a ‘metallic Zintl 

phase’. But, we should keep in mind that Hg has two stable oxidation states and, in 

case of mixed-valent Hg, the charge optimization of the system can be achieved by 

two monovalent (2HgI) and one divalent (1HgII) mercury giving a charge balance 

(Zintl) phase. The reddish colour of the compound crystals pledges in favour of an 

electronic picture with mixed valent Hg atoms. But this ought to be confirmed by 

theoretical calculations and appropriated physical measurements. 

 

3.7.4 Discussions  
 
The title compound Rb8Hg3Ge43 crystallizes in a type-I clathrate structure and can be 

viewed as mercury substituted germanium clathrate doped with Rb. The first single-

crystal refinements of the structures of clathrate-I doped with alkali metal appeared 

in 1969 for the potassium compounds K8Tt46 (Tt = Si, Ge, Sn), using data collected 
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on a Weissenberg camera.[47] The accuracy of the structure has been questioned 

ever since.[45] Four-bonded atoms of group 14 should have zero formal charge, and 

therefore the ideal clathrates should be ‘metallic Zintl phases’ considering a full 

charge transfer from the guest metal to the framework atoms. This stoichiometry for 

Na8Si46 [48-49] has been confirmed by Rietveld analysis and 29Si NMR work, in 

agreement with the ideal stoichiometric ratio and the measured metallic-like electric 

resistivity. [50] Some reported structure refinements have claimed vacancies at guest 

position in K8-xSi46. [51] But, it is still not clear whether the Ge compound is K8Ge46, 

K8Ge44�2 or K8-xGe46, or anything between, since no better structure determination 

has been published. Moreover, unlike the silicon phase Ba8-xSi46,[54] the germanium 

analogue occurs only with framework vacancies, i.e. Ba8Ge43�3. [55] A full ordering of 

the vacancies in the latter has been described recently. [56]  

To the best of our knowledge, only two alkali metal doped Sn clathrate-I structures, 

substituted with group 12 metal Cs8M4Sn42 (M = Zn, Cd)[57-58] have been reported so 

far and, no mercury substituted compound is known overall. The compound 

Rb8Hg3Ge43 represents the first mercury substituted group 14 clathrate-I and the first 

alkali metal doped germanium clathrate-I substituted with a group 12 element. The 

advantage of using Hg is that, unlike the lighter Zn or Cd homologues which both 

have only one stable oxidation state +II, Hg has two stable oxidation states +I and 

+II. This opens new possibilities for the control of the number of charge carrier 

(therefore controlling the metallic property) in these materials by adjusting the 

concentration of the electron donor with that of the electron acceptor atoms in the 

substituted framework.[59] According to the Zintl concept, Rb8Hg3Ge43 may be either 

a semiconducting clathrate-I with mix-valent mercury (2HgI and 1HgII), or a ‘metallic 

Zintl phase’ with 2 ‘extra’ electrons. A phase range Rb8Ge46-xHgx (2 < x ≤ 4) 

originates from the mercury ability for mix-valency may be expected, with the limit 

phase Rb8Hg4Ge42 (x = 4) containing exclusively divalent HgII.  

The interest in clathrates jumped abruptly even higher after the unexpected 

discovery of superconductivity in the clathrate-I compounds BayNaxSi46 and Ba8-

xSi46. [52-53] It was unprecedented because no other examples of superconductivity 

were known for phases with covalent sp3 bonding. In addition, it was hypothesized 

that variable physical properties such as the Seebeck coefficient or thermopower (S) 

and the electrical (σ) and thermal (λ) conductivities may be tuned by altering the 
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guest atoms in the cages. This brought new motivations for clathrate studies as 

potential thermoelectric materials. The stability of the clathrates, the fact that they 

conduct electricity relatively well, and the possibility of “rattling” guest cations in the 

cavities bring the clathrates closer to the ultimate thermoelectric PGEC (“phonon-

glass and an electron crystal”) material, a concept introduced by Slack in 1979. [60] Si 

and Ge clathrates are considered promising candidates for thermoelectric 

applications since their relatively large unit cells with voids and rattlers inside them 

are important prerequisites for scattering of the heat-carrying phonons and thereby 

for low phonon-contributed thermal lattice conductivity. All this interest has led to the 

search for reliable and reproducible ways for the synthesis of all clathrates in high 

yields and with well defined stoichiometry. Furthermore, Cordier and Woll [61] have 

shown that some transition metal atoms like Ni, Cu, Pd, Ag, Pt or Au can partially 

substitute the clathrand atoms in Si and Ge compounds having a type-I clathrate 

structure. Ferromagnetism was reported for compounds with composition 

Ba8MnxGe46-x (x = 1–3).[62] It is speculated that these novel clathates-based 

ferromagnetic semiconductor might be utilized as an alternative to the conventional 

magnetic-doped semiconductors made by epithaxial growth for applications in 

spintronics. [63]  
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4.  Influence of atomic properties on the structure and bonding of 
Zintl phases: Homologous substitutions in Ba2Sb3-xBix 

 
4.1 Introduction 

The simple electron counting relationships developed for Zintl phases generally 

overestimate the extent of charge transfer from the electropositive s-block metal to 

the anionic network. The effective charge transfer depends on both the 

electronegativity difference between the anions and cations as well as the structure 

(or composition), which influences the valence states of the component atoms (VEC 

in the anionic network).[1] Another important characteristic that influences structure 

and bonding is the atomic core states.[2] Related to the atomic core states is the 

relativistic contraction of s orbitals as the atomic number increases. This contraction 

renders the s-orbitals essentially inert toward significant interatomic overlap (lone pair 

effect) and, this goes together with the expansion of the valence p, d, and so on, 

orbitals as a result of a shielding phenomenon. The relativistic effects are greatest for 

the sixth period elements Au, Hg, Tl, Pb, Bi and Po. They have a marked tendency 

for low valence states and, as a result, their structures often differ significantly from 

those of their earlier analogues.[2] This can be pursued when comparing the 

structures and bonding of binary antimonides and bismuthides. NaSb follows the 

classical Zintl-Klemm concept by forming spiral chains of Sb atoms: Na+Sb– gives 
1

∞ [Sb–].[3] On the other hand, NaBi contains planar square nets of Bi atoms: Na+Bi– 

gives 2
∞ [Bi–].[4] However, if the Klemm pseudo-atom concept is generalized to include 

the differences in elemental structure with period, then the square net of Bi– 

corresponds to a piece of the simple cubic structure of α-Po. [2] 

Similar differences are found in compounds on the pnictogen rich side of alkaline-

earth antimonides and bismuthides binary systems, respectively. On the antimony-

rich side, all structurally characterized binary phases with alkaline-earth metal can be 

described as classical Zintl phases. In contrast, they are relatively few known 

polybismuthides, i.e. compounds in which Bi formally assumes a negative oxidation 

state and engages in homonuclear Bi–Bi bonding.  

In the structure of BaSb3 which is so far the antimony richest phase,[5] one third of Sb 

atoms in the formula unit is three bonded and the remaining two third atoms are two 

bonded resulting in a typical Zintl phase formulated by (Ba2+)[(2b-Sb–)2(3b-Sb0)]. On 
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the other hand, the Bi analogues, SrBi3 (AuCu3-type) and BaBi3 (AuCu-type) [4] are a 

pure intermetallic compounds. Increasing the alkaline-earth content, the structures of 

the compounds AeSb2 (Ae = Ca, Sr) [6] contain infinite zigzag chains 1
∞ [Sb–] of two 

bounded Sb atoms in agreement with the Zintl concept. The Bi analogue, CaBi2 [7] 

was characterized by powder diffraction and it structure was assumed to be 

isomorphous with YbSb2,[8] with a ZrSi2 structure type, meaning that it features both 

classical zigzag infinite chains 1
∞ [Bi–] and, non-classical planar square nets 2

∞ [Bi–] in 

its structure. The bonding in CaBi2 can be rationalized using a reformulation of the 

Zintl concept which includes the concept of electron-rich multicenter bonding also 

referred to as ‘hypervalent bonding’.[9] By further increase of the alkaline-earth 

content, the structures of the phases Ae2Sb3 (Ae = Sr, Ba) [10] contain six members 

zigzag chains of Sb atoms corresponding to classical Zintl phases (Ae2+)2[(1b-Sb2–

)1(2b-Sb–)2]. In contrast to Sr2Sb3, the Bi homologue Sr2Bi3 [7] cannot be classified as 

a Zintl phase. The latter contains hexagon-based helicoidal chains of Bi atoms that 

are interconnected by a longer bond, to form two-dimensional networks of three- and 

two-bonded Bi atoms that are separated by Sr cations.  

On the alkaline-earth rich side, the isostructural compounds Ae11Pn10 (Ae = Ca, Sr, 

Ba; Pn = Sb, Bi) [7, 11-12] are formally Zintl phases featuring isolated Pn3- anions, Pn2
4- 

dumbbells and square planar Pn4
4– units giving (A2+)22[2b-Pn1–]4[1b-Pn2–]8[Pn3–]8. The 

structural shift between bismuthides and antimonides appears simultaneously with 

the occurrence of polymeric units in the anionic sublattice of the antimonides. The 

Pauling’s electronegativities are almost similar for Bi (χ = 2.02) and Sb (χ = 2.05) but, 

after Allred and Rochow Sb (χ = 1.82) is slightly more electronegative than Bi (χ = 

1.67). Therefore, the observed difference in structure and chemical bonding, between 

bismuthides and antimonides on the pnictogen-rich side may be ascribed mainly to 

the greater relativistic effects in bismuth.  

To ascertain this, we have investigated in the ternary system Ba/Sb/Bi, the phases 

Ba2Sb3-xBix (0.5 ≤ x ≤ 3) in a bid to observe at constant VEC, the structural and 

bonding transitions from the valence (Zintl)phase Ba2Sb3 to the yet unknown Ba2Bi3 

phase, which is predicted to be a borderline polar intermetallic like the Sr analogue 

Sr2Bi3. The structural changes would be, presumably directly related to the difference 

in atomic properties between Sb and the heavier Bi, therefore giving a direct way to 

probe the limit of the Zintl concept. 
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4.2  The Phase Ba2Bi3, its Coloring Variant Ba2BiSb2 and the Solid Solutions 
Ba2Bi1+ySb2-y (y < 2) 

 
4.2.1 Synthesis and Characterization 

The phase Ba2Bi3 and substituted variant Ba2Bi1+ySb2-y (y < 2) that are all air 

sensitive and isostructural, were synthesized from the elements at high temperature. 

Mixtures of the elements, barium, bismuth and antimony with nominal composition 

Ba2Sb3-xBix where used with x = 1.0, 1.5, 2.0, 2.5 and 3.0. The reaction mixtures 

were heated at 850°C for 5 hours, then annealed at 750°C for at least 48 hours and 

cooled to room temperature at 60°C/hour rate. The starting mixtures with x < 1 yield 

the already known Ba2Sb3 structure type meaning that noticeable substitution effects 

occur only for x ≥ 1. Almost pure phases were obtained for x < 2, as revealed by the 

X-ray powder patterns (Figure 4.1). But, for Ba2Bi3 and other mixtures with x > 1, the 

presence of other yet unidentified phases was undisputable. The products of all 

reactions are grey but with metallic luster. EDX analysis showed that Ba, Bi and 

eventually Sb were present. No detectable amount of any contaminant (Nb or other 

element) was observed.  

 

 

 
Figure 4.1 Experimental powder diagram of the reaction product (top) Ba2BiSb2 and theoretical 

(bottom) powder diagram calculated from single crystal structure. 
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4.2.2 Determination of the Crystal structures 
 
For the single crystal diffraction, few crystals from different reaction products were 

selected and checked for singularity. For the best ones, full diffraction data were 

collected on a Stoe IPDS II (ω- scan, ∆ω = 1°) or on a Nonius CCD diffractometers at 

room temperature. The crystalline quality of the crystals decreases with increasing 

substitution rate, giving crystals of poorest quality for Ba2Bi3. For the latter, the same 

single crystal was measured on both diffractometers to compare the two machines. 

Final cell parameters were refined from least-squares analysis of all integrated 

reflections. Intensity data were processed and numerical absorption corrections were 

applied with the use of the program X-Shape (STOE). Based on the intensity 

statistics, the satisfactory averaging and the successful structure solution, the 

centrosymmetric space group Immm was chosen. All the structures were solved by 

direct methods and refined by least-squares methods on F2. In Ba2Bi3 the sites 4h 

and 2a were assigned to bismuth. In the substituted phases Ba2Bi1+ySb2-y (y < 2), this 

model results in high atomic displacement parameters (ADPs) and electron density 

hole at atomic site 4h, suggesting the presence of a lighter atom. This site was 

refined with Bi/Sb mixed occupancy after the presence of Sb was confirmed in those 

compounds by EDX analysis. The ADPs of the two elements were constrained to be 

the same in the mixed occupied site. Similar treatment on the 2a site didn’t yield any 

Sb occupancy. The final compositions obtained from single crystal refinements are in 

good agreement with those of corresponding starting mixtures. The important 

crystallographic and refinements data are summarized in Tables 4.1 and, the atomic 

parameters obtained from the measurements on the same Stoe IPDS II 

diffractometer are listed in Tables 4.2. Strong absorption problems are often reflected 

in the final residuals. 

 
 
4.2.3  Structural descriptions of Ba2Bi3 and Ba2Bi1+ySb2-y (y < 2) 
 
Ba2Bi3 and the isostructural phases Ba2Bi1+ySb2-y (y < 2) crystallize in the W2CoB2 [13] 

structure type, orthorhombic space group Immm with Ba at W position (site 4j), Bi at 

Co position (site 2a) and Bi and/or Sb at B position (site 4h). A projection of the 

structure is shown in Figure 4.2. Two crystallographically and structurally different 

pnictogen positions are observed (three- and four-bonded). In the non substituted 

phase Ba2Bi3, the four-bounded Bi1 (site 2a) has a square planar environment of Bi2 
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atoms and the three-bonded Bi2 (site 4h) a trigonal planar coordination. In the 

substituted phases the four-bonded position is occupied exclusively by Bi1 atoms, 

but the three bonded position (site 4h) can be partially substituted by Sb in the solid 

solutions Ba2Bi1+ySb2-y (y < 2). Full substitution of the site 4h occurs in the ordered 

pseudo-binary phase Ba2BiSb2 (y = 0), thus confirming the structural and chemical 

analogies with W2CoB2 and related compounds.   

The structure of the phases Ba2Bi1+ySb2-y (y ≤ 2) contains rigorously planar layers of 

(4.6.4.6)(4.62)2 nets of interconnected Bi or Bi/Sb respectively, that are separated by 

Ba atoms. As a result of the ABAB stacking sequence of the 2D planar layers, the Ba 

atoms (W position in W2CoB2) are located above and below the six- and four-

membered rings of the Bi/Sb net (Figure 4.2).  

 
 
 
 
Table 4.1a Selected details of Crystallographic data and Structure Refinement for Ba2Bi3  
 
Chemical formula Ba2Bi3  Ba2Bi3  
Formula weight 901.62 901.62 
Temp (°C) 293(2) K 293(2) K 
Diffractometer  Stoe IPDS II Brucker CCD 
Crystal size mm3 0.15×0.15×0.20 0.15×0.15×0.20 
Space group Immm (N° 71) Immm (N° 71) 
Unit cell parameters (Å) a = 4.819(2) ; b = 7.989(4) a = 4.819(2); b =7.997(2) 
 c = 9.982(3) c = 9.992(3) Å 
Unit cell volume,  Z = 2 384.3(3) Å3 385.1(2) Å3 
ρcalc (g/cm3) 7.792 7.775 
µ /cm-1Mo, Kα) 784.4 782.7 
F(000) 722 722 
2Θ range  6.5 – 59.9° 6.52 – 57.95° 
Index ranges -6 ≤ h ≤ 6, -10 ≤ k ≤ 10, 

-13 ≤ l ≤ 13 
-6 ≤ h ≤ 5; -10 ≤ k ≤ 10 
-12 ≤ l ≤ 13 

data completeness  95.1 % 99% 
Integrated Reflns  2044 (Rσ = 0.067) 1614 (Rσ = 0.043) 
Indpt reflections 333 (Rint = 0.153) 319 (Rint = 0.054) 
Parameters  13 13 
Absorption correction numerical empirical 
Min / max Trans.  0.0024 / 0.0232 / 
GOF on F2 1.079 1.179 
Observed rflns [I>2σ(I)] 210  289  
R1/wR2, I > 2σ 0.0702 / 0.1959 0.0638 / 0.1631 
R1/wR2, all data 0.0898 / 0.2047 0.0678 / 0.1646 
weighting scheme (a / b)* a = 0.112 / b = 14.22 a = 0.100 / b = 38.84 
Residual map (e-/Å3) 5.88 / -4.12 8.03 / -5.54 
(*) w = 1/[σ2(Fo

2) + (a.P)2 + b.P]  
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Table 4.1b Selected details of Crystallographic data and Structure Refinement for Ba2Bi1+ySb2-y        

(y = 0.5 and y = 0.1) 
 
Chemical formula Ba2Bi1.50(4)Sb1.50(4)  Ba2Bi1.10(4)Sb1.90(4)  
Formula weight 770.78    727.16 
Temp (°C) 293(2) K 293(2) K 
Diffractometer  STOE IPDS II STOE IPDS II 
Crystal size mm3 0.10×0.15×0.15 0.10×0.10×0.20 
Space group Immm Immm 
Unit cell parameters (Å) a = 4.821(1);  b = 7.750(2) a = 4.803(1); b = 7.688(2)  
 c = 9.919(2) c = 9.900(2)  
Cell Volume,  Z = 2 370.6(2) Å3 365.5(1) Å3 
ρcalc (g/cm3) 6.908 6.607 
µ /cm-1Mo, Kα) 512.33  417.7 (λ= 0.71073 Å) 
F(000) 626 594 
2Θ range  6.7 – 60.2° 6.7 – 58.8° 
Index range -6 ≤ h ≤ 5; -10 ≤ k ≤ 10; 

-13 ≤ l ≤ 14 
-6 ≤ h ≤ 6; -10 ≤ k ≤ 10; 
-13 ≤ l ≤ 13 

data completeness  95.9 % 99.7 % 
Integrated Reflns  2435 (Rσ = 0.020) 1817 (Rσ = 0.021) 
Indpt reflections 326 (Rint = 0.104) 316 (Rint = 0.083) 
Absorption correction numerical numerical 
Min. / max. Transmission 0.0081 / 0.0511 0.0258 / 0.1039 
Parameters  14 14 
G.O.F on F2 1.147 1.117 
Observed rflns [I>2�(I)] 286  266  
R1/wR2, I > 2σ 0.01 / 0.103 0.051 / 0.137 
R1/wR2, all data 0.048 / 0.147 0.054 / 0.139 
weighting scheme  a = 0.105 / b = 0.00 a = 0.0999 / b = 0.00 
Residual map (e-/Å3) 2.36 / -3.48 2.74 / -2.23 
(*) w = 1/[σ2(Fo

2) + (a.P)2 + b.P]  
 
 
 
 
The pnictogens sheet can also be regarded as made up by one-dimensional three-

atom-wide Bi or Bi/Sb ribbons that extend along the a-direction and are 

interconnected by a shorter bond distance in the b-direction. The central Bi1 atoms in 

the strips have a square planar environment, which is unusual for classical 

compounds of main-group elements. Here, weak electron-rich multicenter bonding is 

undoubtedly occurring besides localized 2c-2e bonds. The three-atom-wide ribbons 

are the narrowest strip of vertex-sharing squares that can be cut out from a square 

lattice (Figure 4.3). They are described in many non-classical bonded pnictides and 

more recently in LaGaBi2.[14] Sidewise connection of the three-atom-wide Sb- or Bi-

ribbons has been observed in α-ZrSb2 [15] and HfBi2, [16] respectively. Wider antimony 

strips are found for instance in the binaries Zr-Sb and Hf-Bi phases. [15-17] 
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Table 4.1c Selected details of Crystallographic data and Structure Refinement for Ba2Bi1+ySb2-y     
(y = 1 and y = 1.25) 

 
Chemical formula Ba2Bi1.98(5)Sb1.02(5) Ba2Bi2.23Sb0.77(4)  
Formula weight 814.4 833.58 
Temp (°C) 293(2) K 293(2) K 
Diffractometer  Stoe IPDS II Nonius CCD 
Crystal size mm3 0.10×0.10×0.15 0.10×0.15×0.20 
Space group Immm (N° 71) Immm (N° 71) 
Unit cell parameters (Å) a = 4.822(2) ; b = 7.820(3) a = 4.822(1) ; b = 7.809(2) 
 c = 9.944(3) c = 9.964(2) 
Cell Volume,  Z = 2 375.0(2) Å3 375.2(1) Å3 
ρcalc (g/cm3) 7.213 7.379 
µ /cm-1 (Mo, Kα) 605.47  648.76 
F(000) 658 672 
2Θ range  6.6 – 62.7° 6.62 – 56.50° 
Index range -6 ≤ h ≤ 6; -11 ≤ k ≤ 11; 

-12 ≤ l ≤ 14 
0 ≤ h ≤ 6; 0 ≤ k ≤ 10 
0 ≤ l ≤ 13 

Data completeness  94.7 % 100% 
Integrated Reflns  1631 (Rσ = 0.033) 3994 (Rσ = 0.019) 
Indpt reflections 357 (Rint = 0.146) 292 (Rint = 0.098) 
Absorption correction numerical empirical 
Min. / max. Transmission 0.0038 / 0.0269 / 
Parameters  14 14 
GOF on F2 1.082 1.135 
Observed rflns [I>2σ(I)] 274  280  
R1/wR2, I > 2σ1 0.044 / 0.119 0.070 / 0.185  
R1/wR2, all data 0.056 / 0.157 0.072 / 0.190 
weighting scheme  a = 0.0897 / b = 26.6 a = 0.1555 / b = 6.01 
Residual map (e-/Å3) 4.31 / -3.80 8.67 / -6.53 
(*) w = 1/[σ2(Fo

2) + (a.P)2 + b.P]  
 

 
In Ba2Bi3, the Bi2–Bi2 distance (corresponding to the interconnection of the ribbons) 

of 3.247(6) Å is close to those found in the non-classical bonded three-atom-wide Bi 

ribbon in LaGaBi2 (3.2366(5) Å), [14] but also close to Bi–Bi bond distances in the 

binaries Ae11Bi10 (Ae = Sr, Ba) (3.152(3) Å – 3.286(4) Å) [11-12] where they are 

considered to be localized. The Bi2–Bi2 bond distance in Ba2Bi3 is also long 

compared to the one in elemental bismuth (3.072 Å). Nevertheless, the Bi–Bi bond 

lengths are highly variable and not easily correlated with bond strength; in some 

case, matrix effects may be important. The Bi1–Bi2 contact within the ribbons is quite 

long (3.380(2) Å), but comparable to those in Sr2Bi3 (3.13 – 3.39 Å) or in the Bi37- 

linear trimers (3.397 Å) found in Zintl phases like Eu14MnBi11.[18] In HfBi2, the Bi–Bi 

distances from 3.210 Å to 3.289 Å are found within similar three-atom-wide Bi 

ribbons that are inter-connected by pair, through shorter bonds (3.072 Å).[16] The 

longest interatomic distances in Ba2Bi3 (see Table 4.3) are found between Ba and Bi 
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atoms (from 3.631 Å to 3.669 Å) and this is consistent with the predominantly ionic 

nature of the Ba–Bi interactions. 

 

 

 

       
 
Figure 4.2 Projection of the Crystal Structure of the phases Ba2Bi1+ySb2-y. Bi, black sphere, the Bi/Sb 

mixed occupied position (site 4h) is shown in grey. The site 4h is occupied exclusively by 
Sb atoms in Ba2BiSb2 (y = 0) or by Bi atoms in Ba2Bi3 (y = 2). Right: The coordination 
geometry around Ba1 atoms with interaction distances as found in Ba2BiSb2  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Projection of the anionic layer, emphasizing the interconnection of the three-atom-wide 

ribbons (outlined by the box). Bi black, Sb/Bi grey 
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In Ba2BiSb2, the Bi1–Sb2 distance of 3.322(1) Å remain too long to be considered a 

localized single bond. The Sb2–Sb2 distance of 3.098 Å is also longer than those 

found in Zintl phases, like Ba2Sb3 (2.866 – 3.005 Å) or Ba11Sb10 (2.955 – 3.047 Å) 

and Ba3Na2Sb4 (2.907(2) Å)[19] which contain Sb2
4- dumbbells. Comparable bond 

lengths are observed in many non-classical geometries in rare-earth antimonides like 

Sb quadratic square nets in YbSb2 (3.120 Å) [8] or Sb5 five-atom-wide ribbons in the 

ternary compounds La13Ga8Sb21 (from 3.093(1) Å to 3.134(2) Å) [20] and Pr12Ga4Sb23 

(3.109(1) Å). [21]  

As expected and due to the substitution of Bi by smaller Sb, the cell Volume reduces 

by approximately 5% going from Ba2Bi3 to Ba2BiSb2 (Figure 4.4a). This shrinking is 

highly anisotropic as it can be seen from the change of lattice parameters: a, b and c 

are reduced by 0.3%, 3.8% and 0.8% respectively (Figure 4.4b).  

 
 
 
 
Table 4.2a  Atomic coordinates and equivalent isotopic thermal displacement parameters (Ueq)* for   

Ba2Bi1+ySb2-y (y = 2, 1, 0.5, 0) 
 
Atom Site s.o.f x y z Ueq /Å2 

    Ba2Bi3 (y = 2)   
Ba1 4j 1 ½  0 0.7245(4) 0.0126(6) 
Bi1 2a 1 0 0 0 0.0224(7) 
Bi2  4h 1 ½ 0.7032(4)   0 0.0137(5) 
        
    Ba2Bi2Sb1 (y = 1)  
Ba1 4j 1 ½  0 0.7212(3) 0.0282(7) 
Bi1 2a 1 0 0 0 0.0369(7) 
Bi2 4h 0.49(2) ½ 0.7031(3) 0 0.0303(7) 
Sb2 4h 0.51(2) ½ 0.7031(3) 0 0.0303(7) 
       
    Ba2Bi1.5Sb1.5 (y = 0.5)  
Ba1 4j 1 ½  0 0.7203(2) 0.0223(6) 
Bi1 2a 1 0 0 0 0.0296(6) 
Bi2 4h 0.24(2) ½ 0.7023(2) 0 0.0245(7) 
Sb2 4h 0.76(2) ½ 0.7023(2) 0 0.0245(7) 
       
    Ba2Bi1Sb2 (y = 0)  
Ba1 4j 1 ½  0 0.7202(2) 0.0281(6) 
Bi1 2a 1 0 0 0 0.0360(6) 
Bi2  4h 0.05(2) ½ 0.7016(2) 0 0.0263(6) 
Sb2  4h 0.95(2) ½ 0.7016(2) 0 0.0263(6) 
(*) Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
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Table 4.2(b) Anisotropic Atomic Displacement Parameters for Ba2Bi1+ySb2-y (y = 2, 1, 0.5, 0) 
 
  Ba2BiSb2   Ba2Bi3  
Atom U11 U22 U33 U11 U22 U33 
Bi1 0.039(1) 0.044(1) 0.024(1) 0.033(2)   0.070(3)   0.025(2)    
Bi2/Sb2  0.033(1) 0.032(1) 0.024(1) 0.041(2)   0.038(2)   0.024(1)    
Ba1 0.0278(8) 0.0274(8) 0.0225(8) 0.031(2)   0.041(2)   0.027(2)    
 

  Ba2Bi2Sb1   Ba2Bi1.5Sb1.5  
Atom U11 U22 U33 U11 U22 U33 

Bi1 0.0344(9) 0.045(1) 0.0241(8) 0.026(1) 0.060(2) 0.0241(9) 
Bi2/Sb2 0.0325(9) 0.0287(9) 0.0244(9) 0.0270(9) 0.039(1) 0.0251(9) 
Ba1 0.0276(8) 0.0296(8) 0.0244(8) 0.0202(9) 0.042(1) 0.0224(9) 
 
 

 
Table 4.3 Selected interatomic distances (Å) and bonds angles (°) in Ba2Bi1+ySb2-y (y = 2, 1, 0.5, 0) 
 
Atom pair Ba2Bi3 Ba2Bi2Sb1 Ba2Bi1.5Sb1.5 Ba2BiSb2 
Bi(1)–Pn(2) 3.380(2) 3.347(2) 3.335(2) 3.322(1) 
Pn(2)–Pn(2) 3.247(6) 3.178(4) 3.141(3) 3.098(3) 
Ba(1)–Bi(1) 3.656(3) 3.673(2) 3.672(2) 3.665(1)  
Ba(1)–Pn(2) 3.631(4) 3.615(2) 3.604(2) 3.595(2) 
Ba(1)–Pn(2) 3.669(3) 3.631(2) 3.615(2) 3.596(2)   
Pn(2)–Pn(2)–Bi(1) 134.54(4)° 133.91(3)° 133.71(2)° 133.70(2)° 
Bi(1)–Pn(2)–Bi(1) 90.91(8)° 92.19(6)° 92.57(4)° 92.59(4)° 
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Figure 4.4  Linear model of the variation of unit cell volume (a) and unit cell parameters (b) with Bi to 

Sb substitutions rate (x). 
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Using only the cell parameters obtained from the same diffractometer (Stoe IPDS II), 

a linear decrease of the unit cell volume with the substitutions rate is observed with a 

very good reliability factor (R = 99.96%). The lattice parameters b and c decrease 

quasi linearly with the substitution rate x also with good reliability factors (R > 99.5%), 

but the a-parameter varies irregularly (R = 35.6%). As revealed by the gradient of the 

trend lines, the substitutions have strongest effects on the b-parameter which is in the 

direction of the interconnection of the ribbons. In comparison, this effect is nearly four 

times less in c-direction which is the direction of interaction between anionic layers 

and barium cations, meaning that the interactions between Ba atoms and the anionic 

network are only slightly influenced by the substitutions. In a-direction which is the 

direction of the ribbons, the reduction due to substitutions is neither significant nor 

regular. 

The anisotropy of the lattice compression correlates directly to changes in interatomic 

distances when going from the Bi to the Sb-Bi sub-lattice. Complete substitution of 

Bi2 by Sb consequently leads to shorter Bi1–Sb contacts, compared to Bi1–Bi2 

contacts. However, on one hand the Bi1–Sb contact (3.322(1) Å) reduces by only 

1.7% and remains still longer than some reported Bi–Bi contacts mentioned above,  

and on the other hand the Sb–Sb contact in Ba2BiSb2 (3.098 Å) is reduced by 4.6 %, 

if compared to the Bi2–Bi2 contact in Ba2Bi3. In contrast, the Ba–Bi1 interaction 

distances vary irregularly; it increases from Ba2Bi3 to Ba2Bi2Sb (3.656 Å to 3.673 Å), 

but decrease from Ba2Bi1.5Sb1.5 to Ba2BiSb2 (3.672 Å to 3.665 Å) whereas the Ba–

Pn2 (Pn2 = Bi2/Sb2) decrease regularly from 3.669(3) Å in Ba2Bi3 to 3.595(2) Å in 

Ba2BiSb2, indicating that the variations of the Ba–Pn interaction distances are mainly 

due to matrix effects, which is consistent with the ionic nature of these interactions. 

Non-classical coordination geometries of atoms have been described in many rare-

earth pnictides (Pn), mostly antimonides. Bonding in those non-classical structures 

can be rationalized using a reformulation of the Zintl concept to account for partial 

bond order by interpreting longer Pn–Pn bonds as one-electron-two-center (1e-–2c) 

bonds or half-bonds, to a first approximation. Longer Sb–Sb bond distances (3.0 – 

3.3 Å) are found as indicators.[22-23] The 1
∞ [Bi3] one-dimensional ribbon can be 

regarded as being excised from an infinite two-dimensional square net of Bi atoms or 

fused from finite linear triatomic rods containing 3c–4e- bonds like X3
– anions.[9] As 

proposed by Hoffmann and co-workers,[9-24] the molecular bonding model of the 

ribbon can be constructed starting from the square-planar hypervalent molecule XeF4 
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(Figure 4.5a) in which the Xe atom is hypervalent while F atoms are classical (an 

octet can be completed around each F atom). In order to build a dimer of XeF4, the 

bridging F atoms have to be replaced by oxygen atoms in order to preserve their 

classical electron count (Figure 4.5b). Thus, in the hypothetical XeO2 polymer (Figure 

4.5c) both O and Xe atoms are classical. The electron in extended XeO2 is 8 + 2 × 6 

= 20 electrons per unit. A neutral 1
∞ [Pn3] strip contains only 15 electrons per Pn3, 

which necessitates an addition of a charge of -5 to match the electronic requirement 

i.e. [Pn3]5-. 

Applying the Zintl-Klemm-Bussmann concept for the title compounds leads to the 

formula (Ba2+)2[Bi3]4- or (Ba2+)2[BiSb2]4-. According to the above described electron 

counting rule, the isolated infinite three-atom-wide ribbon, is stable for an electron 

count of 20 e- per trimer (i.e., [Bi3]5- or [BiSb2]5- ). Then, the interconnection of two 

ribbons like in the structure of α-ZrSb2 implies that each atom at the border loses one 

electron (if we assumed that the interconnection of ribbons is realized through 

classical 2c–2e bonds) giving [–Bi3]4- (Figure 4.5d). This means that a one side 

interconnection of the ribbons like in α-ZrSb2 would have lead to electronically stable 

phases in which the three-bonded Bi or Sb atoms and the four-bonded Bi atoms will 

be assigned the same formal charge of Pn1-. But, in the title phases, the ribbons are 

connected at both sides and the same implementation leads to an electron count of 

[–Bi3–]3- (or [–SbBiSb–]3-) resulting in (Ba2+)2[Bi3]3-(e-). In contrast to α-ZrSb2 where 

the interconnection distance between Sb ribbons of 2.88 Å is in the range of a single 

bond distance, in Ba2BiSb2 the Sb–Sb distance is 3.098 Å, indicating that the 

additional electron fills the antibonding states. Nevertheless, the observed Sb–Sb 

long bond distance has a higher degree of bond shrinking compared to Sb–Bi bonds, 

which can be understood as a higher degree of electron localization.  
Corollary, partitioning the shared electrons evenly between pairs of Pn atoms, each 

atom conforms the octet rule if the Pn–Pn bond is considered to be fractional 1e-–2c 

bonding, on average. This gives rise to a formal charge of -1 for the four-coordinated 

Bi1 is and -1.5 formal charge for the three-coordinated Bi2 or Sb2 atoms. Each Bi1 

atom is assigned a count of six electrons: in four-bonded Bi1 two lone pairs occupy 

the s- and pz-orbitals perpendicular to the sheet (or spz hybrids thereof), and the 

remaining two electrons are distributed over the in-plane px and py orbitals which 

overlap with those on neighboring three-bonded Bi2 (or Sb2) atoms (bearing two lone 
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pairs) to form delocalized Bi1–Bi2/Sb2 bonds. The Bi2 atoms (or Sb2) are connected 

by classical 2c-2e covalent bonds and, the unaccounted electron occupies the 

antibonding states. In agreement with the model, the bond angles are close to 90°. 

This means that in the compound Ba2Bi3 and its substituted variant Ba2Bi1+ySb2-y, the 

planar anionic layers possess a new intermediate degree of hypervalency which is 

consistent with the strict site preferency of Sb atoms. 

 

 
Figure 4.5  Electron counting scheme in three-atom-wide ribbons with electron-rich multicenter 

bonding; the lines are not classical electron pair bonds, but just connectivity. (a) Starting 
molecular model XeF4 with classical F and hypervalent Xe atoms, respectively; (b) the 
hypothetical dimer (XeF2O)2 forms by condensation of two XeF4 molecules after the 
replacement of the two bridging F atoms by Oxygen; (c) the hypothetical one 
dimensional (XeO2)n polymer, which is isoelectronic with [ ] −

∞
51

3Bi ; (d) Interconnection of 

two [ ] −
∞

41
3Bi strips by classical 2c-2e covalent bonds (represented by thicker lines) after 

removal of one electron per lone-pair.  
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4.2.4 Electronic Structure and Discussions 
 
To examine the properties of Ba2Bi3 and the substituted phases Ba2Bi1+ySb2-y as well 

as the overall electronic properties, the bands structures of Ba2Bi3 and Ba2BiSb2 

were obtained from LMTO calculations. The DOS plots of Ba2Bi3 and Ba2BiSb2 with 

the projected DOS for Ba, Bi1 and Bi2 (or Sb2) are shown in Figure 4.6. The orbitals 

are filled up to the Fermi level EF and no band gap is visible around EF meaning that 

the compound is metallic. The DOS at the Fermi level attains a high value, predicting 

the compound to be highly conductive. A distinctive feature in the electronic structure 

of both Ba2Bi3 and Ba2BiSb2 is the sharp singularity flanking the Fermi energy, which 

indicates an electronic instability, making these compounds good candidates for 

interesting physical properties like e.g. superconductivity.[25] The density-of-states 

exhibit a clear separation between the bands with s- and p-orbitals of Bi (about 5 eV 

in Ba2Bi3). For Ba2Bi3, the bands with Bi s-orbitals character are at lower energy 

levels between -12 eV and -9 eV while the occupied states in the valence band 

between -4 eV and the Fermi level are mainly of Bi1 and Bi2 p-orbitals character, but 

with strong contributions from Ba states.  

The dispersion of the bands along the high symmetry lines as shown in Figure 4.7 

reveals relatively flat bands with saddle points, crossing the Fermi level in the 

directions R → W and W → S, which are parallel to the anionic layer. These flat 

bands are responsible for the sharp peak at EF observed in the DOS plot. The 

importance of saddle points and the associated van Hove singularities in the DOS 

was discussed for the cuprate superconductors. [26] In our case, fat band analysis – 

where bands are drawn with a thickness representative of their corresponding orbital 

contribution – shows that these flat bands originate from the Bi1 and Bi2 px- and py-

orbitals, emphasizing the high electronic correlation within the Bi layer. Another 

noteworthy feature is the band with large dispersion crossing the Fermi level along 

the symmetry path Γ → X which is perpendicular to the anionic layers. This band is 

contributed from Bi1 pz-orbital in Ba2Bi3 and is strongly mixed with Ba orbitals. This 

suggests that the metallic conductivity may be three-dimensional, albeit anisotropic, 

where the unexpected conductivity in the c-direction is induced by the significant 

covalent character of Ba–Bi interactions. 
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Figure 4.6  Total and projected Density of State (DOS) plot for Ba2Bi3 (a) and Ba2BiSb2 (b). 

 

 

 

 

 
The first Brillouin zone of Orthorhombic I lattice with c > b > a: G(0,0,0), X 
(½,½,-½), R(½,0,0), S(½,0,-½), T(½,-½,0), W(¾,-¼,-¼) 
 
 
 

 
Figure 4.7  Band dispersion for Ba2Bi3 (a) and Ba2BiSb2 (b). The bands crossing the EF in The 

direction R  W  S are plotted in red. The Fermi level is taken as point of zero energy. 
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The band dispersion of the substituted phase Bi2BiSb2 is virtually identical to that of 

Ba2Bi3. The outstanding differences are mainly due to the separation of Sb2 states in 

Bi2BiSb2 with respect to Bi2 states in Bi2Bi3. This is visible in the DOS plots (Figure 

4.7) where the states with essentially Bi and Sb s-orbital character (between -12 eV 

and -9 eV in Ba2Bi3) clearly separate into three states. The band with mainly Bi 6s-

orbital character is situated below the Sb 5s bands, due to the relativistic contraction. 

Furthermore, we can see in the band structure of Ba2Bi3 a relatively flat band in G → 

X which just touches the Fermi level at X and that is contributed from px-orbital of Bi2 

(lone pair); in Bi2BiSb2 the corresponding band which is contributed from px-orbital of 

Sb2 is clearly below the Fermi level. Therefore, in the highest occupied bands, the 

states deriving from Sb2 orbitals lie lower in energy compared to the Bi2 states, so 

that the structure may be stabilized under Sb for Bi substitutions. 

To explain the strict site preferency for Sb atoms, the COHP curves are more 

informative (Figure 4.8). For Ba2Bi3 the average integrated cohp (-icohp) up to EF for 

Bi1–Bi2 (3.380 Å) and Bi2–Bi2 (3.247 Å) are 0.75 eV/bond and 0.95 eV/bond 

respectively, which indicate significant bonding interactions. However, around the 

Fermi level the interactions are antibonding indicating that the bonds are weakened 

by the occupation of antibonding states. The Bi1–Bi2 bond would be optimized at the 

energy level of about -1.50 eV (below EF) with a -icohp = 1.05 eV/bond, whereas the 

Bi2–Bi2 would be optimized at the energy level of about -1.25 eV (below EF) with a -

icohp value of 0.1.36 eV/bond. For Ba2BiSb2, the cohp curves are also quite similar 

to those of Ba2Bi3. The Bi1-Sb2 bond has a -icohp value of 0.75 eV/bond and would 

be optimized at the energy level of -1.65 eV with a -icohp of 1.05 eV/bond just like 

the Bi1-Bi2 bond in Ba2Bi3. This means that there is no strengthening of this bond 

due to substitutions. In contrast, the Sb2-Sb2 bond has a -icohp value of 1.10 

eV/bond, and would be optimized at the energy level of -1.40 eV with a -icohp of 1.60 

eV/bond, indicating stronger interactions compared to Bi2-Bi2 in Ba2Bi3, thus this 

bond is significantly strengthened upon substitution. 

Therefore, the substitution gives indication of atomic sites with enhanced property for 

electron localization, in agreement with the model of the interconnection of the 

weakly bonded three-atom-wide ribbons by stronger 2c-2e covalent bond.  
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Figure 4.8  Crystal Orbital Hamiltonian Population (cohp) curves (solid lines) and their integration 
(dashed lines) for Bi–Bi the interactions in Ba2Bi3 (top) and Bi–Bi/Sb interactions in 
Ba2BiSb2 (bottom) with the corresponding projected DOS.  

 

 

However, because of the orbital mixing in the extended anionic layer in Ba2Bi3, the 

extra electron is delocalized in the whole substructure. Hence, the strict site 

preference of Sb in the coloring variant Bi2BiSb2 is unexpected and it indicates that 

the energies of the atomic sites and/or the bonds are significantly different enough 

within the anionic layer to be able to discriminate between two chemically very close 

elements like Sb and Bi. This is likely to enlighten us about some aspects of coloring 
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problem in the solid state.[27] The strict site preferency for Sb atoms may be ascribed 

to the higher electronegativity of Sb, but also to the reluctance of the Bi atom for 

covalent bonding due to stronger relativistic effects. Indeed, the electron-rich 

multicenter bonding goes along with the relative absence of significant s-p 

interaction, which is due to the contraction of the less-screened s orbitals relative to p 

orbitals down the groups in the Periodic Table. 

Because of the continuous distribution of states with essentially non-bonding or anti-

bonding character near the Fermi level, non-classical bonded networks are able to 

tolerate some degree of oxidation or reduction without undergoing severe distortion. 

They have the capacity to act as an electron sink, able to accept additional electrons 

to an extent that Pn–Pn bonds are weakened only slightly. Thus, the occurrence of 

such networks may be linked to the electron transfer process from the electro-

positive active metal to the electronegative p-element according to the Zintl-Klemm-

Bussmann concept.[22] This can be seen in the electronic structures which show a 

relatively strong covalent character of the Ba–Bi interactions. When the electron 

transfer is not effective enough because the difference of electronegativity is shallow, 

or in case of electron excess (e.g. doping) the main group component may adopt a 

non-classical geometry to deaden (act as damper) the charge fluctuation. This can 

nicely be pursued in the present study on the series Ba2BixSb3-x where a transition 

from a typical Zintl phase Ba2Sb3 to electron-rich multicenter bonded phases 

Ba2Bi1+ySb2-y is observed at increasing Bi content. 

Ba2Bi3 and its coloring variant Ba2BiSb2 present a great fundamental interest 

because they are mixed valence compounds of the same atom Bi or of two 

chemically very close atoms Bi and Sb. During the past years, charge, spin, and 

orbital ordering have attracted increasing attention because such collective 

processes seem to be strongly related to the occurrence of, e.g., superconductivity or 

magneto resistance. Prerequisites are mixed valency and markedly correlated 

electrons. [27] 

 

4.2.5 Physical properties 
 
A sample with the composition Ba2Bi1.95Sb1.05 (as refined from single crystal 

diffraction), was prepared by annealing of a mixture Ba:Bi:Sb = 2:2:1 at 750°C for 2 

weeks. The magnetic measurements were performed on that sample in the 
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temperature range from 1.8 K to 300 K using a SQUID magnetometer. The sample 

was cooled in the absence of a magnetic field; data were recorded after the 

introduction of a 1 G field, while sample was warmed (“shielding”) and the cooled 

(“Meissner”). A superconducting state below Tc = 3.4 K was observed by a sharp 

transition from a negative to positive value of the magnetization. The only previously 

known superconducting phase in the Ba/Bi/Sb system is the binary BaBi3 (Tc = 5.7 

K). Ongoing measurements on the sample with composition Ba2BiSb2 suggest that 

the Tc may vary strongly with the substitution rate. We believe that more attention 

should be pay on the magnetic properties of these phases. 
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Figure 4.9  SQUID magnetic measurement of Ba2Bi1.95Sb1.05. Diamagnetic shielding ( ) and 

Meissner effect ( ) as a function of temperature 
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4.3 Further results – The crystal structure of BaBi2 
4.3.1 Source of the material and crystal structure determination 
During the thermal analyze of the phase Ba2Bi3, a single crystal was extracted from 

the DTA sample – a mixture with nominal composition Ba:Bi = 2:3 – which was 

previously heated at 900°C for 5 hours and quenched at room temperature. After the 

DTA experiment was performed on this sample, the single crystal was isolated and 

the crystallographic investigations reveal a tetragonal unit cell, with parameters that 

differ clearly from the expected orthorhombic cell parameters of the phase Ba2Bi3. 

The structure solution yields the composition BaBi2 with the unit cell parameters, a = 

b = 5.0167(7) Å and c = 35.870(7) Å, space group I41/amd (Nr. 141). The phase 

BaBi2 could not be detected in the powder diagram of the sample, indicating that it 

represents a by-product. EDX analysis confirms the presence of only Ba and Bi 

elements. 
 
 
 
Table 4.4  Crystallographic data and structure refinement of BaBi2 

Chemical formula BaBi2 
Formula weight 555.30 
Space group I41/amd (Nr. 141) 
Diffractometer Stoe IPDS II 
Temperature   293(2)K 
Unit cell parameters a = 5.0167(7) Å;  c = 35.870(7) Å 
Unit cell volume   902.8(3) Å3, Z = 8 
ρcalc (g/cm3) 8.171 
µ (mm-1) (Mo-Kα) 86.181(λ =0.71073 Å) 
F(000) 1776 
crystal size (mm3) 0.10 ×0.15 × 0.15 
2θ range for data collection  4.6° – 52.2° 
index ranges -6 ≤h ≤ 6, -5 ≤ k ≤ 6, -43 ≤ l ≤ 40 
Collected reflections 3205 
Independent reflections 328 
Observed reflections [I > 2σ] 218 
Rint / Rσ 0.135 / 0.035 
Absorption correction  numerical  
min /max Transmission 0.0031 / 0.0165 
Nr. of parameters 14 
goodness-of-fit on F2 1.112  
R1/wR2

[*], I > 2σ 0.079 / 0.217 
R1/wR2, all data 0.100 / 0.227 
extinction parameter 0.0002(2) 
Residual map (e-/Å3) 8.62 / -3.54  
 [*] w = 1/[σ2 (F2

o) + (0.1422×P)2 + 23.74×P]  
 
 
 



Chap. 4 87  The novel phase BaBi2 

TU München 2006  Dissertation Ponou 

 
The single crystal diffraction was performed on the Stoe IPDS II. A total of 360 

frames were recorded with exposure time of 6 min/frame with ω-scan, ∆ω = 1°. The 

crystal detector distance was 130 mm. Numerical absorption correction was applied 

using the program X-shape from Stoe. The tetragonal space group I41/amd was 

found to be correct based on intensity statistics and successful structure solution. All 

the five atomic positions of the structure were found during structure solution by 

direct methods and no mixed-occupancy was found, indicating a fully ordered phase. 

A summary of the crystallographic and refinement data is given in Table 4.4 and the 

atomic parameters in Tables 4.5. The last Fourier difference map indicated high 

residual peaks in electron density of 8.62 e-/Å3 and the electron hole -3.54 e-/Å3 in the 

near vicinity of the Bi2 position which has fairly high ADPs. This may be ascribed to 

some anharmonicity in the atomic thermal displacement. But errors during absorption 

corrections or the poor crystalline quality are other possible explanations.  
 
 
Table 4.5(a) Atomic Coordinates and Isotropic Equivalent Displacement Parameters for BaBi2 

Atom site  x y y Ueq /Å2 
Ba1 8e 0 ¾  0.0521(1) 0.023(1) 
Bi1 8e ½  ¼  0.0290(1) 0.031(1) 
Bi2 8e 0 ¾  0.1233(1) 0.077(2) 
 
 
Table 4.5(b) Anisotropic Displacement Parameters (/Å2) for BaBi2 

Atom U11 U22 U33 U23 U13 U12 
Ba1 0.025(2)  0.024(2) 0.020(2) – – – 
Bi1 0.022(1) 0.034(2) 0.038(1)  – – – 
Bi2     0.031(2) 0.173(5) 0.029(2) – – – 
 
 
Table 4.6 Selected interatomic distances (Å) and bonds angles (°) in BaBi2 
 

Atom pair  distances /Å   Atom pair distances /Å 
Bi1 –Bi1 3.257(3) ×2  Ba1 –Bi2 3.580(3)   ×2 
Bi1 –Ba1 3.643(1) ×4   –Bi1 3.643(1)   ×4 
Bi2 –Bi2 3.549(1)    –Bi2 3.666(3)   ×2  
Bi2 –Ba1 3.580(3)    ×2   –Bi1 3.841(2)   ×2 

        
Bi1–Bi1–Bi1 100.7(1)°   Bi2–Bi2–Bi2 176.1(1)° 
Bi2–Bi2–Bi2 89.93(1)°      
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Figure 4.10  Projection of the structure of BaBi2 (Bi atoms as black spheres; Ba atoms white crossed 

spheres). (a) Closer view of the 1D zigzag chains of Bi1 atoms and (b) of the 2D square 
net of Bi2 atoms. 

 
 
4.3.2 Description of the structure of BaBi2 and discussions 
The intermetallic compound BaBi2 crystallizes in the tetragonal system, space group 

I41/amd (No. 141). Similarly to that EuBi2 and YbSb2, the structure of BaBi2 (Figure 

4.10) is composed of 1D zigzag chains of two-bonded Bi atoms (formally Bi1-) and 2D 

square sheet of four-bonded Bi atoms in square planar environment, (thus formally to 

Bi1-) having non-classical coordination geometry. The BaBi2 structure is different from 

that of YbSb2 (Cmcm, ZrSi2 type) [8] and belong actually to the HfGa2 structure type, 

[4] but it can also be seen as a distorted variant of the ZrSi2 structure type. [4] Another 

example of bismuthide with HfGa2 structure type is EuBi2.[29] There are two and one 

independent Bi and Ba positions, respectively. The Ba atoms are positioned as 

spacers between two zigzag chains and the four membered rings of the square 

sheet.  
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Within the 1D zigzag chains form by Bi1 atoms (Figure 4.10a), the Bi1–Bi1 contacts 

of 3.257(3) Å are in the range of a single bond distance. Bi–Bi bond lengths of 

3.286(4) Å and 3.152(3) Å were reported for Bi44- square and Bi24- dumbbell of 

Ba11Bi10, respectively. The Bi–Bi–Bi bond angle within the 1D zigzag chain is 

100.7(1)°, which is smaller than 109.9° expected for an ideal tetrahedron (Table 4.6). 

This is due to the presence of two lone pairs per Bi– anion. 

The 2D Bi square nets normal to the c-axis are formed by Bi2 atoms (Figure 4.10b). 

The Bi–Bi separation of 3.549(1) Å is too long to be considered as single bond 

distance. It is even longer than the Bi–Bi distance in other square net like in the 

isostructural EuBi2 (3.344 Å). The Bi–Bi distance of 3.380(2) Å for the four-bonded Bi 

in Ba2Bi3 and 3.397 Å in the linear trimer Bi37- in Eu14MnBi11 [18] are also significantly 

shorter; but in BaBi3 where the interactions are assumed to be metallic, somewhat 

longer bond distances are found (3.658(1) Å and 3.668(1) Å).[4] Nevertheless, the Bi–

Bi interactions within the square nets in BaBi2 may be electron-rich multicenter 

bonding with unusual long Bi-Bi distance which is due to a mere packing effects. Also 

the large ADPs of Bi2 atoms may arise from bond frustrations originated from the 

same packing effects. The Bi–Bi–Bi angles are 89.93(1)° and 176.1(1)°, respectively, 

which diverge from those for an ideal 2D square net, indicating that the sheets are 

slightly puckered. Similar square sheets have been reported in EuBi2 and many Sb 

analogues are known in, e.g. YbSb2.  

 

 

 
 
Figure 4.11  The coordination geometry around Ba atom in BaBi2 (the thermal ellipsoids at 50% 

probability level)  
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The Ba coordination by the ten closest Bi atoms (up to 4 Å) is represented in Figure 

4.11 and it shows the Ba1 atoms capping the Bi2 square of the 2D net and, being 

sandwiched between two Bi1 chains. 

 
Interestingly, the orientation of the 1D Bi zigzag chains in the structure of CaBi2 [7, 30] 

(ZrSi2-type, Cmcm) is only along one direction (c-axis of the orthorhombic lattice) 

whereas the corresponding Bi zigzag chains in BaBi2 have two orientations, along a- 

and b-axis, alternatively; this is due to the higher symmetry for HfGa2-type of BaBi2. 

The electron count scheme for BaBi2 can be easily developed by using both the 

classical Zintl concept in 1D units and the electron-rich multicenter bonding in the 2D 

square nets. Hence, BaBi2 can be formulated as Ba2+(2b-Bi1-)chain(4b-Bi1-)square (2b- 

and 4b- denote two- and four-connected atom, respectively). 

 
The compound BaBi2 nicely illustrates the bonding type transition from localized 2c-

2e covalent bond in the zigzag chain with two-bonded (Bi1)1- atoms as predicted by 

the Zintl concept, to electron-rich multicenter bonding in the 2D square net with four-

bonded (Bi2)1- atoms in a non-classical square planar environment. Here, two bond 

types (localized and delocalized) occur in two different subunits of the structure. In 

the previously described phase Ba2Bi3 the same atom interacts simultaneously with 

its different neighbours with either localized or delocalized bonds. 
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5. Substitution effects in Zintl phases of the Na/Sn phase system 
 
 
5.1. Introduction 
Depending on the atomic ratio Na/Sn, the dimensionality of the tin network in binary 

phases can vary from 0-D to 3-D (see Table 5.1), and the Sn-Sn bonding ranges 

from localized two-center–two-electron (2c–2e) bonds to purely metallic bond. In the 

Na/Sn binary phases, the discrete tin units (0-D) are observed in the compounds 

Na4Sn [1] and Na15Sn4
 [2] containing isolated Sn atoms, Na9Sn4 

[2] with dimeric Sn2-

dumbbells, and β-Na4Sn4 [3] with tetrahedral [Sn4]4- anions. Two-dimensional tin 

networks are found for the phases Na7Sn12 [4] and NaSn2
 [5] featuring the polyanions 

2
∞ [Sn12]7- and 2

∞ [Sn8] 4-, respectively, which are separated by layers of sodium cations. 

Finally, a three-dimensional tin network is found in Na5Sn13 [6] and in the Sn richest 

phase NaSn5. [7] The Zintl-Klemm concept can be applied to the low dimensional 

phases (0D to 2D) to describe their electronic structure. But the three dimensional 

phase, Na5Sn13 [6] can be described as a Zintl phase only if the one assumes that the 

long Sn–Sn contact of 3.61 Å is consistent with covalent bonding. However, many 

structural descriptions of polymeric tin frameworks as well as very recent quantum 

calculations suggest that covalent Sn–Sn distances ought to be less than 3.1 Å. [8-10] 

In elemental tin, the Sn–Sn contact in semi-conducting α-Sn is about 2.810 Å and in 

metallic β-Sn they are two different contacts at 3.016 Å and 3.175 Å. Therefore the 

classification of the compounds Na5Sn13 as Zintl phase remains questionable. The 

second 3D phase, NaSn5
[7] features planar quadratic Sn-net and pentagon-

dodecahedra fragment as main structural motifs. Here, the Zintl-Klemm concept is 

not applicable, but both covalent and metallic contacts are encountered in the Sn 

substructure. The structural motifs of both the covalent bonded α-Sn and the metallic 

β-Sn occur in units of four-fold covalently bonded Sn with Sn–Sn distances as in α-

Sn, and in quadratic nets of five-fold coordinated Sn atoms with Sn–Sn distances as 

in β-Sn, respectively. 

 



Chap. 5 93  Substitution in the Na/Sn phase system 

TU München 2006  Dissertation Ponou 
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Thus, a transition from classical Zintl phases to polar intermetallic compounds in the 

Na/Sn systems is observed at increasing tin content and the border seems to 

correspond to Sn:Na atomic ratio larger than that of the phase Na5Sn13 (Sn/Na = 2.6) 

which itself can be virtually considered to be a borderline compound. Therefore to 

gain a deeper insight into the transition from valence compounds to intermetallics in 

this system, we have embarked on accessing the structural stability of Na5Sn13 

toward an increase of vec using partial substitutions. Two different approaches have 

been used in which the substitutions are made in cationic or in anionic sub-

structures, respectively. Attempts were made firstly to substitute one Na with Sr in 

nominal composition SrNa4Sn13 and, secondly to substitute one Sn with Bi according 

to the nominal composition Na5Sn12Bi. 
 
 
5.2. Synthesis and crystal structure refinement of the phase SrδNa5+xSn13    

5.2.1 Synthesis and characterization 

The compound SrδNa5+xSn13 was obtained from a mixture of elements Sr:Na:Sn with 

the composition of 1:4:13. The reaction was designed to optimize the electron count 

in the Zintl phase Na5Sn15 which may alternatively be considered to be formally one 

electron deficient. The mixture was heated up to 800°C at the rate of 120°C/h, kept 

there for 12 h, then quenched at room temperature and subsequently annealed at 

270°C for 14 days. The product is air and moisture sensitive and crystallized as 

irregular silvery crystals with needle shape.  

 
 
5.2.2 Crystal structure refinement 

Needle shape single crystals were selected from the product and checked for 

singularity. The best one was used for full data collection on the Enraf-Nonius CCD 

at room temperature with a crystal detector distance of 40 mm. The crystallographic 

data as well as the structure refinement data are summarized in Table 5.2 and the 

atomic positions and thermal displacement parameters (ADPs) are listed in Tables 

5.3. The unit cell parameters and systematically absent reflections were consistent 

with the orthorhombic unit cell, space group Cmcm, similar to those reported by 

Corbett.[6] After the structure was solved by direct method, Sn and Na atomic 

positions were assigned on the basis of peak height and atomic distances. The 
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resulting model was roughly in agreement with the previous. Two additional maxima 

of electron density were visible on the residual map, but with quite small peak 

heights. The two positions were assigned to Na and the occupancies were refined. 

This resulted in under-occupancy of about 45% at one position (site 8f) and 43% at 

the other (site 16h). The distance between the two sites is very short, about 1.744 Å, 

meaning they can’t be simultaneously occupied. Thus, the occupancies at those two 

positions were fixed to 50% resulting in relatively large ADPs for both. In addition, 

another Na position shows very small anisotropic ADPs and was refined as a Na/Sr 

mixed-occupied site, giving nearly 8% Sr occupancy. No significant Sr occupancy 

was observed at other Na positions. The final residual factor were R1 = 0.027 and 

wR2 = 0.047 for all data, with an essentially featureless residual map.  

 
 
Table 5.2 Crystallographic data and refinement parameters for Sr0.08(1)Na5.67Sn13 
 
Empirical formula Sr0.08(1)Na5.67Sn13 
Formula weight  1680.41 
Temperature 293(2) K 
Crystal size 0.05×0.1×0.2 mm3 
Diffractometer Nonius Kappa CCD  
Crystal system Orthorhombic   
Space group Cmcm (Nr. 63) 
Unit cell parameters a = 8.995(1) Å, b = 19.453(1) Å 

c = 50.433(2) Å 
Unit cell Volume  8824.8(5) Å3 
Z 16 
Density calculated 5.059 g/cm3 
Absorption coefficient (Mo Kα)  14.715 mm-1 (λ = 0.71073 Å) 
Absorption correction  empirical  
F(000) 11447 
Theta range  1.62° ≤ θ ≤ 19.11° 
Resolution range  5.00 - 0.83 Å 
Index range  -6 ≤ h ≤ 6,  -16 ≤ k ≤ 16,  -45 ≤ l ≤ 45 
Integrated reflections 7140 (Rσ = 0.029) 
Independent reflections 2625 (Rint = 0.015) 
Refinement method Full-matrix least-squares on F2 
Parameters / restraints 210 / 0 
Goodness of fit on F2 1.139   
Observed reflections [I>2σ(I)] 1390 
Final R indices R1 = 0.022, wR2 =  0.045 
Final R indices (all data) R1 = 0.027, wR2 =  0.047 
Weighting schema  a = 0, b = 208.63 
Residual map [e- /Å3] 0.68 and -0.65  
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Table 5.3a  Atomic coordinates and equivalent isotropic displacement parameters (Ueq)* for 

SrδNa5+xSn13 (standard deviation in parentheses) 
 

Atom Wyck. s.o.f. x y z Ueq /Å2 
Sn1 8f 1 0 0.09831(7) 0.55063(3)  0.0217(5) 
Sn2 8f 1 ½ 0.00012(7) 0.65221(3)  0.0208(5) 
Sn3 8f 1 0 0.22021(7) 0.58176(3)  0.0217(5) 
Sn4 8f 1 ½ 0.22829(7) 0.53900(3)  0.0249(5) 
Sn5 8g 1 0.3338(2) 0.21095(7) ¾  0.0213(5) 
Sn6 8f 1 ½ 0.12883(7) 0.58073(3)  0.0239(5) 
Sn7 8f 1 0 0.15938(7) 0.67808(3)  0.0200(5) 
Sn8 8f 1 0 0.91717(7) 0.69093(3)  0.0211(5) 
Sn9 16h 1 0.7539(1) 0.97123(5) 0.72083(2)  0.0205(4) 
Sn10 16h 1 0.2659(1) 0.03124(5) 0.56850(2)  0.0216(4) 
Sn11 16h 1 0.2365(1) 0.97243(5) 0.62179(2)  0.0198(4) 
Sn12 16h 1 0.2986(1) 0.91484(5) 0.53114(2)  0.0283(4) 
Sn13 8f 1 0 0.07159(8) 0.49369(3)  0.0318(5) 
Sn14 16h 1 0.1605(1) 0.82786(5) 0.62228(2)  0.0238(4) 
Sn15 8f 1 0 0.02564(7) 0.65323(3)  0.0193(5) 
Sn16 8f 1 ½ 0.14002(7) 0.66980(3)  0.0231(5) 
Sn17 8f 1 ½ 0.90717(7) 0.69693(3)  0.0224(5) 
Sn18 16h 1 0.2633(1) 0.11738(5) 0.70651(2)  0.0198(4) 
Sn19 16h 1 0.2633(1) 0.29734(5) 0.56674(2)  0.0231(4) 
Na1 4c 1 ½ 0.0579(5) ¾  0.013(3) 
Na2 16h 0.92(1) 0.2422(5) 0.1552(2) 0.6248(1)  0.032(3) 
Sr2 16h 0.08(1) 0.2422(5) 0.1552(2) 0.6248(1)  0.032(3) 
Na3 8f 1 0 0.9204(3) 0.5740(1)  0.017(2) 
Na4 8f 1 ½ 0.9307(4) 0.4795(1)  0.036(3) 
Na5 4c 1 0 0.8586(5) ¾  0.034(4) 
Na6 4c 1 0 0.0865(6) ¾  0.041(4) 
Na7 8f 1 ½ 0.8048(4) 0.6428(2)  0.043(3) 
Na8 8f 1 ½ 0.9043(4) 0.5858(2)  0.042(3) 
Na9 4c 1 ½ 0.8038(7) ¾  0.069(5) 
Na10 16h 1 0.2850(7) 0.2842(3) 0.6872(1)  0.045(2) 
Na11 8f 0.5 ½ 0.247(1) 0.4788(4)  0.097(9) 
Na12 16h 0.5 0.325(2) 0.279(1) 0.4875(3)  0.103(6) 
(*) Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
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Table 5.3b  Atomic anisotropic displacement parameters (Å2) for SrδNa5+xSn13 (standard deviation in 

parentheses) 
 
Atom U11 U22 U33 U12 U13 U23 
Sn1 0.026(1) 0.018(1) 0.022(1) – – -0.0013(8) 
Sn2 0.022(1) 0.022(1) 0.019(1) – – -0.0025(8) 
Sn3 0.022(1) 0.019(1) 0.025(1) – – -0.0014(8) 
Sn4 0.027(2) 0.023(1) 0.025(1) – – 0.0003(8) 
Sn5 0.026(2) 0.017(1) 0.020(1) 0.0020(9) – – 
Sn6 0.025(1) 0.024(1) 0.023(1) – – -0.0001(8) 
Sn7 0.019(1) 0.018(1) 0.022(1) – – 0.0019(8) 
Sn8 0.024(1) 0.016(1) 0.023(1) – – -0.0003(8) 
Sn9 0.020(1) 0.021(1) 0.021(1) 0.0011(6) 0.0005(6) -0.0010(5) 
Sn10 0.024(1) 0.018(1) 0.024(1) -0.0008(6) 0.0028(6) 0.0012(5) 
Sn11 0.019(1) 0.021(1) 0.020(1) -0.0017(6) 0.0009(6) -0.0030(5) 
Sn12 0.038(1) 0.022(1) 0.024(1) 0.0003(7) 0.0060(6) -0.0013(5) 
Sn13 0.041(2) 0.035(1) 0.019(1) – – 0.0010(8) 
Sn14 0.023(1) 0.021(1) 0.027(1) 0.0037(6) -0.0040(6) 0.0033(6) 
Sn15 0.020(1) 0.020(1) 0.018(1) – – -0.0020(7) 
Sn16 0.023(2) 0.021(1) 0.026(1) – – 0.0017(8) 
Sn17 0.024(1) 0.018(1) 0.026(1) – – -0.0010(8) 
Sn18 0.020(1) 0.020(1) 0.020(1) 0.0005(6) -0.0014(5) -0.0001(6) 
Sn19 0.021(1) 0.018(1) 0.030(1) -0.0009(6) -0.0007(6) -0.0015(6) 
Na1 0.002(9) 0.015(7) 0.021(6) – – – 
Na2 0.033(5) 0.033(4) 0.030(3) 0.006(3) 0.002(3) 0.001(2) 
Sr2 0.033(5) 0.033(4) 0.030(3) 0.006(3) 0.002(3) 0.001(2) 
Na3 0.005(6) 0.016(5) 0.031(5) – – -0.005(4) 
Na4 0.046(8) 0.040(6) 0.023(5) – – -0.004(4) 
Na5 0.05(1) 0.029(8) 0.024(7) – – – 
Na6 0.02(1) 0.06(1) 0.037(8) – – – 
Na7 0.039(8) 0.050(6) 0.039(5) – – -0.001(5) 
Na8 0.033(8) 0.042(6) 0.051(6) – – -0.002(5) 
Na9 0.09(1) 0.06(1) 0.054(9) – – – 
Na10 0.050(6) 0.032(4) 0.053(4) -0.013(4) -0.004(4) 0.005(3) 
Na11 0.16(3) 0.08(2) 0.05(1) – – 0.014(1) 
Na12 0.12(2) 0.12(2) 0.07(1) -0.022(1) -0.045(1) 0.003(1) 
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Figure 5.1 Projection of the crystal structure of SrδNa5+xSn13 in the (100) plane showing its partition 
into blocks. Sn atoms black, Na opened circles, respectively.  

 

 

   

Figure 5.2 A perspective view of a segment of SrδNa5+xSn13 structure with emphasis on largest 
channels C and D (with crescent-like shape). Sn atoms black, Na opened circles and 
Na/Sr mixed, grey. (Thermal ellipsoids at 50% probability level) 
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5.2.3 Description of the Structure of Sr0.08(1)Na5.67Sn13 

A detailed description of the structure of Na5Sn13 can be found in reference [6]. For 

the novel Sr0.08Na5.67Sn13 a pictorial representation of the structure is given in Figure 

5.1. It contents 19 independent tin and 12 sodium atomic positions. Only 10 atomic 

positions for sodium were found in Na5Sn13. At first glance, the structure of 

Sr0.08Na5.67Sn13 can be roughly divided into two blocks formed by two different 

building units. These building units are made up by two basic structural motifs, the 

Sn5 pentagon unit (forming the type A channel in Figure 5.2) and the realgar-like ring 

(forming the type B channel) and, they are both condensed in two different ways to 

form the building units of the compound that are in turn distributed into the two 

different alternating blocks in the structure.  

The Sn5 pentagons are wrenched to achieve the interconnection with their apical 

atoms, and they contain four formally neutral 4-bonded tin (4b-Sn) atoms and a 3-

bonded apex tin atom that is formally Sn– (Figure 5.3b). The smaller ring forming the 

empty channels (type B) can be derived from the mineral Realgar, β-As4S4,[11] or from 

Hittorf’s phosphorus [P8] units. [12]  

The first building unit has four condensed channels of two different types A and B 

that are condensed in the c-direction, with sequence ABBA (Figure 5.3a). A similar 

structural motif is found in Na13Sn26Bi (see § 5.3), but with some outstanding 

differences. In the second building unit, two rows of edge sharing tetrahedra 

sandwich one column of Sn5 pentagons in the way that each Sn5 pentagon is 

surrounded by four of such tetrahedra. The resulting structural component has three 

condensed channels of two types A and B with sequence BAB (Figure 5.4a). It is 

related to the building unit of Na7Sn12 where the two types of rings are found with the 

sequence AB. The ring of the type B channel alone defines the basic motive of the 

compound NaSn2. Sidewise bridging along b-direction of the basic component with 

channel sequence ABBA, through additional tri-coordinated Sn atoms that are 

positioned between them defines the large type C channel (Figure 5.2). On the other 

hand, the second basic component BAB is directly connected to the earlier, yielding 

in the largest type D channel with crescent-like shape. The type C channels are filled 

with two under-occupied Na positions, but are empty in Na5Sn13. 

The shortest Sn–Sn distances (Table 5.4) in this compound are between 2.840(2) Å 

and 2.990(3) Å and are assumed to correspond to covalent bonds. The long contact 
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of 3.624(2) Å (Sn12–Sn12 in Figure 5.3b) between two Sn5 pentagons was assumed 

to be a single bond in Na5Sn13 in order to be an electron precise Zintl phase. In 

SrδNa5+xSn13 two additional Na positions are found in the type C channel. 

Considering only the shortest Sn-Sn contacts (2.840(2) and 2.990(3) Å), an anionic 

network with six three bonded (3b) and seven 4b-atoms per formula unit results. The 

number of Na ought to be equal to that of 3b-Sn atoms in the structure, i.e. the 

phases with the composition SrδNa6-2δSn13 will correspond to electron precise Zintl 

phases and therefore, the actual composition, Sr0.08Na5.67Sn13, indicates an electron-

poor Zintl phase which is 0.17 electron short with respect to 8-N rule. The electron 

deficiency is most likely due to the defect (50% maximum occupancy) of two split 

cationic sites with very short Na-Na contacts (1.73 and 2.16 Å). 

As might be expected from electrostatic arguments, the edges of the filled channels 

are nearly all defined by 3b-Sn– atoms, and the sodium cations are closest in 

proximity to the charged tin atoms rather than the formally neutral 4b-Sn (Table 5.4). 

The shortest Na-Sn interaction distance is 3.06(2) Å and the similar Na-Na distance 

is 3.16(4) Å. Both are in the range of those observed in other Na/Sn phases (see 

Table 5.1). 
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Table 5.4 Atomic distances (< 3.6 Å) in Sr0.08(1)Na5.67Sn13 (standard deviations are in parentheses) 
 
Atom pair distance/ Å Atom pair distance/ Å Atom pair distance/ Å 
Sn1 - Sn3 2.844(2) Sn12 - Sn19 2.960(1) Na3 - Sn19 3.224(5)   x2 
 - Sn10 2.870(1)   x2   - Sn10 2.961(1)  - Sn10 3.232(5)   x2 
 - Sn13 2.918(2)  - Sn13 2.975(1)  - Sn14 3.356(6)   x2 
Sn2 - Sn16 2.863(2)  - Na4 3.187(6)  - Sn11 3.372(5)   x2 
 - Sn11 2.874(1)   x2 Sn13 - Sn13 2.857(3)  - Sn13 3.416(7) 
 - Sn17 2.891(2)  - Sn1 2.918(2)  - Sn12 3.448(4)   x2 
Sn3 - Sn1 2.844(2)  - Sn12 2.975(1)  x2  - Sn1 3.655(7) 
 - Sn19 2.904(1)   x2 Sn14 - Sn14 2.888(2) Na4 - Sn12 3.187(6)  x2 
 - Na11 3.12(2)     - Sn11 2.894(2)  - Sn4 3.230(8) 
Sn4 - Sn6 2.859(2)  - Sn19 2.944(2)  - Sn6 3.251(7) 
 - Sn19 2.880(1)   x2  - Na7 3.254(3)  - Sn10 3.293(6)  x2 
 - Na11 3.06(2)  Sn15 - Sn8 2.840(2)  - Na4 3.40(2) 
Sn5 - Sn18 2.920(1)   x2  - Sn11 2.848(2)  x2  - Sn12 3.550(7)  x2 
 - Sn5 2.990(3)  - Sn7 2.888(2)  - Sn11 3.549(5) 
 - Na5 3.240(1) Sn16 - Sn18 2.855(2)  x2 Na5 - Sn9 3.189(4)  x2 
Sn6 - Sn4 2.859(2)  - Sn2 2.863(2)    - Sn5 3.238(9)  x2 
 - Sn10 2.901(1)   x2  - Na2 3.260(5)  - Sn9 3.445(7)  x4 
 - Na2/Sr 3.251(5) Sn17 - Sn9 2.868(1)  x2 Na6 - Sn18 3.284(3)  x4 
Sn7 - Sn18 2.887(1)   x2  - Sn2 2.891(2)  - Sn9 3.477(8)  x4 
 - Sn15 2.888(2) Sn18 - Sn16 2.855(2)   Na7 - Sn14 3.254(3)  x2 
 - Na7 3.344(8)    - Sn7 2.887(1)  - Sn7 3.344(8) 
Sn8 - Sn15 2.840(2)  - Sn5 2.920(2)  - Sn17 3.381(8) 
 - Sn9 2.877(2)   x2  - Sn9 2.937(2)  - Na10  3.431(8) 
 - Na5 3.236(6)   Sn19 - Sn4 2.880(2)    - Sn3 3.489(8) 
Sn9 - Sn17 2.868(1)  - Sn3 2.904(1) Na8 - Sn11 3.267(6)  x2 
 - Sn8 2.877(2)  - Sn14 2.944(2)  - Sn19 3.295(6)  x2 
 - Sn18 2.937(2)  - Sn12 2.960(2)  - Sn12 3.305(7)  x2 
 - Sn9 2.909(1) Na1 - Sn9 3.197(5)  x4  - Sn10 3.361(6)  x2 
 - Na1 3.197(5)  - Sn18 3.269(4)  x4  - Na7 3.46(1)    x2 
Sn10 - Sn1 2.870(1)  - Sn5 3.332(8)  x2  - Sn3 3.586(8)  x2 
 - Sn6 2.901(2) Na2 - Sn6 3.251(5) Na9 - Sn17 3.348(8)  x2 
 - Sn11 2.933(2)  - Sn16 3.260(5)  - Sn5 3.504(7)  x2 
 - Sn12 2.961(2)  - Sn3 3.324(5) Na10 - Sn8 3.236(6)   
 - Na3 3.232(5)  - Sn7 3.463(5)  - Sn18 3.392(6)   
Sn11 - Sn15 2.848(1)  - Sn14 3.473(5)  - Sn14 3.420(6)   
 - Sn2 2.874(1)  - Sn11 3.559(5)  - Na7 3.431(8)   
 - Sn14 2.894(2)  - Sn15 3.628(5)  - Sn5 3.499(6)   
 - Sn10 2.933(1) Na12 - Na12 3.16(4)  - Sn16 3.518(6)   
 - Na8 3.267(6)  - Sn4 3.20(2)  - Sn17 3.541(6)   
    - Sn19 3.21(2)  - Sn7 3.561(6)   
    - Sn4 3.21(2) Na11 - Sn4 3.06(2)   
    - Sn13 3.44(2)  - Sn3 3.12(2)   
    - Sn1 3.44(2)  - Sn1 3.36(2)   
    - Sn12 3.61(2)  - Sn19 3.41(2)  x2 
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Figure 5.3 (a) Top view and (b) side view of the four adjoining pentagonal stacks ABBA, parallel and 

perpendicular to a-direction, respectively. Sn–Sn contact at 3.624 Å is shown as broken 
lines. Sn black, Na opened circles (Thermal ellipsoids at 50% probability level) 

 
 
 
 
 
 
 

       
 
Figure 5.4 (a) Top view and (b) side view of the three adjoining pentagonal stacks BAB, parallel and 

perpendicular to a-direction, respectively. Sn atoms black, Na opened circles.  
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5.3. Multicenter bonding in the novel Zintl phase Na13-δSn26-δBi1+δ (δ = 0.27) 

5.3.1 Synthesis and characterization 

The compound Na13-δSn26-δBi1+δ was obtained from a mixture of elements Na:Sn:Bi 

with the composition 5:12:1. The mixture was heated at the rate of 120°C/h to 650°C, 

kept there for 12 h, then cooled at the rate of 120°C/h to 270°C where it is annealed 

for at least 5 days and, subsequently cooled to room temperature by turning off the 

oven. The product is air and moisture sensitive and crystallized as irregular silvery 

crystals. Most of the crystals appear to be twinned (multiple twinning) and not 

suitable for single crystal diffraction. The X-ray powder diagram of the product (Figure 

5.5) compares very well with the theoretical diagram calculated from the structure 

solution crystal data (see below) however, with some unindexed peaks indicating 

additional yet unknown phases.  The presence of the three elements Sn, Na and Bi 

was confirmed by EDX analysis, and no eventual contaminant was detected.  

 
 
 
 
 

 
 
Figure 5.5 Experimental powder diagram of the reaction product Na:Sn:Bi = 5:12:1 (top) and 

theoretical powder diagram calculated for Na13Sn26Bi (bottom). Strongest un-indexed 
reflections are labeled with stars (*). 
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5.3.2 Determination of the crystal structure  

Needle shape single crystals were selected from the product and checked for 

singularity. The best one was used for full data collection on the Enraf-Nonius CCD 

at room temperature with a crystal-detector distance of 40 mm. The crystallographic 

data as well as the structure refinement data are summarized in Table 5.5 and the 

atomic positions and equivalent isotropic displacement parameters are listed in Table 

5.6a. The unit cell parameters were determined and refined using all the reflections 

from the 473 collected images. Systematically absent reflections were consistent with 

the triclinic unit cell, space group P 1 . The structure was solved by direct method. Bi 

and Sn positions were assigned on the basis of peak height and atomic distances. 

Most of the Na positions were found in the difference Fourier map. The two bounded 

Sn1 shows small thermal ellipsoid with some residual electron density indicating 

possible Sn-Bi mixed occupancy. The refinement of the mixed occupancy at Sn1 

position results in about 13% Bi occupancy. Partial defects were tested for all Na 

positions, giving significantly lower occupation factors for only two positions (Na2 and 

Na3) with a total of nearly 10% defect, suggesting a correlation with the Bi/Sn mixed 

occupied position. The two defect positions Na2 and Na3 are characterized by 

significantly larger ADPs. The final refinement was done assuming a correlation also 

because it is consistent with a charge balanced ideal phase Na13Sn26Bi. The final 

residual factor were R1 = 0.033 and wR2 = 0.076 for all data. The only faint 

indications of eventual crystallographic errors might be the slight asymmetry of the 

anisotropic thermal ellipsoid observed for Na1 and Bi1 (see Table 5.6b). As we will 

see next, these atoms have very unusual coordination geometry. 

 

5.3.3 Structural description of Na13-δSn26-δBi1+δ 

A projection of the structure of Na13-δSn26-δBi1+δ (δ = 0.27) is represented in Figure 

5.6. It forms a new structure type in the Zintl chemistry of Sn which is related to the 

structure of Na5+xSn13.[6] The structure contains 13 independent Sn, 7 Na and only 

one Bi position. One Na atom (Na1, site 1b) and Bi1 (site 1f) are located on the 

inversion center. The shortest Sn–Sn contacts in the polyanion vary between 

2.827(1) Å and 2.947(1) Å (Table 5.7). The Sn-Sn bond distances involving the Bi 

substituted Sn1 position are slightly longer (2.973(1) Å and 2.989(1) Å) as expected 
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from the bigger atomic size of Bi. Similar Sn–Sn distances are found in Na5+xSn13 

(from 2.843(5) Å to 2.982(5) Å), Na7Sn12 (from 2.827(2) Å to 3.088(2) Å) and NaSn2 

(from 2.833(1) to 2.975(2) Å). Bi1 atom has two contacts at 3.311(1) Å with the three-

bonded Sn2 atoms, forming a Sn–Bi–Sn linear fragment. This interaction distance is 

a quite long when compared with other Bi–Sn single bond distances, like in 

Ba2K4(SnBi4) (2.927(1) Å) [13]  or in K10(Sn2Bi6) (from 2.945(4) Å to 3.013(4) Å ). [14] 

These Bi1–Sn2 contacts are close to the Bi–Sb contact (3.322(1) Å) found in 

Ba2BiSb2 [15] which correspond to a non-classical multicenter bonding, suggesting a 

similar bond type within the linear trimer.  

 
 
 
Table 5.5 Crystallographic data and refinement parameters for Na13- δSn26- δBi1+δ 
 
Empirical formula Na12.73Sn25.73Bi1.27(1) 
Formula weight  3611.29 
Temperature 293(2) K 
Crystal size 0.05×0.02×0.25 mm3 
Mosaicity (°) 0.496(2) 
Crystal color Silvery  
Diffractometer Nonius CCD  
Crystal system Triclinic   
Space group 1P  
Unit cell parameters a = 9.0942(1) Å; α = 112.008(1)° 

b = 11.2637(2) Å; β = 99.793(1)°  
c = 13.2573(2) Å; γ = 101.455(1)° 

Unit cell Volume  1188.46(3) Å3 
Z 1 
Density calculated 5.046 g/cm3 
Absorption coefficient (Mo Kα)  18.00 mm-1 (λ = 0.71073 Å) 
Absorption correction  empirical  
F(000) 1532.0  
Theta range  4.08° - 25.35° 
Resolution range  5.00 - 0.83 Å 
Index range  -10 ≤ h ≤ 10,  -13 ≤ k ≤  12,  0 ≤ l ≤ 15 
Data completeness 100.0% 
Integrated reflections 22869 (Rσ = 0.035) 
Independent reflections 4324 (Rint = 0.188)      
Refinement method Full-matrix least-squares on F2 
Parameters / restraints 189 / 0 
Goodness of fit on F2 1.060   
Observed reflections [I>2σ(I)] 3875 
Final R indices R1 = 0.033, wR2 =  0.073 
Final R indices (all data) R1 = 0.040, wR2 =  0.076 
Extinction coefficient 0.00022(3) 
Residual map (e–/Å3) 4.07 / -3.05  
w = 1/[σ2(Fo2) + (0.0176 × P)2 + 27.98×P]  
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Table 5.6a  Atomic coordinates and equivalent isotropic displacement parameters Ueq (standard 
deviation in parentheses) 

 
Atom  Site  s.o.f x y z Ueq / Å2 
Bi(1) 1f 1 ½  0 ½  0.0438(2) 
Sn(1) 2i 0.863(5) 0.01386(7) 0.86940(6) 0.68553(5) 0.0147(3) 
Bi 2i 0.137(5) 0.01386(7) 0.86940(6) 0.68553(5) 0.0147(3) 
Sn(2) 2i 1 0.37174(8) 0.69873(7) 0.28736(5) 0.0122(2) 
Sn(3) 2i 1 0.87401(8) 0.70635(7) 0.29733(6) 0.0137(2) 
Sn(4) 2i 1 0.07058(8) 0.53143(7) 0.26005(6) 0.0111(2) 
Sn(5) 2i 1 0.03463(8) 0.69258(7) 0.95552(6) 0.0112(2) 
Sn(6) 2i 1 0.54012(8) 0.70189(7) 0.95306(6) 0.0105(2) 
Sn(7)  2i 1 0.79763(8) 0.64567(7) 0.06119(6) 0.0122(2) 
Sn(8) 2i 1 0.69957(8) 0.36218(7) 0.94810(6) 0.0117(2) 
Sn(9) 2i 1 0.59032(8) 0.42799(7) 0.43411(6) 0.0133(2) 
Sn(10) 2i 1 0.57461(8) 0.53006(7) 0.26212(6) 0.0111(2) 
Sn(11) 2i 1 0.90774(8) 0.57093(7) 0.56843(6) 0.0120(2) 
Sn(12) 2i 1 0.41195(8) 0.04932(7) 0.07881(6) 0.0161(2) 
Sn(13)       2i 1 0.09878(8) 0.94152(7) 0.93199(6) 0.0140(2) 
Na(1) 1b 1 0 0 ½  0.034(2) 
Na(2) 2i 0.935(5) 0.1933(7) 0.9180(6) 0.2346(5) 0.049(2) 
Na(3) 2i 0.935(5) 0.3639(7) 0.0821(6) 0.7674(5) 0.046(2) 
Na(4) 2i 1 0.2332(6) 0.7790(5) 0.5178(4) 0.035(1) 
Na(5) 2i 1 0.3331(6) 0.2244(5) 0.4840(4) 0.033(1) 
Na(6) 2i 1 0.7395(5) 0.7206(5) 0.7706(4) 0.030(1) 
Na(7) 2i 1 0.2537(5) 0.7172(5) 0.7688(4) 0.028(1) 

(*) Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 
Table 5.6b  Atomic anisotropic displacement parameters (standard deviation in parentheses) 
 

Atom U11 U22 U33 U12 U13 U23 
Bi1 0.0323(4) 0.0571(5) 0.0822(6) 0.0241(4) 0.0282(4) 0.0608(5) 
Sn1/Bi 0.0128(4) 0.0164(4) 0.0171(4) 0.0046(3) 0.0038(3) 0.0105(3) 
Sn2 0.0124(3) 0.0115(3) 0.0103(3) 0.0030(3) 0.0019(3) 0.0027(3) 
Sn3 0.0129(3) 0.0123(3) 0.0113(3) 0.0027(3) 0.0017(3) 0.0012(3) 
Sn4 0.0114(3) 0.0105(3) 0.0096(3) 0.0023(3) 0.0014(3) 0.0033(3) 
Sn5 0.0112(3) 0.0107(3) 0.0107(3) 0.0026(3) 0.0022(3) 0.0040(3) 
Sn6 0.0112(3) 0.0098(3) 0.0099(3) 0.0024(3) 0.0020(3) 0.0041(3) 
Sn7 0.0120(3) 0.0147(3) 0.0115(3) 0.0045(3) 0.0031(3) 0.0068(3) 
Sn8 0.0107(3) 0.0145(3) 0.0104(3) 0.0039(3) 0.0025(3) 0.0058(3) 
Sn9 0.0119(3) 0.0158(4) 0.0120(3) 0.0034(3) 0.0026(3) 0.0063(3) 
Sn10 0.0120(3) 0.0112(3) 0.0090(3) 0.0032(3) 0.0021(3) 0.0033(3) 
Sn11 0.0107(3) 0.0141(3) 0.0116(3) 0.0038(3) 0.0025(3) 0.0059(3) 
Sn12 0.0141(4) 0.0140(4) 0.0188(4) 0.0033(3) 0.0026(3) 0.0066(3) 
Sn13 0.0118(3) 0.0127(3) 0.0159(4) 0.0036(3) 0.0032(3) 0.0044(3) 
Na1 0.077(5) 0.009(3) 0.013(3) 0.005(3) 0.004(3) 0.008(3) 
Na2 0.059(4) 0.030(3) 0.036(3) 0.028(3) 0.010(3) 0.004(3) 
Na3 0.045(3) 0.037(3) 0.047(3) -0.010(3) 0.003(3) 0.008(3) 
Na4 0.043(3) 0.026(3) 0.034(3) 0.009(2) 0.019(2) 0.007(2) 
Na5 0.033(3) 0.025(2) 0.028(2) 0.001(2) -0.006(2) 0.008(2) 
Na6 0.022(2) 0.038(3) 0.030(3) 0.004(2) 0.011(2) 0.015(2) 
Na7 0.022(2) 0.037(3) 0.021(2) 0.013(2) 0.001(2) 0.008(2) 
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Figure 5.6 Perspective view of the crystal structure of Na13-δSn26-δBi1+δ. Sn atoms blue, Na red and 

Bi1 green. Grey spheres represent the Sn1/Bi mixed position. The letters A, B and C mark 
the different channels of the structure as discussed in the text. 

 
 

For electron counting purposes, the ideal structure Na13Sn26Bi is first considered with 

neither the Sn/Bi mixed occupancy, nor the Na defects. If the one assumes that the 

short Sn–Sn distances represent single bonds, this gives per formula unit 16 (4b)Sn, 

6 (3b)Sn, 2 (2b)Sn and 2 (3b)Sn and one additional interaction with Bi1 (2b, 3b and 

4b denote two-, three- and four-bonded atoms). The shortest non-bonding Sn–Sn 

distance is 4.044(2) Å. Assuming charge transfer from Na to the Sn/Bi anionic 

network according to the Zintl concept and neglecting the Bi1–Sn2 contacts in the 

linear trimer, we can write Na13Sn26Bi as (Na+)13[(4b)Sn0]16[(3b)Sn1–]8[(2b)Sn2–]2(Bi1–) 

where atomic charges denote formal oxidation state. This results in isolated Bi1– 

(instead of the expected Bi3–), meaning that the compound is two electrons short 

from a closed shell phase. Alternatively, if we consider that Bi1–Sn2 contacts are 

single bonds, a different picture emerged in (Na+)13[(4b)Sn0]18[(3b)Sn1-]6[(2b)Sn2-

]2[(2b)Bi1-], meaning that we now have two unaccounted electrons (13+ versus 11–). 

This is a picture of a 3-center–4-electron bonding (3c-4e bonding) as found in X3
– (X 

= halogen) or in XeF2 triatomic units.[16] The Sn–Bi interaction distance is in the range 

of delocalized bonds and the linear fragment Sn–Bi–Sn with three exo-bonded Sn 

atoms is isoelectronic with other hypervalent bonded trimer like X3
– or Pn3

7– (Pn = P, 

As, Sb, Bi) described in the Ca14AlSb11-type compounds.[17] Thus, we can assume 
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that Na13Sn26Bi is a charge optimized compound. It features in its structure the 

sidewise interconnected [Sn26]12– polyanion as building unit that interacts with the 

anion Bi1– through 3c-4e bonding. The idea of electron-rich three-center bonding in 

so called ‘hypervalent molecule’ was proposed independently by Pimentel [18]  and 

Rundle.[19] It invokes a delocalized three-center σ-bonding scheme as shown in 

Figure 5.7: three p-orbitals combine to give one bonding, one nonbonding and one 

antibonding molecular orbital (MO); the two lower-lying orbitals are occupied.  

 
 

 
 
 
The partial replacement of the 2b-Sn1 by Bi correlates with Na under-occupancy 

which is significant at only two positions. To remain a charge balanced phase, the 

partial substitution and the Na defects have to be correlated. The exact formulation 

Na13-δSn26-δBi1+δ (δ = 0.27) accounts on the mixed-occupancy at the two bonded Sn 

position (Sn1). It is no surprise that the Sn/Bi mixed-occupancy occurs only at the 

two bounded Sn position because of the stronger relativistic effect in the heavier Bi 

atom that makes it reluctant to sp3 hybridation. Indeed, the lone pair effect is 

accompanied by the decrease availability of the valence electrons for covalent 

bonding. As a result, heavier main group elements have a marked tendency for low 

valence states. This means that the element Bi prefers atomic sites with the lowest 

number of covalent bonds.  

Furthermore, the three-dimensional network of Na13Sn26Bi consists of tin polyanions 

that define three types of channels (labeled A, B and C) on which two are occupied 

by Na (type A) or Bi and Na (type C) atoms. The complex Sn polyanion Sn26
12– is the 

repeating unit and features four condensed pentagonal channels as noticeable 

characteristics. The channels run parallel to the a-direction and are of two types 

(labeled A and B in Figure 5.6). The larger channels A are built up of Sn5 units and 

Figure 5.7  Heteronuclear 3c-4e bonding in linear Sn–Bi–Sn fragment (left) and the corresponding 
molecular orbitals (right). The fragment is a 22 electrons system like X3

– 

Sn1– Sn1–Bi1– 

Sn0 Sn0Bi3– 
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are filled with Na atoms. The smaller type B channels are empty. The pentagonal Sn5 

units are made up by four formally neutral 4-bonded tin (4b-Sn) atoms and one 2-

bonded apical Sn atom that is formally Sn2-. Vacancies at the apical position are 

alternatively observed every second unit (Figure 5.8). These flat pentagonal units Sn5 

are stacked eclipsed on top of each other in the a-direction in a way that a pair of 

pentagon columns are linked at their basal atoms to 4-membered flat zigzag chains 

of Sn atoms running roughly parallel to the [011] direction and positioned between 

four pentagon units (Figure 5.8b). This linkage defines two smaller channels of type 

B and results in the one dimensional Sn polyanions Sn26
12– as the repeating unit. The 

structure of this Sn26
12– polyanion can therefore be rationalized by a partition into two 

types of adjoining channels with the sequence ABBA (Figure 5.8a). This structural 

motif is also found in the previously described SrδNa5+xSn13 and it results from closely 

related atomic connectivity but with slight differences. The Sn26
12– polyanionic units 

are subsequently directly inter-connected in the bc plane through the lateral Sn atom 

of the pentagon units to form the three dimensional Sn network of the structure. The 

interconnection in the bc plane defines the largest channels C with shamrock-like 

shape that are filled with four rows of Na cations and one central row of alternating Bi 

and Na atoms (Figure 5.9). 

The highest coordination number of Na by Sn atoms is observed in channel A (with 9 

closer Sn atoms) where the shortest Na-Sn interaction distances range from 3.293(4) 

Å to 3.542(5) Å. In channel C, the shortest Na-Sn interaction distances are from 

3.253(5) Å to 3.539(6) Å.  

Bi1 atoms in channel C are surrounded by 8 Na atoms in distorted square prism 

geometry (Figure 5.10a). The interaction distances of Bi1 with Na4 and Na5 positions 

which show no noticeable defect are short (3.221(5) Å and 3.249(5) Å), but longer 

interaction distances are found with Na2 and Na3 positions (3.771(6) Å and 3.799(6) 

Å) which are slightly under-occupied. Na1 has a very particular square planar 

coordination sphere (Figure 5.10b), with strong similarities to that of Bi1. The 

interaction distances of Na1 with Sn are shorter (3.203(1) Å and 3.303(1) Å) in a 

square planar geometry. The shortest Na–Na interaction distance is 3.549(7) Å, in 

agreement with distances found in other Na-Sn binary systems (see Table 5.1). 
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Figure 5.8 Side view (top) and top view (bottom) of the structure of the Sn polyanion Sn26

12–. Opened 
circles denote Na atoms, black and crossed grey spheres Sn and Bi atoms, respectively 
(Vac = 2b-Sn vacancies). Thermal ellipsoids are at 50% probability level. 
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Figure 5.9 A segment of the structure of Na13Sn26Bi highlighting the largest channel C with 

shamrock-like shape. Crossed circles denote Na, larger crossed grey sphere is Bi1, black 
and grey spheres are Sn and Sn1/Bi, respectively. (Vac = vacancies)  

 
 
 
 
 

(a)   (b)  
 
Figure 5.10 The coordination of Bi1 atoms in the crystal structure of Na13Sn26Bi with Sn–Bi–Sn 

linear interaction (left). Na1 has a square planar coordination by Sn atoms (right). The 
coordination sphere of Na1 shows strong similarity with that of Bi1. Thermal ellipsoids 
are at 50% probability level. 

 
 



Chap. 5 112  The phase Na13-δSn26-δBi1+δ 

TU München 2006  Dissertation Ponou 

 
Table 5.7 Atomic distances (< 3.65 Å) in Na13Sn26Bi (standard deviations are in parentheses) 
 
Atom pair distance/ Å Atom pair distance/ Å Atom pair distance/ Å 
Bi1 - Na4 3.221(5)   x2  Sn9 - Sn9 2.880(1) Na1 - Sn3 3.203(1)   x2 
 - Na5 3.249(5)   x2   - Sn11 2.890(1)    - Sn1/Bi 3.303(1)   x2 
 - Sn2 3.311(1)   x2  - Sn10 2.909(1)  - Na4 3.623(5)   x2 
 – Na3 3.771(6)   x2 Sn10 - Sn2 2.872(1)  - Na5 3.633(5)   x2 
 – Na2 3.799(6)   x2  - Sn3 2.881(1) Na2 - Sn1/Bi 3.310(6) 
Sn1/Bi - Sn13 2.973(1)  - Sn6 2.893(1)  - Sn2 3.428(6) 
 - Sn11 2.989(1)  - Sn9 2.909(1)  - Sn5 3.448(6) 
Sn2 - Sn8 2.858(1) Sn11 - Sn9 2.890(1)  - Na5 3.570(8) 
 - Sn10 2.873(1)     - Sn4 2.905(1)  - Sn12 3.594(7) 
 - Sn4 2.878(1)     - Sn11 2.931(1)  - Sn8 3.616(6) 
 - Bi1 3.311(1)  - Sn1/Bi 2.989(1) Na3 - Sn1/Bi 3.303(5) 
Sn3 - Sn7 2.867(1) Sn12 - Sn12 2.875(2)  - Sn6 3.424(6) 
 - Sn4 2.880(1)  - Sn13 2.889(1)  - Sn2 3.461(5) 
 - Sn10 2.881(1)  - Sn6 2.947(1)  - Sn12 3.539(6) 
Sn4 - Sn5 2.856(1) Sn13 - Sn12 2.889(1)  - Na4 3.549(7) 
 - Sn2 2.878(1)  - Sn5 2.893(1)  - Sn8 3.610(5) 
 - Sn3 2.880(1)  - Sn13 2.912(1)  - Sn3 3.752(6) 
 - Sn11 2.905(1)    - Sn1/Bi 2.973(1)  - Bi1 3.798(6) 
Sn5 - Sn8 2.827(1) Na6 - Sn6 3.301(4) Na4 - Bi1 3.221(5) 
 - Sn7 2.832(1)  - Sn9 3.316(5)  - Sn1/Bi 3.253(5) 
 - Sn4 2.856(1)  - Sn1/Bi 3.319(5)  - Sn9 3.266(5) 
 - Sn13 2.893(1)  - Sn12 3.326(5)  - Sn4 3.337(5) 
Sn6 - Sn8 2.837(1)  - Sn11 3.378(5)  - Sn2 3.380(5) 
 - Sn7 2.840(1)  - Sn10 3.433(4)  - Na3 3.550(7) 
 - Sn10 2.893(1)  - Sn13 3.442(5)  - Sn11 3.549(5) 
 - Sn12 2.947(1)  - Sn5 3.464(5) Na5 - Bi1 3.249(5) 
Sn7 - Sn5 2.832(1)  - Sn4 3.542(5)  - Sn1/Bi 3.257(4) 
 - Sn8 2.840(1) Na7 - Sn9 3.293(4)   - Sn9 3.270(5) 
 - Sn6 2.840(1)  - Sn12 3.316(4)  - Sn10  3.290(5) 
 - Sn3 2.867(1)  - Sn1/Bi 3.318(4)  - Sn2 3.389(5) 
Sn8 - Sn5 2.826(1)  - Sn6 3.332(4)  - Sn9 3.530(5)  
 - Sn6 2.836(1)  - Sn13 3.377(4)  - Na2 3.567(7) 
 - Sn1/Bi 2.840(1)  - Sn10 3.382(4)    
 - Sn2 2.858(1)  - Sn11 3.389(5)    
    - Sn5 3.485(5)    
    - Sn4 3.496(5)    
 
 
 
 
5.4 Discussions 
The combination of alkali metal and tin leads to an astonishing large number of 

compounds and structures, even if the one restricted itself to the example of Na/Sn 

binary system. Solely in dependency on the atomic ratio, a large variety of chemical 

bond types ranging from localized two-electron–two-center (2e-2c) bonds to purely 

metallic bonds are established. On the Na-rich side, the charge transfer from Na to 

Sn is often enough to allow the Sn anions to achieve the octet as isolated species. 

But in the Sn-rich side, the transferred electrons are not enough to achieve the octet 

as isolated anions and the Sn atoms are forced to form bonds to each other, resulting 
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in a myriad polyanionic networks with various connectivity and bond types. Localized 

2e-2c bonds are predominant in the formally Zintl phases NaSn, Na7Sn12 and NaSn2. 

The non-stoichiometric phase SrδNa5+xSn13, with localized 2e-2c bonds, doesn’t obey 

the 8-N rule, but shows electron deficiency. A similar electron deficient phase is the 

chiral clathrate K6+xSn25 (for x = 0) [20-21] with a three-dimensional covalent framework 

of tin polyhedra, which are filled with K atoms. The electron deficiency in these two 

phases is most probably due to the difficulty to find enough room in the lattice for all 

the cations that would be necessary to achieve the charge optimization. This 

suggests that, when it is impossible to find a room for all cations necessary to 

optimize the electron count in a particular structure, the phase stability has to be 

eventually achieved in consideration of other factors like Madelung energies between 

cations and the anionic network. The problem of filling space in an efficient way in a 

three-dimensionally bonded network is more complex than in systems with discrete 

clusters or low dimensional networks; the combined problems of lattice stability, size 

match and optimal bonding interactions in such 3D nets set up situations where the 

valence closure in some instances may be only approximately achieved. 

For K6+xSn25, the corresponding charge balance phase could be rationalized as 

K6Sn23Bi2,[20] isostructural with the earlier. Thus, similarly we expected for Na5+xSn13 

that the corresponding charge balance phase may be Na5Sn12Bi and will be 

isostructural to Na5+xSn13. But here, the result was quite unexpected because the 

phase Na13Sn26Bi is obtained instead, with a lessening of the structure complexity on 

one hand, but a more complex bonding including localized 2e-2c covalent bonds and 

multicenter 4e-3c bond on the other hand. The occurrence of the weaker 4e-3c bond 

may be ascribed, to the smaller degree of charge transfer from Na to the anionic 

Sn/Bi network as compared with more electropositive K atom, and also to the 

stronger relativistic effects in Bi atom which is intimately related to the stability of the 

non-classical three-center bonded system.  

The multicenter bonded Sn–Bi–Sn fragment in the structure of Na13Sn26Bi represents 

a rare example of heteronuclear three-center bonded system in the solid state.[16] 

Homonuclear triatomic anions with delocalized electron-rich 4e-3c bond have been 

observed in solid state only for the later p-block heavier elements (group 15, 16 and 

17) in form of anions. Heteronuclear units are known, like XeF2. All these linear 

trimers are 22 electrons systems and, if we consider the three exo-bonds of the two 

terminal Sn atoms in the Sn–Bi–Sn fragment and its -3 overall charge, we come out 
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with the same number of valence electrons. The 3c-4e bond in the Sn–Bi–Sn 

fragment is further stabilized with regard to the highly charged homonuclear Bi37– 

trimer by the lower negative charge which eases the destabilization due to repulsion 

of pπ lone pairs.[16] 

The occurrence of the phase Na13Sn26Bi shows that it is possible to stabilize novel tin 

frameworks by addition of a heteroatom (here Bi) at very low level. The chemical 

integrity of the Sn framework is almost preserved giving that the extent of Sn/Bi 

mixed-occupancy is very low. The interactions within the extended Sn framework 

involve strong localized covalent bonds, while those between Sn26
12- polyanion and 

the hetero atom Bi involve weaker delocalized bond. This compound illustrates the 

versatility of the Zintl-Klemm formalism not only to help understand, but also to 

control a structure via the electron count and the bonding characteristic of the 

constituent main-group elements. 

The pentagon is the basic structural motif of many Sn compounds with zeolithe-like 

extended structure, featuring condensed polyhedra or fragment of pentagon-

dodecahedra.[8] The structures of the tin networks in compounds of the Na-Sn binary 

system can be described from three basic structural motifs, the α-Sn tetrahedral 

fragment, the pentagonal ring and the realgar type cage. The different types of 

structure emerge from fragments made up by the condensation of the Sn5 pentagon 

based channel (type A) and the realgar-type ring based channel (type B) with 

different sequences. Direct interconnection of condensed fragments with AB 

sequence is found in Na7Sn12 and, of only B ring in NaSn2. Direct interconnection of 

condensed fragments with ABBA sequence form the 3D anionic network in 

Na13Sn26Bi and, a combination of BAB and ABBA fragments form the complex 3D 

network of Na5+xSn13 where they are interconnected directly and indirectly through 

tetrahedral α-Sn fragment. Finally, the Sn richest phase NaSn5 features additionally 

the structure motif of β-Sn. This implies that pure metallic contacts also exist between 

Sn atoms in the structure. [7] 
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6. Substitution effects on the Zintl phases of the Ba/Sn system 
6.1 Overview 
 

Several binary tin rich phases of tin and alkaline-earth metals (Ae) are known. The 

AeSn phases (Ae = Ca to Ba) crystallize in the CrB structure type. The structure 

contains linear zigzag chains 1
∞ [Sn2-].[1] Exclusively two-fold bonded Sn atoms are 

expected from the 8–N rules. The compounds fulfill the valence rules (tin-tin 

separation of 2.9 Å). However, planar zigzag chains are found in the CrB type, while 

helical chains are found in the related element structures. By increasing the tin 

content, Ae3Sn5 phases are described for Ae = Sr and Ba.[2] The tin atoms form five-

atom clusters with weak interactions between them. In this case the Zintl concept can 

be extended by the introduction of the electron counting scheme according to Wade’s 

rules. Electron transfer from the Ae atoms to tin leads to the polyanion [Sn5]6-, which 

indeed has an arachno-type structure and derives from a pentagonal bipyramid by 

removing two adjacent cluster vertices. However, band structure calculations (and 

conductivity measurements) show that these compounds are metallic and this fact 

may seem to deny their strict classification as Zintl (valence) compounds. [2] At higher 

tin content the binary phases BaSn3,[3] SrSn3,[4] SrSn4,[5] and BaSn5
[6] are structurally 

characterized. They are metallic and even superconducting at temperatures below 2.4 

K (BaSn3), 5.4 K (SrSn3), 4.8 K (SrSn4) and 4.4 K (BaSn5).  

BaSn3 can be regarded as a compound at the borderline of structures, which 

derive from close packing of spheres and Zintl phases with localized chemical bonds. 

The structures can be described as distorted hexagonal closest atom packing as it is 

known for a variety of intermetallic compounds of the composition M´M3. Formal 

electron transfer from Ba to tin atoms leads to the formula [Sn3]2- and gets another 

perspective on the structure. The closest packing contains tri-membered rings of tin 

atoms, and the structures can be broken down to the polyanionic Zintl-anionic unit 

[Sn3]2- with an aromatic 2π-electron system that is isoelectronic with the aromatic 

cyclopropenium, C3H3
+.[3] Interactions between these units through their π-electron 

systems are strong and almost equal intra- and inter-ring contacts are observed. 

SrSn3 possesses both molecular and metallic structural motives as the molecular 

anionic units [Sn3]2– are observed (like in BaSn3) in hexagonal slabs with Ni3Sn-type, 

alternating with metallic slabs consisting of cubic close-packing of atoms with a 

AuCu3-type and, leading to a hhcc stacking isotyp with the h-PuGa3 structure type. [4] 
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SrSn4 shows a unique structure motive in tin chemistry. The atoms that are covalently 

bonded by the two shortest Sn-Sn distances (2.900 Å and 3.044 Å) form a two-

dimensional net consisting of hexagons of tin atoms with boat conformation. Further 

tin atoms connect the two-dimensional net of Sn hexagons at longer distances which 

are consistent with metallic interactions. SrSn4 can be derived from one to one 

intergrowth structure of ‘molecular’ valence substructure and metallic slab. [5] 

Finally, in the tin-richest phase BaSn5 tin atoms form graphite-like layers 

(honeycombs). Two such layers built a slab of hexagonal prisms, which are centered 

by additional Sn atoms. The central tin atom has 12 nearest neighbours of tin atoms 

and represents the first case of a tin atom with such high coordination number. The 

slabs are separated by Ba atoms above and below the center of each tin hexagon. [6] 

In the Ba/Sn binary phase, both BaSn3 and Ba3Sn5 can be considered at the border 

between Zintl phase and intermetallics. Therefore, in assessing the transition from 

Zintl phases to intermetallics in the Ba/Sn system, we have studied the effects of Sn 

for Bi partial substitution on both the metallic π-system BaSn3 and the cluster 

compounds Ba3Sn5. This means an increase of the VEC whose effect depends on 

how dominant is the electron count factor on the stability of the parent structures. 
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6.2  Sn for Bi partial substitution in Ba3Sn5 – Synthesis and Characterization of 
the phases Ba3Sn4-yBi1+y (y ≤ 1) 

 
6.2.1 Introduction  
 
The Pu3Pd5 structure type [7] is well known to be adopted by many polar intermetallics 

of the early p-block elements (groups 13–14). [8] Alkaline-earth and rare-earth tetrel 

systems, such as Ba3Pb5, Sr3Sn5, Ba3Sn5, [2] La3Sn5 
[9-10] and the corresponding triel 

systems, such as La3In5 and β-Y3In5 [11] have been structurally characterized. They 

contain square pyramidal cluster of the main group elements E5
n–. Among this family 

of compounds, La3In5 and Y3In5 are metallic but electron precise according to Wade’s 

rule. The In5
9– here would be classified as nido-cluster (2n+4) with 15 skeletal 

electrons and a charge of 9–, thereby matching the expected contribution from three 

rare-earth metal atoms and making this salts structurally Zintl phases. The relatively 

few cations in those phases appear to allow short intercluster contacts and, the 

metallic conduction is probably due to band broadening and overlapping. On the other 

hand, high charge (up to -9) might also be important for rule violation. 

In the tetrel group, extended Hückel, LMTO and ELF analysis indicated that the 

HOMO of Sn5
6– is antibonding and the two electrons therefore delocalized, so that the 

clusters can alternatively be described as nido-Sn5
4– + 2e– (or 5e– in La3Sn5). [9] These 

compounds are ‘metallic Zintl phases’ because conductivity arises from the presence 

excess of electrons which referred to the idea of ‘submerged continent’ of Nesper.[12] 

The larger charge excess in La3Sn5 (with formally Sn5
9– cluster) is accommodated by 

the increase of the so called “lattice covalency” due to the contribution La3+ 5d orbitals 

in bonding, [8] an analogous effect to the well known “cage orbitals” with Li cations. [12] 

Thus, the compound Ba3Sn5 seems to be interesting to probe the influence of VEC in 

the phase stability at the Zintl border. In the course of our present work we restricted 

our investigations on the effect of an increase of the VEC on phase stability of Zintl 

phases at the border to polar intermetallics. In other words, what happens if a fraction 

of Sn is substituted by electron richer element like bismuth? 
 

6.2.2 Synthesis and characterization 
 
The reaction mixtures of pure elements with nominal composition Ba3Sn5-xBix where x 

= 1.5 and 2 (only known phases like BaSn3 was found from reaction products with x ≤ 

1), were loaded into sealed niobium ampoules. The mixtures were heated at 150 K/h 
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to 800 °C for 6 hours, then cooled to 500 °C then annealed for 120 h at this 

temperature, and subsequently cooled down to room temperature at 120 K/h. All 

products obtained were crystalline and exhibited a grey colour and metallic luster. 

Phase analysis by X-ray powder diffraction (Figure 6.1) revealed the new compound 

Ba3Sn4-yBi1+y) (y < 1) as a major phase but, with small amounts of other unidentified 

phases.  

 

 
Figure 6.1 Experimental powder diagram for reaction product (bottom) and theoretical (top) powder 

diagram of Ba3Sn5-xBix calculated from single crystal refinements data. Diamond peaks 
(used as internal standard) are marked by stars and stronger unindexed peaks with 
question marks. 

 
 
 
 
6.2.3 Crystal structure determination 
 
Several single crystals were selected from different starting mixtures. The crystals 

were checked for singularities and diffraction data were collected for the best one at 

room temperature on Enraf-Nonius CCD and Stoe IPDS diffractometers, both at a 

window of a rotating anode. The data were corrected for absorption and the structure 

solved by direct method and refined on F2. The tetragonal unit cell was determined 

and refined using all the integrated peaks from the recorded frames. Systematic 
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absent reflections indicate the space group I4/mcm (Nr. 140). The crystallographic 

data as well as the structure refinement data are summarized in Table 6.1 and the 

atomic positions and equivalent isotropic displacement parameters are listed in 

Tables 6.2 and 6.3. Structure solution revealed four atomic positions. The site 4c was 

assigned to Bi judging from peak heights, and the sites 16l, 8h and 4a to Sn1, Ba1 

and Ba2 respectively, judging from bond distances and peak heights. The refinement 

of Sn/Bi mixed occupancy show significant Bi amount at Sn1 position (site 16l). This 

model leads to the best residuals, e.g. R1 = 0.026 and wR2 = 0.074 for all data. We 

could not obtain good crystals from reaction mixtures with higher Bi content (x > 2). 

 
 
 
Table 6.1  Crystallographic data and refinement parameters for Ba3Sn4-yBi1+y (y ≤ 1)  

Empirical formula Ba3Sn3.07Bi1.93(4) (y = 0.93) Ba3Sn3.16Bi1.84(3) (y = 0.84) 
Formula weight  1179.28 1172.5075 
Temperature 293(2) K 293(2) K 
Crystal size 0.05×0.15×0.20 mm3 0.05×0.05×0.15 mm3 
Mosaicity (°) – 0.453(2) 
Crystal color and shape Black Silvery, block Black Silvery, needle 
Diffractometer Stoe IPDS II Nonius CCD  
Crystal system Tetragonal  Tetragonal  
Space group I4/mcm (Nr. 140) I4/mcm (Nr. 140) 
Unit cell parameters (/Å) a = 9.263(1); c = 13.327(2)  a = 9.248(1); c = 13.323(3) 
Unit Cell Volume 1143.6(2) Å3, Z = 4 1139.5(3) Å3, Z = 4 
Density calculated 6.849 g/cm3 6.835 g/cm3 
Absorption coefficient (Mo Kα) 46.189 mm-1 (λ = 0.71073 Å) 45.363 mm-1 (λ = 0.71073 Å) 
Absorption correction  numerical semi-empirical  
F(000) 1926 1916 
Max. / Min transmission 0.0111 / 0.0875 – 
Theta range  4.36° - 29.20° 4.37° - 25.33° 
Resolution range  4.67 Å – 0.72 Å 5.00 Å - 0.83 Å 
Index range  -12 ≤ h ≤ 12,  -11 ≤ k ≤ 12,   

-18 ≤ l ≤ 18 
-11 ≤ h ≤ 11,  -11 ≤ k ≤  11,   
-15 ≤ l ≤ 15 

Data completeness 99.5% 100% 
Integrated reflections 10204 (Rσ = 0.055) 9466 (Rσ = 0.027) 
Independent reflections 441 (Rint = 0.128) 300 (Rint = 0.036) 
Refinement method Full-matrix least-squares on F2 (SHELXTL) 
Parameters  17 17 
Goodness of fit on F2 1.018 1.154 
Observed reflections [I>2σ(I)] 348 293 
Final R indices R1 = 0.027 / wR2 = 0.046 R1 = 0.025 / wR2 = 0.073 
Final R indices (all data) R1 = 0.045 / wR2 = 0.048 R1 = 0.026 / wR2 = 0.074 
Extinction coefficient 0.00031(3) 0.0014(2) 
Residual map (e-/Å3) 2.08 / -1.56 1.19 / -1.09  
w = 1/[σ2(Fo2) + (0.0470×P)2 + 9.71×P]  
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Table 6.2a Atomic coordinates and equivalent isotropic displacement parameters for Ba3Sn3.16Bi1.84(3) 
 
Atom  Site  s.o.f x y z Ueq  /Å2 
Ba1 8h 1 0.3366(1) 0.1634(1) ½  0.022(1) 
Ba2 4a 1 0 0 ¼  0.027(1) 
Sn1 16l 0.79(1) 0.1388(1) 0.3612(1) 0.3087(1) 0.027(1) 
Bi1 16l 0.21(1) 0.1388(1) 0.3612(1) 0.3087(1) 0.027(1) 
Bi2 4c 1 0 0 0 0.026(1) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
Table 6.2b  Atomic coordinates and equivalent isotropic displacement parameters for Ba3Sn3.07Bi1.93(4) 
 
Atom  Site  s.o.f x y z Ueq /Å2 
Ba1 8h 1 0.3365(1) 0.1635(1) ½  0.022(1) 
Ba2 4a 1 0 0 ¼  0.030(1) 
Sn1 16l 0.77(1) 0.1379(1) 0.3621(1) 0.3091(1) 0.029(1) 
Bi1 16l 0.23(1) 0.1379(1) 0.3621(1) 0.3091(1) 0.029(1) 
Bi2 4c 1 0 0 0 0.026(1) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
Table 6.3a  Anisotropic displacement parameters (Å2) for Ba3Sn3.16Bi1.84(3) 
 
Atom   U11 U22 U33 U23 U13 U12 
Ba1 0.0207(5) U11 0.0242(7) - - 0.0002(3) 
Ba2 0.0277(6) U11 0.0252(8) - - - 
Sn1/Bi1 0.0284(5) U11 0.0247(6) 0.0037(2) -U23 -0.0025(3) 
Bi2 0.0238(4) U11 0.0296(6) - - - 
 
Table 6.3b  Anisotropic displacement parameters (Å2) for Ba3Sn3.07Bi1.93(4) 
 
Atom   U11 U22 U33 U23 U13 U12 
Ba1 0.0194(4) U11 0.0265(5) - - 0.0008(4) 
Ba2 0.0311(5) U11 0.0273(8) - - - 
Sn1/Bi1 0.0312(4) U11 0.0258(4) 0.0045(2) -U23 -0.0032(3) 
Bi2 0.0232(4) U11 0.0329(6) - - - 
 
 
6.2.4 Structural description of Ba3Sn4-yBi1+y 

The space group and atom positions for Ba3Sn4-yBi1+y (y ≤ 1) reveal the isostructural 

relationship with the compound La3In4Ge. [13]  Ba3Sn4-yBi1+y is isopointal with inverse 

Cr5B3 family [14] and belongs to the In5Bi3-type subfamily which is characterized by a 

small c/a ratio of about 1.45, while larger values of around 1.85 are found for the 

Cr5B3 aristotyp. [15] This c/a ratio is about 1.44 for Ba3Sn4-yBi1+y phases. A projection of 

the crystal structure is represented in Figure 6.2. The structure of Ba3Sn4-yBi1+y 

contains four crystallographic sites (Table 6.4). It can be described as a ABA’B’ 

stacking of planar and puckered nets which alternate along [001]: planar 32434 nets 

of Ba1, centered by larger planar 44 nets of Bi2 are found at z = 0 and puckered 482 
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nets (by projection of all Sn1/Bi atoms in their mean plane) of Sn1/Bi, centered by 

larger planar 44 nets of Ba2 at z = 0.25.  Bi2 and Ba2 form linear chain along c axis. 

The coordination of Bi2 atoms by Ba1 and Ba2 defines a distorted octahedron with 

four Bi2–Ba1 contacts (3.4601(6) Å) in the waist and two shorter Bi2–Ba2 distances 

(3.3308(7) Å) in the axial direction. In fact, these compressed octahedra share 

corners to form a 3
∞ [Ba6/2Bi] framework of twisted octahedra with an inverse ReO3-like 

distorted structure (Figure 6.3). The shortest distances between Sn1/Bi atoms of the 

puckered layers running in the ab plane and Ba atoms are 3.631(1) Å (Ba1–Sn1) and 

3.6628(6) Å (Ba2–Sn1), meaning that Sn1/Bi network is quite apart from the [Ba6/2Bi] 

framework. The Sn1/Bi substructure corresponds to one of the four types of 

corrugated layers of homogeneous sphere packings with tetragonal symmetry that 

are illustrated in Figure 6.4. The Sn1/Bi atoms have two shorter contacts at 3.007(1) 

Å resulting into 4-member units with a ‘bodyless butterfly’ geometry, (Figure 6.2a) 

which are in term interconnected by longer contact of 3.302(2) Å, forming corrugated 

nets with wrenched quadrangles (Figure 6.2b) which are better described with the 

symbol of the Shubnikov nets 4c(8+2)2. [16] 

The shortest Sn–Sn distance within the 4-member units is in the range of atom-atom 

separations of elemental α-Sn (2.81 Å) and β-Sn (3.02 and 3.18 Å) and may be 

considered as localized bond, while the distance between the 4-member units are 

much longer than expected for localized Sn-Sn bonds. Similar bond distances 

distribution is found in SrSn4 [5] with localized bonds of 2.900(1) Å and 3.044(1) Å, as 

well as longer contacts of 3.287(1) Å and 3.302(1) Å, presumably metallic. 
 
 
Table 6.4a  Interatomic distances for Ba3Sn3.16Bi1.84(3) 

Atomic pair  distance /Å  Atomic pair distance /Å 
Sn1/Bi1 – Sn1/Bi 3.007(1)   ×2  Ba2 – Bi2 3.331(1)   ×2 

 – Sn1/Bi 3.302(2)     – Sn1/Bi1   3.663(1)   ×8 
    Ba1 – Bi2 3.460(1)   ×2 

Bi2 – Ba2 3.331(1)   ×2   – Sn1/Bi1 3.631(1)   ×2 
 – Ba1 3.460(1)   ×4   – Sn1/Bi1 3.789(1)   ×3 
 
Table 6.4b  Interatomic distances for Ba3Sn3.07Bi1.93(4) 

Atomic pair  distance /Å  Atomic pair  distance /Å 
Sn1/Bi1 – Sn1/Bi 3.002(1)   ×2  Ba2 – Bi2 3.332(1)   ×2 

 – Sn1/Bi 3.332(2)   – Sn1/Bi1   3.674(1)   ×8 
    Ba1 – Bi2 3.465(1)   ×2 

Bi2 – Ba2 3.332(1)   ×2   – Sn1/Bi1 3.638(1)   ×2 
 – Ba1 3.465(1)   ×4   – Sn1/Bi1 3.784(1)   ×3 
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Figure 6.2 Perspective view of the crystal structure of Ba3Sn4-yBi1+y: Sn1/Bi, black sphere; Bi, grey; Ba 

white crossed. (a) Geometry of the ‘bodyless butterflies’ Sn4 units showing on their relation 
to tetrahedron: the dashed lines denoted missing contacts. (b) The corrugated Sn1/Bi 
layers centered by Ba2.  

 
 
 
 
 

  
 
 
Figure 6.3 Projection of the structure of Ba3Sn4-yBi1+y along [001]. The 3

∞ [Ba6/2Bi] octahedral 
framework corresponds to an anti-perovskite framework where the octahedra are turned 
alternatively clockwise and anti-clockwise along the c-axis. (right) A closer view of the Bi 
coordination by Ba6 octahedron with the interaction distances. 

 

(a)

(b)
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Figure 6.4  The three tetragonal types of sphere packing with layer-like subunits corresponding to non-

planar nets after ref. [16]. The symbols of the respective Shubnikov nets are: (a) 4c(8+2)2 
layer, (b) 4c8(8+4) layer, (c) 4t82 layer. 

 
 

Within the Zintl-Klemm concept, a charge transfer from electropositive Ba to the 

anionic part may be assumed in the formulation 3Ba2+[Bi3–(Sn4-yBiy)3–] where the 

isolated Bi2 atoms would be assigned a formal charge of -3. Taking account of the 

two substructures, we can write [Ba6/2Bi]3+[Sn4-yBiy]3–. For y = 1, the anions (Sn3Bi1)3– 

is obtained and is isoelectronic with [Sn4]4–. The earlier should then form isolated 

tetrahedra or alternatively a 2D net of three-bonded atoms with similar bond length. 

The refined Bi occupancies at Sn1 position were y = 0.84(3) from starting mixtures 

with x = 1.5 and y = 0.93(4) from x = 2. The low Bi occupancy (y < 1) observed on 

refinement of X-ray data in the Sn1/Bi slab implies that both phases are electron 

deficient. Consequently, the Sn1/Bi sublattice is intermediate between isolated 

tetrahedra and regular 2D net of three bonded atoms. The long contact between 

Sn1/Bi 4-member ring units here is presumably originated from the electron 

deficiency. Therefore, the optimum Bi content (y = 1) in the Sn4 layer should lead to 

the shortening of the intracluster distance, along with the increase of the intercluster 

distance. However, the refinements of Bi occupancy in Sn4 layer with increasing Bi 

content show only a modest trend in the expected direction. It is possible that 

somekind of bonding frustration may arise from packing effect, giving some more 

degree of freedom to the structure to accommodate for electron deficiency.  

 
6.2.5 Electronic Structure  
 
The band structure was calculated along the main directions of the reciprocal lattice 

for the hypothetical fully ordered variant Ba3BiSn4 (which is formally one electron 

deficient) within the tight binding LMTO-ASA code, to gain a more deep insight view 

of bonding in the apparently ‘electron deficient’ compound, in order to have some 

useful clarifications of the problem.  
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The density of states (DOS) plot is represented in Figure 6.5. As expected, the Fermi 

level (EF) is very near to a deep minimum (pseudo-gap) in the DOS, which would 

correspond to the ‘right’ Zintl count. Due to relativistic effects included in the DFT 

level, the energy separation between the band with mainly Bi-6s character (at the 

bottom of energy scale) and those associated with Bi-6p is very high. The energy of 

the bands with Sn-5s character are intermediate between the two former and those 

associated with Sn-5p overlap with the Bi-6p bands. It is clear from the DOS diagram 

and band structure that Ba3BiSn4 is metallic.  

The LMTO-band structure of Ba3BiSn4 (Figure 6.6) shows flat bands with narrow 

dispersion crossing the Fermi level EF (IDOS = 54e– /cell). Since EF intersects bands 

along directions both parallel and perpendicular to c*, the electrical conductivity is 

three-dimensional. The Fermi Level cuts the density of states at the flank of a local 

maximum; this relatively high DOS at EF arises mainly from the flat band sections 

along symmetry lines Γ→ X and close to X, at the Fermi energy and along Ζ→Γ close 

to Γ. These bands lying across the Fermi level are mainly contributed by the 5p- and 

6p-orbitals of Sn and Bi atoms, respectively. Interestingly, in the band structure plot 

the very narrow band gap is opened at about +0.36 eV above EF (Figure 6.7) and is 

equivalent to an integrated DOS of 56 e–/cell, as in Ba3Sn3Bi2 (i.e. y = 1), predicting 

the electron count to be optimized at that point (some of the small densities of states 

in Figure 6.5 may be related to inherent approximations in the LMTO-ASA program). 

Fat band analysis (Figure 6.7) shows that the band of higher energy, below the 

narrow gap, which crosses the Fermi level in the symmetry line Γ → X has mainly Bi-

6p character. These suggest that the electron deficiency is not associated only with 

the Sn4 slab, but also with [Ba6/2Bi] substructure. In addition, the projected DOS 

showing strong Bi-6p character to the states below EF; this contribution of Ba to the 

filled part of the density of states is even higher than that of Bi between -3 eV and -1 

eV, indicating a very large contribution of Ba to the covalent bonding in this phase. 

Significant Ba states that are hybridized with the conduction band indicate that the 

electron transfer from Ba to Bi is not effective enough and the Barium atoms play the 

role of carrier donor to the anionic network, allowing charge transfer between the two 

substructures. 
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Figure 6.5 DOS plot of the hypothetical phase Ba3BiSn4 and its integration (dashed line). The pseudo-
gap corresponds to an electron count of 56 e–/cell as in Ba3Bi[Sn3Bi] 

 
 
 

 
Figure 6.6  Band structure of the hypothetical phase Ba3BiSn4 along the high symmetry directions of 

the tetragonal body centered Brillouin zone (right) 
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Figure 6.7  (Top) Band dispersion at the vicinity of EF in the hypothetical phase Ba3BiSn4. The gap 

corresponds to an IDOS of 56 e–/cell as in the solid solution Ba3Bi[Sn3Bi]. (Bottom) Fat 
band plot: px-, py- and pz-orbitals contributions of (a) Sn and (b) Bi atoms. 

 
 
The strength of pairwise Sn–Sn interactions between atoms can be better quantified 

by crystal overlap Hamiltonian population (COHP) analyses as a function of energy. 

The COHP curves of the Sn–Sn bonds are represented in Figure 6.8. The integrated 

COHP (-icohp) values of Sn–Sn interactions in the hypothetical phase are about 

0.217 eV/bond for the contacts at 3.007 Å and 0.142 eV/bond for 3.302 Å contact. 

This clearly indicates that the butterflies are interconnected by significantly weaker 

bond, compared to the intrabonds. The analysis of the different bonding interactions 

show that all bonding levels filled up to EF for the electron count of 54 e–/cell. For the 

Sn–Sn contact at 3.007 Å, some non-bonding Sn levels at or above EF are not 

56 e–/cell at the gap  

54 e–/cell at EF 
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completely filled. This means that the flat bands at EF have essentially non-bonding 

character and, therefore the predominant character of the missing two electrons 

would have been non-bonding. This band characteristic (lone pairs at EF) have been 

observed in polar intermetallic alloys like BaSn3, SrSn3, SrSn4 and BaSn5 and was 

likened to their superconducting properties.[17] The Sn–Sn contact at 3.302 Å is 

slightly antibonding at EF which is consistent with a metallic interaction. An electron 

count of 56 e–/cell will be necessary to fill those non-bonding levels. Thus, the phase 

Ba3Bi[Sn3Bi] (y = 1) ought to correspond to the charge balance phase and would be 

isoelectronic with the phase Ba3Ge4X (X = O or C2) [18-19] which contains Ge4
4– 

tetrahedral units, forming to the Shubnikov net 4t82 [16] in which the wrenched 

quadrangles are replaced by isolated tetrahedra. 

 

 
Figure 6.8  -COHP plots of Sn–Sn interactions in the hypothetical fully ordered phase Ba3BiSn4 (a) 

Sn–Sn = 3.007 Å and (b) Sn–Sn = 3.302 Å with their corresponding integration curves (-
icohp) represented by dashed line. (c) Projected DOS of Sn showing strong Sn states 
around EF. In all cases the Fermi level is taken as point of zero energy. 

 

 

6.2.6 Discussions 

In the structure of the solid solutions Ba3Sn4-yBi1+y (y < 1) the Sn1/Bi corrugated net is 

intermediate between that in the formally Zintl phase Ba3Ge4O with Ge4 tetrahedra 

and that of the hypothetical Ba3Sn3Bi2 (y = 1), where the Sn1/Bi layer may adopt a 
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corrugated layer of 3 bonded Sn with similar bond distances (alternative to isolated 

tetrahedra). The formal electron deficiency in Ba3Sn4-yBi1+y (y < 1) is accommodated 

in the Sn1/Bi sub-lattice by bond isomerism leading to shorter bonds within the 4-

membered ring units, which are in term interlinked by longer (metallic) contacts, 

corresponding to the Shubnikov net 4c(8+2)2. The classical Zintl phase limit for this 

structure, Ba3Sn3Bi2, may also form isostructural structure with Ba3Ge4X with 

tetrahedral geometry for the corresponding [Sn3Bi]3- anion. But the fact that the 

effective charge transfer from Ba to Bi is not optimal and, perhaps other factors in 

structure selection like packing efficiency and Madelung’s energy, may hamper the 

transition to the ideal Zintl structure like in the phases Ba3Ge4X in which the cation-

anion interactions are much more ionic. 

The stabilities of diverse ionic cluster salts in solid are clearly often influenced by 

packing as well as electronic effects. Chemical modifications of the sizes of the 

cations or partial substitutions in the anionic substructure along with the formal charge 

on either can lead to new structure types, although these perhaps more often lead to 

instability of the cluster species. For example, electron poorer Ga for Sn substitution 

in La3Sn4Ga [8]
 keeps the cluster geometry and structure of the parent La3Sn5 in which 

nominally five free metallic electrons remain beyond Sn5
4– nido-clusters. But, in the 

particular example of the Ba3Sn5 investigated in the present work, in which only two 

nominally free metallic electrons remain beyond Sn5
4– nido-clusters, electron richer Bi 

for Sn substitution in Ba3Sn5 leads to cluster instability and results in Ba3Sn4-yBi1+y 

phases, exactly in the same way than in La3In4Ge.[13] The latter derived from Ge for In 

substitution in the electron precise La3In5. La3In4Ge is isoconfigurational with Ba3Sn4-

yBi1+y, but not isoelectronic as the former is formally three electrons deficient from a 

classical view of close shell compounds. The existence of a phase range in Ba3Sn4-

yBi1+y as well as in the substitution variants La3Ge(In4-ySny) (y ≤ 3) [8] indicates the 

remarkable flexibility of this structural type. The effect of Bi substitution at lower rate 

(starting mixtures with x ≤ 1.0) on Ba3Sn5 is still to be investigated. For a more 

comprehensive study of the stability of the phases Ae3Sn5 (Ae = Sr, Ba), it would be 

also interesting to investigate the effect of a decrease of VEC on their stability, 

through for instance partial substitution of Sn atom by electron poorer element like the 

triel (Ga, In, Tl). 
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6.3 Sn for Bi substitution effects in BaSn3 – The homologous series 
Bam+nSn3m+yBi3n-y 

 
6.3.1 Introduction 
 
Hexagonal and cubic close packing of atoms are among the most important structure 

motives of metals and intermetallic compounds. Among the polar intermetallics with 

divalent/trivalent metal cations (Ae) and anions of the group 12 – 14 elements (E), 

certain compounds with the composition AeE3 are particularly interesting because 

both atom size and electronic effects play important roles in structure selection. In 

their extremes, those adopt the AuCu3 ( m3Pm ) and the Ni3Sn (P63/mmc) structure 

types with Kagome nets of E atoms being packed in analogy to cubic and hexagonal 

close packing variant, respectively.[20-22] The different patterns give rise to octahedra 

of E atoms in both structures, yet with different connectivity of the octahedra. In the 

AuCu3-type, the octahedra share corners along all three directions, whereas in the 

Ni3Sn-type they share faces along the 6-fold axis to form chains that may or may not 

be connected through interchain (or intercluster) bonds perpendicular to the chain 

axis. Combinations of the two packing patterns result in intermediate structures, in 

which the cubic sequence in their structure types increases in the order of Ni3Sn (hhh) 

< BaPb3 (hhc) < β-HfNi3 (hhchc) < TiNi3 (hchc) = PuGa3 (hhcc) < β-HoAl3 (hchcc) < β-

PuAl3 (hcc) < AuCu3 (ccc).[21-23] 

On the one hand, this structural series seems to be related to the size of the cations 

in such a way that smaller cations generate the AuCu3-type structure whereas the 

Ni3Sn-type structure occurs with larger cations. The examples of the AeTt3 phases (Tt 

= Sn, Pb) are very illustrative. BaPb3 has a hhc stacking[24] whereas SrPb3 crystallizes 

in the AuCu-type (homeotyp of AuCu3-type) with cc stacking. [25] BaSn3 has a Ni3Sn-

type (hh), [3] but the Sr homologue SrSn3 has hhcc stacking with PuGa3-type. [4] On 

the other hand, the electron count i.e. the formal VEC is also very important in 

structure selection. The AuCu3-type shows large variation of the formal VEC from 5 

(e.g. AePd3) to 14 (e.g. RTt3, R = Rare-earth) indicating a remarkable flexibility of the 

structure.[20] Here, the electron deficiency or excess is accommodated simply by 

changing overall anion–anion bond distances in triangular rings in the Kagome nets, 

which are all equivalent in the cubic symmetry.[26] But the Ni3Sn-type seems to have 

another way to adjust their structures to the number of valence electrons. When these 

compounds have a maximum of 9 electrons per E3, the inter- and the intra-chain 

distances are almost the same in a three-dimensional anionic network.[22-23] However, 
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when the vec per E3 unit is 12 or higher, the anionic structure becomes one 

dimensional, with much longer inter-chain distances. In this case, the inter-chain 

bonds are broken and lone-pair formation accommodates the electron abundance, as 

in BaSn3.[3] No systematic study on the transition from Ni3Sn-type to AuCu3-type or 

vice-versa was reported to the best of our knowledge. Recent investigations on 

cations size effects in Ba1-xSrxSn3 have been done, but only in relation to the 

superconducting properties of the phases BaSn3 and SrSn3.[27-21] After Kronseder,[27] 

we have studied in the present work, the effect of the valence electron concentration 

(VEC) on the structure and bonding in BaSn3-xBix solid solutions. 
 
 
6.3.2  Synthesis and Characterization 

The reaction mixtures of pure elements with nominal composition BaSn3-xBix where x 

= 0.5, 0.75 and 1, were loaded in sealed niobium ampoules. The mixtures were 

heated at 150 K/h to 800 °C for 3 hours, then cooled to 400 °C at 150 K/h, annealed 

for 120 hours at this temperature and, subsequently cooled down at 60 K/h to room 

temperature. All products obtained were crystalline and exhibited a silvery colour and 

metallic luster.  

 
6.3.2.1  Thermal analysis  
 
Differential Thermal Analysis (DTA) was used to study the thermal behavior of two 

reaction products BaSn3-xBix (x = 0.5 and x = 0.75). About 200 mg of the reaction 

products were loaded in niobium crucibles that were subsequently weld-sealed. The 

samples were heated under a continuous argon flux from room temperature at the 

rate of 10 K/min to 1000°C and, cooled down at the same rate back to room 

temperature. Two successive loops were done for each sample. 

The DTA curves of the mixture BaSn3-xBix with x = 0.5, (Figure 6.8) on heating reveal 

six noticeable peaks. The first endothermic peak  (not visible in the second loop) 

with very weak magnitude at about 237.5°C corresponds to unreacted tin. This is 

followed by two overlapping small endothermic peaks  and  at about 411°C (Tonset 

403°C) and 429°C (Tonset 422°C). The peak  indicates the presence of a new phase 

which is assigned to Ba4Sn9-yBi3-y (see §6.3.3) and, the peak  (peak  on cooling) 

may be assigned to BaSn5. This is because some single crystals of BaSn5 
[6] could be 

found in the mixture and previous thermal analysis of a stoichiometric mixture 
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suggests that the melting point of BaSn5 is around 420°C; [21] on the other hand, the 

phase Ba4Sn9-yBi3-y could be synthesized only at 400°C. The peak  corresponds on 

cooling to a shoulder below 400°C and almost disappeared in the second loop. On 

heating, the next two overlapping endothermic peaks  and  occurring at 517°C 

(Tonset 511°C) and 536°C (Tonset 529°C) correspond to the two exothermic peaks on 

cooling to peak  occurring at about 490°C (Tonset 494°C) and peak  at 503°C 

(Tonset 509°C) respectively, with significant temperature hysteresis which indicates a 

possible heterogeneous (liquid–solid) phase transitions. 

 
 
 

 
Figure 6.8 DTA curves of the reaction product of BaSn3-xBix with x = 0.5 annealed at 400°C. (ai) 

heating and (bi) cooling 
 
 
 
To assess these two peaks, the reaction of BaSn3-xBix with x = 0.5 was repeated with 

higher annealing temperature of 500°C instead of 400°C, to favour the thermally most 

stable phases. Single crystal diffraction and HRTEM indicates that varying the 

annealing temperature that way leads to a different reaction product at 500°C. Here, 

the main phase is identified as Ba13Sn30+yBi9-y (see §6.3.4) with almost the same 

composition as Ba4Sn9-yBi3-y and, HRTEM indicate the presence of closely related 

other phases (see below). Phase analysis by X-ray powder diffraction was very 

difficult and only single crystal diffraction was used for structural characterizations.  
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To assign the endothermic broad peak  at 649°C (Tonset 630°C), the same approach 

i.e. re-doing the reaction with annealing at 600°C produced mainly the compounds 

Ba3Sn5-xBix (see § 6.2), suggesting that this peak may be due to the peritectical 

decomposition of that phase. The last endothermic peak  at 715°C (Tonset 702°C) 

appears more clearly in the second loop and may be assigned to BaSn3 and other 

phases BaSn3-δBiδ containing less than 5% Bi that were also revealed by HRTEM 

observations.  

For the reaction product of the starting mixture Ba:Sn:Bi = 1:4:1 which yielded the 

substituted phase BaSn3-xBix with x = 0.75, the DTA pattern (Figure 6.9) is less 

complex with four endothermic peaks on heating, all with significant temperature 

hysteresis with regard to the corresponding peaks on cooling. The first endothermic 

peak  at 236 °C may be assigned to unreacted tin (use in excess) and corresponds 

to the exothermic peak  at about 216°C. The major exothermic incident on cooling, 

the sharp peak  at 469°C (Tonset 464°C), corresponding on heating to a very broad 

peak  at 492°C (Tonset 472°C), probably originates from incongruent decomposition 

of the main phase, identified as Ba5Sn9+yBi6-y (see §6.3.5). The second endothermic 

peak  at 339 °C (on heating) which corresponds to the exothermic peak  at 296°C 

on cooling, is quite weak and is assigned to not yet identified phases. The other weak 

peak  at 410°C (Tonset = 402°C), corresponding to peak  at 365°C on cooling, may 

indicate some amount of other BaSn3-xBix substituted phases, probably Ba4Sn9-yBi3-y. 

The peak which appears only on cooling at about 442°C is most probably an artifact. 

 
 

 
Figure 6.9 DTA curves of the reaction product of Ba:Sn:Bi = 1:4:1 at 400°C; (ai) heating and (bi) 

cooling 
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6.3.2.2  HTREM observations and some implications 
 
The reaction product at 500°C of the mixture corresponding to x = 0.5 was analyzed 

by the mean of electron microscopy. The application of the High Resolution 

Transmission Electron Microscopy (HRTEM) has made possible the observation of 

several additional stacking sequences in this sample, that have not yet been revealed 

by other techniques. 
The compositions of the particle which contain only Ba-Bi-Sn vary significantly. Some of the 

investigated particles contain only small amount of Bi (ca. 5 at%). Oxygen is not an integral 

part of the crystals. The particles decompose quickly in electron beam under the condition of 

the HRTEM. As inhomogenity doesn’t allow one to work fast, the particles have to be 

examined with EDX first. But, more homogenous samples could possibly minimize this 

problem. However, under the conditions of the selected area electron diffraction range this 

problem does not occur. By this method we were able to prove the complex ordering variant 

that was revealed by X-ray measurements earlier (Figure 6.10, d003 ~ 36 Å). Additionally, 

other variants – either simpler (Figure 6.10, d003 ~ 22 Å), or even more complex (Figure 6.10, 

d003 ~ 50 Å) – were detected. There are clear indications that these different variants coexist 

in a single microcrystal, meaning formation of domains with different ordering variants. These 

seem to indicate that the different ordering variants originate from different stacking of (001) 

layers not as different polytyps, but in the sense of a periodic sequence of structurally 

different layers (homologous series). In some cases significant diffuse diffraction fractions 

along [001]* indicate a 1D disorder of the structures.  

 
 
 
 

 
Figure 6.10  Experimental patterns of selected area electron diffraction (SAED) along [001]* direction 

of different particles from the reaction product BaSn3-xBix with x = 0.5 at 500°C.  
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6.3.3  Ba4Sn9+yBi3-y – The 8H structure of BaSn3-xBix (x ~ 0.5)  
 
6.3.3.1  Crystal structure determination 
 
Single crystal data collection was done on the Nonius DIP diffractometer with image 

plate detector, using the best crystal selected from the crushed of reaction product of 

Ba:Bi:Sn = 2:1:5 at 400°C. The crystallographic and refinement data are summarized 

in Table 6.5 and the atomic parameters in Tables 6.6. The compound crystallized in a 

hexagonal primitive unit cell with a = 7.271(1) Å and c = 22.165(4) Å (c/a = 2×1.524). 

On the basis of systematic absent reflections, the structure was solved in the space 

group P63/mmc, which is adopted by the parent BaSn3. The unit cell parameters are 

also related to those of the parent structure BaSn3 as the a, b parameters are in the 

same range (7.256(3) Å for BaSn3) for both compounds and the c parameter is nearly 

four time that of the parent (4 x 5.492(3) Å), taking in account the small increase due 

to bigger size of Bi atom. All atomic positions were found during structure solution by 

direct methods. The refinement of the structure model with anisotropic atomic 

displacement parameters gives satisfactory residuals, but with electron density holes 

at Bi occupied position (site 6g) in the residual map, indicating possible mixed 

occupancy. No Bi occupancy was revealed in the two Sn positions on refinement. The 

final refinement with Bi/Sn mixed occupancy at site 6g yields about 42.2% Sn 

occupancy and leads to a good agreement between the refined composition 

BaSn2.57Bi0.43(1) and the nominal composition i.e. BaSn2.5Bi0.5. This model results in 

best final residuals of R1 = 0.030 and wR2 = 0.094 for all data with an essentially 

featureless residual map.   
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Table 6.5 Crystallographic data and refinement parameters for Ba4Sn9+yBi3-y (y ~ 1.3) 
 
Empirical formula Ba4Sn10.27Bi1.73(3)  
Formula weight  2129.39 
Temperature 293(2) K 
Crystal size 0.05×0.05×0.2 mm3 
Mosaicity (°) 0.398 
Crystal color grey with metallic luster  
Diffractometer Nonius DIP 
Crystal system, Space group hexagonal, P63/mmc (Nr. 194) 
Unit cell parameters a = b = 7.271(1) Å ; c = 22.165(4) Å 
Unit cell Volume, Z 1014.8(3) Å3, Z = 2 
Density calculated 6.969 g/cm3 
Absorption coefficient (Mo Kα)  34.87 mm-1 (λ = 0.71073 Å) 
Absorption correction  semi-empirical  
F(000) 1761.8 
Theta range  1.84° – 27.69° 
Index range  -9 ≤ h ≤ 9,  -9 ≤ k ≤ 9,  -28 ≤ l ≤ 28 
Data completeness 99.4% 
Collected reflections 14134 (Rσ = 0.020) 
Unique reflections 510 (Rint = 0.065)      
Structure solution and refinement  SHELXTL (Siemens) (direct method) 
Refinement method Full-matrix least-squares on F2 
Parameters  24 
Goodness of fit on F2 1.281  
Observed reflections [I>2σ(I)] 508 
Final R indices R1 = 0.029, wR2 = 0.077 
Final R indices (all data) R1 = 0.030, wR2 = 0.094 
Weighting parameters  a = 0.0336 / b = 34.62 
Extinction coefficient 0.00064(10) 
Residual map (e- /Å3) 1.41 / -0.98  
 
 
Table 6.6a  Atomic coordinates and equivalent isotropic ADPs of Ba4Sn9+yBi3-y 

Atom Wyck. s.o.f. x y z Ueq /Å2 
Sn1 6h   0.0565(2) 0.5283(1) ¼ 0.0160(4) 
Sn2 12k   0.1942(1) 0.8058(1) 0.1249(1) 0.0179(3) 
Bi1 6g 0.58(1) ½ ½ ½ 0.0223(4) 
Sn 6g 0.42(1) ½ ½ ½ 0.0223(4) 
Ba1 2b   0 0 ¼ 0.0164(5) 
Ba2 4f   1/3  2/3  0.6340(1) 0.0158(4) 
Ba3 2a   0 0 0 0.0183(5) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 
Table 6.6b  Anisotropic thermal displacement parameters (Å2) of Ba4Sn9+yBi3-y 

Atom U11 U22 U33 U12 U13 U23 
Sn1 0.0156(7) 0.016(1) 0.016(1) 0.0078(3)  
Sn2 0.0177(4) U11 0.018(1) 0.0084(4) -U23 0.0005(2)
Bi1/Sn 0.0217(4) U11 0.016(1) 0.0052(4) -U23 -0.0001(2)
Ba1 0.0133(6) U11 0.023(1) 0.0066(3)  
Ba2 0.0145(5) U11 0.018(1) 0.0072(2)  
Ba3 0.0166(6) U11 0.022(1) 0.0083(3)  
 



Chap. 6  137 The phase Ba4Sn9+yBi3-y 

TU München 2006   Dissertation Ponou 

6.3.3.2 Structural description and relationship 
 
The compound BaSn2.57Bi0.43(1), which should be written Ba4Sn10.27Bi1.73(3) to reflect 

the observed 8H stacking, may be viewed as a distorted substitution variant of a 

close-packing of spheres (Figure 6.11). It has a 8H structure, meaning that it 

crystallizes in hexagonal symmetry with 8 layers of close-packed atoms per unit cell. 

The translational symmetry along the c-axis arises from the stacking of three 

crystallographically different close packed layers of two types (six hexagonal (h) and 

two cubic (c) layers) alternating with the sequence ABABACAC… (Jagodzinski 

notation (hhhc)2). The structure shows an ordered atomic distribution on five of its six 

crystallographic sites, and a hexagonal symmetry arrangement of Ba atoms. Only the 

ccp layers contain the Bi1/Sn mixed occupied position (site 6g, 42.2% Sn occupancy). 

Ba4Sn10.27Bi1.73(3) corresponds to m = 3, n = 1 and y = 1.27(3) in the general formula 

Bam+nSn3m+yBi3n-y, where y represents the amount of Sn in predominantly Bi occupied 

position in the cubic close packed layers (ccp layers); m and n are the numbers of 

layers with cubic and hexagonal symmetry, respectively. The two close packed layers 

with hexagonal symmetry (hcp layers) are fully ordered and contain Ba and Sn with 

the ratio of 1:3, as in BaSn3. Like in BaSn3, the Sn atoms in the hcp layers are shifted 

with respect to the ideal positions in a closest packed layer in a way that discrete 

triangular Sn3-units result and are well separated by Ba atoms. The Sn–Ba separation 

distances within the hcp layers (in-plane distances) of 3.653(1) and 3.658(1) Å are 

observed (Table 6.7). The shortest bond distances are found within those Sn trimer 

units with Sn–Sn distances of 3.019(2) Å and 3.035(2) Å, which compare very well 

with the corresponding distance in BaSn3 (3.058(1) Å). The Sn1–Sn2 distance 

(3.278(1) Å) between two Sn3 rings in the c-direction (out-planes contacts) is relatively 

short, while the corresponding in-plane inter-trimer distances (within the layer) are 

essentially non-bonding (> 4.2 Å), meaning that the Sn3 triangular units are clearly 

separated within the ab plane, but they interact strongly in the c direction. The Bi–Sn 

distance between hcp and ccp layers is 3.386(1) Å.  

The antiprismatic stacking of three triangular Sn3-units along the c-axis results in two 

condensed Sn octahedra (face-sharing) which forms a block that is identical, in terms 

of composition and structure, to a fragment of one-dimensional chains found in 

BaSn3.  

 

 



Chap. 6  138 The phase Ba4Sn9+yBi3-y 

TU München 2006   Dissertation Ponou 

     
Figure 6.11  Projection of the 8H crystal structure of Ba4Sn10.27Bi1.73(3) with polyhedral representation 

showing two face-sharing Sn octahedra sandwiched between layers with cubic 
symmetry. (right) Fragment of the structure (thermal ellipsoids at 50% probability level) 
with some relevant interatomic distances. 

 
 

       
 
Figure 6.12  Coordination polyhedra of Ba atoms in Ba4Sn10.27Bi1.73(3) with thermal ellipsoids at 50% 

probability level: Ba(1) and Ba(2) Anticubeoctahedron, and Ba(3) Cubeoctahedron (black 
lines denoted shortest bonding distances) 

 
 
Table 6.7  Relevant Atomic distances in Ba4Sn10.27Bi1.73(3) (standard deviation in parentheses) 

Atomic pair distance /Å   Atomic pair distance /Å  
Sn1 –Sn1 3.019(2) ×2  Sn2 –Sn2 3.035(2) ×2 

 –Sn2 3.278(1) ×4  –Sn1 3.278(1) ×2 
 –Ba2 3.556(2) ×2  –Bi1/Sn 3.386(1) ×2 
 –Ba1 3.653(1) ×2  –Ba2 3.658(1) ×2 

Ba1 –Sn1 3.653(1) ×6  –Ba3 3.694(1)  
 –Sn2 3.698(1) ×6  Ba2 –Sn2 3.658(1) ×6 

Bi1/Sn –Sn2 3.386(1) ×4  –Sn1 3.556(2) ×3 
 –Bi1/Sn 3.636(1) ×4  –Bi1/Sn 3.636(1) ×3 
 –Ba3 3.636(1) ×2  Ba3 –Bi1/Sn 3.636(1) ×6 
 –Ba2 3.636(1) ×2  –Sn2 3.694(1) ×6 
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In contrast to these “BaSn3” blocks, no distortion is observed in the ccp layers, in 

which Bi–Bi and Ba–Bi distances are all equal (3.636(1) Å). This indicates that these 

cubic layers correspond to ideal layers of cubic close packed of atoms, with no bond 

distance segregation which is consistent with mainly metallic interactions. In the 

binary phase BaBi3,[20] the Kagomé nets are slightly distorted because of the 

compression of the Bi6 octahedra, resulting in Bi–Bi separation of 3.658(1) Å and 

3.668(1) Å and, Ba–Bi distance of 3.658(1) Å. Shorter inter-atomic distances within 

the ccp layers in Ba4Sn10.27Bi1.73(3) is due to the smaller size of Sn atoms. 

Thus, Ba4Sn10.27Bi1.73(3) can be viewed as a recombination structure of the simple 

parents BaSn3 and Ba(Bi,Sn)3 that are periodically divided into blocks of BaSn3-type 

and slabs of BaBi3-type. The chains of two condensed Sn octahedra forming the 

BaSn3-like blocks are sandwiched between two ccp layers through the tri-member 

Bi(1)/Sn ring of their Kagome-nets in a way that two additional (hetero-nuclear) 

octahedra are formed. The resulting chains of four elongated face-sharing octahedra, 

running parallel to the c-axis are connected exclusively by their corners in the ccp 

layers. The compression of the c-axis is reflected in the ratio c/a = 2 ×1.524 which is 

smaller than the value for the ideal closest packed structure (c/a = 1.633) and this 

indicates that the interactions along the chains of four condensed octahedra are 

stronger than between those chains in the ab plane. Similar compression is observed 

in BaSn3 with c/a = 1.516. 

Ba(1) and Ba(2) atoms in the hcp layers have anticubeoctahedral coordination 

geometry whereas Ba(3) atoms in the ccp layers have cubeoctahedral coordination 

geometry (Figure 6.12). The Ba2 atoms, which are positioned between hexagonal 

and cubic layers, are off-plane and shifted in a way that their interactions with the 

hexagonal layers are stronger than with the cubic layers. As a corollary, compared to 

in-plane distances, the Ba–Sn out-plane distances are shorter for Ba2–Sn1 (3.556(2) 

Å) but, longer for Ba1–Sn2 (3.698(1) Å). This may be ascribed to the mostly ionic type 

of Ba–Sn interactions in the hexagonal layers in contrast to rather metallic interactions 

in the cubic layers.  

A filled variant of the 8H structure of Ba4Sn10.27Bi1.73(3) can be found in the perovskites 

structures like Ba4Mn4O12
[28] with Sn and Bi at oxygen positions and the centers of the 

octahedra (Mn position in the perovskites) remain unoccupied [Ba4�4(Sn,Bi)12]. By 

analogy with BaSn3, we can assume that a charge transfer from Ba to Sn results in 
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the formulation Ba2+[Sn3]2– in the hcp layers, whereas the Ba(Bi,Sn)3 solid solution 

forming ccp layers where no significant bond segregation is observed, represent pure 

intermetallic slabs. Then, if only the shortest Sn–Sn contacts are considered to be 

bonding, the tin atoms forming the blocks of condensed octahedra may be regarded 

as [Sn3]2– anions that are isolectronic with aromatic 2π-electron cyclopropanyl cations 

(C3R3
+), the simplest aromatic hydrocarbon. The antiprismatic stacking of these 

triangular units allows strong interactions between their π-systems and results in 

chains of two condensed octahedra that are sandwiched between two typical 

intermetallic layers (AuCu3-type). This description implies that the 8H structure of 

Ba4Sn10.27Bi1.73(3) possesses the structural motives of both charge balance and pure 

intermetallic compounds. This bonding picture, in which a structure is partitioned in 

two alternating slabs of ‘molecular’ closed-shell and typical intermetallic phases, was 

applied in other phases like SrSn3 and Ca5In9Sn6 [29] that can also be viewed as 

distorted and substituted close-packed structures. 
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6.3.4  Ba13Sn30+yBi9-y – The 39R structure of BaSn3-xBix (x ~ 0.5) 
 
6.3.4.1 Crystal structure determination 

Single crystal data collection was done on the Enraf-Nonius CCD diffractometer at the 

window of a rotating anode, using the best crystal selected from the crushed of 

reaction product Ba:Bi:Sn = 2:1:5 at 500°C. The crystallographic and refinement data 

are summarized in Table 6.8 and the atomic parameters in Tables 6.9. The 

compounds crystallize in a rhombohedra unit cell with a = 7.273(1) Å, c = 108.04(2) Å 

(c/a = 10 × 1.486) in hexagonal setting. The unit cell is related to that of the parent 

structure of BaSn3 with the very long c axis being nearly 20 times longer. On the basis 

of systematic absence conditions, the structure was solved in the space group m3R . 

All atomic positions were found during structure solution by direct methods. The 

refinement of all atomic positions and anisotropic atomic displacement parameters 

gives satisfactory residuals. All possible mixed occupancies were checked, and no Bi 

occupancy was found neither in Sn(1) nor in Sn(2) positions on refinement, but two 

atomic positions (sites 9e and 18h) show Bi/Sn mix occupancy with about 36% Sn 

and 35.2% Sn respectively, and resulting in a refined chemical composition that is in 

good agreement with the starting composition i.e. BaSn2.553Bi0.447(4) which is close to 

that of the previous hhhc homologue BaSn2.57Bi0.43(1). To reflect the observed 39R 

structure, the compound should be formulated as Ba13Sn33.19Bi5.81(4). This gives the 

best final residuals of R1 = 0.037 and wR2 = 0.065 for all data and, the residual 

electron density map shows no significant feature. 
  
 
6.3.4.2 Structural description and relationship 
 
The structure of Ba13Sn33.19Bi5.81(4) (Figure 6.13) shows an intergrowth of hexagonal 

and cubic close-packed layers of atoms with a more complex stacking sequence 

compared to the previous 8H homologue Ba4Sn10.27Bi1.73(3). While the a, b unit cell 

parameters are similar to those of the previous hhhc homologue, quite long range 

ordering emerges in the translational symmetry along c-axis arising from a record 39 

layers stacking with the sequence ABABACACACBCBCACACBCBCBABABCBCBA-

BABACACA… (Jagodzinski notation (hhhc)2hhhhc) giving a very long c parameter of 

108.05(2) Å. The formulation Ba13Sn33.19Bi5.81(4) corresponds to the member m = 10, n 

= 3 and y = 3.19(4) of the homologous series Bam+nSn3m+yBi3n-y. Here, the stacking 

sequence derives from the previous hhhc homologue by adding one hexagonal layer 
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at every third BaSn3-like block. This results in one thicker BaSn3-like block which 

contains 3 condensed tin octahedra, alternating with two blocks of two face-sharing 

tin octahedra. Also the smaller ratio of c/a = 10 x 1.486, compared to that of the hhhc 

phase, indicates stronger interaction between the layers, which is consistent with the 

increase of the BaSn3-like hexagonal layers. Interestingly, the refined chemical 

composition BaSn2.553Bi0.447(4) is closed to that of the previous hhhc homologous 

phase BaSn2.57Bi0.43(1) which is even virtually Sn-richer. The formation of one 

additional BaSn3-like hexagonal layer goes together with the decrease of Sn amount 

in the BaBi3-like cubic layers so that the overall composition doesn’t change 

significantly in the two homologous phases. 

 

 
Table 6.8  Crystallographic and refinement data of Ba13Sn30+yBi9-y (y ~ 3.2) 
 
Empirical formula Ba13Sn33.19Bi5.81(4)  
Formula weight  6938.92 
Temperature 293(2) K 
Crystal size 0.1×0.1×0.3 mm3 
Mosaicity (°) 0.340(1) 
Crystal color Silvery  
Diffractometer Enraf-Nonius CCD  
Crystal system, Space group Trigonal, m3R (Nr. 166) 
Unit cell parameters a = b = 7.273(1) Å ; c = 108.04(2) Å 
Unit cell Volume, Z  4949.9(1) Å3, Z = 3 
Density calculated 6.983 g/cm3 
Absorption coefficient (Mo Kα)  35.317 mm-1 (λ = 0.71073 Å) 
Absorption correction  empirical  
F(000) 8628.0 
Theta range  1.02°-25.35° 
Resolution range  20.00-0.83 Å 
Index range  -8 ≤ h ≤ 8,  -8 ≤ k ≤  8,  -127 ≤ l ≤ 129 
Data completeness 99.9% 
Collected reflections 23243 (Rσ = 0.0762) 
Unique reflections 1281 (Rint = 0.1989)      
Structure solution and refinement  SHELXTL (Siemens) (direct method) 
Refinement method Full-matrix least-squares on F2 
Parameters  64 
Goodness of fit on F2 1.130  
Observed reflections [I>2σ(I)] 1112 
Final R indices R1 = 0.027, wR2 =  0.062 
Final R indices (all data) R1 = 0.037, wR2 =  0.065 
Extinction coefficient 0.000053(4) 
Residual map (e-/Å3) 2.03 / -2.50  
w = 1/[σ2(Fo2) + (0.00 × P )2 + 23.68×P]    
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Figure 6.13  (left) Projection of the structure of Ba13Sn30+yBi9-y with polyhedral representation showing 

the stacking of alternating chains of face sharing tin octahedra (two or three condensed 
tin octahedra), separated by typical intermetallic ccp layers. (right) Fragment of the 
structure of Ba13Sn30+yBi9-y with atom labeling and some interatomic distances.  
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Table 6.9a Atomic coordinates and equivalent isotropic displacement parameters 
 
Atom Wyck. s.o.f. x y z Ueq /Å2 
Sn1 18h 1 0.4726(1) x  0.35899(1)  0.0180(2) 
Sn2 18h 1 0.6101(1) 2 x  0.38462(1)  0.0158(2) 
Sn3 18h 1 0.4727(1) x  0.41040(1)  0.0179(2) 
Sn4 18h 1 0.1393(1) 2x 0.53828(1)  0.0179(2) 
Sn5 18h 1 0.8608(1) x  0.51277(1)  0.0151(2) 
Ba1 6c 1 0 0 0.36079(1)  0.0155(3) 
Ba2 6c 1 2/3 1/3 0.38471(1)  0.0165(3) 
Ba3 6c 1 0 0 0.40845(1)  0.0158(3) 
Ba4 6c 1 1/3 2/3 0.46333(1)  0.0155(3) 
Ba5 6c 1 2/3 1/3 0.48763(1)  0.0154(3) 
Ba6 3a 1 2/3 1/3 1/3  0.0179(3) 
Ba7 6c 1 2/3 1/3 0.43608(1)  0.0175(3) 
Bi1 9e 0.641(6) 1/6 1/3 1/3  0.0241(3) 
Sna 9e 0.359(6) 1/6 1/3 1/3  0.0241(3) 
Bi2 18h 0.648(5) 0.16700(3) 0.33399(7) 0.43585(0)  0.0244(2) 
Snb 18h 0.352(5) 0.16700(3) 0.33399(7) 0.43585(0)  0.0244(2) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 
 
Table 6.9b Anisotropic thermal Atomic displacement parameters (Å2) for Ba13Sn33.19Bi5.81(4) 
 
Atom U11 U22 U33 U12 U13 U23 
Sn1 0.0177(3) U11 0.0180(4) 0.0083(3) -U23 -0.0007(1) 
Sn2 0.0154(3) U11 0.0163(4) 0.0077(2) -3U23 -0.0001(1) 
Sn3 0.0175(3) U11 0.0179(5) 0.0082(3) -U23 0.0003(1) 
Sn4 0.0174(3) 0.0192(4) 0.0177(4) 0.0096(2) ½U23 -0.0014(3) 
Sn5 0.0150(3) U11 0.0152(5) 0.0074(3) -U23 -0.0002(1) 
Ba1 0.0146(3) U11 0.0174(6) 0.0073(2)   
Ba2 0.0135(3) U11 0.0224(6) 0.0068(2)   
Ba3 0.0146(3) U11 0.0182(6) 0.0073(2)   
Ba4 0.0147(3) U11 0.0172(6) 0.0074(2)   
Ba5 0.0128(3) U11 0.0205(6) 0.0064(2)   
Ba6 0.0156(4) U11 0.0225(9) 0.0078(2)   
Ba7 0.0153(3) U11 0.0218(7) 0.0077(2)   
Bi1/Sn 0.0235(3) 0.0348(4) 0.0178(5) 0.0174(2) ½U23 0.0008(3) 
Bi2/Sn 0.0241(3) 0.0353(3) 0.0176(4) 0.0177(2) ½U23 -0.0007(2) 
 
 
 
 
Among the 13 crystallographic positions (Table 6.9a), 7 are occupied by Ba atoms 

with 5 being in the ordered hexagonal layers together with Sn atoms and, 2 in partially 

ordered cubic layers together with Bi/Sn mixed occupied crystallographic sites.  

The Sn atoms in the hcp layers are again shifted with respect to the ideal position in a 

hexagonal closest packed layer resulting in isolated Sn3 triangular units that are well 

separated within the plane by long Ba–Sn contacts (from 3.653 Å to 3.659 Å). The 

shortest Sn–Sn contacts (Table 6.10) are found within the triangular units and range 
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from 3.020(1) Å to 3.039(1) Å. Contacts between those trimers in the c direction range 

from 3.270(1) Å to 3.289(1) Å. Further Sn–Sn in-plane contacts are longer than 4.2 Å 

and represent non bonding interactions. On the other hand, the Bi–Sn contacts 

between cubic and hexagonal layer range from 3.370(1) Å to 3.390(1) Å. One over 

two cubic layers is slightly distorted giving Bi2–Bi2 contacts of 3.630(1) Å and 

3.644(1) Å and intermediate Bi2-Ba7 distance of 3.637(1) Å. It is worth noting that the 

undistorted cubic layers are situated between two chains with three stacked triangular 

Sn-units, while the distorted are between chains with four and three Sn trimers. This 

means that the slight distortion in one ccp layer may be due mainly to packing effects. 

The Bi1–Bi1 and Bi1-Ba6 distances within the undistorted cubic layers are similar 

(3.637(1) Å).  

 

 

 
Table 6.10  Some relevant inter-atomic distances in Ba13Bi9-ySn30+y (standard deviation in 

parentheses) 
 
Atomic pair distance /Å   Atomic pair distance /Å  

Sn1 –Sn1 3.039(1) ×2  Sn2 –Sn2 3.020(1) ×2 
 –Sn2 3.275(1) ×2  –Sn1 3.275(1) ×2 
 –Bi1 3.390(1) ×2  –Sn3 3.289(1) ×2 
 –Ba1 3.658(1) ×2  –Ba2 3.654(1) ×2 

Sn3 –Sn3 3.041(1) ×2  Sn4 –Sn4 3.039(1) ×2 
 –Sn2 3.289(1) ×2  –Sn5 3.267(1) ×2 
 –Bi2 3.370(1) ×2  –Bi2 3.410(1) ×2 
 –Ba3 3.659(1) ×2  –Ba4 3.657(1) ×2 

Sn5 –Sn5 3.038(1) ×2  Bi1/Sn –Sn1 3.390(1) ×4 
 –Sn4 3.267(1) ×2  –Bi1/Sn 3.637(1) ×4 
 –Sn5 3.270(1) ×2  –Ba6 3.637(1) ×2 
 –Ba5 3.653(1) ×2  –Ba1 3.635(1) ×2 
 –Ba5 3.654(1)   Bi2/Sn –Sn3 3.370(1) ×2 

Ba1 –Sn1 3.658(1) ×6  –Sn4 3.410(1) ×2 
 –Sn2 3.559(1) ×3  –Bi2/Sn 3.630(1) ×2 
 –Bi1/Sn 3.635(1) ×3  –Ba7 3.637(1) ×2 

Ba2 –Sn2 3.654(1) ×6  –Bi2/Sn 3.644(1) ×2 
 –Sn3 3.698(1) ×3  Ba4 –Sn5 3.556(1) ×3 
 –Sn1 3.701(1) ×3  –Bi2/Sn 3.634(1) ×3 

Ba3 –Sn2 3.558(1) ×3  –Sn4 3.657(1) ×6 
 –Bi2/Sn 3.632(1) ×3  Ba6 –Bi1/Sn 3.637(1) ×6 
 –Sn3 3.659(1) ×6  –Sn1 3.697(1) ×6 

Ba5 –Sn5 3.653(1) ×6  Ba7 –Bi2/Sn 3.637(1) ×6 
 –Sn5 3.654(1) ×3  –Sn3 3.697(1) ×3 
 –Sn4 3.716(1) ×3  –Sn4 3.695(1) ×3 
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Figure 6.14  Coordination polyhedra of Ba atoms in Ba13Bi9-ySn30+y: Ba1, Ba2, Ba3, Ba4 and Ba5 

Anticubeoctahedron, Ba6 and Ba7 cubeoctahedron (black lines denoted shortest 
interatomic distances); thermal ellipsoids at 50% probability level 
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The Ba1, Ba2, Ba3, Ba4 and Ba5 atoms in the hcp layers have anticubeoctahedral 

coordination geometry whereas Ba6 and Ba7 atoms in the ccp layers have 

beoctahedral coordination geometry (Figure 6.14). When compared to in-plane 

distances (Table 6.10), the Ba–Sn out-plane distances are shorter for Ba1, Ba3 and 

Ba4 which are positioned between hexagonal and cubic layers, but longer for Ba2, 

Ba5 atoms which are positioned between two hexagonal layers. In the former group, 

the Ba atoms are always off-plane and shifted in the direction of the hexagonal layers 

which indicates stronger interaction with the lone pair of Sn3 units, originate from the 

stronger ionic effects in the hexagonal layers. Similar observations were can be made 

in the hhhc homologous compound described above. 

Similarly to the previous homologous member Ba4Sn10.27Bi1.73(3) we can assume that 

a charge transfer from Ba to Sn results in the formulation Ba2+[Sn3]2– in the hcp 

layers, whereas in the ccp layers, which correspond to the solid solution Ba(Bi,Sn)3, 

are more typical intermetallic. Here, we have two different blocks of face-sharing Sn 

octahedra in ratio 2 to 1; one block containing 3 face-sharing octahedra and two 

blocks with 2 face-sharing octahedra that are separated by the ccp-layers. Two 

successive blocks with two condensed Sn octahedra [Sn9]6– alternate with one block 

of three condensed Sn octahedra [Sn12]8–, building up an intergrowth structure with 

two closed-shell blocks and one intermetallic layer as components.  
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6.3.5 Synthesis and Crystal structure of Ba5Sn9+yBi6-y – The 10H structure of 
BaSn3-xBix (x ~ 0.75) 

 
6.3.5.1 Synthesis  
 
The reaction mixture of pure elements with nominal composition BaSn3-xBix for x = 

0.75 was loaded in a sealed niobium ampoule. Some excess of Sn was necessary to 

obtain good single crystals which were found in the mixture Ba:Bi:Sn = 1:1:4. The 

mixtures were heated at 150 K/h to 800 °C for 3 hours, then cooled to 400 °C at 

150K/h, annealed for 120 h and, subsequently cooled down at -60 K/h to room 

temperature. All products obtained were crystalline and exhibited a silvery colour and 

metallic luster.  

 
6.3.5.2  Crystal structure determination 
 
Single crystal data collection was done on the Enraf-Nonius CCD diffractometer, 

using the best crystal (platy black shiny crystal) selected from the crushed of reaction 

product. The crystallographic data and refinement parameters are summarized in 

Table 6.11 and the atomic parameters in Tables 6.12. The compound crystallizes in a 

hexagonal primitive unit cell. On the basis of systematic absence conditions, the 

structure was successfully solved in the space group P63/mmc. The structure was 

successfully solved by direct methods. The refinement of all atomic positions and 

anisotropic atomic displacement parameters gives satisfactory residuals. All possible 

Sn/Bi mixed occupancies were checked, but only one atomic position (site 18k) 

shows refineable Bi/Sn mixed occupancy with about 39% Sn atoms. No Bi occupancy 

was found in hcp layers at Sn(1) or Sn(2) positions during refinement. This gives a 

good agreement between the refined composition Ba5Sn11.34Bi3.66(6) (y = 2.34(6), i.e. x 

= 0.73) and the nominal composition BaSn3-xBix (x = 0.75). This results in the best 

final residuals for all data of R1 = 0.039 and wR2 = 0.094 for 26 refined parameters.  
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Table 6.11 Crystallographic data and refinement parameters for Ba5Sn9+yBi6-y (y = 2.34(6)) 
 
Empirical formula Ba5Sn11.34Bi3.66(6) 
Formula weight  2797.51 
Temperature 293(2) K 
Crystal size 0.10×0.10×0.02 mm3 
Mosaicity (°) 0.651(1) 
Crystal colour Silvery  
Diffractometer Enraf-Nonius CCD 
Crystal system, Space group hexagonal, P63/mmc (Nr. 194) 
Unit cell parameters a = b = 7.274(1)Å, c = 27.943(6) Å 
Unit cell Volume, Z  1280.4(4) Å3, Z = 2 
Density calculated 7.256 g/cm3 
Absorption coefficient (Mo Kα)  43.401 mm-1 (λ = 0.71073 Å) 
Absorption correction  semi-empirical  
F(000) 2302 
Theta range  1.46° – 25.35° 
Index range  -8 ≤ h ≤ 8,  -8 ≤ k ≤ 8,  -33 ≤ l ≤ 33 
Data completeness 100% 
Collected reflections 17061 (Rσ = 0.093) 
Unique reflections 508 (Rint = 0.026)      
Structure solution and refinement  SHELXTL (Siemens) (direct method) 
Refinement method Full-matrix least-squares on F2 
Parameters  26 
Goodness of fit on F2 1.240  
Observed reflections [I>2σ(I)] 496 
Final R indices R1 = 0.038, wR2 =  0.093 
Final R indices (all data) R1 = 0.039, wR2 =  0.094 
Residual map (e-/Å3) 4.17 / -1.46  
Weighting scheme: w = 1/[σ2(Fo2) + (0.0359×P)2 + 51.39×P]   
 
 
Table 6.12a Atomic coordinates and equivalent isotropic displacement parameters for Ba5Sn9+yBi6-y 
 
Atom Wyck. s.o.f. x y z Ueq /Å2 
Sn(1) 6h 1 0.8052(1) x   ¼  0.0147(4) 
Sn(2) 12k 1 0.5280(1) 2x  0.1504(1)  0.0176(4) 
Ba(1) 2c 1 1/3 2/3 ¼  0.0149(6) 
Ba(2) 4e 1 0 0 0.1578(1)  0.0150(4) 
Ba(3) 4f 1 1/3 2/3 0.0563(1)  0.0184(5) 
Bi(1) 12k 0.61(1) 0.8343(1) x  0.0511(1)  0.0257(4) 
Sn 12k 0.39(1) 0.8343(1) x  0.0511(1)  0.0257(4) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 
Table 6.12b Anisotropic thermal displacement parameters (Å2) for Ba5Sn9+yBi6-y 
 
Atom U11 U22 U33 U12 U13 U23 

Sn(1) 0.015(1) U11 0.014(1) 0.0081(6)   
Sn(2) 0.017(1) 0.019(1) 0.017(1) 0.0096(3) -0.0006(2) -0.0013(4) 
Ba(1) 0.013(1) U11 0.020(1) 0.0063(4)   
Ba(2) 0.015(1) U11 0.016(1) 0.0073(3)   
Ba(3) 0.018(1) U11 0.019(1) 0.0092(3)   
Bi(1)/Sn 0.025(1) U11 0.017(1) 0.0048(4) -U23 0.0024(2) 
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Figure 6.15 Projection of the crystal structure of Ba5Sn9+yBi6-y showing the 10H stacking of hexagonal 

BaSn3– and cubic BaBi3-like layers  
 
 
 
 
 
 

 
 
Figure 6.16  Coordination polyhedra of Ba atoms in Ba5Sn9+yBi6-y: Ba(1) Anticubeoctahedron, Ba(2) 

and Ba(3) Cubeoctahedron (black lines denoted shortest interatomic distances); thermal 
ellipsoids at 50% probability level 
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6.3.5.3 Structural description and relationship 
 
The formulation Ba5Sn11.34Bi3.66(6) corresponds to m = 3, n = 2 and y = 2.34 in the 

homologous series Bam+nSn3m+yBi3n-y. In the 10H structure of Ba5Sn11.34Bi3.66(6) (Figure 

6.15) the translational symmetry along the c-axis arises from 10 layer-stacking of 

cubic (4 layers) and hexagonal (6 layers) close packed layers of atoms with the 

sequence ABABACBCBC… (Jagodzinski notation (hhhcc)2). There are six different 

crystallographic sites from which five are ordered. Again, a mixed occupied Bi/Sn 

position (site 12k) is found in the layers with cubic symmetry (39% Sn occupancy). 

The structure derives from the previously described 8H homologous structure, by 

adding one more Ba(Bi,Sn)3-like cubic layers to form thicker blocks with cubic 

symmetry which comprises two layers instead of only one observed in the Bi poorer 

8H structure. The hexagonal layers are fully ordered and still identical in composition 

and structure to that of BaSn3. The shortest Sn–Sn contacts correspond to the intra-

trimer bond distances of 3.023(3) Å for Sn(1)–Sn(1) and 3.017(2) Å for Sn(2)–Sn(2) 

(Table 6.13). The in-plane Sn–Ba distances in the hexagonal layers are significantly 

long (3.654(1) Å and 3.660(1) Å). The Sn(1)–Sn(2) inter-trimer distance between two 

hexagonal layers is 3.285(1) Å, shorter than the corresponding in-plane inter-trimer 

distances (> 4.2 Å). The Bi–Sn2 contact between cubic and hexagonal layers is 

3.396(1) Å. 

The cubic layers are slightly distorted with in-plane Bi–Bi contacts of 3.617(2) Å and 

3.657(1) Å and, a Bi–Ba3 distance of 3.640(1) Å. Out-planes Bi–Bi contacts between 

two cubic layers are shorter (3.536(2) Å). Ba(1) and Ba(2) atoms have an 

anticubeoctahedral coordination geometry of exclusively Sn atoms for the former and 

of Sn and Bi for the latter while, Ba(3) are found in cubeoctahedral coordination 

geometry of Bi and Sn (Figure 6.16). The Ba2 atoms that are positioned between c- 

and h-layers are off-plane and shifted in the direction of the h-layer; this indicates 

stronger interactions with the lone-pair of the Sn3 trimer in h-layers.  

The structure of Ba5Sn11.34Bi3.66(6) contains strings of two condensed (face-sharing) Sn 

octahedra that are fragments of the infinite chain found in BaSn3. These strings are 

sandwiched between 2D layers of edge sharing Bi/Sn octahedra (fragment of BaBi3-

type structure) to form a recombination structure of the two simple parents BaSn3 and 

BaBi3. 

Like in the previous homologous phases, we can assume that a charge transfer from 

Ba to Sn results in the formulation Ba2+[Sn3]2– in the hcp layers, whereas the 
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Ba(Bi,Sn)3 solid solution in the ccp layers are typical intermetallic slabs. Here, the 

block with hexagonal symmetry (face sharing Sn octahedra) is similar to that in the 

hhhc homologue, but the block with cubic symmetry (edge sharing octahedra) is 

doubled as a result of the increase of the Bi content, so that the structure and the 

composition of the BaSn3-like block is preserved. This clearly indicates that the 

hexagonal layers are not affected by the increase of Bi rate; the system reacts to 

higher amounts of Bi by creating more of the BaBi3-like ccp-layers. 

 

 
Table 6.13  Relevant Atomic distances in Ba5Sn9+yBi6-y (standard deviation in parentheses) 

Atomic pair distance /Å   Atomic pair distance /Å  
Sn1 –Sn1 3.023(3) ×2  Sn2 –Sn2 3.027(2) ×2 

 –Sn2 3.285(1) ×4  –Sn1 3.285(1) ×2 
 –Ba2 3.558(2) ×2  –Bi1/Sn 3.396(1) ×2 
 –Ba1 3.654(1) ×2  –Ba3 3.596(2)  

Ba1 –Sn1 3.654(1) ×6  –Ba2 3.660(1) ×2 
 –Sn2 3.709(1) ×6  Ba2 –Sn2 3.660(1) ×6 

Bi1/Sn –Sn2 3.396(1) ×2  –Sn1 3.558(2) ×3 
 –Bi1/Sn 3.536(2) ×2  –Bi1/Sn 3.642(2) ×3 
 –Bi1/Sn 3.617(2) ×2  Ba3 –Sn2 3.596(2) ×3 
 –Bi1/Sn 3.657(2) ×2  –Bi1/Sn 3.640(1) ×6 
 –Ba3 3.640(1) ×2  –Bi1/Sn 3.668(2) ×3 
 –Ba3 3.668(2)      

 

 

 
6.3.6  Synthesis and Crystal structure of Ba2Sn3+yBi3-y – The 12R structure of 

BaSn3-xBix (x ~ 1)  
 
6.3.6.1  Synthesis  
 
The reaction mixture of pure elements with nominal composition BaSn3-xBix for x = 1 

was loaded in sealed niobium ampoule. The mixtures were heated at 150 K/h to 800 

°C for 3 hours, then cooled to 400 °C at 150K/h, then annealed for 120 h at this 

temperature, and subsequently cooled down at 60 K/h to room temperature. The 

reaction product was crystalline and exhibited a silvery colour and metallic luster.  

 
6.3.6.2 Crystal structure determination 
 
Single crystal data collection was done on the Enraf-Nonius CCD diffractometer, 

using the best crystal (platy black shiny crystal) selected from the crushed of the 

reaction product. The crystallographic and refinement data are summarized in Table 
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6.14 and, the atomic parameters in Tables 6.15. BaSn2.0Bi1.0(2) crystallizes in a 

trigonal rhombohedra unit cell. On the basis of systematic absence conditions, the 

structure was successfully solved in the space group R 3 m, a = b = 7.276(1) Å and c 

= 33.713(7) Å (c/a = 3×1.545). All atomic positions were found with direct method. The 

refinement of all atomic positions and anisotropic atomic displacement parameters 

gives satisfactory residuals. Each atomic position was checked for possible mixed 

occupancy, but only one site (Wyck. 18h) gives significant Bi/Sn mixed occupancy 

with about 34% Sn atoms on refinement. This leads to a very good agreement 

between the refined and the nominal chemical compositions and gives the best final 

residuals for all data of R1 = 0.061 and wR2 = 0.152, in which strong absorption 

problems are reflected (Rint = 28.1%).  

 
Table 6.14 Crystallographic data and refinement parameters for Ba2Sn3+yBi3-y (y ~ 1) 
 
Empirical formula Ba2Sn4.03(4)Bi1.97(4) 
Formula weight  1167.40 
Temperature 293(2) K 
Crystal size 0.05×0.2×0.2 mm3 
Mosaicity (°) 0.490(2) 
Crystal color Silvery  
Diffractometer Enraf-Nonius CCD 
Crystal system Trigonal   
Space group m3R (Nr. 166) 
Unit cell parameters a = b = 7.276(1)Å; c = 33.713(7) Å 
Unit cell Volume, Z   1545.6(4) Å3, Z = 6 
Density calculated 7.525 g/cm3 
Absorption coefficient (Mo Kα)  50.98 mm-1 (λ = 0.71073 Å) 
Absorption correction  semi-empirical  
F(000) 2868.0 
Theta range  1.00°– 25.35° 
Resolution range  20.40 – 0.83 Å  
Index range  -8 ≤ h ≤ 8,  -8 ≤ k ≤ 8,  -40 ≤ l ≤ 40 
Data completeness 100% 
collected reflections 11116 (Rσ = 0.056) 
Unique reflections 401 (Rint = 0.281) 
Structure solution and refinement  SHELXTL (Siemens) (direct method) 
Refinement method Full-matrix least-squares on F2 
Parameters  21 
Goodness of fit on F2 1.231 
Observed reflections [I>2σ(I)] 376 
Final R indices R1 = 0.058, wR2 =  0.149 
Final R indices (all data) R1 = 0.061, wR2 =  0.152 
Extinction  0.00018(5) 
Residual map Highest peak 6.44  [0.87 A from Bi(1)] 

Deepest hole -2.61 [1.09 A from Bi(1)] 
w = 1/[σ2(Fo2) + (0.0764 × P)2 + 105.82 × P]    
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Table 6.15a Atomic coordinates and equivalent isotropic displacement parameters 

Atom  Wyck.  x y z s.o.f Ueq /Å2 
Bi(1)/ 18h 0.1670(1) 2x 0.12437(3) 0.66(1) 0.0296(7) 
Sn 18h 0.1670(1) 2x 0.12437(3) 0.34(1) 0.0296(7) 
Sn(1) 18h 0.1373(2) x  -0.04182(4)  0.0231(6) 
Ba(1) 6c ⅓ ⅔ 0.03616(7)  0.0212(7) 
Ba(2) 6c -⅓ ⅓ 0.11974(7)  0.0235(7) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor 
 
 
Table 6.15b Anisotropic thermal displacement parameters (Å2) for Ba2Sn3+yBi3-y (y ~ 1) 

Atom U11 U22 U33 U12 U13 U23 
Bi(1)/Sn 0.025(1)  0.039(1)  0.030(1)  0.0193(5)  ½U23 0.0030(4)  
Sn(1) 0.018(1)  U11 0.033(1) 0.0090(7)  -U23 -0.0004(3)
Ba(1) 0.016(1) U11 0.031(1) 0.0081(4)  
Ba(2) 0.019(1) U11 0.033(1) 0.0094(5)  
 

 
 
6.3.6.3 Structural description and relationship 
 
The formulation Ba2Sn4Bi2 corresponds to m = 1, n = 1 and y = 1 in the homologous 

series Bam+nSn3m+yBi3n-y. The phase BaSn2Bi crystallizes in a 12R structure with four 

atomic positions distributed in two crystallographic layers that can be described as a 

substitution variant of a close packed layer of atoms. It represents the yet Bi richest 

phase of the homologous series Bam+nSn3m+yBi3n-y. The stacking of the 12 close 

packed layers of atoms, six hexagonal and six cubic, along the c-axis with the 

sequence ABCACABCBCAB… (Jagodzinski notation (hhcc)3) gives a quite long c 

parameter of 33.7126 Å (Figure 6.17). The structure derives from an intergrowth of 

BaSn3-like and BaBi3-like blocks in an equal 2:2 proportion. One atomic position in 

the cubic layer is mixed-occupied with Sn and Bi. The Table 6.16 contains some 

relevant interatomic distances. The hexagonal layers are fully ordered and contain the 

triangular Sn3-unit in which Sn–Sn contact are shortest (2.999(3) Å) and they are well 

separated by Ba atoms with longer in-plane Ba1–Sn contacts of 3.662(1) Å. The Sn–

Sn distance between two hexagonal layers is 3.309(1) Å whereas the in-plane 

distance between two trimers units is 4.277(2) Å, meaning non-bonding interaction. 

The Sn–Bi distance between hexagonal and cubic layers 3.396(2) Å. The cubic layers 

are only slightly distorted giving the in-plane Bi–Bi distances of 3.632(2) Å and 

3.644(2) Å and, the Ba2–Bi distance of 3.641(1) Å. The Bi–Bi distance of 3.538(2) Å 

between two cubic layers is significantly shorter than the corresponding in-plane 

contacts (Figure 6.17).  
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Figure 6.17  Projection of the crystal structure of Ba4Sn10.27Bi1.73(3). (right) Fragment of the structure 

(thermal ellipsoids at 50% probability level) with some relevant interatomic distances. 
 
 
 
 
 

   
 
 
Figure 6.18 Coordination polyhedra of Ba atoms in BaBiSn2: Ba(1) Anticubeoctahedron, Ba(2) 

Cubeoctahedron (black lines denoted shortest interatomic distances); thermal ellipsoids 
at 50% probability level 
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Table 6.16  Relevant Atomic distances in BaBiSn2 (standard deviation in parentheses) 

Atomic pair distance /Å n  Atomic pair distance /Å n 
Sn1 –Sn1 2.999(3) ×2  Bi1/Sn –Sn1 3.396(1) ×2 

 –Bi1/Sn 3.396(1) ×2  –Bi1/Sn 3.539(2) ×2 
 –Ba2 3.606(2)   –Bi1/Sn 3.632(2) ×2 
 –Ba1 3.609(2)   –Bi1/Sn 3.644(2)  
 –Ba1 3.662(1) ×2  –Ba1 3.637(2)  

Ba1 –Sn1 3.609(2) ×3  –Ba2 3.641(1) ×2 
 –Bi1/Sn 3.637(2) ×3  Ba2 –Sn1 3.606(2) ×3 
 –Sn1 3.662(1) ×6  –Bi1/Sn 3.641(1) ×6 
     –Bi1/Sn 3.669(1) ×3 

 

 
 
The Ba atoms are surrounded by 12 Sn and Bi atoms in either anticuboctahedra 

(Ba1) or cuboctahedra (Ba2) coordination geometry (Figure 6.18). The Ba2 atoms are 

again off-plane and shifted towards the hexagonal layer, due to the stronger 

interactions with the lone pair of the Sn3 triangular units. 

A similar atomic distribution was recently described in SrSn3 which represents a fully 

ordered variant. [4] Other isotypic alloys, albeit poorly described, are the phases Mg3In 
[30] and h-PuGa3.[31] Furthermore, the filled variants of the 12R structure of BaSn2Bi 

are found in the hexagonal perovskite family like BaCrO3 [32] or Elpasolith minerals 

(e.g. Cs2NaCrF6, Cs2NaFeF6), [33] where Ba or Cs are at Ba positions and O or F at 

Sn/Bi positions, respectively. The respective Cr-, Fe- and Na-positions are 

unoccupied in the alloy and this can be written as Ba�(Sn2Bi). 

 
 
6.4  Discussions on the homologous series Bam+nSn3m+yBi3n-y  
 
The BaSn3 phases derive from a hexagonal closed packing of Sn atoms by replacing 

every fourth Sn atom by Ba in each hexagonal layer, under maintenance of Sn3 

triangles (distorted Kagomé net). The partial substitutions of Sn by electron richer Bi 

atom in the anionic substructure of the electron precise phase BaSn3 have revealed 

several new phases that have previously unknown intermediate structures resulting 

from the combination of the cubic and hexagonal closed packing patterns structures, 

in which the cubic character in their structure types increases with increasing Bi 

content. The following general observations can be made: 
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– The structure of BaSn3 is not stable toward an increase of VEC and the system 

reacts to the addition of Bi atoms by creating ccp-layers that are partially 

disordered with Bi/Sn site occupation. 

– Variation of the hexagonal closest packing and cubic closest packing along the c-

axis is realized, generating a homologous series Bam+nSn3m+yBi3n-y where y is the 

amount of Sn atoms in the predominantly Bi occupied cubic layers. The members 

of the homologous series crystallize in a hexagonal structure in space group 

P63/mmc or rhombohedra m3R  with almost similar a, b unit cell parameters but 

varying c parameter.  

– Their crystal and electronic structures can be described as recombination 

structure of the simple parents BaSn3 and BaBi3 that are periodically divided into 

blocks with hexagonal close packing of atoms that are identical in structure and 

composition to the electron precise phase BaSn3 without a phase width and, slabs 

of the typical alloys Ba(Bi/Sn)3 with cubic close packing of atoms that are 

structurally related to BaBi3 structure and have noticeable phase width.  

 
The above defined formula describes the homologous series of structures that are 

constructed according to the same principle. The substitution procedure occurs only 

within the ccp layers. The composition and the structure of the layers are very close in 

all structures. The only structural characteristic that discriminate one structure type to 

another is the relative thickness of the two block components. 

The crystal structures of the first four members of the homologous series Bam+nBi3n-

ySn3m+y have been determined by single crystal diffraction (see Table 6.17) and 

HRTEM and DTA analysis clearly indicate that more homologous phases exist and 

are still to be structurally characterized. 

 
Table 6.17 Current members of the homologous series Bam+nSn3m+yBi3n-y  
 

Unit Cell 
dimensions, Å 

Bi rate (x) Sn rate 
in c-layer 

Space 
goupe 

a, b c 

Cell type - 
Jagodzinski 
notation 

Perovskite 
analogue  

BaSn3 (n = 0) – P63/mmc 7.253 5.496 2H – (hh) BaNiO3 
Ba4Sn9+yBi3-y (y = 1.3 ) 42% P63/mmc 7.271 22.165 8H - (hhhc)2 BaMnO3 

Ba13Sn30+yBi9-y (y = 3.2 ) 35 - 36% m3R  7.273 108.04 39R -
(hhhchhhchhhhc)3 

? 

Ba5Sn9+yBi6-y (y =  2.3) 39% P63/mmc 7.274 27.943 10H - (hhhcc)2 ? 
Ba2Sn3+yBi3-y (y = 1.0) 34% m3R  7.276 33.713 12R - (hhcc)3 BaCrO3 
BaBi3 (m = 0) – P4/mmm 5.188 5.157 3C- (ccc) CaTiO3 
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It is not clear if the amount of Sn in the predominantly Bi occupied cubic layers is 

determined by either electronic factors or by matrix requirements to match the almost 

regular cubic layers with the distorted hexagonal layers. In fact, the inclusion of Sn 

atoms in cubic layers leads to shorter interatomic distances within the corresponding 

Kagomé net and, subsequently reduces the difference of atomic separation between 

the cubic and the hexagonal type of layers. 

 
These results address important issues concerning the bonding and properties of 

main group intermetallic compounds of the Ni3Sn-type that have not yet been 

systematically studied. They suggest that the optimum electron count in the AE3 

phase of the Ni3Sn-type family is 14 electrons per E3 unit. An increase of the VEC will 

result in the formation of the AuCu3-type layers. Recent results in our group show that 

the anionic structure remains one-dimensional, when Sn is partially substituted by 

electron poorer Tl atoms.[34] Taking this and other results from the literature [20,23,26] in 

account and disregarding the role of the cation, we can assume that for the Ni3Sn-

type, when compounds AE3 have no more than nine valence electrons per E3, the 

inter- and intrachain distances are almost the same in a three-dimensional anionic 

network; significant distortion of the anionic Kagomé net occurs with more than 9 

valence electrons per E3. When the VEC per E3 is between 12 and 14, the anionic 

structure becomes one-dimensional, with much longer interchain distances. In these 

cases, the interchain bonds are broken and lone-pair formation accommodates the 

electron abundance as in the [Sn3]2– in BaSn3 or the homologous [In3]5– in Ca5In9Sn6. 

The antiprismatic staking of the trimer results in the formation of condensed (face-

sharing octahedra) with strong interactions between 2π-electron systems parallel to 

the chain that explain the metallic or even the superconducting properties. 

Concerning the size effect, the one can imagine intuitively that the cation size should 

be big enough to keep apart the condensed octahedra chain to achieve the 

hexagonal type structure. Thus, it would be interesting to study also the size effect 

through for instance partial substitution in the cationic substructure of the phase 

BaSn3, i.e. Ba1-xSrxSn3 or Ba1-xCaxSn3. 
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7.  Heteronuclear Zintl Anions at the Border to Intermetallics – Synthesis, 
Characterization and Electronic Structure of Ba5In4Bi5 

 
7.1 Introduction 
 
The semiconducting properties of the elements of group 14 have long been compared 

to that of the isoelectronic binaries of groups 13/15 and groups 12/16. Thus, it occurs 

to us that another way to probe the importance of electronic effects on the stability of 

Zintl phases of the Ba/Sn binary system at the border to intermetallics is to prepare 

isoelectronic phases that are based on heteronuclear anionic substructures. In the 

previous chapter, Sn for Bi partial substitutions in two borderline Zintl phases BaSn3 

and Ba3Sn5 clearly show that both structures aren’t stable towards an increase of the 

VEC. With this in mind, we have investigated the ternary system Ba–Bi–In, on the 

basis of isolectronic relationships to the binary stannides BaSn3 and Ba3Sn5. The 

same approach was recently used in the synthesis of the heteroatomic cluster 

[In4Bi5]3–,[1] isoelectronic to the nido-cluster [Tt9]4– (Tt = Si, Ge, Sn, Pb). Indium and 

bismuth were chosen because they can be distinguished by X-ray diffraction and they 

satisfy some important requirements like relatively similar electronegativities 

(Pauling's), 1.7 vs 1.9, and comparable covalent radii, 1.42 vs. 1.51 Å,[2] respectively. 

They are also capable of forming clusters on their own and, as heavy elements, have 

an inert s pair of electrons in the outer shells. Indeed, the anion In3
5– was described in 

Ca5In9Sn6 and is isosteric and isoelectronic with aromatic π-system Sn3
2–. On the 

other hand, the Wade’s nido-cluster [In5]9–and the Arachno-cluster [Sn5]6– are isosteric 

but not isoelectronic and, they are found in isotypic phases La3In5 and Ba3Sn5, 

respectively. 

Therefore, the hypothetical phases Ba2In3Bi3 and Ba6In5Bi5 should be isoelectronic 

with the phases BaSn3 and Ba3Sn5, respectively. Attempts have been made to 

prepare such compounds, but always result with the same new phase Ba5In4Bi5. 

 
7.2  Synthesis and Characterization 
 
Two different reaction mixtures using molar ratio Ba:In:Bi = 6:5:5 and Ba:In:Bi = 2:3:3 

were heated at 800°C for 5 hours, cooled down to 400°C with a rate of 60 °C/h, and 

held at that temperature for five days before cooling down to room temperature. Both 

reactions yield only the new phase Ba5In4Bi5. Very regular shape single crystal was 

found in the reaction products. The new phase could latter be prepared quantitatively 
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from a stoichiometric mixture according to powder X-ray diffraction diagram (Figure 

7.1). The compound is air-sensitive and crystallizes as needle- or rod-shape crystals 

with silverish color and metallic luster.  EDX analysis confirms the presence of all 

three elements and absence of possible niobium impurities or any other elements. 

 

 
Figure 7.1 Powder diffraction diagram of the reaction products of the stoechiometric mixture Ba:In:Bi 

=  5:4:5 at and calculated diagrams of Ba5In4Bi5 (below) in tetragonal P4nc system. 
 
 
7.3  Crystal structure determination 
 
Crystal structure investigations were performed on singles crystal by X-ray diffraction. 

Single crystals of Ba5In4Bi5 were selected, mounted in thin-wall glass capillaries, and 

checked for singularity. The best one, a needle-shaped single crystal (0.40 × 0.167 × 

0.05 mm), was used for data collection at room temperature with a Stoe IPDS. A total 

of 180 frames were recorded with exposure time of 7 min/frame, angular range of 3.8° 

< 2θ < 55.7°, ω-scans, ∆ω = 1°. The crystal detector distance was 120 mm. The unit 

cell was indexed and refined with all the 8234 integrated peaks. Numerical absorption 

correction was applied using the program X-shape from STOE. The Laue class 

4/mmm was based on the intensity statistics, the satisfactory averaging and, the 

acentric space group P4nc was found to be correct based on successful structure 

solution. All the five atomic positions of the structure were found during structure 

solution by direct methods and no mixed-occupancy was found, indicating a fully 

ordered phase. A summary of the crystallographic and refinement data is given in 

Table 7.1 and the atomic parameters in Tables 7.2. 
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Table 7.1  Crystallographic data and structure refinement of Ba5In4Bi5 

Chemical formula Ba5In4Bi5 
formula weight 2190.88 
space group P4nc (n°104) 
Temperature   293(2)K 
Diffractometer Stoe IPDS II 
radiation, λ (Å) Mo Kα, 0.71073 
a (Å) 10.620(1)   
c (Å) 9.009(2) 
Unit cell volume   1016.0(3) Å3, Z = 2 
ρcalc (g/cm3) 7.161 
µ (cm-1) 570.39 
F(000) 1782 
crystal size (mm3) 0.30 ×0.15 × 0.05 
2θ range for data collection 3.8° – 55.7° 
index ranges -13 ≤h ≤ 13, -13 ≤ k ≤ 13, -11≤ l ≤ 11 
Collected reflections 8204 
independent reflections 1137  
observed reflections [I > 2σ] 1046 
Rint / Rσ 0.058 / 0.034 
absorption correction  numerical  
min /max Trans.  0.0135 / 0.0967 
Nr. of parameters 35 
goodness-of-fit on F2 1.219  
R1/wR2

[*], I > 2σ 0.024 / 0.070 
R1/wR2, all data 0.027 / 0.084 
Flack parameter -0.07(1) 
extinction parameter 0.0067(3) 
largest diff peak and hole (e- /Å3) 3.32 / -2.64  
 [*] w = 1/[σ2 (F2

o) + (0.0382×P)2 + 28.60×P]  
 
 
 
Table 7.2(a) Atomic Coordinates and Isotropic Equivalent Displacement Parameters for Ba5In4Bi5 

Atom site  x y y Ueq  /Å2 
Bi1 8c 0.3906(1) 0.1908(1) 0.6903(1) 0.0175(3) 
Bi2 2a ½ ½ 0.3180(2) 0.0123(4) 
Ba1 8c 0.6057(2) 0.1884(2) 0.3740(2) 0.0170(4) 
Ba2 2a ½ ½ 0.7001(3) 0.0210(6) 
In1 8c 0.1834(2) 0.0720(2) 0.5316(2) 0.0200(4) 
 
 
Table 7.2(b) Anisotropic displacement parameters (Å2) for Ba5In4Bi5 

Atom U11 U22 U33 U23 U13 U12 
Bi1 0.0138(4) 0.0186(4) 0.0201(4) -0.0010(4) 0.0004(3) -0.0044(3) 
Bi2 0.0129(5) 0.0129(5) 0.0110(5)    
Ba1 0.0146(6) 0.0166(6) 0.0197(6) -0.0002(5) -0.0001(4) 0.0027(5) 
Ba2 0.0144(7) 0.0144(7) 0.0101(9)    
In1      0.0194(7) 0.0160(7) 0.0245(7) -0.0042(6) -0.0100(6) -0.0005(5) 
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7.4  Description of the Structure of Ba5In4Bi5   
 
According to single crystal structure determination, the new compound Ba5In4Bi5 

crystallizes in the non-centrosymmetric space group P4nc with a new structure type. 

The structure contains square pyramids with four exo-bonds at the square base 

(idealized C4v symmetry). The latter is made of the four indium atoms in the formula 

while the four exo-bonded atoms (Bi1) and the apex of the pyramid (Bi2) are the five 

bismuth atoms (Figure 7.2). 

The In–Bi exo-bond distance of 2.912(2) Å is quite normal for a single bond between 

these elements. It compares well, for example, with the observed range of distances 

in Cs7In4Bi6, 2.896(3) – 3.105(3) Å.
[3]

 The In–In distance in the square, 2.958(2) Å, is 

also close to a single-bond distance when compared with 2.976(4) and 3.004(5) Å 

observed between indium atoms coordinated by bismuth in Cs7In4Bi6. Nevertheless, it 

is somewhat longer than the Pauling's distance for a single bond, 2.84 Å.
[2]

  

The remaining four In–Bi distances in the pyramid, i.e. those to the apical Bi, are quite 

long for a single bond, 3.322(2) Å, and suggest rather delocalized bonding. They 

compare better with the intercluster distances of 3.376(2) Å that occur between the 

exo-bonded bismuth atoms and indium atoms of four neighbouring pyramids (Table 

7.3). This suggests that the interactions between the pyramids can not be 

disregarded. Thus, the clusters should not be considered as isolated units but rather 

as parts of an extended network as shown in Figure 7.3. The exo-bonded square 

pyramids are stacked in columns along the c-axis and the columns are connected via 

the intercluser In–Bi contacts. The columns are shifted by c/2 and twisted by 

approximately 16.4° around the c-axis with respect to the surrounding columns. The 

rotation reduces the overall symmetry of the cell from body-centered to the current 

tetragonal primitive unit cell. The occurrence of such a rotation most likely originates 

from a strong need of the clusters to interlink to each other.  

 
 

 
 
 
Figure 7.2  Ortep plot of the [In4Bi5] cluster in Ba5In4Bi5 
(thermal ellipsoids at 70% probability level) 
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Figure 7.3 The structure of Ba5In4Bi5 with the unit cell outlined (Ba1 - crossed ball, Ba2 - grey 

crossed, Bi - black, In - grey). The square pyramidal clusters with four In–Bi1 exo bonds 
are stacked along the c-axis. They are inter-connected via longer Bi-In distances shown as 
black dashed lines. Right: Ortep plot of the asymmetric unit in Ba5In4Bi5 (thermal ellipsoids 
at the 50% probability level) 

 
 
 
 
 

(a)   (b)  
 
Figure 7.4 (a) A closer view of the coordination around [In4Bi5] showing an octahedron-like formation 

capped by Ba2 and Bi1 that resembles M6X16 clusters (Bi - black; Ba1 – crossed; Ba2 - 
grey crossed; In1 - grey).  All Ba–In and Ba–Bi interactions are shown with open bonds.  
The similarity of the coordinations of Ba2 and Bi2 is clearly visible. (b) The 12 closest 
atoms around [BiIn4Ba] octahedra define a polyhedron closed to a “staggered” 
cuboctahedron where the ‘waist’ atoms Bi1 are shifted to the ‘chest’. 

 

 



Chap. 7  165 The acentric phase Ba5In4Bi5 

TU München 2006   Dissertation Ponou 

 
Table 7.3  Selected interatomic distances (/Å) 

Bi1 –In1 2.912(2)  In1 –In1 2.958(2) ×2 
 –In1 3.376(2)*  –Ba1 3.707(2)  
 –Ba1 3.653(2) –Ba1 3.830(2) 
 –Ba1 3.655(2)  –Ba1 3.864(2) 
 –Ba1 3.679(2)  –Ba1 4.084(2) 
 –Ba1 3.682(2)  Ba2 –Bi1 3.484(1) ×4 
 –Ba1 4.171(2) –In1 3.647(2) ×4 

Bi2 –In1 3.322(2) ×4   
 –Ba2 3.442(3)   
 –Ba1 3.531(2) ×4   
(*) Inter-cluster bonds 
 
 

The five barium cations in the formula occupy two different positions. Ba2 caps the 

square base of the In4Bi pyramid (opposite to the Bi apex) with Ba–In distances of 

3.647(2) Å. Its coordination environment is very similar to that of the capping bismuth 

atom, Bi2, and resembles a pseudo-octahedron in which one of the vertices is 

replaced by the In4 square (Figure 7.4). Thus, the nearest neighbours of Bi2 and Ba2 

are 4Ba1 + Ba2 + η4-In4 and 4Bi1 + Bi2 + η4-In4, respectively. It is perhaps these 

structural reciprocities that give rise to the observed substantial contribution of barium 

in the calculated electronic structure of the compound (below).  Also, if we consider 

Ba2 as part of the cluster, we obtain an octahedral unit surrounded by Bi and Ba 

atoms that bridge edges and cap faces and resemble the coordination topology of the 

well-known M6X18 transition metal halide clusters (Figure 7.4a). The 12 closer Bi and 

Ba atoms around BiIn4Ba octahedra give a coordination geometry which is related to 

a “staggered cuboctahedron” where the four ‘waist’ atoms (Bi1) are shifted to the 

‘chest’ (Figure 7.4b).  This emphasizes the relation of the Ba5In4Bi5 structure with the 

cubic close-packed systems. Ba1, on the other hand, has 10 neighbors (Bi2 + 5Bi1 + 

4In1) at distances between 3.653(2) Å and 4.084(2) Å (see Table 7.3) with no 

outstanding coordination geometry, an indication for less directional interactions.  

Full electron transfer from barium to the more electronegative indium and bismuth as 

prescribed by the Zintl-Klemm concept would result in a charge of 10– for the exo-

bonded pyramid, i.e. [In4Bi5]10–. The species can be viewed as composed of a 

deltahedral nido-cluster with 2n + 4 = 14 skeletal bonding electrons, four 2-center–2-

electron exo-bonds, one lone pair of electrons at the apical bismuth, and four exo-

bonded bismuth atoms that need another 6 electrons each in order to satisfy the octet 
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rule. This totals 14 + 8 + 2 + 24 = 48 electrons of which only 37 are provided by the 

four In (3 electrons each) and 5 Bi (5 electrons each) atoms. Thus, a closed-shell 

species should have a charge of –11 instead, i.e. [In4Bi5]11–, and therefore [In4Bi5]10– is 

formally one electron short. 

It should be pointed out here that the previously known deltahedral cluster with the 

same stoichiometry [In4Bi5]3– has substantially different charge and very different 

geometry.[1] It is a closed-shell nido-cluster of nine atoms with the shape of a 

monocapped square antiprism as shown in the left of Scheme 4. With respect to this, 

the new species [In4Bi5]10– can be viewed as its inverted, opened version, almost as 

the blossomed flower from its bud of [In4Bi5]3–. This "process" during which some In–

Bi and Bi–Bi interactions are formally removed is clearly caused by the substantial 

reduction with 7 additional electrons (8 electrons for a closed-shell unit of [In4Bi5]11–) 

which would fill four empty antibonding levels of the cluster. This, as can be expected, 

leads to a major reorganization of the delocalized bonding within the cluster that is 

expressed in the removal of the four Bi–Bi interactions at the open square face of 

[In4Bi5]3– as well as four of the associated Bi–In bonds, while reinforcing the four 

remaining Bi-In bonds. The four bismuth atoms are then shifted upwards and also 

tangentially away from one of the two indium atoms to which they are bonded. 

Apparently, this tangential displacement of the bismuth atoms is not complete, and 

the bismuth atoms are not perfectly radial with respect to the cluster but are rather 

7.4° off of the vertical plane through In–Bi2–In. Thus, although the In4Bi pyramid has 

exact C4v-symmetry the symmetry of the whole unit [In4Bi5]10– is reduced to C4.  

 
 

 
 Scheme 4. 
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7.5 Electronic Structure of Ba5In4Bi5 and Discussions 
 
In order to gain some insight into the factors behind the stability of this apparently 

one-electron deficient compound, LMTO calculations were carried out. The calculated 

band structure along the main symmetry lines of the tetragonal Brillouin zone is 

represented in Figure 7.5. The most interesting features of the band structure are the 

flat bands with very little dispersion (less than 0.1 eV) that intercept the Fermi level as 

we move across the faces of the Brillouin zone. There is no steep band crossing the 

Fermi level in the electronic system. The Fermi level passes through the four flat 

bands (and the bottom of the dispersed band) and makes them partially filled. They 

would have been completely filled with two additional electrons in a hypothetical, 

electronically-balanced compound "Ba11In8Bi10" (note that the unit cell contains two 

formula units). The continuum of states at and around the Fermi level is consistent 

with the observed metallic properties.[4]  

Further analysis of the electronic structure of Ba5In4Bi5 was done based on the 

calculated total DOS of the compound and the separate contributions from the 

constituting elements (Figure 7.6). As expected the Fermi energy is right at a sharp 

spike (maximum of DOS) and very close to a narrow band gap which is consistent 

with a half filled band. The four peaks with the lowest energies in the DOS are the 

bismuth (around -10 eV) and indium s-orbitals (between -6 and -3 eV). The 

continuous region following them (-3.0 to +0.2eV) contains predominantly 

contributions from the p-orbitals of Bi and In, but also strong participation of Ba. As a 

matter of fact, the latter is larger than that of indium. In this section the In, Bi and Ba 

contributions have very similar shapes (the curves follow each other) and indicate 

good Bi–In and Ba–Bi orbital mixing and bonding interactions (but no noticeable 

bonding Ba–In interactions). The remaining one-third of the block is dominated by the 

bismuth p-orbitals, particularly from pz-orbitals. The sharp spike right at the Fermi 

level has almost purely bismuth pz-orbitals character, mostly from Bi1, that would 

have been filled if two additional electrons were available. This peak is made of the 

four flat bands discussed above and has essentially non bonding character and, 

therefore, the predominant character of the "missing" two electrons would have been 

non-bonding.   

 



Chap. 7  168 The acentric phase Ba5In4Bi5 

TU München 2006   Dissertation Ponou 

 

 

 
Figure 7.5 Calculated band structure for Ba5In4Bi5 along the high symmetry directions of the 

tetragonal P Brillouin Zones (right): Γ = (0, 0, 0); X = (½, 0, 0); M = (½, ½, 0); Z = (0, 0, ½); 
R = (½, 0, ½); A = (½,½,½), in units of the tetragonal reciprocal lattice vectors. 

 

 
 

 
Figure 7.6 Total and projected density of states of Ba5In4Bi5. 
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Figure 7.7  Three-dimensional ELF representations of the valence electron density of In4Bi5 cluster in 

Ba5In4Bi5. The surfaces correspond to the constant ELF value of 0.8;  and  designate 
bonding and non-bonding electron pairs, respectively.  

 

 

The nature of the chemical bond was additionally analyzed by the means of the 

electron localization function (ELF). The ELF characterizes electron regions in space, 

which can be associated with localized chemical bonds and enables the partition of 

the real space in localization domains even in intermetallic compounds. [5]  

The images in Figure 7.7 show three-dimensional iso-surfaces of the ELF, calculated 

from the valence electrons. It clearly indicates the direction of free electron pairs  at 

exo bonded Bi1 and apical Bi2 in form of a torus-type three-dimensional domain. It 

shows also an area  which represents a localized bond between two indium atoms. 

Surprisingly, no domain of the covalent bond ELF attractor was found between In and 

the exo-bonded Bi1, even by lowering the ELF value down to ELF = 0.3. This may be 

due to strong relativistic effects in Bi which induce the expansion of the valence 6p-

orbitals as a result of the shielding phenomenon by the contracted s-orbital. 

As already discussed, Ba5In4Bi5 presents a very well packed structure with matching 

positioning for the five barium and five bismuth atoms with respect to each other as 

well as with respect to the indium square. Thus, barium atoms are in positions that 

allow optimum interactions with the non-bonding lone pairs of both the capping Bi2 as 

well as the four exo-bonded Bi1 atoms. Therefore, although the anionic part of the 

structure, i.e. Bi–In, does not have enough electrons to fill the relatively high lying 

levels (mostly Bi) near the Fermi level, the overall structure, i.e. Ba–In–Bi, 

compensates this by switching on relatively strong Ba–Bi bonding interactions and 
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thus stabilizing a considerable portion of the filled DOS. The present study suggests 

that, if it is impossible to find room for all cations necessary for electron balancing in a 

particular structure, the system finds such a distribution of the available cations that 

would maximize their participation in the covalent bonding of the structure and thus 

compensate for the electron "deficit".  

The fact that the Fermi level passes near a maximum in the density of states 

suggests that the compound could be superconducting. However, all tests at 

temperatures as low as 2 K and various fields on both field cooled and zero-field 

cooled samples gave negative results and did not show superconducting transitions. 

But the measurement of the temperature dependency of the resistivity shows that 

Ba5In4Bi5 is a highly conducting compound.[4] 

Many formations with various sizes and dimensions are known for heteroatomic 

anions involving atoms of groups 13 (triels, Tr = Al, Ga, In, Tl) and 15 (pnictogens, Pn 

= P, As, Sb, Bi), [TrmPnn]q-.[6] One of the most common motifs is TrPn4, a tetrahedrally 

coordinated triel atom. Known are isolated tetrahedra, [TrPn4]9-, dimers of edge-

bridged tetrahedra, [Tr2Pn6]12-, chains of corner-shared tetrahedra, ∞1[TrPn3]6-, chains 

of edge-shared tetrahedra, ∞
1[TrPn2]3-, layers and 3D-frameworks of corner- and 

edge-shared tetrahedra and many other combinations of variously shared 

tetrahedra.[6-9] Often the tetrahedra are connected via Pn–Pn bonds [8-9] and very 

rarely even by Tr–Tr bonds.[10] Triangular-planar coordination TrPn3 is also known 

and the units have been found as isolated [TrPn3]6-, edge-sharing in dimers of 

[Tr2Pn4]6-, and corner-sharing in a ring-like trimer of [Tr3Pn6]9-.[6] These anions are 

typical Zintl anions that are characterized by covalent bonds; multicenter bonding was 

described only in the Wade’s cluster [In4Bi5]3–.  

The present compound Ba5In4Bi5 is the first ‘electron deficient’ phase featuring 

heteronuclear [TrmPnn]q– anion. Apparently such electron “shortages” with respect to 

the classical closed-shell bonding schemes can develop when other factors such as 

Madelung energy and packing efficiency become perhaps more important than 

charge optimization. Ba5In4Bi5 presents the first such an example that involves a 

heteronuclear framework. 
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8. Summary and Final Discussions 
 
This work was dedicated to the rational design of compounds within and beyond the 

Zintl concept. Zintl phases are salt-like compounds that are formed by combination of 

nonnoble metals (alkali, alkaline-earth, and rare earth metals) with post-transition 

metals. They are intermediate compounds that can be positioned between salts and 

intermetallic compounds in which metallic, ionic and covalent bonds exist. Zintl 

phases are expected to be semiconducting but they can also be metallic (Scheme 5). 

The rational design and structural characterization of new tetrelide-tungstate double-

salts involving nine-atom clusters of the tetrel group (Tt9) and oxometallate anions of 

transition metal like tungstates, using the Zintl concept was our first goal. This would 

extend the Zintl phases into more ionic region (see Scheme 5). The second goal was 

to study of effects of electronic fluctuations on Zintl polyanionic networks, particularly 

those on the border with intermetallics, using the partial substitution approach. Thus, 

the transition from electron precise Zintl phases to typical intermetallic compounds 

was investigated, focusing on the change in the structures and their chemical 

bonding. Here, the Structure-composition-property inter-relationships which go 

beyond the grasp of the Zintl concept could be studied by theoretical band structure 

calculations. 

In the course of this work, the new compounds K10[Ge9]2WO4, Rb10[Ge9]2WO4, and 

Cs10[Ge9]2WO4 which are exciting intergrowth of the Zintl phases A4Ge9 and the 

tungstates A2WO4 were obtained. Additionally, some simple binary or pseudo-binary 

phases were obtained during the synthesis of the double-salts. Thus, the binary 

phase K4Ge9 whose crystal structure was still missing could be successfully refined. 

Also, using a mercury oxide in the starting mixtures, a new mercury containing 

clathrate-I, Rb8Hg3Ge43 was obtained and its structure successfully refined by single 

crystal diffraction data. Substituting Bi for the homologous Sb in the classical Zintl 

phase Ba2Sb3 lead to the new isostructural polar intermetallic phases Ba2Bi3, 

Ba2BiSb2 as well as the solid solutions Ba2Bi1+ySb2-y. The phase BaBi2 was obtained 

as a by-product during the thermal analysis of Ba2Bi3. The new phases SrδNa5+xSn13 

(x = 0.7) and Na13-δSn26-δBi1+δ (δ = 0.27) were prepared by partially substituting Sr for 

Na and Bi for Sn respectively, in the compound Na5Sn13. Similarly, the effects of the 

partial substitution of Bi for Sn in the Ba/Sn system were investigated on the two 

phases Ba3Sn5 and BaSn3. The former yielded the novel phases Ba3Sn4-yBi1+y (y < 1), 
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and the latter revealed the new homologous series of compounds Bam+nSn3m+yBi3n-y 

whose first four members were structurally characterized by single crystal diffraction: 

Ba4Sn9+yBi3-y (8H structure), Ba13Sn30+yBi9-y (39R structure), Ba5Sn9+yBi6-y (10H 

structure), Ba2Sn3+yBi3-y (12R structure). Finally, the compound Ba5In4Bi5 was 

obtained from reactions which were originally designed to produce phases with 

heteronuclear polyanions that are isolectronic with the Ba stannates Ba3Sn5 and 

BaSn3.  

All these new compounds could be positioned in the spectrum from insulating salts, 

through semiconducting Zintl phases to intermetallics, according to their properties as 

schematically drawn in Scheme 5. 

 
 

 
 
 
The compounds A10[Ge9]2WO4 (A = K, Rb, Cs) are the first examples of double-salts 

with a group 14 nine-atom cluster and an oxometallate of a transition metal. They 

crystallize in a hierarchical cluster replacement of the Al2Cu prototype with [Ge9]4- 

clusters at the Al position, WO4
2-

 anions at the Cu position and the cations occupying 

the tretrahedral voids of the structure. They are rather unimaginable phases featuring 

the tungstate anion WO4
2- in which W (d0) atom has the formal oxidation state of +6, 

beside the oxidable Zintl anion [Ge9]4- with multicenter bond. The synthesis and 

structural characterization of these double-salts, A10[Ge9]2WO4, provide one of the 

most impressive experimental proof of the validity of the Zintl concept, and meanwhile 
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a big step forward in the preparation of new types of composite materials combining 

intermetallic phases and non-conducting materials, which are predicted to have a 

bright future in technology (ref. [22] in §1.4). These results clearly demonstrate that 

the Zintl-Klemm concept can be used for the rationale design of new classes of 

compounds with high application potential in fields like nanoscale materials or optics. 

 
The binary phase K4Ge9 can be described as a hierarchical cluster replacement 

derivative of the Cr3Si structure in which both Cr and Si atoms are replaced by Ge9
4- 

cluster with the K+ cations as spacers occupying the tetrahedral holes of the lattice. It 

crystallizes in the rhombohedra (pseudo cubic) polar space group R3c. Its structure 

represents the much symmetrical Cr3Si-analogous packing of E9 clusters in the 

phases A4E9 with only two independent Ge9 clusters. 

 
In the new clathrate-I Rb8Hg3Ge43, the framework of the tetrahedrally coordinated Ge 

atoms is substituted by electron poorer Hg atoms (two valence electrons less). Four 

Hg atoms are necessary to achieve an electronically balanced phase. The Rb cations 

in the cage provide eight electrons, but only six are needed for the three Hg atoms in 

the framework; thus, Rb8Hg3Ge43 has two extra electrons and represents a ‘metallic 

Zintl phase’. 

 
The second part of this work dealt with substitution effects in Zintl phases. The 

smooth transition from covalent to metallic bonds through hypervalent bonds, defines 

a diffuse region where a competition between localized and delocalized bonds, and 

between directed and non-directed bonds is observed. The theory appears to be 

essential in order to develop a description of these complex electronic structures that 

disregard the classical chemical ideas for electron precise compounds.  

 
Ba2Bi3 and the substituted phases Ba2Bi1+ySb2-y crystallize in the W2CoB2 structure 

type with Ba at the W position, one Bi at the Co position and the other Bi and/or Sb at 

the B position. They contain planar (4.6.4.6)(4.62)2 anionic nets of three- and four-

bonded Bi and/or Sb atoms that interact through electron-rich multicenter bonding and 

are separated by Ba cations. In the anionic layers of the substituted phases, the Sb 

atoms have a strict site preference for the three-bonded position. The observed 

transition, at a constant valence electron concentration, from the electron precise Zintl 

phase Ba2Sb3 to the borderline polar intermetallics Ba2BiSb2 and Ba2Bi3, by a 
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continuous increase in the Bi content nicely shows the importance of some atomic 

properties like electronegativity and relativistic effects in the structure and bonding of 

Zintl phases and polar intermetallic compounds. These atomic properties influence 

the extent of charge transfer from the active metal to the anionic substructure which in 

turn determines the nature of the chemical bonding in the system. A reformulation of 

the Zintl concept to account for the electron-rich multicenter bonding, as well as band 

structure calculations suggest that the phases have one extra electron which fills Bi–

Bi antibonding states. The strict site preference of Sb atoms indicates atomic site with 

enhance properties for electron localization. A partitioning of the total electronic 

energy into site energy and bond energy creates two components to the colouring 

problem, allowing us to explain, with simple chemical arguments, the strict site 

preference of Sb atoms. 

 
The partial substitution of Sr for Na in the formally one electron deficient phase 

Na5Sn15 yields an electron richer composition, Sr0.08Na5+xSn13 (x = 0.7). Two 

additional Na occupied positions have been found in this structure compared to the 

previously reported. The phase Sr0.08Na5+xSn13 is still about 0.2 electron short with 

respect to the classical view of close shell compounds. The electron deficiency is 

most likely due to the defects in two split cationic sites (50% maximum occupancy) 

with very short Na-Na contacts in the case of full occupancy. 

 
In an attempt to substitute a fraction of Sn atoms by Bi in the same Na5Sn15 

compound, a new phase Na13-δSn26-δBi1+δ (δ = 0.27) with an extended Sn framework 

was obtained. Na13Sn26Bi can be viewed as a charge optimized compound featuring 

the covalently bonded [Sn26]12– Zintl polyanion as a building unit that interacts with the 

anion Bi1– through 3c-4e bonding. Similar multicenter bond is described in the so 

called ‘hypervalent’ molecules like I3– or XeF2. The multicenter bonded Sn–Bi–Sn 

fragment in the structure of Na13Sn26Bi represents a rare example of a heteronuclear 

three-center bonded system in the solid state. 

 
The structure of Ba3Sn4-yBi1+y (y < 1) contains a 3

∞ [Ba6/2Bi] framework of twisted 

octahedra with an inverse ReO3-like distorted structure hosting Bi substituted 

puckered layers of covalently bonded Sn4 units with a ‘bodyless butterfly’ like 

structure. These units are interconnected by weaker (metallic) bonds. The simple 

application of the Zintl concept indicates that the phases Ba3Sn4-yBi1+y are electron 
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deficient when y < 1, and band structure calculations predict the electron count to be 

optimized for y = 1 which corresponds to the phase Ba3Bi(Sn3Bi). 

 
The new homologous series of structures Bam+nSn3m+yBi3n-y crystallize in the 

hexagonal space group P63/mmc or rhombohedral m3R . Their structures are 

constructed from the stacking of close packed layers of atoms with AuCu3-like cubic 

(c) or Ni3Sn-like hexagonal (h) symmetry, alternating with different sequences. The 

first structurally characterized members are: Ba4Sn9+yBi3-y (y = 1.3) hhhc, 

Ba13Sn30+yBi9-y (y = 3.2) (hhhc)2hhhhc, for Ba5Sn9+yBi6-y (y = 2.3) hhhcc and 

Ba2Sn3+yBi3-y (y = 1.0) hhcc. The hexagonal layers are fully ordered and are identical 

in terms of structure and composition to a fragment of the structure of BaSn3. 

However, the cubic layers are partially ordered with Bi/Sn mixed accupancy and are 

structurally identical to a fragment of the structure of BaBi3 where the Bi position is 

partially substituted by Sn. Thus, the new homologous series of structures 

Bam+nSn3m+yBi3n-y is defined by an intergrowth of block corresponding to an electron 

precise (Zintl)phase BaSn3 with no phase width and, slaps corresponding to a typical 

intermetallic phase BaBi3 showing noticeable phase width and metallic (delocalized) 

interactions. What is still not clear is whether the amount of Sn in the predominantly Bi 

occupied cubic layers is determined by electronic factors or by matrix requirements to 

match the larger cubic layers with the distorted hexagonal layers.  

 
The new ternary phase Ba5In4Bi5 forms a non-centrosymmetric structure of a new 

type (tetragonal, P4nc). The structure contains interconnected heteroatomic clusters 

of In4Bi5 square pyramids having a In4-base with four exo-bonded bismuth atoms and 

a capping Bi atom. According to Wade’s rules and band structure calculations, the 

compound is one electron-deficient per cluster, i.e. [In4Bi5]10- instead of the expected 

[In4Bi5]11- for a closed-shell species. The clusters were discussed also in light of the 

known heteroatomic deltahedral clusters with the same composition but different 

charge, [In4Bi5]3-. The band structure calculations suggest substantial participation of 

barium in the overall bonding of the structure that "accounts" for the electron 

shortage. Moreover, the investigation of the chemical bonding with the help of the 

electron localization function (ELF) shows that localized covalent bonds beside 

delocalized bonds coexist in Ba5In4Bi5. 
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Among many other interesting findinds that emerge from the second part of this study, 

it is worth noting that how atoms arrange themselves in extended solid state 

structures depends on the number of valence electrons and the differences in 

electrochemical potentials, which are related to electronegativity, size, and the types 

of valence electronic structure the atoms bring to the compound. 

 
Also, the occurrence of many compounds that violate the stability rule indicates that, 

while in classical valence compounds (Zintl phases) the electron count almost 

exclusively governs their structural stability, in borderline polar intermetallics all the 

three criteria for phase stability (electron count, Madelung energy and packing 

efficiency) are intimately related. Therefore, the mutual optimization of Madelung 

energy and space filling can even override the usually dominating factor of electron 

count, giving rise to unusual electronic and physical properties. Hence, the existence 

of open shell compounds like Na5+xSn13 and Ba5In4Bi5 suggests that, when it is 

impossible to find room for all cations necessary to optimize the electron count in a 

particular structure, the phase stability can be achieved by considering other factors 

like Madelung energies between cations and the anionic network. 
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