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PREFACE FOR THE SECOND EDITION 

This book deals with methods which can be used to predict possible simple structural features 
of inorganic compounds without relying on COrT1)1icated time-consuming calculations. 

This new edition represents a complete revision of a book published six years ago. The text 
has been rewritten so that it can be read, studied and_ understood alone without the guldilg 
help of a lecturer. The volume has increased by more than two third, the chapters: have been 
reorganized and the main subtitle changed to express more correctly the principal aim of this 
book. A chapter on the prediction of the deformation of coordination polyhedra has been 
added. The use of base tetrahedron electron numbers for the quick derivation of the possble 
atom linkage in anionic tetrahedron complexes is demonstrated here for the first time. New 
CO"l)OUnd examples and instructive crystal chemical problems together with their solutions 
have been Incorporated in the new text. They are often the result of questions students asked 
during the presentation of crystal chemistry courses based on the first edition of this book. The 
number of inorganic crystal structure types discussed has increased to nearly 400 of which a 
tenth had been published since 1970. A database with �ta sets representative for these 
structure types will be found on a floppy disk which is attachecf to this book as a supplement. 

Many of the results of the methods to predict structural features which are discussed in this 
book can be obtained by mental arithmetics alone. However, to help the reader with the 
calculation of ,he parameters used for the crystal chemical analysis of a valence COl"1)0Und with 
tetrahedral structure or anionic tetrahedron complex, a PC program, labelled "VEC", has 
been written. It can also be found on the attached floppy disk. This program, based on the 
above results, makes a structure proposal, I.e. on the screen will be, seen a possible crystal 
chemical fonnula together with graph drawings of the base tetrahedron(a) used for the 
construction of the tetrahedral anion COfT1>lex. 

It is my pleasant obligation to thank Prof. Hans Schmid at the Departement de Chimle Mlnerale, 
Analytique et Appllquee, University of Geneva and Prof. Ekkehart Tillmanns at the lnstltut fOr 
Mineralogie und Kristallographie at the Geozentrum of the University of Vienna for graciously 
having provided' me a working space in their institutes after my retirement from active service. I 
would like to thank here Dr. Karin Cenzual, Departement de Chimie MiMrale, Analytique et 
Appliquee and Dr. Roman Gladyshevskii, Departernent de Physique de la Mati�re Condense&, 
University of Geneva for their very helpful comments. Dr. Karin Cenzual collaborated on the 
preparation of the "VEC" program and the database. The author likes to thank also the 
Gmelin lnstitut for the pennission to reproduce excerpts of TYPIX 1995 Database. 

Vienna, August 1996. 
ERWIN PARTH� 
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PREFACE FOR THE FIRST EDITION 

The material treated in this textbook presents a selection of topics in inorganic structural 
chemistry, most of which are either not found in other textbooks or are only discussed there in 
a cursory manner. This applies particularly to the various valence electron rules and the 
prediction of the most probable structural features of tetrahedral structures and structures with 
anionic tetrahedron complexes. The structural features have been denoted, as far as possible, 
by crystal chemical formulae, which are very convenient in presenting predicted and observed 
structural information in a compact form. In all textbooks on inorganic crystal chemistry there is 
a certain arbitrariness on the subjects treated, provided it is really a textbook and not a lexicon 
on crystal structures. The main emphasis here is on the presentation and demonstration of 
simple rules which permit the prediction of the most probable structural features of various kinds 
of compounds. However, in all fairness, one has to admit that there remain many crystal 
structures which defy an easy interpretation and which we can neither explain nor predict. 

This textbook is based on the updated version of my lecture notes for a crystal chemistry 
course which I have been giving during 20 years at the University of Geneva. It is intended to 
be used as supporting material for a lecture series on elements of inorganic structural chemistry 
which takes about twenty hours (i.e. a two-week-intensive course with two lecture hours per 
day). Only preliminary notions of crystallography are needed as a prerequisite. The course is 
thus suited for (advanced) undergraduates in chemistry, physics, mineralogy and metallurgy. 

It is a great pleasure for me to acknowledge the help I received from Mrs. Christine Botti, who 
typed the manuscript and from Mrs. Birgitta Kunzler, who prepared the drawings. Furthermore, 
I would like to express my thanks for the technical assistance which was provided by the 
University of Geneva and for the financial support which I received from the Alfred and Hilde 
Freissler Fund. 

Geneva, July 1990. 

ERWIN PARTH� 

viii 



CONTENTS 

I. Definition and Notation of Structure Types 
Definition I - 1 
Standardization of structure data I - 2 
Notation of structure types I -3 
Classification of structure types I -3 

Pearson code I -3 
Space group and Wyckoff sequence I -4 

Structure type branches I -4 
Type and its antitype I - 5 
Notations for stacking variants I - 5 

ABC notation I - 5 
Jagodzinski - Wyckoff notation I -7 
Zhdanov notation I -7 
Hexagonality or percentage of hexagonal stacking I -8 

Examples for the application of the hexagonality parameter to 
rare-earth elements, ZnS polytypes and Laves phases I -8 

II. Crystal Chemical Formulae 
Notation for the linkage type of the overall structure 
Notation for the lin�ge type of a partial structure 
Notation for the coordination of an individual atom 

Check of heteronuclear coordination numbers 
Notation for non-bonding orbitals 

Ill. Structures of the Elements 
The Hume - Rothery 8 - Nrule 
Structures of elements which obey the 8 - N rule 
Structures of elements which do not obey the 8 - N rule 
Structures of the rare-earth elements and of binary inter-rare-earth alloys 

IV. Normal Valance Compounds 
Stability of filled shells 
The degree of ionicity of an iono-covalent bond 

Ix 

11 - 13 
II - 14 
II - 16 
II - 17 
II - 18 

Ill - 19 
111- 19 
Ill - 20 
Ill - 20 

IV- 2 1  
IV - 2 1 



Definition and valence electron rule for normal valence compounds 
Compositions 
Structural features 

First Pauling rule 
Second Pauling rule or-electrostatic valence sum rule 
Break-down of the second Pauling rule and the distortion of 

coo�ination polyhedra 
The bond valence method 

V. Polyanlonic and Polycatl�lc Valence Compounds 
Definition and valence electron rule for general valence compounds 
Polyanionic valence compounds 

Examples for polyanlonic valence compounds with 6 � VECA � 5 
and 2SAAS3 

Examples for polyanionic valence compounds with 7 � VECA > 6 
and 1 SAA<2 

Examples for polyanionic valence compounds with 8 > VECA > 7 
and 0<AA< 1 

Derivation of the Hume-Rothery 8 - N rule as a special case of the 
generalized 8 - N rule 

Polycationic valence compounds 
The generalized 8 -N rule as a guide for checking experimental data 
Compounds with both cation - cation and anion -anion bonds 

VI. Tetrahedral Structure Compounds 
Definition and derivation of tetrahedral structure equation 
Examples of normal and defect tetrahedral structure compounds 
Molecular tetrahedral structures with VEC > 6 
The tetrahedral structure equation as a guide for checking 

experimental data 
Tetrahedral anion partial structures in polyanionic valence compounds 

VII. Adamantane StructuN Compounds 
Definition 
Derivation of the adamantane structure equation 

VEC limits for adarnantane structure COl11)0Unds 
Alternative fonnulatlon of the adarnantane structure equation 

Compositions 
Binary adaniantane structure compounds 

Ternary normal adarnantane structure compounds with two kinds 
of cations 

Temary ordered defect adarnantane structure types of general 
composition c;c-aA4 

X 

IV-22 
IV-22 
IV-23 
IV-23 
IV-25 

IV-26 
IV-29 

V -31 
V -32 

V -33 

V -34 

V -37 

V -37 
V -38 
V -39 
V -40 

VI-41 
Vl-42 
Vl-46 

Vl-47 
Vl-48 

VII -49 
VII -49 
VII -50 
VII -50 
VII -52 
VII -53 

VII -53 

VII -55 



The possible homogeneity ranges of adamantane structure "line" 
compounds 

Master diagram for homogeneity ranges of adamantane structure 
compounds 

The adamantane structure equation as a guide for checking 
experimental data 

Structure separation plots for adamantane structure compounds 

VIII. Normal Valence Compounds with Anionic Tetrahedron Complexes 
Definition 
Valence electron rules for normal valence compounds with anionic 

tetrahedron complexes 
Generalized 8 - N rule 
Tetrahedral structure equation 

Construction of tetrahedron complexes with base tetrahedra 
BEN value and base tetrahedron code used for identifying base 

tetrahedra 

VII - 55 

VII - 56 

VII - 57 
VII - 58 

VIII - 59 

VIII -61 
VIII -61 
VIII -61 
VIII -62 

VIII -63 
Base tetrahedra with and without equipartition of the C' - A - C' bonds VIII - 64 

Tetrahedron complexes with composition which agree with that of a 
base tetrahedron 

C�4 tetrahedron complex 
C� tetrahedron complex 
C� tetrahedron complex 
C� tetrahedron complex 
C'A:z tetrahedron complex 
C'6A11• C'3As, c·� and C'3A4 tetrahedron complexes where 

the anions are shared between two and three tetrahedra 
Tetrahedron complexes with compositions different from that of a 

base tetrahedron 
Normal valence compounds with finite chains of comer-linked 

tetrahedra 
Normal valence compounds with finite chains of edge-linked 

tetrahedra 
Silicates classified my means of the tetrahedron sharing coefficient 
Examples of physical measurements which provide structural information 

Measurement of the angle between cleavage plans to distinguish 
pyroxene and amphibole infinite-chain silicates 

Chromatography experiments to separate different finite-chain 
phosphates 

Subclassification by means of the linkedness and connectedness 
parameters 

Limits for the use of the valence electron rules 

xl 

VIII-65 
VIII -66 
VIII -66 
VIII -67 
VIII -68 
VIII -68 

VIII -69 

VIII -69 

VIII -70 

VIII -7 2  
VIII -73 
VIII -74 

VIII-74 

VIII -7 5  

VIII -7 5  
VIII -76 



IX. Gene�I Valence Compounds with Anionic Tetrahedron Complexes 
Definition 
Valence electron rules for general valence compounds with anionic 

tetrahedron complexes 
Generalized 8 - N rule 
Tetrahedral structure equation 

Base tetrahedra for general valence compounds 
BEN values and base tetrahedron codes 
General relation between a polyhedron sharing coefficient and the 

n Im' ratio of a complex 
Equations for the tetrahedron sharing coefficient TT 

How to find the possible base tetrahedra of an anionic tetrahedron 
complex 
Calculation of the base tetrahedron ratios for complexes with three 

kinds of base tetrahedra 
Polyanionic tetrahedron complexes having unshared and/or half-shared 

anions 
Polycationic tetrahedron complexes having unshared and/or half-shared 

anions 
The valence electron rules for general valence compounds with anionic 

tetrahedron complexes as a guide for checking experimental data 

X. Structure Changes under Pressure 
Volume decrease as determining parameter for any change under 

increasing pressure 
Pressure-induced structure changes with a rearrangement of the atoms 

and an increase of the space filling 
Space filling parameters of element structure types 
Space filling parameters of binary structure types 

Pressure-induced structure changes with a rearrangement of the atoms 
and an increase of the atom coordination 
Pressure-induced structure transformations with general valence 

compounds 
Pressure-induced structure changes without a change of the atom 

coordination 
Pressure-induced structure changes with a decrease of the atom 

oordination 

XI. The lntergrowth Concept and Its Applications 
Definition 

.Ruddlesden - Popper phases, an intergrowth of NaCl- and CaTi03-
type slabs 

Classification of intergrowth structures 

xii 

IX-77 

IX-77 
IX-78 
IX-79 
IX -,79 
IX-79 

IX-83 
IX-84 

IX-84 

IX-86 

IX-87 

IX-87 

IX-90 

X -9 1  

X -9 1  

X -92 
X -93 
X-94 

X-96 

X -98 

X - 100 

X - 10 1 

XI - 103 

XI - 103 
XI - 104 



Linear homogeneous structure series 
CrB - FeB stacking variants, a linear homogeneous structure series 

with buckled interface planes 
Linear inhomogeneous structure series 

Linear lntergrowth of binary and ternary Laves-type and CaCu5 -
type slabs 

Structure series where members have the same general formula 
Structure series where members have the same percentage of 

rare-earth element 
Structure series where members have different formulae 

Ternary R,T tMm compounds with a linear intergrowth of other kinds 
of slabs 

Two-dimensional inhomogeneous structure series 

Appendix A : Unit cell transformations 
General transformation formulae 
Transformations frequently used in crystal chemical studies 

Appendix B : Problems in Inorganic Structural Chemistry 
Problems 
Solutions to the problems 

Appendix C : PC Program "VEC" to deduce possible Structural Features 
Purpose and structure of programFeatures 
Input of chemical formula and attribution of the valence electron numbers 
Attribution of the role of an element and the different compound categories 
Crystal chemical parameters and structure proposals for compounds of 

category A 
Crystal chemical parameters and structure proposals for compounds of 

category B 

Appendix D : Database containing Data Sets representative for 
Structure Types 

Bibliography 
Books and reviews on inorganic structural chemistry 
Reference books on inorganic crystal structure data 
Journals (only a small selection) 
Inorganic crystallographic databases 

Indices 
Structure formula index 
Subject index 
Parameter index 

xiii 

XI -105 

XI -106 
XI -108 

XI -110 
XI -111 

XI - 112 
XI -112 

XI -113 
XI -115 

A-117 
A-119 

B -121 
B -128 

C -135 
C -136 
C -137 

C -139 

C -142 

D -154 

155 
156 
157 
158 

159 
167 
170 





I .  D E F I N I T I O N  A N D  

S T R U C T U R E  

Definition 

N O T AT I O N  

T Y P E S  

O F  

Two structures are called (configurationally) isotypic if they have the same space group, the 
same number of atoms in the unit cell on the same Wyckoff sites with the same or similar 
positional coordinates (x, y, z) and the same or similar values of the unit cell axial ratios (da, 
a/b, blc) and cell angles (a, �. 1) .  I- 1) 

The space groups and their Wyckoff sites are listed in the International Tables for (X-Ray) 
Crystallography. 1 • 2) There are a few (unintended) differences between the 1 952 and 1983 edition of 
the International Tables in the Wyckoff letters assigned to the Wyckoff sites and in the expressions for 
certain Wyckoff sites. Structure description ambiguities can be avoided if for each used Wyckoff site is 
listed not only the Wyckoff letter but also all three positional atom coordinates. I - 3) 

Configurational isotypism does not necessarily indicate a similarity in the type of bonding or the 
possibility of forming solid solutions. 

Example : In the case of octahedral structures with NaCl type (see Figure IV - 2) different bonding 
mechanisms can lead to the formation of this atom arrangement. The NaCl type is found for example 
not only with KCI (ionic) but also with TiC (metallic and covalent). There is no mutual solubility between 
KCI and TiC, however the two chlorides NaCl and KCI have a complete range of solid solubility. 1 • 4) 

There exists no valence electron rule valid for all compounds crystallizing with the NaCl type. 
Differently, in the case of tetrahedral (adamantane) structures with ZnS (sphalerite) type (see Figure IV 
- 2) only one bonding mechanism occurs (i.e. overlapping of sp3 hybridized orbitals). All isotypic 
compounds (such as GaAs or lnP) are semiconductors and they form with few exceptions extended 
solid solutions. Since there is only one bonding mechanism it is possible to formulate a valence electron 
rule valid for all compounds which correlates structural features with the number of valence electrons. 

The use of the term "isomorphic" for isotypic, occasionally found in the literature, is to be 
avoided. "Isomorphic" means literally having some crystal form or shape. The same crystal 
form can occur with different compounds having different crystal structure. For example, 
cubes are found with halite (NaCl) and pyrite (FeS2). 

I - 1)  Uma-de-Faria, J., Hellner, E., Uebau, F., Makovicky, E. & PartM, E. (1990). Acts Cty.st. Ml, 1 - 11 .  
I - 2) International Table.s for X-Rsy Crystallography (1952). Vol. I. Birmin{llam : Kynoch Press ; lntwnaoonal Table.s for 

Crystsllogaphy (1983). Vol. A Dorcrecht : Reidel. 
I - 3) PartM, E., Gelato, L.M. & Chabot B. {1988). Acts Cryst. M.f ,  999 - 1002. 
I - 4) See, for example, Figure 1 in Uu, L-G., Bassett W.A & Uu, M.S. (1973). J. Phys. Chem. 71, 1695 - 1699. 
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1 - 2  ELEMENTS OF INORGANIC STRUCTURAL CHEMISTRY 

Inversely, the crystal form of a given compound may be different depending on the conditions 
during crystallization, although the atom arrangement, i.e. the crystal structure is the same. 

Example : NaCl normally crystallizes in the form of cubes. However, if the aqueous salt solution is 
contaminated with urea CO(NH2}2 (urine in the original literature} then surprisingly NaCl octahedra 
are formed. This had been reported already in 1 783 by Rome de I' Isle. 1 - 5> The explanation for this 
change of crystal form is as follows : The {1 00} faces of a NaCl nucleus consist both of cations and 
anions (centred square mesh), while any given (1 1 1 )  face has alternatively only cations or only anions 
(triangular mesh}. For electrostatic reasons the ions from the solution prefer normally to attach 
themselves on the {1 1 1 }  faces. In a pure salt solution a NaCl crystal nucleus grows thus faster along 
the (1 1 1 } directions than the (1 00} directions. This has as consequence that the {1 1 1 }  faces 
eventually disappear from the growing crystal with the final crystal form being a cube. In a contaminated 
salt solution the polar urea molecules are adsorbed on the {1 1 1 } faces of the nucleus, hindering the 
crystal growth along the (1 1 1 } directions. The crystal now grows relatively faster along the (1 00} 
directions, the {1 00} faces will eventually disappear with the final crystal form being an octahedron. 

According to the TYPIX 199 5 database there are known for inorganic compounds (excluding 
oxides and halides) more than 3600 structure types. I ·  6) For example there exist 

93 structure types for elements 
21 O types for binary equiatomic AB compounds (without SiC and ZnS polytypes) 
235 types for binary A� compounds. 

The total number of known inorganic compounds is in a rough estimation about 1 O times as 
large as the number of structure types. 

Standardization of structure data 
Structures are customarily described using the symmetry equivalent positions listed in the 
International Tables for (X-Ray) Crystallography. However there exist different but equivalent 
possibilities of describing a crystal structure due to a possible shift of the unit cell origin, a 
rotation or inversion of the coordinate system. As a consequence there are examples in the 
literature where identical crystal structures were not recognized as such but were considered as 
having different structure types. This could have been avoided in many cases if a standardized 
description of crystal structure data would have been used. ' · 7J The standardization of crystal 
structure data can be done by applying the STRUCTURE TIDY program. 1 - 8) 

In Table I - 1 is shown an example where the isotypism of two compounds is not obvious from the 
published structure data (and also remained unnoticed for a long time) but is easily recognizable from a 
comparison of the standardized data due to the similarity of cell parameters and positional atom 
coordinates. The CeCu2 data are not changed during the standardization procedure, however, in the 
case of KHg2, the a and b axes will be interchanged and the unit cell origin shifted by 1/4 3/4 3/4. 

I - 5) Rome de I' Isle, J.B. (1783). 'Cristallographle'. Second Edition. Vol. 1, Footnote 277 on pages 377 and 379. 
Paris : lmprlmerle de Monsieur. 

I - 6) 'TYPIX 1995 Database of Inorganic Structure Types'. Distributed by Gmelin - Inst/tut, Frankfurt. User's Gulde by 
K. Cenzua/, R.E. Gladyshevslcii & E. Parthe (1995). 

I- 7) Parthe, E., Cenzua/, K & G/adyshevskii, R.E. (1993). J. Alloys Comp. tW, 291 - 301. 
I - 8) Gelato, L.M. & PartM, E. (1987). J. Appl. Cryst. 20, 139 - 143. 



0EF/NfTION AND NOTATION OF STRUCTURE TYPES 1 - 3  

TABLE 1 - 1  : PUBLISHED AND STANDARDIZED STRUCTURE DATA OF CeCU2 ANO KH92 (SPACE GROUP fmma) 

Published data Standardized data 
CeCu2 KHg2 CeCu2 KHg2 

a =  4.426, b =  7.057, c =  7.475 a =  s.10, b =  5.16, c =  s.nA a =  4.425, b =  7.057, c =  7.475 a =  5.16, b =  s.10, c =  s.nA 

X y z X y z X y z X y z 
Ce In 4(e) o 1/4 0.53n K in 4(e) o 1 /4 0.703 Ce in 4(e) o 1/4 0.53n K in 4(e) O 1/4 0.547 

CU in 8(h) o 0.051 0. 1648 Hg in 8(� 0.190 1/4 0.087 Cu in 8(h) O 0.051 0. 1648 Hg in 8(h) O 0.06 0.163 

Standardized data of all the structure types mentioned in this book are compiled in the EISC 
Database which is found on the floppy disk in a pocket in the hard cover (see Appendix D). 

Notations of structure types 
There are essentially two methods used to denominate a structure type. 
1 )  The chemical formula (symbol) or colloquial name of the compound (element) where 
the particular atom arrangement was first found. 
Some structure types were discovered independently at different places and were thus given 
different names by the different authors. Depending on who reads whose publications, the 
different structure type names are unfortunately carried on in the literature. 

Example : ThCr2Si2 type (in western hemisphere) = CeAl2G� type (in eastern hemisphere) 
The two original structure determinations had been published independently at the same time. 

2 )  Notation after Strukturbericht (supplement to Zeitschrift fur Kristallographie). 
The notation consists of a letter and a number. The letter indicates the composition, whereas 
the number is a simple reference number without any (desirable) information on the structural 
features. The notation, which is still in use particularly with metallurgists, was not continued 
after 1945 in Structure Reports, the successor of Strukturberichte. Examples for the 
Strukturbericht notation of structure types can be found in Table I - 2 .  

TABLE I - 2 :  EXAMPLES FOR THE STAUKTURBERICHT NOTATION OF STRUCTURE TYPES 

Letter Composition Examples of Strukturbericht notation (chemical formula or colloquial name) 

A element �1 (Cu), A2 (W), A3 (Mg), A4 (diamond) 
8 AB 81 (NaCl), 82 (CsCI), 83 (sphalerite), 84 (wurtzite), 88 (NiAs) 
C AB2 C1 (CaF2), C1 4 (MgZn2), C1 5 (MgCu2), C36 (MgNi2) 

Classification of structure types 
Structure types can be classified by means of the Pearson code or according to space group 
and Wyckoff sequence. 

1 )  Pearson code : The Pearson code consists of a small letter to indicate the crystal system 
(a = anorthic or triclinic, m = monoclinic, o = orthorhombic, t = tetragonal, h = hexagonal and 
trigonal, c = cubic), a capital letter to denote the type of Bravais lattice (P, S (for A, 8 or q, 
R, F, f) and finally a number which corresponds to the number of atoms in the unit cell. 
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The letter combinations for the 14 kinds of Bravais lattices are as follows : 
aP-, mP-, ms-, oP-, oS-, oF-, o�, tP-, tl-, hP-, hR-, cP-, cF-, cl-

Examples : Cu : cF4; a-Sm : hR9', W : cl2; ZnS (sphalerite) : cFB; ZnS (wurtzite) : hP4 
FeS2 (pyrite) : cP12 Mg : hP2', As : hR6 ; C (diamond) : cF8', NaCl : cF8', 

Note that different structure types may have the same Pearson classification code, as for example, C 
(diamond), ZnS (sphalerite) and NaCl. 
In the case of trigonal structures based on an R space group (examples above are a-Sm and As) I - 9) 

the number of atoms refers in some data collections to the primitive rhombohedral unit cell but in others 
to the corresponding triple-hexagonal unit cell, and often they are mixed. The numbers given here 
always refer to the triple-hexagonal unit cells and must be thus multiples of 3. 

2 )  Space group (number) and Wyckoff sequence : A much finer graded classification of the 
structure types is based on the space group (number) and the letter(s) of the used Wyckoff 
position(s), each letter with a trailing superscripted number (if > 1 )  which indicates how often a 
Wyckoff position is used. To obtain this so-called Wyckoff sequence one should, however, 
use standardized structure data since otherwise the Wyckoff sequence of isotypic structure 
might not be the same (see example in Table I - 1 ) . 

Examples : C (diamond) : eFB (227) Fd3 m - a 
ZnS (sphalerite) : eF8 (216) F4 3m - ea 
NaCl : eFB (225) Fm3 m - ba 

NiSbS (ullmannite) : eP12 (198) P213 - .a3 
FeS2 (pyrite) : eP12 (205) Pa3 - ea 
C02 : eP12 (205) Pa3 - ea 

lsotypic structures treated in Table I - 1 : CeCu2 and KHg2 : o/12 (74) tmma - he 

Structures having the same space group and the same Wyckoff sequence are called 
isopointal structures. lsotypic structures are necessarily isopointal structures but not vice­
versa. 

Example : As seen in the list above FeS2 (pyrite) and C02 are isopointal. A study of the two stryctures 
reveals that the positional parameters of the Fe atoms are different from those of the C atoms. The 
structural features are unrelated, i.e. three-dimensionally linked FeS6 octahedra.and S - S dumb-bells 
in pyrite (see Figure II - 5), but isolated linear O = C = 0 molecules in C02. The two structures are 
thus not isotypic but only isopointal. 

Structure type branches 
The definition �f certain structure types is not without problems. Even with moderate variations 
of the axial ratios and/or the positional coordinates, a change of the shape of the .coordination 
polyhedra of the atoms may occur. Variations of a structure type with different shapes of the 
coordination polyhedra of the atoms are referred to as structure type branches. Note that there 
is no general agreement on the limits of the structure type branches. 

I - 9) Trigonal space groups where all axes are either normal rotation axes (3 or 3) or screw axes (31 or 3; are P 
groups for which only a primitive heXagonal eel/ is used. In the R space groups 3 or 3 axes alternate with 31 or 32 
axes. One finds In the International Tables both a description COIT8Sponding to the small primitive mombohedral unit 
cell as well as one co"esponding to the triple-hexagonal cell with a volume three times as large. 
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Example : CaC2, MoSi2, Ti2Pd and XeF 2, shown in Figure I - 1 ,  are isopointal : composition AB2, 
space group 14/mmm , 2A in 2(a) : OOO + [1/2 112 1/2] and 48 in 4(e) : ± OOz + [112 112 1/2). XeF2 and 
CaC2-type compounds have characteristic structural features, i.e. linear 8 - A  - B molecules and B - B 
dumb-bells, respectively. It is justifiable to consider them as having individual structure types, but this is 
not so evident for the other isopointal compounds. The MoSi2 branch differs from the Ti2Pd branch .in. 
respect to the value of the c I a ratio and the size ratio between minority (A) and majority (8) atoms. 
The unusual case can happen that in one binary phase diagram two branches of the same structure 
type occur at inversed composition ratios. One example is the binary phase diagram Zr - Pd with one 
compound at composition Zr2Pd (Ti2Pd branch) and a second with composition ZrPd2 (MoSi2 branch). 

CaC2 
c l  a = 1 .65 

z = 0.40 

C 

m� 
Dumb-bells 

M0Si2 
c / a  = 2.45 

z = 0.33 

Mo 

Si 

© 

0 

No dumb-bells 

Ti2Pd (PdTi2) 
c / a  = 3.25 

z = 0.34 
Pd 

0 

Ti 

XeF2 
c la = 1 .62 

z = 0.28 

Xe 
F 

No dumb-bells Linear molecule 
of B atoms rA > rs rA < rs F - Xe - F 
BaC2, Ba02 ZrPd2, ZrAu2 PdZr2, AuZr2 

0 112 
A Q @ 
B O 8 

Figure I -1 : Drawings of four branches of a tetragonal A82 type with space group /4/mmm, 
2A in 2(a) : OOO and 48 in 4(e) : ± OOz. 

Type and its antitype 
In the case of an ionic compound the antitype corresponds to an atom arrangement where 
cations and anions have interchanged their sites. This concept becomes meaningless for 
equiatomic structure types such as NaCl, CsCI or ZnS (sphalerite) where cation and anion 
partial structures, with the exception of a shift, are identical. 

Examples : TYPE 

Notations for stacking variants 
A great number of socalled polytypes are known for certain compounds such as SiC or ZnS. 
These are geometrically closely related structure types which can be interpreted as stacking 
variants, all based on a common structural slab. For these polytypes a notation is needed to 
indicate how these slabs are stacked. We shall demonstrate these different notations on the 
close-packed element structure types where only five different stacking variants are known. 

1 )  ABC Notation : Starting from the first slab in position A one denotes all other possible 
different stacking positions by capital letters (8, C, D . .  ) .  The slab stacking sequence in the 
structure is expressed by a sequence of capital letters. 
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The close-packed element structures have as basic slab a close-packed hexagonal layer, 
shown in Figure I - 2 a. There are three different stacking positions, denoted in Figure I - 2 b  by 
A. B and C. In a close-packed structure, where each atom has 1 2  equidistant neighbours, 
two successive layers have different position letters, so that the centers of the spheres in one 
layer fall directly over the centers of the triangular interstices of the other layer. 

a) b) 

Rgure I - 2 : The close-packed hexagonal layer which stacked in different ways will lead to the 
different close-packed element structure types. a) Layer seen in perspective; b) Layer seen 
from the top with the three different layer stacking positions indicated by letters A, B and C. 

The distance between two layers in close packed structures is dL = a . (2/3)112, which corresponds to 
the height of a regular tetrahedron with base length a. The ideal hexagonal c I a ratio for the different 
stacking variants is then given by 

c / a  = n - dL/ a  = n - (2 / 3)112 = n · 0.81 65 (I - 1 )  
where n indicates the number of stacked close-packed hexagonal layers in one (triple-)hexagonal un� cell. 

Mg, hP2 
AB 

c/a : 2·(2/3)112 = 1 .63 

Cu, cF4 
ABC 

3·(2/3)112 = 2.45 

a-Nd, hP4 
ABAC 

Tb HP, hP6 
ABCACB 

a-Sm, hR9 
ABABCBCAC 

4·(2/3)112 = 3.27 6•(2/3)112 = 4.90 9.(2/3)112 = 7.36 

Rgure I • 3 : The five known close-packed element structure types, ordered according to 
increasing n, the number of close-packed hexagonal layers in the (triple-)hexagona/ unit cell, 
and their ideal hexagonal c I a values. 
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The five known close-packed element structure types, arranged according to increasing 
number of layers n in their (triple-)hexagonal cells, are presented in Figure I -3. For each 
type is given the structure type name, the Pearson classification symbol, the ABC stacking 
symbol and the value of the ideal c I a ratio. HP stands for high pressure modification. To 
visualize that the Cu structure also belongs to the close-packed element structures it is 
necessary to make a unit cell transformation from the conventional face-centred cubic to a 
triple-hexagonal unit cell. Both unit cells are shown in Figure I - 3 and they are rotated to 
permit the recognition of corresponding atom sites. The matrix for the unit cell transformation 
from a face-centred cubic to a triple-hexagonal cell is given in Appendix A as equation (A - 14). 

2 )  Jagodzinski - Wyckoff Notation : , _ 10) Applicable only to structures which allow not more 
than 3 stacking positions and where two subsequent slabs cannot have the same stacking 
position. 
The notation consists of a sequence of small letters, h and c, which are assigned to each slab 
depending on the side-wise displacements of the two neighbouring slabs, the one above and 
the one below. 
h is assigned to each slab where the two neighbouring slabs are displaced side-wise in the 
same direction and for the same distance. 
c is assigned to each slab where the two neighbouring slabs are displaced side-wise in 
opposite directions and for the same distance. 
The number of h and c letters is often by a factor smaller than the number of ABC letters, 
i.e. the number of layers n in one (triple-)hexagonal unit cell. Optionally this factor can be 
added after the Jagodzinski - Wyckoff stacking formula as a subscript. 

Example : a-Sm A B A B C B C A C ABC notation for a-Sm 
c h h c h h c h h = (hhch Jagodzinski - Wyckoff notation 

The Jagodzinski-Wyckoff stacking notation for the five close-packed element structure types : 
Mg : h

2 
Cu : c3 a-Nd : (hc)2 

Tb HP : (hcc)
2 a-Sm : (hhc)3 

For an alternative interpretation of the h and c stacking based not on different side-wise 
displacements of the slabs but on their rotation for 180 ° or the lack of it, see Chapter 1 1 .  

3) Zhdanov Notation : , _ 1 1) Applicable only to structures which do not allow more than three 
stacking positions and where two subsequent slabs cannot have the same stacking position. 
The notation consists of a sequence of numbers each of which represents the number of 
consecutive slabs with a given sign for the side-wise displacement with respect to the preceding 
slabs (1 for stacking h, oo for stacking c). Also here, the factor corresponding to the number 
of slabs in the triple-hexagonal cell can be added as a subscript. 

Simple procedure for finding the Zhdanov stacking symbol : Starting from the Jagodzinski - Wyckoff 
stacking symbol divide. it into sections, each section starting with the letter h. The numbers of letters in 
each section correspond to the numbers used for the Zhdanov stacking symbol. 

I - 10) Jagodzinski, H. (1954), Acta Cryst. 7, 17 - 25 and Neues Jb. Mineral. 10, 49 - 65. 
I- 1 1) Zhdanov, G.S. (1945). C.R. Acad. Sc. USSR 48, 39- 42. 
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(h C C h C C h C C h c)3 

/ / / \ \ \ I l l \ \ 

Jagodzinski - Wyckoff notation 
= (3a2)3 Zhdanov notation 

The Zhdanov notation is even shorter than the Jagodzinski - Wyckoff notation. The number of 
layers in one (triple-)hexagonal unit cell can be obtained by summing up all numerals, properly 
multiplied by their subscripts. 

The Zhdanov stacking notation for the five close-packed element structure types : 
Mg : 1 2 Cu : 003 a-Nd : 22 Tb HP : 32 a-Sm : (21.)3 

=>=>=> Problem 1 in Appendix B 

4) Hexagonality or percentage of hexagonal stacking : The hexagonality expresses the 
relative number of changes in the sign of the side-wise displacement of subsequent slabs. It 
can be calculated from the 

Jagodzinski - Wyckoff stacking formula according to 
[ (number of letters h) / (total number of letters) ] · 100 (I - 2a) 

- Zhdanov stacking formula according to 
[ (number of numerals) / (sum of numerals) ] · 100 (I - 2b) 

The five known close-packed element structure types, ordered according to increasing hexagonality : 
0% 33.3% 50% 66.7% 100% 

Tb HP, (hcc)2 a-Nd, (hc)2 a-Sm, (hhc)a Mg, (h)
2 

It will be seen in later chapters that the order of the element structure types base'd on hexagonality is 
crystallochemically more significant than an order based on the number of layers in the (triple-)hexagonal 
unit cell. 

Examples for the application of the hexagonality parameter to rare-earth elements, ZnS 
polytypes and Laves phases 
1 )  Decrease of the hexagonality of the close-packed structures of the rare-earth elements with 
an increase of pressure (see Figure X - 5) and the systematic change of the layer stacking in 
the structures of the inter-rare-earth alloys (see Table Ill - 1 ). 

2 )  Increase of the birefringence l!.n (difference between extreme values of the refractive 
index) with an increase of the hexagonality of a ZnS polytype. 
The 196 proper1y identified ZnS polytypes 1 - 12) do not differ significantly in energy and cannot 
be transformed once they have formed ( except for a possible change to the sphalerite type at 
high temperature). Various screw dislocations, some introduced by temperature gradients 
during formation, may be in part responsible for the formation of the many polytypes. 

I - 12) Mardix, S. (1986). Phys. Rev. 833, 8677- 8684. 
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In Figure I - 4 are shown four simple ZnS polytypes, described as a stacking of a common 
ZnS double layer which assumes different stacking positions denoted by A, B and C. 

A B C A 
I I ' I 

�t 

wurtzite, hP4 sphalerite, cFB ZnS 4H, hPB ZnS 6H, hP12 

� �  � �  � �  � �  
AS, � ABC, c:a ABAC, (hc)2 ABCACB, (hcc)2 

Figure I - 4 : The basic double layer found in ZnS polytypes and four polytypes formed by 
stacking this double layer. The structure types are identified by the Pearson classification code, 
the Strukturbericht type code, the ABC stacking sequence and the Jagodzinski-Wyckoff 
stacking symbol. As in the case of the Cu type, a description of the cubic sphalerite type with 
a triple-hexagonal unit cell simplifies its comparison with the structures of the other polytypes. 

In an alternative approach for the description of the ZnS polytypes, one can identify the 
different slabs presented in Figure I - 5. Each slab is three-atom-layers thick and is intergrown 
with neighboring slabs. The atoms at the interface belong half to one slab and half to the other 
slab, the overall composition of one slab being thus ZnS. 
Differences in stacking are obtained by either rotating or by non-rotating the following 
intergrown slab by 1 80° around an axis through an atom in the interface. An infinite sequence 
of non-rotated intergrown slabs corresponds to the sphalerite structure with c stacking. An 
infinite sequence of successivly rotated intergrown slabs corresponds to the wurtzite structure 
with h stacking. 

- -�-
---·- -

. . .... ..... -- �--- --
-·-· ·· ·--·· 

·m· --
-
- -

:_ . .!.�
-
---· .L��: 

· ·- . . .. .I. . 
.. . ..  ·--

wurtzite aphalerite ZnS 4H ZnS 6H 

Figure I - 5 : Atom arrangement in the (1 120) planes of the same four ZnS po/ytypes, now 
interpreted as an intergrowth of a common slab. In the upper left are shown the two 
possibilities how two ZnS slabs can be lntergrown, leading either to a h stacking (left) or to a 
c stacking (right). The traces of the interface planes are Indicated by broken lines. 
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In the following list of selected ZnS polytypes the structure types are also denoted by the 
simple Ramsdell notation t -13) which consists of a number corresponding to the number of 
slabs in the hexagonal unit cell and a letter which indicates the crystal system (H = hexagonal, 
R = rhombohedral, i.e. trigonal with R Bravais lattice, T = trigonal with P Bravais lattice, C = 
cubic). 
The cubic sphalerite is optically isotropic, i. e. its value of the birefringence is zero. The biggest 
value of the birefringence is found with wurtzite which has 100% hexagonal stacking. As seen 
in Figure I -6 the birefringence value of a polytype increases linearly with its hexagonality. 

xl0 3 

24 Ramsdell Jagodszinski - Wyckoff hexagonality 
o<( 

2H h2 100 20 
U> 4H (hc)2 50 

16 6H (hc2)2 33.3 ... 36R [hCs(hc):J3 33.3 <J l2 c· 

14 T  hc4hshchc2 28.6 
:E· 8 

� 66R [ hc6h'7hChS(hc2)2b 27.3 
26 T hc1shshchc2 1 5.4 

3C 28 T (hcaMhc4)2 14.3 0 
20 410 60 eo 100 3 C  0 

% hexogonol stocking 
C3 

Figure I - 6 : The birefringence values of nine different ZnS polytypes, measured at 5460 A, 

as a function of the hexagonality of the polytype (based on experimental data by Brafman & 
Steinberger 1 - 14) with additions). In the list on the right hand side the polytypes are identified 
according to Ramsdell notation, Jagodzinski - Wyckoff stacking formula and hexagonality. 

3) Variation of the homogeneity ranges of Mg - based binary and pseudobinary Laves phase 
polytypes, characterized by their hexagonality, with the valence electron concentration VEC. 

The Laves phases denote a large group (> 2 50) of binary or pseudobinary interrnetallic 
compounds of general composition AB2 where the A component is on the average about 20 % 
larger than the 8 component. They are not valence compounds and they are found with all 
except the very electronegative elements. Laves phases are known for example with KNa2 

(A-A), Calr2 (A-7), CsBi2 (A-S), NbCr2 LT ( T-7) or Zr2n2 (T-S). The classification of the 
elements used here corresponds to that of the Periodic Table on the inside front cover. 

All twelve Laves phase polytypes with fully determined crystal structure can be interpreted as 
an intergrowth of one common slab which is stacked either with or without rotation for 180° 

around an axis perpendicular to the interface plane. The three most frequently found Laves 
phase polytypes, the C14 (MgZn2} type with stacking (h}2, the C36 (MgNi2} type with 
stacking (hc}2 and the C1 5 (MgCu2} type with cubic stacking are shown in Figure I -7 .  The 
cubic C1 5 type is presented with a triple-hexagonal unit cell to simplify its comparison with the 
other two types. 

I - 13) Ramsdell, LS. (1947). Amer. Mineral. 32, 64 - 82. 
I - 14) Brafman, 0. & stelnberger, I. T. (1966). Phys. Rev. 143, 501 - 505. 
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Rgure I - 7 : Three common Laves phase polytypes, interpreted as an intergrowth of a 
common slab. The traces of the intergrowth planes are indicated by thicker broken lines. 

To recognize better the relative orientations of the intergrown slabs, i.e. rotated or non-rotated in 
respect to each other, for each slab in C14 and C36 in Figure I - 7 only the atoms within one translation 
parallel to the intergrowth plane are shown. The outlines of these slabs are "left- or right-leaning" 
parallelograms. The reader should have no great difficulties to identify these slabs and their outlines also 
in the drawing of the C1 5 type, where all atoms in the unit cell are shown. The slabs in _ C1 5 are not 
rotated in respect to each other, i.e. all slab outlines in the drawing are "left-leaning" parallelograms; 

In the pseudotemary system MgZn2 - MgCu2 - MgNi2 different Laves phase stacking variants 
occur. Their homogeneity limits can be correlated with the �lled valence electron 
concentration VEC which for a ternary alloy A(81 • xB 'x)2 is defined by 

(I - 3) 

For metallic Laves phases one has to use for eA : e
Mg 

= 2 and for e8 or e8, :  ein = 2 or 
eeu = 1 or eNi = 0, i.e. only electrons outside the d shell are taken into consideration. 

Examples : alloy MgNiZn 

VEG 0.67 1 .33 1 .33 2.0 

In Figure I - 8 is shown the pseudotemary phase diagram MgNi2 - MgCu2 - MgZn2 and the 
most probable homogeneity ranges of three Laves phase types, i.e. the C14 (MgZn2),  C36 
(MgNi2) and C15 (MgCu2) types Experimental data on various pseudobinary sections by 
Laves & Witte ' - 15) and others have been used for the construction. Toe base line of the 
phase diagram triangle can serve here also as a linear VEC scale from 0.67 for MgNi2 up to 
2.0 for MgZn2. One notes that each type occurs within a particular VEC range, but the C36 
(MgNi2) type has two separate ranges : 

VEC ran e 0.67 - 1 .0 1 .05 - 1 .70 1 .80 - 1 .90 1 .97 - 2.0 
Structure type 

I - 15) Laves, F. & Witte, H. (1936). Metallwirtschall 16, 840 - 842. 



1 - 12 

0.6T 1.0 

ELEMENTS OF INORGANIC STRUCTURAL CHEMISTRY 

1.33 1 .67 2/J 

VEC 

Figure I - 8 : Simplified version of the 
pseudoternary system MgZn2 - MgCu2 -

MgNi2 with the homogeneity ranges of the 
C14, C15 and C36 type phases indicated 
by different shading. In the ternary diagram 
the positions of all points with same VEC 
value are on vertical lines. A VEC scale is 
given below the base line of the phase 
diagram triangle. 

Using (I - 3) one can calculate that the phase limit of the C15 type in the pseudobinary system MgCu2 
- MgZn2 should be close to Mg(Cu_45Zn_55)2 and in the pseudobinary system MgNi2 - MgCu2 near to 
Mg(Cu _575Ni _425)2. 

According to the more detailed studies of Komura & Kitano ' · 16) there exist many other Laves 
phase polytypes, mostly with very small homogeneity ranges. As shown in Figure I - 9 ,  
starting from the MgZn2 type with VEC = 2 and 1 00% hexagonality, the hexagonality and 
the VEC parameter both decrease in steps untill VEC = 1 .  70 and 0 %  hexagonality. 
However, for VEC � 1 one observes again an increase in hexagonality. 

Stacking sequence in 
Jagodzinski - Wyckoff 

notation 
h 

hhhc­
hhc-hhhc­

hc-hhhc-. (hhrl, 
hhc'hc- hhchhcht: 

(lrhchchc-h 
hr-+---

Percentage of 
hexagonal stacking 

• 75 
• 7 1  
• 66 
: g_60 • 57 

- 50 

hcc: - )) 

' 1---..---.-----.-------c O -vEc 
0-67 1 ·00 1 -33 1 •67 2·00 

Figure I - 9 : The relation between the hexagonality of Laves phase polytypes and the valence 
electron concentration VEC (according to Komura & Kitano I - 16)). On the left ordinate are 
indicated the Jagodzinski - Wyckoff stacking formulae of the polytypes and on the right ordinate 
the corresponding hexagonality values. 

I - 16) Komura, Y. & Kitano, Y. (1977). Acta Cryst. 833, 2496 - 2501. 
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The crystal chemical formulae are formulae which permit the notation of the essential structural 
features of simple inorganic structures in a very short symbolized form. This notation has peen 
adopted and recommended for use by a commission of the International Union of 
Crystallography. 11 - 1) There exists a simple notation for the linkage of the overall structure, for 
the linkage of a partial structure and for the coordination of individual atoms. To this may be 
added a notation for non-bonding orbitals. We shall use this notation below to denote not only 
the experimentally observed but also the predicted structural features. 

Notation for the linkage type of the overall structure 

This notation will be useful for structures where there are pronounced differences in the bonds 
between the atoms. The usual chemical formula is preceded by a special symbol, i.e. : 

! tor a three-dimensionally linked structure (often omitted) 
2 

oo for a layer structure 
.,!, for a fiber structure 
! tor a molecular structure. 

The symbol for a molecular structure is rarely used. However, in this book one can easily 
recognize a molecular structure because in this case the chemical formulae will be surrounded 
by square brackets. By convention the formula has been multiplied so that the total number of 
atoms within the square brackets corresponds to the nun:iber of atoms of the molecule. 

To characterize the shape of the molecule one can in addition use extra special symbols, which 
precede the opening square bracket. The following symbols are used 

A [···] tor a chain molecule of finite length 
O[···] for a cyclic molecule 
•[···] for a cage molecule. 

Note that in a cage molecule there are at least three different paths along the bonds to come back to the 
starting point. The simplest cage molecule is a tetrahedron. 

Occasionally it might be desired to characterize the molecule further by inserting a small 
number in the symbol tor the molecular shape which then indicates the number of atoms which 
form the finite chain, ring or cage molecule, respectively. This is useful particularly in the case 
of a branched chain or ring and cage with side chains because the inserted number refers only 
to the number of atoms of the main part without the side chains. Examples for crystal chemical 
formulae for molecular structures with and without side chains can be found in Table II - 1 .  

II- 1) Uma-de-Faria, J., Hellner, E., Uebau, F., Makovicky, E. & Parthe E. (1990). Acta Cryst. A48, 1- 1 1. 
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TABLE II - 1 : EXAMPLES FOR CRYSTAL CHEMICAL FORMULAE OF MOLECULAR STRUCTURES 

Structures without side chains Structures with side chains 

� (S2Cl2l see Figure VI - 7 
�[SsJ cyclohexasulphur 

A 
4 [P 21.J see Figure VI - 8 
�[C8F 121 perfluorocyclohexane 

CID(As40sJ same as [P 401oJ but without the 
four endstanding O atoms 

CID[P 401oJ same as the anionic tetrahedron 
complex in Li5P2N5 (Figure VI I I  - 2) 

!c, diamond cFS !c, graphite �Se, fibrous selenium hP3 

Q 
Q /b 

'�:� {�-� 
� [121 oSS <B>[Sal cyclooctasulphur 8[P .J, white phosphorus 

Figure II - 1 : Drawings and crystal chemical formulae of selected element structures. The 
Pearson classification code is given only when a complete unit cell is shown. 

Notation for the linkage type of a partial structure 
To indicate the linkage type which atoms of one kind have with atoms of the same kind, one 
uses the special symbols as listed above but now placed inside the chemical fonnula in front of 
the element's symbol. Examples are presented in Figure II - 2. 

0 0 
0 0 

� if-� 
0 
0 

) 
A 1 a Na4 8[Si.J, mS32 b) Cs2 e [Sel, aP16 c) Zn ooP2 red, tP24 

Figure II - 2 : Three structures with different anion partial structures : a) NaSi with isolated 
anion tetrahedra, b) CsS3 with finite chains of six anions and c) red ZnP2 with infinite anion 
chains. In the projection of NaSI are shown only half the atoms contained in one unit cell. 
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o--·•--o 
two atoms, 
collinear with A 

4s 

square, 
coplanar with A 

5

1 

pentagon 

octahedron 
(trigonal antiprism) trigonal prism 

acb Sap 
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2n 31 3n • 
0 er"�--- 0 r:fr- o 

triangle, 
non-<:aplanar with A 

two atoms, 
non-<:allinear with A 

4n 
• 

(f� 

square, 
non-<:<>planar with A 

Sy \ 

l!t 

triangle, 
ooplanar with A 

L; 4 
tetrahedron 

5

� �-
-
-

4y A 
4 

triangular pyramid with A 
at the centre of the base 

tetragonal pyramid trigonal bi-pyramid pentagonal bi-pyramid 

monocapped, 
trigonal prism 

6p2c 

[8,... 
. 

-
bicapped, 
trigonal prism 

8ap2c 
9 

Q- i� 
, 

c� 

6p3c 

IB,,.. 0·-· 
0 

-

tricapped, 
trigonal prism 

cube 
(tetragonal prism) 

square antiprism 
(tetragonal antiprism) 

monocapped, 
square antiprism 

bicapped, 
square antiprism hexagonal bi-pyramid 

12co 12aco 1 2p 

cuboctahedron anticuboctahedron icosahedron hexagonal prism 

14-vertex 1 5-vertex 16-vertex 
Frank-Kasper polyhedron Frank-Kasper polyhedron Frank-Kasper polyhedron 

Figure II - 3 : Symbols for commonly observed coordination polyhedra. 
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Notation for the coordination of an Individual atom 
A set of symbols for the most commonly observed types of coordination polyhedra, presented 
in Figure I I  - 3, has been proposed. II - 1) In the crystal chemical formulae these coordination 
symbols are placed inbetween square brackets and are added as trailing superscripts to the 
chemical symbols of the atoms. The superscripts consist of a number and letter(s). The 
numerical coefficient indicates the number of atoms coordinated to the central atom and the 
letter(s) characterize the type of coordination polyhedron. Drawings and crystal chemical 
formulae for simple binary structure types can be studied in Figure IV - 2. 

It is desirable to differenciate in the coordination between heteronuclear neighbours (of 
different kind) and homonuclear neighbours (of the same kind). Within the square brackets 
the number on the left refers to the number of heteronuclear neighbours and the number on the 
right, always separated from the former by a semi-colon, to the number of hornonuclear 
neighbours. If there are no hornonuclear neighbours the semi-colon is often left out. 
In the case of ternary (or generally multicomponent) compounds it will be also necessary to 
distinguish between the different kinds of heteronuclear neighbours of an atom. This is done by 
counting separately the numbers of neighbours of each kind. These numbers, separated by 
commas, are indicated within the square brackets (and to the left of the semi-colon if there is 
any). The order of the different neighbour elements considered will always be the same as the 
order of the elements in the chemical formula of the compound. 
For a structure of composition A,,.,BnCo, the coordination of atom A is written as Afx.r,aJ where 
x and y denote the numbers of B and C neighbours (i.e. always in the sequence given in the 
chemical formula) coordinated to atom A. These coordination numbers are separated by 
commas. The self-coordination number of A by A, denoted a, follows the semi-colon. The 
coordination of atom 8 is then written as fjx',y';bJ where x' , y' and b denote the numbers of 
atoms A, C and B around 8, respectively, etc . .  

As first example we consider a ternary -crystal structure without homonuclear bonds, i.e . .  the 
idealized cubic perovskite CeTi03, 11 - 2) shown in Figure I I  - 4, together with a complete 
crystal chemical formula and simpler versions of it. 

!Ca[8cb, 12co;O) fi[8cb,6o;O) o3[4s,21;0) 

Ca[8, 120o) fi[8,6o) 03[4s,21) 

Ca[, 120o) Til,6o) 0314,2) 

ea1120o1 fil6oJ 03 (only coordination by O atoms) 

Rgure II - 4 :  The crystal structure of idealized cubic perovskite CaTiOa, cP5 and its crystal 
chemical formula with various degrees of slfTJ)lifications. 

II - 2) A $tnlctl/re �'9rmlnation hu shown that the compound CaTI08 /lself,doe$ not crystalf/ze with the cubic 
perovskite type. II adopts /n$1ead the GdFe03 type, oP20, one of the defonnation variants. 
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As second example we consider a structure with homonuclear bonds, i.e. the cubic pyrite 
FeS2 with its characteristic S - S dumb-bells, shown in Figure I I  - 5. Each S atom is 
surrounded by a tetrahedron consisting of three Fe and one S atom. 

Figure II - 5 :  Structure of pyrite FeS2' cP12 and 
its crystal chemical formula in different versions. Fe 
atoms are represented by small filled circles. 

! Fel6o;OJ � [S2
((3; 1)t� 

Fel6ol S2l(3;1 )tJ 

Fel6ol Sl11 (only coordination by S atoms) 

In F.igure II - 2 were shown three structures with polyanions. Their crystal chemical formulae, 
given on page 1 4, can be complemented by adding the homonuclear atom coordination for 
each anion, as shown below. However, this is here superfluous since the number of 
homonuclear bonds of each anion can anyhow be derived from the known shape of the anion 
partial structure, sufficiently described by means of the special symbols. 

a) Na4 8[Sil3� b) c� ; [Sl11 Sl2� c) Zn �p
21;2J 

The most simplified crystal chemical formulae, where only the overall linkage type (if at all) and the 
coordination of the cations by the anions is considered, were introduced some 50 years ago by Felix 
Machatschki II • 3). They can be found .mostly in mineralogy texts and apply to normal valence 
compounds where there are no homonuclear bonds (see chapter IV). Examples for four common 
minerals are 

Calcite Cal6oJ Cl31J 03, Aragonite Cal91 C[31J 03, Spinal Mgl411 f,J2(6oJ 04, Garnet Call f,J2'&ol Si3"411 012 

Check of hataronuclear coordination numbers 

There is a simple method to check if the heteronuclear coordination numbers agree with each 
other. For a structure of composition Aix.y;sJ Bix'.r';bJ Cix•,y•;cJ the total number of bonds, 
which radiate from all A and extend to the 8 atoms, must be equal to the total number of 
bonds which radiate from all 8 atoms and extend to the A atoms. The same reasoning applies 
to the other atom pairs. This result can formally be expressed by 

m-x = n-x' and ,n.y = o-x· and n-y' = o-y• for Aix,y;sJ Bix',y';bJ Cix•,y•;cJ (II - 1 ) 

One notes that self-coordination numbers do not appear in these fonnulae. 

As a simple example for the application of (I I  - 1 )  one may regard the garnet structure for which a crystal 
chemical formula is given in the paragraph above. One finds that an O atom must be coordinated by 
four atoms, le. two Ca, one Al and one Si atom. 

II - 3) Mschatschld, F. (1947). Monstsh. Chem. 71, 334 - 342. 
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Notation for non-bonding orbitals 
In the case of defect tetrahedral structures (chapters VI and VII) and tetrahedral anion 
complexes consisting of '!'·tetrahedra (chapter IX) it is possible to calculate the number of non­
bonding orbitals per tonnula unit. These lone-electron pairs cannot be seen directly but their 
presence can be infered indirectly, for example, by the absence of an expected atom 
neighbour. To indicate in the crystal chemical fonnula that an element has one or more non­
bonding orbitals attached to it one underlines its chemical symbol with one or more bars. 

As example is presented in Figure II -6 the 2H stacking variant of GaSe, a layer structure 
with a very pronounced cleavage character. II · 4) Single crystal platelets of Gase can be 
cleaved easily by attaching adhesive tapes to both sides and pulling them in opposite directions 
parallel to the platelet surface. This anisotropic property of Gase single crystals is due to the 
orientation of the Se non-bonding orbitals which extend perpendicular to the slab surface. 
While there exists strong covalent bonding within the slabs, there are only weak van der Waals' 
interactions between the slabs. 

Figure II - 6 : Crystal structure of e - Gase 2H, hPB and 
its crystal chemical formula in two versions. 

! (�  [Ga2[(3;1)t� �(3n;O) ) 

! GaH3;1)tJ �[3n;J 

General comments : Over1oaded crystal chemical fonnulae are difficult to read and should be 
avoided as far as possible. It depends on the subject under discussion how complete a crystal 
chemical formula must be, but for most applications very simple versions are sufficient. 
In certain cases it may not be possible to formulate a complete crystal chemical fonnula. 
Particularly with certain alloy structures there are difficulties in describing atom coordinations 
due to the presence of irregular polyhedra with coordinating atoms at different distances from 
the central atom. For these cases various methods have been devised to calculate weighted 
(non-integral) coordination numbers. 11 • 5) However, the different methods do not always give 
the same result. It is further probable that certain atoms are not spherical but have the form of 
ellipsoids (see for example Figure X -7 ). In this case lists of distances between atom canters 
alone are not sufficient (or determining the number of coordinating neighbour atoms. 

II • 4) At least six different kinds of stacking variants are known for Gase, all b8S9d on the same kind of slab (869 
Figure VI - 2). The cod9 2H Is the Ramsdell stacking symbol, 9Xplain9d In Chapter I. 

II · 5) Brunner. G.O. & Schwarzenbach, D. (1971). Z KristaJlogr. 133, 127 - 133. 
Brunner, G.O. (1977). Acta C,yst. A33, 226 • 227. 
O'Kflflffe, M. (1979). Acta Cryst. A3S, 772 • 775. 
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The Hume - Rothery 8 - N rule 
The Hume - Rothery 8 - N rule describes a structural feature of the elements on the right hand 
side of the Periodic Table : The number of next nearest neighbours of an atom is 8 - N where 
N is its number of electrons in the outer shell and its group number in the Periodic Table. 
Elements with structures which do not obey the 8 - N rule on the left of Figure I l l  - 1 ,  are 
separated from the elements on the right with structures which do, by a heavy line often 
referred to as Zlntl line. As shown by 0/ - 1 1 ) ,  the Hume - Rothery 8 - N rule is a special 
case of the generalized 8 - N rule. 

Elements which 

do not obey the 
8 - N rule 

1A 2A -� 
Li Be ,__ 

Na Mg 

K ea 
Rb Sr 

Cs Ba 

Fr Ra 

3T 4T 5T 6T 7T 8T flT 101 

Sc TI V Cr Mn Fe Co Ni 

y Zr Nb Mo Tc Ru Rh Pd 

L• Hf Ta w Re Os lr Pt 

A• Rf Ha 

18 2B 

Cu Zn 

Ag Cd 

hJ Hg 

3B 4B 68 6B 18 88 

B C N 0 F Ne 

Al SI p s Cl Ar 

Ga Ge Aa Se Br Kr 

In Sn Sb Te I Xe 

11 Pb Bi Po At Rn 

Elements which 

do obey the 
8 - N rule 

Rgure Ill - 1 : The Hume - Rothery 8 - N rule and the Periodic Table of the elements. 

Structures of elements which obey the 8 - N rule 

In Figure I l l  - 2 are shown selected element structures arranged according to increasing N 
value. The coordination superscripts in the crystal chemical formulae have the numerical value 
of 8 - N. 

N = 4  N = 5 N= 6 

\�lJ: · :.1, ') �) 
d�,;.., .. . . .  r< 
\ .i..,:-

N= 7 

!C{4t) !&,l3n) .l.§112nl � [ll� 
Si, Ge, a - Sn P HP, Sb, Bi Te Cl2, Br2 

Rgure Ill - 2 : A selection of element structures which obey the 8 - N n!!e. 
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N= B 

only van der Waals' 

Interactions 

[Nel0� (Cu type} 
Ar, Kr, Xe 
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Structures of elements which do not obey the 8 - N rule 
Most of the elements to the left of the Zintl line are metallic and crystallize essentially with three 
simple structure types : A1 , A2. and A3 (notation after Strukturbericht), shown in Figure Ill · 
3. The distribution of these three types (at normal pressures and temperatures} can be studied 
in Figure Ill • 4 where only the left hand side of the Periodic Table ls given. 

A
c

1 type a< � 
W
A2 type °'; � A

M
3 type O

h
r 
"'2 u type, cF4 

� 
type, c,2 � g type, r, 

Figure Ill - 3 : The three most common structure types for elements to the left of the Zintl line. 

Figure Ill - 4 : The distribution of the A 1, 
A2 and A3 structure types for elements in 
the left hand part of the Periodic Table 
(see the inside cover of this book). An 
inscribed chemical symbol indicates that 
this element has a different structure. 

1A 2A --
A2. A3 -
A2. A3 

A2. A1 

A2. A1 

A2. A2. 

3T 4T 5T trr " trr IT 101 

A3 A3 A2. A2. Mn A2. A3 A1 

A3 A3 A2. A2. "3 A3 A1 A1 

L• A3 A2. A2. "3 A3 A1 A1 

Structures of the rare-earth elements and of binary Inter-rare-earth alloys 

3B -
-

1B 2B A1 

A1 A3 Ga 

A1 "3 In 

A1 Hg A3 A1 I 

Most of the pure rare-earth elements crystallize with one of four close-packed structure types 
presented in Figure I - 3. 111 - 1) As shown in the upper part of Table Ill -1 the hexagonality- of 
the structures incr� successively from the earty (left) to the late (right) rare-earth elements. 
In binary inter-rare-earth systems zero, one or two intermediate phases occur depending on 
the hexagonality of the end members. Ill - 2J In 1"able Ill - 1 the lengths of the rectangular 
frames, each representing a different binary phase diagram, have been stretched or 
compressed so that the homogeneity ranges of the end members and of the intermediate 
phases come to lie in their proper structure type columns. In each phase diagram the 
hexagonality of consecutive phases increases from left to right. 

TABLE Ill - 1 : STRUCTURES OF RARE-EARTH ELEMENTS ANO BINARY INTER-RARE-EARTH ALLOYS 

Cu we 0% a-Nd tvce 50% a-Sm tvce 67% Mo tvr:ie 1 00'Yo 
Pure elements Ce Pr, Nd Sm Gd, Tb, Dv, Ho, Er 

Ce - Gd k>o o o o  1/2 1/2 1/2 1/2 1/2 1/2 2/3 213 2/3 2/a 2/3 2/3 1 1 1 1 ,1 
Ce - Sm k>o o o o  1/2 1/2 1/2 112 1/2 1/2 213 2/3 2/� 

I Ce - Pr k>o o o o  1/2 112 1/� I 
Nd - Gd 

I 
1112 1/2 1/2 2/3 2/3 2/3 213 2/3 2/3 1 1 1 1 11 

Nd - Sm 1112 1/2 1/2 213 2/a 2/� 

I Pr - Nd - I 112 112 112 
112 112 112 I 

Sm - Gd 

I I 
E/3 2/3 2,a 1 1 1 1 11 

Gd - Tb 1, 1 1 ,  1 1 , ,  1 1 11 

Ill - 1) The Tb HP type with 33 % hexagonaJlty has not yet be6rl found wfth other,....,,,, elements or alloys. 
Ill - 2) Gschne/dner, KA (1985). J. Lsss-Ccmmon Met 114, 29 -42. 
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Stablltty of filled shells 
In general in valence COfll>OUnds all atoms either accept or provide and/or share valence 
electrons to obtain a stable octet configuration nsl(JI', i.e. all s and p orbitals are completely 
filled or completely empty. An indication for the stability of a filled shell can be seen in the large 
amount of energy which is necessary to remove an electron from it. In Table IV - 1 are given 
different ionization potentials for the elements of the second period. It is relatively easy to 
remove an electron which is above the filled 1 Ell shell, but mu_ch more energy is needed If it is 
an electron from the filled shell. In Table IV - 1 a heavy line marks the place where a particular 
large energy gap occurs from one to the next higher ionization potential indicating that now an 
electron from the stable inner shell has been forced outside. 

TABLE IV - 1 : THE FIRST TO EIGHT IONIZATION POTENTIALS IN eV FOR THE ELEMENTS OF THE SECOND PERIOD. 

I I Ill IV V VI VII VIII 
Li 5.390 75.61 9  122.420 
Be 9.320 1 8.206 153.850 21 7 .65 7 
B 8.296 25. 1 49 37.920 259.298 340.1 27 
C 1 1 .264 24.376 47.864 64.476 391 .986 489.84 
N 1 4.54 29.605 47.426 n.45o 97.863 551 .925 666.83 
0 1 3.614 35.146 54.934 n.394 1 1 3.873 1 38.080 739.1 1 4  871 .12 
F 1 7.41 8 34.98 62.646 87.23 1 1 4.214 1 57.1 17 185.1 39 953.60 

The octets of the atoms can be completed in two different ways 
1 )  Electrons are donated by one kind of atom (cation) to the other (anion) � Ionic bond 
2) Electrons are shared between the atoms � covalent bond 

The degree of lonictty of an iono-covalent bond 
Most valence cofll)Ounds are lono-covalent COl11)0Unds with a bonding intennediate between 
the two cases, i.e. using a pictorial model the electrons of the bond are neither only on the 
anions nor half-way between the atoms but closer to one of them. Following an idea of Linus 
Pauling IV - 1) the degree of lonlctty of a bond, denoted by p, can be related to the 
magnitude of the electronegatlvlty difference between the atoms, labelled I ax I . as showr;i 
together with examples in Figure IV - 1 .  A list of electronegativity values of the atoms can be 
found on the inside cover of this book. It should be noted that the always used prototype for an 
ionic compound, i.e. NaCl has according to Figure IV - 1 only 68 % ionic bonding. 

IV - 1) Pauling, L (1960). "The Nature of the Chemical Bond'. Third edition. Page 99. lthaka : Come/I University Prsss. 
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p Examples 
l ax l p 

HCI 0.9 20% 

NaCl 2.1 68% 
Si+C· 0.7 ,1 3% 

BAs 0 0% 
LJ+H· 1 . 1 25% 

Figure IV - 1 : The relation between the degree of ionicity of a bond p and the magnitude of 
the electronegativity difference of the atoms I Ax I after Pauling. 

Definition and valence electron rule for normal valence compounds 
In the historical development of the concept of a valence compound one has to distinguish two 
stages : 
- The original concept due to Kossel (1916) and Lewis (1 91 6) applies only to nonnal valence 
compounds (which are the topic of this chapter). 
- The more general concept due to Mooser & Pearson (1956) and Pearson (1 964) can also 
be applied to polyanlonic and polycatlonic valence compounds (which shall be discussed 
in chapter V). 

A c;;._,mpound CmAn is called a normal valence compound if the cations do not retain any but 
transfer all their valence electrons and if their number Is correct for all the anions to be able to 
complete their octets without sharing electrons. This can be expressed by 

m-e0 = n-(8 - e,,) for C,,,An (IV - 1 )  
where ec (eA> Is the number of valence electrons of the cation (anion) in the non-ionized state. 
If one introduces as new parameter the partial valence electron concentration in respect to 
the anion, labelled VECA and defined as 

,-�-EC_A_=-(m-_e_c_+ _n-_e_A)_/_n_! for C,,,An (IV - 2) 
then equation (IV - 1 )  obtains the very simple form 

( VECA = a( (IV - 3) 
which is the valence electron equation for nonnal valence compounds. 

Compositions 
The possible compositions of normal valence compounds can be obtained from (IV - 1 )  by 
inserting different numerical values for e0 and eA. For the sake of simplicity we shall at first 
only consider the A and S group elements of the Periodic Table (see inside cover of the book). 
For these elements their number of valence electrons corresponds to their group number. 
Instead of denoting the elements by their chemical symbol we can group all those having the 
same number of valence electrons and identify them alone by their group number. This has 
been done in Table IV - 2 where are listed 19 numerical formulae for binary normal valence 
compounds with eA � 4. If the electronegativity difference Is large, i.e. XA - xc » 0, the 
formation of a binary normal valence compound with this composition is probable. The special 
case of Cl207 (72�) where the anion Is from a lower group is discussed in Chapter VIII. 
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TABLE IV • 2 : NINETEEN NUMERICAL FORMULAE OF BINARY NORMAL VALENCE COMPOUNDS. 
eA :

4 eA = 5 eA = 6 eA = 
7 ec = 1 144 135 126 1 7  Examples : 

ec = 2  �4 2:J52 26 272 17 : NaCl, RbF 
ec = 3 3443 35 �63 373 44 : SiC 
ec = 4 44 4354 462 474 ,\63 : Al203, Gli:!S3 
ec= 5  5265 575 �52 : Zn3P 2, M�2 
ec = 6 676 

Structural features 
In the structures of the nonnal valence compounds there are no shared electrons; thus there 
are neither cation - cation nor anion - anion bonds. Selected simple structure types for binary 
nonnal valence corJ1)0Unds of composition CA and c.4i (or C�) are presented in Figure 
IV -2. Details of the structural features of nonnal valence compounds can be rationalized using 
the Pauling rules and, more recently, the bond valence concept. 

CA : 17, 26, 35, 44 

csf6d>J c1l8cbl, cP2 Nal&oJ c11601, cFB Zn14tl s[4tl, cFB 
sphalerite 

Cal6d>J F 214tl, cF12 Til60J 02'31J, tP6 Si14tl 02'2111, cP24 
rutile cristobalite 

Figure IV - 2 : Selected simple structure types for binary nonnal valence corrpounds with 
composition CA and CA2-

Flrst Pauling rule 
A coordination figure, consisting of a small cation coordinated by large anions, such as a 
triangle, a tetrahedron, an octahedron or a cube, becomes electrostatically unstable if the 
cation is so small that the anions touch each other. It exists thus, as fonnulated in (IV - 4), for 
each of the four coordination figures a minimum critical radius ratio re ! 'A· 

d31JAs :  re / 'A .!: 0 .155 C{4t]A4 : re / rA .!: 0 .225 C{6o]Ae :  'c ' 'A .!: 0 .41 4 C{8Cbl.Ae : re / rA .!: 0 .7 32  

(IV · 4) 



IV - 24 ELEMENTS OF INORGANIC STRUCTURAL CHEMISTRY 

The actual radius ratio re I 'A has to be bigger than the minimum critical value in order that a 
particular coordination figure can occur in the structure of a nonnal valence compound. 
Based on the first Pauling rule it is possible to formulate for each of the six binary structure 
types, presented in Figure IV - 2, a range of 'c / 'A values where the type should be stable 
from an electrostatic point of view. These stability ranges coincide with the cation - anion 
contact ranges of the space filling curves, shown in Figure X - 3 and discussed in chapter X. 
Inversely, the ratio of the ionic radii of a given nonnal valence co�und should allow one to 
predict the atom coordinations and the structure type. However, only about 50 o/o of the 
structures are predicted c6rrectly. The reason for this is that the anions may not be hard 
spheres. Their electron clouds may be distorted, i.e. they may be polarized and there may be 
a greater proportion of covalent bonding. The first Pauling rule works best with fluorides and 
oxides due to the presence of small and rather incompressible anions. 

Example : Predictions based on the first Pauling rule about the possible occurrence of Mg - 0, Al - 0, 
Si - 0 tetrahedra, octahedra and cubes in a structure. 
Experimental evidence shows that Mg, Al, Si - 0 tetrahedra and octahedra are common, but AI08 and 
Si08 cubes do not occur. This is in agreement with predictions based on the first Pauling rule according 
to which cubes are possible only with Mg08• For the calculation of the radius ratios it is necessary to 
use the crystal Ionic radii (normalized to r02. = 1 .26 A) and not the traditional effective Ionic radii 
(normalized to r02. = 1 .40 A). IV - a) As can be seen in Table IV - 3 the radii increase with increasing 
coordination number CN. The radii listed for Al and Si with 8 coordination have been obtained by 
extrapolation from the corresponding radii values for lower coordination. The radius ratio values for 
different kinds of polyhedra are cofll)iled in Table IV - 4. The values calculated for Mg08 and Si08 are 
smaller that the minimum critical 'c / 'A value of 0.732, as given in (IV - 4). Thus the formation of 
Mg08 and Si08 cubes in a structure is not expected. 

TABLE IV • 3 : SELECTED CRYSTAL IONIC 
RADII NORMALIZED TO r92. = 1 .26 A 

CN = 4  
.11 A 
.53 A 
.4o A 

CN = 6  
.ss A 
.675 A 
.54 A 

CN = 8  
1 .03 A 
(.79 A) 
(.65 A) 

TABLE IV · 4 :  RADIUS RATIOS rc / 'A FOR DIFFERENT MG, 
AL, AND SI • 0 POLYHEDRA 

d4tl Q4 d8ol Q8 d8c:b) Q8 

Minimum re / rA .225 .41 4 .732 
C = Mg .57 Mg04 .68 Mg08 .83 Mg08 

C = AI .42 AI04 .54 AI08 .63 no ! 
C = Si .32 Si04 .43 Si08 .53 no ! 

It might perhaps appear surprising for a few readers that according to Table IV - 4 Si08 octahedra are 
electrostatically stable. The great majority of the silicates is characterized by tetrahedrally coordinated Si 
atoms, however there exist also a number of compounds where the Si atoms are octahedrally 
coordinated (and these are not only high pressure modifications). 
One example is the normal valence compound Si5P1p25 (Ge5P8025 structure type) with crystal 
chemical formula Sii411 Si3'&oJ P 61411 Ql2SIJ 024l181• 1Pl. For more details on the structure, see Problem 2 
in Appendix B. 

IV - 2) Com/)ll/8d to the tndtlonal effective ionic radii the valllt!IS of the anion radii in the list of aysta/ Ionic radii 818 
0. 14 A smaller and thoee of the cations 0. 14 A lllrger. Using either one of the MO radus sets the sum of cation and 
anion radii has the same numerlca/ value (thus either set can be used to derfve lnteratomic cf.,t.,ce,), but the 
numertcal fNUlt Is clfrfnnt If a ndus ratio Is cak:ulatsd. Correct results we obtained only when aysllll Ionic radii we 
used. For a 11st of numettcal values of both sets of radii, see Shannon, R.D. (1978). Acta Ctyat AU, 751 • 787. 
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Second Pauling rule or electrostatic valence sum rule 
The spatial arrangement of the cations and anions should preferably be one where the anions 
receive the exact number of necessary valence electrons from cations of the coordination 
polyhedron. The second Pauling rule thus describes what one may call local electroneutrality. 
The electrostatic bond strength of an electrostatic bond originating from a cation C, labelled 
s, can be obtained from the valence electron number of the cation ec and the number of its 
anion neighbours N(A�C,. according to 

s = ee l N(A�C) for c,JM.A�C)IAJN(C-+A)J (IV - 5) 
Pauling's electrostatic valence sum rule states that the sum of the bond strengths of all 

electrostatic bonds which originate from surrounding cations and reach a particular anion A; 

should be equal to the (absolute value of the) charge of anion A1 which corresponds to 
8 - eA" I f s, = a - e A, I (IV - 6) 

The summation leads over all the j cation neighbours of anion A; which are considered as 
being bonded to it. 

Example : Second Pauling rule applied to the three NaCl - type related modifications of LiFe3+02. 
The high temperature modification has the normal cubic NaCl type with Li and Fe ·atoms distributed at 
random on the Na sites. Of the two ordered tetragonal low temperature modifications, shown in Figure 
IV - 3, one is unstable because the second Pauling rule cannot be satisfied with this atom arrangement. 

Figure IV - 3 : The unstable (left) and the 
stable (right) low temperature modification of 
LiFe02" 
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Fe" : 0 r{ I / I / 0- Fe - O  I Li 0 1  Li 
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LIFe02 LT, unstable : Ordered pseudocubic substitution variant of the NaCl type. The chosen 
pseudocubic unit cell is not the smallest possible but is preferred for a structure comparison with NaCl. 
Two kinds of O atoms exist which have first coordination octahedra with different Li : Fe ratio. 

Li : 1/2 1/2 112, 0 0 1/2 Fe : 112 0 0, 0 112 0 0 :  O O 0, 1/2 1/2 0, 0 1/21/2,__ 
1/2 0 112 

u1eo1 Fef6oJ O(i)f(2 .4>ol O(ii)H4.2)01 For O(i) 2 • (1/s) + 4 · (3/s) = 2.33 "# 8 • 6 
For O(ii) 4 . 1/s) + 2 • (3/e) = 1 .67 "# 8 • 6 

LIFe02 LT, stable : Ordered tetragonal ( c I a = 2) substitution variant of the NaCl type having double 
the cell volume of the pseudocubic LiFe02 LT. A study of the drawing in Figure IV • 3 reveals that all 
0 atoms have here the same first coordination octahedron consisting of 3 Li and 3 Fe atoms. 

LJ(6ol Fel6ol Ol3,3)oJ For O 3 . (1/e) + 3 . (3/e) = 2 = 8 - 6 
(Ll,Fe)O HT: Cubic NaCl type with Li and Fe atoms distributed at random on Na sites. 

(Li, Fe) : 112 1/2 1/2, 0 0 112, 1/2 0 0, 0 1/2 0 
Crystal chemical formula : (U1+ ,Fe3+)l8J ()161 

0 : 0 0 0, 1/2 1/2 0, 0 1/21/2, 1/2 0 1/2 

For O 6 - �<1+3> 1 21 / e} = 2 = 8 - 6  
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Break-down of the second Pauling rule and the distortion of coordination polyhedra 
For certain structures and compositions the second Pauling rule in the form of (IV - 6) cannot 
be satisfied in a rigorous manner. If the bond strength sum does not correspond to the charge 
of the anion there remains as solution (provided there is no reconstruction leading to a different 
more stable atom arrangement, as reported, for example, with LiFe02 L 1) the possibility to 
strengthen and to weaken individual ionic Coulomb interactions by changing individual cation -
anion distances. If the anion charge is undercompensated by the bond strength sum the 
corresponding cation - anion distances will be shortened and if it is overcompensated they 
will be elongated. 
As practical procedure for finding out whether or not the anion charges are property 
compensated and which interatomic distances, if any, need to be changed, one starts by 
constructing first a connectivity table. In a connectivity table are recorded which atoms are 
having how many ionic bonds with which other atoms. Actually only cation - anion bonds are 
listed in such a table. Since we deal here with normal valence COfll>OUnds there exist neither 
cation - cation nor anion - anion bonds. However, all crystallographically different atom sites 
and their (relative) multiplicities have to be considered. For simple structures the data needed 
for a connectivity table can be read directly from the crystal chemical formula (see Table IV - 5). 
For more complicated structures the crystal chemical formula has to be complemented to allow 
a clear distinction between crystallographically different sites (see e.g. Table IV - 6). 
As second step one extends the simple connectivity table by multiplying the recorded values 
with the proper bond strength values obtained from (IV - 5) and then calculates the vertical and 
horizontal bond strength sums. If the connectivity table is arranged in such a way that the 
anions are listed on top and the cations on the side, then the horizontal bond strength sum 
corresponds exactly to the charge of the cation(s). This should not be surprising since this is a 
consequence of the definition of Pauling's bond strength according to (IV - 5). Of more 
interest is the vertical bond strength sum which may or may not agree with the (absolute 
value of the) charge of the anion(s). The consequences for the relevant interatomic 
distances are as follows 

If the vertical bond strength sum Is smaller than the absolute value of the charge of the 
anion then the conespondlng lnteratomlc distances are shortened and vice versa. IV - 3) 

Examples for the construction of connectivity tables and the calculation of bond strength sums : 
The three wurtzite related normal adamantane structure types, shown in the upper part of Figure VII - 2, 
are found with �aFe3+02, BeSiN2 (drawing on the left), Li2Si03, Si2UN3 (middle) and orthorhombic 
Cu�4 (right). The second Pauling rule can be satisfied with the first two compounds and Cu�4• 
but not with Li2Si03 and Si2UN3• 

In Table IV - 5 are presented the crystal chemical formulae, the. simple and the extended connectivity 
tables together with the horizontal and vertical bond strength sums for the three compounds where the 
second Pauling rute can be satisfied. The bond strength values are in italics. All vertical bond strength 
sums agree with the charges of the anions. Consequently changes of the interatomic distances are not 
to be expected and the coordination tetrahedra of the cations and the anions are undistorted. 

IV - 3) When vartations In clsranoes 1119 expected but not round e,q,erlmenta/ly this might be an lndcatlon that the chosen 
unit cell Is not the\com,ct one and that the dolfved lnteratomlc dstances C011811pond only to � values. 
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TABLE IV - 5 : CRYSTAL CHEMICAL FORMULAE, SIMPLE (UPPER TABLES) AND EXlcNDED (LOWER TABLES) 
CONNECTIVITY TABLES WITH BOND STRENGTH SUMS FOR �-NAFE02, 8ESIN2 AND Cu3AsS4. 

Nal4t) Fel4t) Oi2.2) Bel41) S�4t) Ni2,2) Cui4t) Asl4t) sp, 11 

2 0  2 N  

4 S  
3 Cu 1 2  
As 4 

4 S  
Na 4· 114 .E = 1 = eNa Be 4·2/4 l: = 2 = eee 3 Cu 1 2· 114 L E 3=38Cu 
Fe 4.3/4 :E = 3 = eFe Si 4.4/4 L E 4 = 85; As 4.5/4 l: = 5= eAs 

! = 4  ! = 6  ! = 8 

4=2(8-e0) 8=4(8-85) 

In Table IV - 6 is presented the same tor li2Si03 and Si2UN3 where the second Pauling rule cannot be 
satisfied. As seen In Figure IV - 4 the anions are not all equal, but can be divided into two groups which 
ditu!r in the ratio of the two cations which make up the tetrahedral coordination polyhedron. Anions (I) 
have three majority anci one minority cation neighbours, but anions (Ii) two majority and two minority 
cation neighbours. 

Figure IV - 4 : The idealized structure of LizSi03 

and Si;_iN3 with undistorted tetrahedra. Large 
circles represent O or N anions, small filled circles 
the majority cations and small open circles the 
minority cations. The letter I has been Inscribed into 
anion circles which co"espond to anions (i), while 
the anions (Ii) are presented by unmarked circles. 

TABLE IV - 6 : CRYST Al CHEMICAL FORMULAE (IN THE SECOND LINE SIMPLIFIED), SIMPLE CONNECTIVITY TABLES AND 
EXTENDED VERSIONS WITH BOND STRENGTH SUMS FOR L'2Sl03 AND S12LIN3. 

u2130Q),100Q1 s,200>.200Q1 O(i)i3U,1siJ O(ii)l2Li,2sij sipN<Q,1Noo1 L,2N<0.2Noo1 N(l)2
C3S1,1u1 N(ii)l2si.2UJ 

up,11 s112.21 O(l)i3,1) 0(11)12,2) Sli3,1) u12.21 N(i)2l3,1) N(U)l2,2] 

2 0(1) 0(11) 2 N(I) N(ii) 

2 Li 6 2 2 SI 6 2 
SI 2 2 LI 2 2 

2 0(i) O(ii) 2 N(i) N(ll) 

2 LI 6· 114 2· 1/4 .E = 2  = 2eu 2 SI 6·414 2·4/4 I. =  8 = 2e51 
Si 2,4/4 2-4/4 i!: = 4 =  8si LI 2 · 114 2· 114 l: = 1 =  eu 

I. =  3.5<4 I. =  2.5>2 I. =  6.5>6 I. =  2.5<3 

4=2(8-eo) 2=1 (8-e0) 
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For both Li2Si03 and Si2UN3 the vertical bond strength sums do not agree with the charges of the 
anions. However, the deviations are different for both compounds. Thus the corresponding tetrahedra 
should be differently distorted. One expects for 

Li2Si03 : Li04 tetrahedra with three short (Li - O(i)) and one long bond (Li - O(ii)) 
Si2UN3 : SiN4 tetrahedra with three long (Si - N(i)) and one short bond (Si - N(ii)). 

This has been verified experimentally. A8 a consequence the two structures are not really isotypic, as 
assumed originally. Due to the opposite distortion of the tetrahedra the two structures represent two 
different branches of the idealized structure type with undistorted tetrahedra, shown in Figure IV - 4. 

Example for the construction of a connectivity table and the calculation of bond strength sums in the case 
of a structure with more (crystallograph ically different) atom sites : 
The normal valence compound Cu4Ni2+Si2S7 with crystal chemical formula Cu4'411 Ni1411 Sil'l 5t4tJ 
crystallizes with an ordered substitutuion derivative of the sphalerite type. There are two different Ou 
sites and four different S sites which all have to be considered individually. In the upper part of Table IV -
7 is written the extended crystal chemical formula which is needed for the construction of the connectivity 
table given in the lower part of the table. The four numbers in the coordination superscripts of the 
cations refer to the four kinds of S anions (S(i), S(ii), S(iii) and S(iv)) and, inversely, the numbers in 
the coordination superscripts of the S anions refer to the four kinds of cations (Cu(i), Cu(ii), Ni and Si). 

TABLE IV • 7 : CRYSTAL CHEMICAL FORMUu\ AND EXTENDED CONNECTIVITY TABLE WITH HORIZONT Al AND VERTICAL 
BOND STRENGTH SUMS FOR Cu4N1S12S7. BOND STRENGTH VALUES ARE PRINTED IN ITALICS. 

Cu(i)i2•1 ,1 ,0J Cu(ii)io,2.1 .11 Nil2,o,2,01 Si2'1 ·1 ,1 ,11 S(i)p,0.1 ,11 S(ii)l,2,0,11 S(iii)2'1 ·1 .1 ,1J S(iv)(o,2,0,21 

2 S(i) 2 S(ii) 2 S(iii) S(iv) 
2 Cu(i) 4- 1/4 2· 114  2- 1/s - �=  2 = 2er,., 
2 Cu(ii) - 4.1/4 2-1/4 2- 1/4 I! =  2 = 2e"'" 

Ni 2·214 
-

2-214 - l: ;;;  2 = eNI 

2 Si 2·4/4 2·414 2-414 2-4/4 l: =  8 = 2851 

l: = 4 l: =  3.5<4 l: =  4 l: = 2.5>2 

4 = 2(8-es) 4 = 2(8-es) 4 = 2(8-es) 2 = 1 (8-es) 

The vertical bond strength sums for S(ii) and S(iv) do not agree with the charges of the S anions. In 
the case of S(iv) the charge of the anion is overcompensated by 25% and consequently all distances 
involving S(iv) should be much longer than normal. This is verified with the experimental data. 
In Cu4NiSi2� the Si and S atoms form a (Si2�)e- anionic tetrahedron complex (as shown e.g. in 
Figure VII I  - 2 for Li8Si207 in a planar graph presentation) consisting of two SiS4 tetrahedra which 
share one anion, the so-called bridging anion. The S(iv) atom is that anion which forms the bridge. It 
is, according to the crystal chemical formula, the only S atom which forms bonds to two Si atoms. 

In sorosilicates, pyrophosphates and corresponding suHates occur the same kind of anionic double­
tetrahedron complexes, i.e. (Si207)a-, (P207)4- and (S207)2·. In these complexes the distances from 
the bridging oxygen to the two neighbouring central atoms are generally found to be longer than other 
central atom - oxygen distances because the charges of the bridging oxygen ions are overcompensated. 

��� Problem 2 in Appendix B 
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The bond valence method 
The simple method based on bond strength sums gives only qualitative answers. To obtain 
quantitative results one relies on a method which uses bond valences. IV - 4) 

According to the bond valence concept each bond is assigned a valence, labelled v, which is 
defined such, that 

(IV - 7) 

where V1 = ec, for cation C; or V; = 8 - eAJ for anion .4i. The summation leads over all the
j anion neighbours of cation C; or j cation neighbours of anion A; which are considered as 
being bonded to it (irrespective of variations in distance) . 
Different from Pauling's bond strength values, the individual bond valences v1 are not known 
at the start of the calculation. Only their sum V; is known by definition. In  the special case 
where the second Pauling rule is satisfied, the bond valences v1 are numerically identical with 
the bond strength values s1 , defined by (IV - 5). In the general case where the second 
Pauling rule is not satisfied, one can obtain the v1 values of the bonds as follows :
One multiplies in a connectivity table the connectivity values with the (yet unknown) bond valences, 
denoted by a, p, 'Y etc., and formulates all vertical and horizontal bond valence sums as linear
equations of a, p, 'Y etc. . According to IV - 7 the value of each bond valence sum is known by 
definition. Under certain simplifying conditions, i.e. that Brown's equal valence rule iv · 5J is

applicable, these simultaneous linear equations can be solved analytically for the individual bond valence 
values. 

Example : Calculation of the numerical values of the bond valences in Li2Si03 and Si2UN3• 

The simple connectivity tables have been presented in Table IV - 6. In Table IV - 8 the connectivity 
values are multiplied with symbolic bond valences. Four (framed) linear equations are formulated for 
each compound of which, however, only three are independent. Using as fourth equation Brown's 
equal valence rule, which has here the form a - P = 'Y - 6, it is possible to derive the numerical
values of the four bond valences for both compounds (see lower part of Table IV - 8). 

TABLE IV • 8 : CONNECTIVrTV,·TABLES FOR Ll2S103 AND S12L1N3 EXTENDED WITH SYMBOLIC (U)PER TABLES) AND
NUMERICAL (LOWER TABLES) BOND VALENCE VALUES . THE LATTER ARE PRINTED WITH BOLD-t=ACED CHARACTERS. 

2 Li 6 

4=2(8-e0)

2 0(i) 
2 Li 6,3/10 
Si 2.11110

l: : 4  

O(ii) 

O(ii) 
2.1110 l: : 2
2-9/10 l: = 4 
1: .. 2 

N(ii) 
2 S
Li 

2 N(i) N(ii) 
2 s· 5.19/20 2,23/20 ;t .. a 
Li 2.3f20 2.11zo � !!E  1 

l: : 6  l: : 3  

IV - 4) O'Keeffe, M. (1992). In "Modem Perspectives In Inorganic Crystal Chemistry". E. Parth4, edtor. NATO AS/ 
Series C3B2, pages 163- 175. Dorrhcht : Kluwer. O'Kseffe, M. (1989). Structure and Bondng 71, 181 - 190. 

IV - 5) Bonds between like pairs of atoms should have valences as nearly equal as possible. 
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According to Pauling the length d.i of a bond between atom i and one of its bonding 
neighbours j is related in first approximation to its bond valence \'ii : 

(IV - 8) 

where Rjj is the "bond valence parameter" and b = 0.37 A, a "universal" constant. 

The bond valence parameter for a given pair of atoms corresponds to the length of a. single 
bond with bond valence v, = 1 .  The (nearly constant) values of R1 for given pairs of atoms 
have been tabulated. IV - 6) In Rgure IV - 5 can be read directly the numerical value of - b-ln v 
which has to be added to R1 to obtain the interatomic distance for a known value of v. 

-b·lrw 

+0.8 

+0.2 

- Ill 

-0.2 

The smaller the value of the 
bond valence the larger is 

the interatomic distance and 
vice versa. 

Figure IV - 5 : The numerical values of the additive factor - IJ.ln v for different, values of v. 

Steric constraints, "non-bonded" repulsions and other perturbing factors need to be considered 
as an explanation when there is no good agreement between calculated and observed 
distances. IV · 7J However, the method will account correctly for the presence of irregular 
coordination polyhedra. 

Example : Calculation of the tetrahedron distortions in Li2Si03 and Si2LiN3• 

In the lower part of Table IV - 8 had been listed the calculated bond valences for Li2Si03 and Si2UN3 for 
which the corresponding values of - b-ln v can be read off in Figure IV - 5. To obtain the numerical 
values of the interatomic distances one needs to know the bond valence parameters f\. These 
parameters are, however, not needed, i.e. they cancel each other, if only distance differences 
between specified atom pairs are of interest. Using the anion labels of Figure IV - 4, the calculated (and 
observed) distortions of the anion tetrahedra centred by majority cations in Li2Si03 and Si2UN3 are as 
follows : 
<li- O(II) - 41- O(l) = - b-ln( 1/10) - [ - b-ln( 3/10)) = + 0.40 A (experimentally + 0.244, + 0.233, + 0.220A) 
dsi- N(II) - dst- N(I) = - b,ln(23/20) - [ - b,ln(19/20)) = - 0.07 A (experimentally - 0.056, - 0.059, - 0.068A) 

The signs of all distortions and the numerical v,Jues for the SiN4 tetrahedron are predicted correctly. 
However, the observed distance differences in the case of the Li04 tetrahedron are much smaller than 
the calculated ones. If only the sign of a distortion is of interest, the much simpler qualitative method 
based on bond strength sums is sufficient. 

IV- 6) Brown, I.D. & Altermatt, D. (1985). Acta Ctyst. EU1, 244 - 247. 
IV - 7) Brown, I.D, (1992). Acta Ctyst. IU8, 553 - 572. 



V .  POLY ANIONI C AND POLY CATIONI C 

V A LENCE COM POUNDS 

Definition and valence electron rule tor general valence compounds 
General valence compounds are valence compounds where either the cations don, transfer all 
their valence electrons - they are used for bonds between them or are in non-bonding orbitals -
or where the anions, due to bonds between themselves, don, need as many electrons from 
the cations to complete their octet shells. For a compound of composition CmAn 

m - (ec - ecc) = n - (8 - eA · eAA) (V- 1 )  
number of electrons the m cations number of electrons the n anions 

transfer to the n anions need to complete their octet shells 
ecc is the average number of valence electrons per cation which remain with the cation 
eAA is the average number of valence electrons per anion which the anions acquire by 

sharing covalent bonds with other anions. 

The ecc and eAA values are experimentally inaccessible. In the common case that the 
interatomic bonds between cations or between anions are normal two-electron bonds, the ecc 
and eAA values can be replaced by the CC and AA parameters . 

m · (ec - CC) = (V- 2) 
CC is the average number per cation of cation - cation bonds and/or the average 

number of electrons which remain as non-bonding orbitals on the cations. 
AA is the average number of anion - anion bonds per anion. 

Cation - cation and a�ion - anion bonds in a structure can be recognized indirectly from a study 
of the distances between the atoms. 

Introducing the partial valence electron concentration in respect to the anion VECA, which had 
been defined before in ( IV - 2 ), equation (V - 2 )  can be rewritten as 

! VECA = a + cc I (n Im) - AA ! for '1-nAn (V - 3) 

This fonnula is known as the generalized 8 - N rule. 

This equation, which relates the number of valence electrons with observable structural 
features, is derived under the assumption that all bonds are single two-electron bonds and 
additional electrons remain inactively in non-bonding orbitals of the cations or anions. Thus the 
compound should be a semiconductor. The applicability of this equation is not assured if the 
compound is metallic. 

31 
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There is a well-known proverb which states that any good idea has many fathers, but a bad 
idea is an orphan. The generalized 8 - N rule and its variations are also known under the name 
Mooser - Pearson rule or Zintl - Klemm concept. V - 1) The compounds which obey the 
generalized 8 - N rule are often labelled Zintl phases. v - 2) The references listed below are 
not exhaustive. The version of the generalized 8 - N rule applied throughout this book which 
makes use of the three parameters : VECA, CC and AA was first introduced in 197 3. v - 3) 

Calculation of VECA allows the classification of a compound as normal, polyanionic or 
polycationic valence compound. 

If VECA = 8 : Normal valence compound with CC = AA = O 
If VECA < 8 : Polyanionic valence compound with AA > O 
If VECA > 8 : Polycationic valence compound with CC > o. 

The normal valence compounds with VECA = 8 have already been treated in Chapter IV. 

Polyanionic valence compounds 
A simple solution of (V - 3) is obtained if it is assumed that CC = O (which is nearly always the 
case). Then 

AA = 8 - VECA (V - 4) 

Replacing in (V • 4) the parameter VECA by (IV - 2 )  and solving for n I m one obtains (V -
5) which can be used to calculate the possible fonnulae of binary polyanionic compounds 
CmAn with specified AA value by inserting possible numerical values for ec and eA. 

n I m = ec I (8 - AA - eA) (V - 5) 

TABLE V - 1 NUMERICAL FORMULAE 
FOR POSSIBLE POLYANIONIC VALENCE 

COMPOUNDS WITH AA = 1 .  

eA 
5 6 7 

1 125 [!TI 
ec 2 � [3]  

3 Si5.3 I 363 I 
4 � 464 

In Table V • 1 are listed the numerical fonnulae for 
possible polyanionic valence compounds with AA = 
1 and eA � 5 which have been calculated with 
(V - 5) . A numerical fonnula is framed if a 
polyanionic valence compound with this composition 
is known. Examples for 16, 25, 2� and � 
compounds are discussed below in the text. An 
example for a 363 compound is lr3+-Se3. 

V- 1) Pearson, W.B. (1964). Acta Cryst. 17, 1 - 16; Hu/1/ger, F. & Mooser, E. (1965). PfO!T. Solid stats Olem. 2, 330 -
377; SchMer, H., Eisenmann, B. & MOiier, W (1973). Angew. Chem. lnt. Eclt. Eng. 12, 694 - 712; van Schnering, 
H.G. (1981). Angew. aiem. lnt. Eclt. Engl. 20, 33 - 51; Hulliger, F. (1981) In 'Structure and Bonding In Crystals'. 
Ecltors M. O'Keeffe & A. Navrots/cy. Vol. 2, chaptor 26, pages 297 - 352. New York : Academic Press. . 

V- 2) According to H. SchSfer (Annu. Rev. Mater. Scl. 16, 1 - 41 and J. Solid stats aiem. 67, 97 - 1 1 1 (1985)) the term 
'Zintl phase' should be applied today to semlmetallic or even metallic compound$ where the underlying iono­
covalent bonds play such an Important role that chemically based valence rules, normally reserved for semi- or 
noncondueting compounds, can\J,e used to account for the stoichiometry and the observed structural features. 

V- 3) Parth6, E. (1973). Acta Clyst. 829, 2808 - 2815. 



POLYANION/C AND POLYCAT/ON/C VALENCE CoMPOUNDS 

The simplest geometrical interpretations for different AA values are as follows : 
If AA = 0 : isolated anions (i.e. a normal valence compound with VECA = 8) 

O < AA < 1 : isolated anions and anion dumb-bells are both present 
If AA = 1 : anion dumb-bells � Cn,A,J;1l i.e. C:2ml:�n 

1 s AA < 2 : finite anion chains 

V - 33 

If AA = 2 : infinite anion chains or rings � Cn,A,):21 i.e. Cm o!.An or CmO[Anl 
2 < AA < 3 : anions with two and with three homonuclear bonds 

If AA = 3 : each anion with three homonuclear bonds � Cn,A,./;31 

If AA is calculated to have a value between two integers, say between i and i + 1 ,  then one 
should find in the structures two kinds of anions, i. e. one kind with i and the other with i + 1 
homonuclear bonds. For a compound with crystal chemical formula Cm A,J;i 1 A(1 .XJ,l.;(i + 1 ll the 
AA parameter corresponds to 

AA = X • i + (1 - x) · (i + 1 }  = i + 1 - X (V - 6) 
The ratio of the number of anions with i homonuclear bonds to the number of anions with i + 1 
bonds, here labelled Nf.;i 1 I M;(i + 1 )J, is given by 

MJI / M;(i +1 )1 = X / (1 -x) = [(i + 1 ) - AA)] / (AA - i ) for Cm AxJ;IJ A(1 -x)d;(i +1 )1 (V - 7) 

or more general for anions with i and j homonuclear bonds 
M;iJ I M;jJ = x I (1 -x) = U -AA) / (AA - i )  for Cm AxPI A(1 -x)JjJ (V • 7a) 

Using (V -7 or 7 a) it will be possible to write a crystal chemical formula for any AA value. 

In the following examples will be given for each compound first the parameters which can be 
calculated from the chemical formula, such as VECA, AA, and then, preceded by an arrow, 
a possible simple crystal chemical formula based on these parameters. The predicted 
structural features are further compared with the observed ones. The predicted simple anion 
linkage is often, but not always, observed in nature. However, even if a more complicated 
anion linkage is observed, the average number of anion - anion links per anion does agree with 
the calculated AA value. For a specified anion linkage there may exist various different spatial 
realizations which can lead to different unit cells and space groups. Thus it is not possible to 
make predictions on the unit cell or on the space group. 
For lsoelectronic compounds (same stoichiometry and same VECA (and AA) value but 
elements exchanged for others with different ec and eA values) one predicts identical 
structural features. In the following examples isoelectronic compounds will be discussed jointly. 
After the conventional chemical formulae for the isoelectronic compounds are written numerical 
formulae (surrounded by parentheses) where the element symbols are replaced by numerals 
which correspond to the valence electron contribution of the atoms. 

Examples for polyanlonic valence compounds with 6 � VECA � 5 and 2 s AA � 3. 
Equation (V -7 ), after inserting i = 2 ,  becomes here M:21 / M; 3J = (3 - AA) / (AA - 2 ). 

Red ZnP2 : VEGA = 6, thus AA =  2 (if CC = 0) 
The structure of red ZnP 2, shown in Figure I I  - 2b , is characterized by infinite P - P chains. 
Infinite anion - anion chains are found also in the structures of compounds formed with 
homologous elements, such as a - CdP 2 or ZnAs2 (Figure VI - 1 ), however, the mutual 
orientations of these chains are different. Black ZnP 2 is isotypic with ZnAs2. 
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liAs ( 15) : VEGA = 6, thus AA =  2 (if cc = 0) � Li �Asl:21 or LinO(As,J 
CaSi (24) : same as liAs � Ca � Si1;21 or CanO(Si,J 

Both isoelectronic compounds have Infinite anion chains. CaSi crystallizes with the CrB type, 
shown in Figure XI - 2, which occurs also with metallic compounds where the generalized 8 - N 
rule is not valid. 

BaP3 : VECA = 5.667, thus AA =  7/3 (if CC = 0), "f;2J / "(;3J = 2 � Ba Pi:21 pC;3J 
The P atom partial structure, presented in Figure V - 1 ,  consists of an infinite chain formed of 
P6 rings linked by P - P bonds. As predicted two-thirds of the P atoms have two, the remaining 
third three homonuclear bonds. 

Figure V - 1 : The linkage of the 
P atoms in Ba � (P j:21 p(:31) 

BaaSi4 : VECA = 5.5, thus AA = S/2 (if CC = 0), f,(;21 / f,(;3] = 1 
The Si partial structure, shown in Figure V - 2, is a "butterfly" molecule which corresponds to a 
tetrahedron with one broken bond. 

Figure V - 2 : The "butterfly" molecule of 
the Si atoms in Ba3 [Sij:21 SiJ:31] 

NaSi : VECA = 5, thus AA =  3 (if CC = 0) � NaSil:31 
The structure of NaSi was shown in Figure I I  - 2a. A Si4 tetrahedron is formed here with each 
Si atom having three homonuclear bonds. The crystal chemical formula of the observed structure 
is thus N a48[Si.J. 

CaSi2, SrSi2, BaSi2 : VECA = 5, thus AA = 3 (if CC = 0) � C Si/31 
I n  all three silicides the Si atoms have three homonuclear bonds, however, the Si partial 
structures, as shown in Figure X - 4, are all different, having even different dimensionality. 
The corresponding crystal chemical formulae are Ca !sil3l, sr!Si/31 and B�e(Si,.1:3�. 

Examples for polyanlonic valence compounds with 7 � VECA > 6 and 1 s AA < 2. 
If 1 s: AA < 2 the anion partial structure consists in the most simple case of a finite non-cyclic 
chain. The number of atoms in this chain, labelled N'w, can be related with AA (or VECA), 
as should become clear from a study of Figure V - 3. The two anions at the end of an 
unbranched chain participate each only on one homonuclear bond, all other anions in the 
chain, of which there are N'w - 2 in number, have two homonuclear bonds. Thus the AA 
value for a chain of N 'w atoms is 

which can be rewritten as 

or, using 0/ · 4), as 

AA = [1 + 2,(N 'w - 2) + 1 ) / NAIM (V - 8) 

I N 'w = 2 / (2 - AA) ! 

IN'w = 2 / (VECA - 6) ! 

for 1 s AA s 2  (V - 9a) 

for 6 s; VECA s; 7 (V - 9b) 
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N w stands for .number of atoms In the non-cyclic molecule formed by the anions. 
The letter N is primed, i.e. N', to indicate that it refers not to the complete structure but only 
to the (charged) anion partial structure of the compound. Later we shall use also the unprimed 
parameter NMJi which relates then to all the atoms of a non-cylcic molecular structure. 

chain type N' AIM AA 
Figure V - 3 : The relation between the 0 ( 1 ) (0 ) 
number of anions in the chain, labelled NA/M, crD 2 1 
and the value of AA for different simple oAo 3 4/3 
chains. In the case of an unbranched chain 

� the value of N'AM corresponds to the length of 4 6/4 

the chain. N'Mli 2 (N'Mli -1 )/N'Mli 
(oo) (2) 

Since AA is the same for a branched or unbranched chain (provided the total number of atoms 
in the molecule is the same), 01 -9 )  applies also to branched chains (which can occur only 
when N 'Mli � 4). Equation 01 -9 )  is not valid if there exist both a finite chain (or an isolate 
atom) and an infinite chain (or a ring), as for example in Ge� (see below). 
Simple solutions of 01 -9 )  are tabulated in Table V - 2 .  They are also copied on the inside 
cover of this book. 

TABLE V • 2 : THE SIMPLE NUMERICAL SOLUTIONS OF (V - 9) RELATING N'M,A, THE NUMBER OF ATOMS IN THE 
FINITE ANION CHAIN, WITH THE AA AND VECA VALUES OF A COMPOUND. 

VECA (8) 7 2/J/3 13/2 32./5 19/3 4417 2S/4 56/9 31/5 (6) 
AA (0 ) 1 4/3 3/2 8/5 513 1217 7/4 16/g 9/s (2 ) 

N'Mli (1) 2 3 4 5 6 7 8 9 10 (oo) 

The following examples include also cases where less simple solutions are realized of which 
there are two kinds 
1 )  If AA is calculated to be an integer there exists always a simple solution where all anions 
have the same number of anion neigbours. However, it may occur that the calculated AA 
corresponds to an average <AA> of two integers. This happens with the structure of Ge�. 
2 )  If N 'MJi is calculated to be an integer the simple solution consists of one kind of anion 
chain. However, the calculated N'Mli may correspond to an average <N'MA> of two integers. 
Two kinds of finite anion chains are found with the structures of L� HT and Ca:zA63. 

Nao ( 16') : VECA = 7, thus AA = 1 (if cc = 0), N'A/M = 2 
SrP (25) : same as NaO 

Anion dumb-bells (= finite chains of two atoms) are observed in the two isoelectronic co111>ounds 
which even adopt the same NaJ02] structure type. 

Ba02 (262) : VECA = 7, thus AA = 1 (if CC = 0), NAIM = 2 
GeAs2 (45:2) : same as Ba02 
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Ba02 crystallizes with the CaC2 type (left hand side of Figure I - 1 ), characterized by anion -
anion dumb-bells. V - 4) 

The structure of isoelectronic GeAs2 does not correspond to the predicted simple crystal 
chemical formula. Instead of anion dumb-bells, as shown in Figure V - 4, isolated As atoms 
together with infinite As - As chains are found. But the average number of anion - anion links 
per anion, i.e. (0 + 2) / 2 = 1 is in agreement with the calculated AA value. 

Figure V - 4 : The crystal structure of 
Ge Afl.:OJ �Afl.:21, oP24. 

Sr
3
As

4
: VEGA = 6.5, thus AA =  312 (if CC = 0), N'MA = 4 ::::) Sr3 � [As.J 
The predicted features, i.e. chains of four As atoms, are observed in the crystal structure. 

NaS2 ( 162) : VEGA = 6.5, thus AA =  312 (if CC = 0), Nw = 4 
La3+ As

2 
( 352

) : same as NaS2 

::::) N� � [S.J 
/\ ::::) L� 4 (As.J 

The structures of NaS2 and of the low temperature modification of isoelectronic LaAs2 (NdAs2 
type) have the expected finite anion chain consisting of four atoms. However, the high 
temperature modification of LaAs2 (LaP2 type), as shown on the right hand side of Figure V - 5, 
has two kinds of finite chains, i.e. one with three and the other with five As atoms. The average 
number of anion - anion links per anion, i.e. (3-4/3 + 5-8/s) / 8 = 3/2, is in agreement with the 
calculated M value. 

/\ 
� 4 [As.J L T  (NdAs2 type) 

�� �-�rj 
J1 o) ojl 

1 0  o I <\(S,:::f �'-o�- �9"'.:[ '---0 'O'--) '---0 
/\ /\ La4 3 (Asa) s (Ass] HT (LaP2 type) 

Figure V • 5 :  The crystal structures of the low and high temperature modification of LaAs2" 

V - 4) The type defining compound cac2 itself does not agree with the generalized 8 - N rule because the bond 
between the C atoms is not a single but a 0-aC triple bond. A comparative study of the carbides with group 2A cations 
shows that also Mg2c3 with its finite linear chain of three carbon atoms doos not agree wfth the 8 - N rule because of 
the double bonds between the C atoms. There is, however, agreement in the case of Be2C, a normal valence 
compound, which crystallizes with the anti - C8F2 type and where there are isolated C atoms. The formula of the 
gaseous hydrolysis products, i.e. acetylen HO..CH for cac2 17% propadiene H2C=C=CH2 and 83% propyne 
H3C-O..CH for Mg2C3 and finally methane CH4 for Be2C, gives an indication of the linkage and the type of 
bonding between the C atoms In the crystallized alkaline earth carbides. 
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CsS3 : VECA = 6.333, thus AA = 513 (if CC = 0), NAJM = 6 
As seen in Figure II - 2b, finite chains of six S atoms occur in the structure. 

Sr2Sb3 : VEGA = 6.333, thus AA =  513 (if CC = 0), N'AIM = 6 
Ca2As3 : same as Sr 2Sb3 

I\ � Sr4 e (SbJ 
I\ � Ca4 e [AsJ 

V - 37 

A chain of six anions is found in Sr2Sb3• In Ca2As3 two kinds of finite chains occur, i. e. one 
with four and the other with eight As atoms. The average number of anion - anion links per 
anion, i.e. (4-312 + 8-7/4) / 1 2  = 513, is in agreement with the calculated AA value. 
The crystal chemical formula corresponding to the observed structure is Ca8 1 (As.J � (AseJ. 

Examples for polyanionic valence compounds with 8 > VECA > 7 and O < AA < 1 

One should find here both isolated anions and anion dumb-bells. Equation (V - 7), after 
inserting i = 0, becomes M;OJ / M; 1 J = (1 - AA) I AA. For the compounds listed below the 
observed structural features correspond to the predicted ones. 

Ba4P 3 : VEGA = 7.67, thus AA =  1/3 (if CC = 0), M;O] / M; 1 ] = 2 � Ba8P iP 2] 

Sr 5Si3 : VEGA = 7.33, thus AA =  2/s (if CC = 0), M;O] I M;1 ] = 112 � Sr 5Si[Si2] 

Derivation of the Hume-Rothery 8 - N rule as a special case of the generalized 8 - N 

rule 

A limiting case for polyanionic valence compounds exists when the "anions" alone provide all 
the necessary electrons for the bonds formed between themselves. There are thus no "cations" 
needed , i. e. m = 0 and equation (IV - 2 )  simplifies to VEGA = eA- Inserting this value into 
(V - 4) one obtains 

AA = 8 - eA (V - 1 0) 
Since eA corresponds to the group number N of the element in the Periodic Table one can 
write 

AA = B - N  (V - 1 1 ) 

This is the well-known Hume-Rothery rule, introduced in Chapter 3, which states that in the 
structures of the elements on the right of the Periodic Table the number of close neighbours of 
an atom is 8 - N where N is its group number in the Periodic Table. AA is here the average 
number of bonds per atom which (under the assumption of single two-electron bonds) is 
equivalent to the number of close neighbours of an atom. 

��� Problems 3, 4 and 5 in Appendix B 
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Polycationic valence compounds 

The simplest solution of (V -3) is obtained if it is assumed that AA = 0 (which is nearly always 
the case). Then ! CC = (n l m) • ( VEGA -8) I for CmAn (V - 1 2) 

I n  analogy to (V - 5) one can derive (V - 13) which can be used to calculate the possible 
formulae for all binary polycationic compounds CmAn with specified CC value if one inserts all 
possible numerical values of ec and eA. 

n I m  = (ec - CC) I (8 - eA) 
TABLE V - 3 : NUMERICAL FORMULAE 
FOR POSSIBLE POL YCATIONIC VALENCE 

COMPOUNDS WITH CC = 1 .  

(V - 1 3) 

1 

ec 2 

3 

eA 
5 6 7 

235 �6 0 
3:3� � 372 

In Table V - 3 are listed the numerical formulae for 
possible polycationic valence compounds with CC = 
1 and eA � 5 which have been calculated with 
(V - 13). A numerical formula is framed if a 
polycationic valence compound with this composition 
is known (see examples below). 

4 � � �  

The simplest geometrical interpretations for different CC values are as follows : 
If CC = 0 :  isolated cations with no lone-electron pairs (i.e. a normal valence compound with 

VEGA = 8) 
If CC = 1 : cation dumb-bells => C,J; 11An i.e. [CilmA2n 

I f CC = 2 :  infinite cations chains or => c,J:21An i.e. 1 ( ooCm)An 
one lone pair on each cation => ..Q,J:OIAn 

lf CC = 3 :  three cation - cation bonds per cation or => c,J:31An 
only one bond and one lone pair => ..Q,J:1lAn 

In the following examples the calculated parameters will be first given and then, preceded by 
an arrow, a possible crystal chemical formula based on these parameters. This formula is then 
compared with the experimentally observed structural features of the compound. 

HgCI (27) : VEGA = 9, thus CC = 1 (if AA = 0) 
Gase (36) : same as HgCI 
SiAs (45) : same as HgCI 

=> [Hg2]Cl2 
=> [G�]Se2 
=> [Si2]As2 

All three structures are characterized by cation dumb-bells. In Hg2Cl2, known as calomel, 
linear Cl-Hg-Hg-Cl molecules are formed. The other compounds have tetrahedral structures. 
Drawings of E - Gase 2H can be found in Figures I I  - 6 and VI - 2. Monoclinic GaTe is isotypic 

\ with isoelectronic SiAs for which a drawing of the atom linkage can be found in Figure VI - 4. 

Si2Te3 : VEGA = 8.67, thus CC = 1 (if AA =  0) 
The original proposal for the atom linkage in Si2Te3 assuming Si - Si dumb-bells, which is 
presented in Figure VI - 5, could be verified by a later crystal structure determination. 
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CCl3 : VEGA = 8.33, thus CC = 1 (if AA = 0) 
There is a single two-electron C-C bond in hexachloroethane Cl3C-CCl3 . 

GeS : VEGA = 1 0, thus CC = 2 (if AA =  0) � Gel:21S or Q.e_l:01s 
The orthorhombic GeS structure, shown in Figure V - 6, and the trigonal a - GeTe structure, 
both corresponding to the second crystal chemical formula where each atom has one lone­
electron pair attached to it, are ordered substitution variants of (isoelectronic) black phosphorus 
and arsenic, respectively. 
A structure built up according to the first crystal chemical formula ought to be found with a 
compound where the two component elements have a much larger difference in electronegativity. 
In this case one would expect that the electrons (which according to the second formula are used 
for Jone-electron pairs on the cations) are strongly attracted by the anions which tend to increase 
their number of non-bonding orbitals at the expense of the cations. Poorly crystallizing SiO might 
possibly have such a structure ( I LU'.Ges I = 0.7, but I MsiO I = 1 .7). In Figure V - 7 is 
presented a model of a possible atom linkage in SiO, characterized by an infinite Si atom 
chain. 

Figure V - 6 : Atom linkage in ! .G.!:! f3;0J � f3J 

PSe : VEGA = 1 1 ,  thus CC = 3 (if AA = 0) 

Jl\ /
o
: \ /� \ /: 

Si
' 

Si
" 

Si
' '-..Si/ ,Si/ Si/ 

�I\ I\  /\: 
Figure V - 7 :  Model for a possible atom 

linkage in (.,!, Si 12:21) !:2 121 

� pl:31Se or _el:11Se 
Two simple possibilities exist here, expressed by the two crystal chemical formulae. In PSe and 
homologous AsS the second formula is realized, i. e. each group 58 element has one lone­
electron pair and one homonuclear bond. In the 'catena' mod�ication of PSe one finds infinite 
chains of 7-atom cages l inked by Se atom bridges according to .,!,(e[.e)2:11 �12� �121) .  The 
chains can close on themselves to form the 8-atom cage molecule, shown in Figure V - 8, 
which is observed with realgar O� 12:1 1 � 12�. 
A cage molecule as in realgar is observed also 
in the homologous compound NS, but 
according to the electronegativity values the 
cation is now the S atom and the anion the N 
atom (xAs = 2.0, Xs = 2.5 and XN = 3.0). Thus 

Figure V - 8 :  The cage 9 
molecule in realgar C xJ 
O[&,, f2;1J � /21] 

the lone electron pair and the homonuclear bond is now found on the S atom and the 
corresponding crystal chemical formula is O[.S,/2:11 !::1.Pl 

The generalized 8 - N rule as a guide for checking experimental data 
For the following compounds (with chemical formulae placed within quotation marks) the 
generalized 8 - N rule does not agree· with the reported structural features. The lack of 
agreement between observation and expectation provided the motivation for a re-examination 
which led to corrected chemical formulae and/or corrected crystal structures in agreement with 
the 8 - N rule. 
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"Ca3Pb" : VEGA = 1 0, thus a polycationic valence compound with CC = 213. However, in the observed 
structure there are neither Ca - Ca bonds nor lone-electron pairs on the Ca atoms. A re­
examination has shown V • 5) that there are oxygen atoms present, the correct formula of the 
compound being Ca3Pb0. This formula corresponds to a normal valence compound with two 
kinds of anions (CaO + Ca2Pb = Ca3Pb0) with VEGA = 8 and CC = 0. The structure of the 
ternary compound is of the anti - CaTil6olQ3 or anti - perovskite type (see Figure I I  - 4). 

"Ca2Sb' : VEGA = 9, thus a polycationic valence compound with cc·= 112. However, as above, there 
are neither Ca - Ca bonds nor lone-electron pairs on the Ca atoms. The correct composition is 
Ca4Sb20 V • 6) which also corresponds to a normal valence compound with two kinds of anions 
(Cao + Ca3Sb2 = Ca4Sb20) with VEGA = 8 and CC = 0. The atom arrangement of the 
ternary compound is known as the anti - K2Ni1SOIF4 structure type (see Figure XI - 1 ). 

'K4Ge2/ :  VEGA = 4.1 74, thus a polyanionic valence compound with AA =  66/23 < 4. The structure of 
'K4Ge23' had been described as consisting of an Ge atom arrangement identical to that of 
diamond with K atoms positioned in the interstices. This cannot be correct because elementary 
Ge itself has all the necessary valence electrons to form a diamond type structure, i.e. there is 
no need for the extra valence electrons provided by the alkali atoms in the interstitial sites. Later 
studies have shown that the Ge partial structure is not exactly as diamond, one Ge site being in 
reality only partly occupied. With the composition corrected as K4Ge22D = �Ge1 1  one 
calculates that VEGA = 4.1 82 and AA = 42/1 1 . The corresponding crystal chemical formula is 
then K4Ge/3"1DGe181;4tJ - �Ge/3"1Gei411 which agrees with the features of the corrected 
crystal structure. 

Compounds with both cation - cation and anion - anion bonds 

Compounds with structures where both cation - cation and anion - anion bonds occur are very 
rare. It is not possible to predict where these compounds occur, however, one can expect an 
agreement between experimentally determined CC and AA values with the number of 
available valence electrons as expressed by the generalized 8 - N rule in the form of (V -3). 

As an example we consider the structure of the 'polyanionic' valence compound Hg9P516. 
Hg9P5 16 : For this two-anion compound with VEGA = 7.727 = 85/1 1 one obtains, when using (V - 4), 

the result that AA =  3/1 1 . For the derivation of (V - 4) it had been assumed that CC = O which 
is not the case here. The AA value in Hg9P5 16 is larger than 311 1 ,  i.e. AA =  4/1 1 as can be 
concluded from Hgl;1 J Hg/01 P /11-p[;oJ li01, the crystal chemical formula derived from the 
experimentally determined crystal structure. Writing the generalized 8 - N ru le in the form given 
by (V - 3) 

AA = 8 - VEGA + CC I (n lm) for CmAn (V - 1 4) 

and inserting a non-zero value for CC, that is CC = 1/9 in agreement with the crystal chemical 
formula, one finds that the generalized 8 - N rule is satisfied for this compound : 

4/1 1 = 3/1 1 + (1/9) / (1 119) (V - 1 5) 

V • 5) Widera, A & Schafer, H. (1980). J. Less-Common Met. 71, 29 - 36. 
V - 6) Eisenmann, B., Umartha, H., Schafer, H. & Graf, H.A. (1980). Z Naturforschung 35b, 1518 - 1524. 
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Definition and derivation of the tetrahedral structure equation 
Tetrahedral structure compounds form a subset of the general valence compounds where each 
atom has at most four neighbours which are positioned at the corners of a surrounding 
tetrahedron. One distinguishes between 

normal tetrahedral structures where each atom in the structure has four tetrahedral 
neighbours and 

defect tetrahedral structures where some atoms have less than four neighbour atoms. 

The tetrahedral structures are found with iono-covalent compounds which can be considered 
both as ionic and as covalent. For each hypothetical bonding state a valence electron rule can 
be formulated which allows certain structural features to be predicted. 

In the ionic bonding state the atoms complete their octets by forming ions. The valence 
electron rule here is the generalized 8 - N rule, i.e. equation (V - 3), discussed in the 
previous chapter. The valence electron parameter used is the partial valence electron 
concentration in respect to the anion VECA, defined by (IV - 2 ) . 

In the covalent bonding state the atoms complete their octets by forming covalent two­
electron bonds. Specifically, each atom first forms four tetrahedral sp'3 hybrid orbitals, 
occupied by one electron each, which then overlap with the sp'3 orbitals of the neighbouring 
atoms. Each orbital not used for bonding must for reasons of stability obtain a second electron. 
This non-bonding orbital can be detected experimentally under exceptionally favorable 
conditions as lone-electron pair, but its presence can be deduced from the absence of 
expected tetrahedral neighbour atoms. 

The valence electron offer and need for the covalent bonding state can be formulated as follows 
m-ec + n-eA = 4-(m + n) + (m + n)-NNso for C,nAn (VI - 1 )  

where �eo is a new parameter which expresses the average number of non-.b.onding 
Q.rbitals or lo�lectron pairs per atom. 
The (m + n) atoms in one formula unit need 4-(m + n) electrons to occupy their sr/3 hybrid orbitals. 
Since NNeo is normalized to one atom, the number of extra electrons needed for all the lone-elctron 
pairs in one formula unit is (m + n)·�eo-
lt is convenient to use as valence electron parameter for the covalent bonding state - not the 
previously used partial valence electron concentration VECA, but - the total valence 
electron concentration VEC, defined as 

VEC = (m-ec + n-eA) I (m + n) for CmAn (VI - 2) 

41 
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The parameter VEC is closely related to VECA according to 
VEC = VECA · n I (m + n) for C,,,An 

but both will be used below since they refer to different structural features. 
Making use of (VI - 2 )  it is possible to rewrite (VI - 1 }  as 

(VI - 3) 

VEC = 4 +  �BO (VI - 4) 

which is the tetrahedral structure equation .  VJ - 1) 

Calculation of the VEG value of a compound allows its classification as normal or defect 
tetrahedral structure compound. 

If VEG < 4 :  Tetrahedral structure is not possible due to lack of valence electrons 
If VEG = 4 : Normal tetrahedral structure compound with NNso = O 
If VEG > 4 : Defect tetrahedral structure compound with NNBO > 0 

Examples of normal and defect tetrahedral structure compounds 
In  the following examples the values will be given for each compound of the two valence 
electron parameters which can be calculated from the chemical formula, i.e. VEC and VEGA, 
and the values derived from them, i. e. NNso and AA or CC, respectively. On the right hand 
side, preceded by an arrow, is presented a simple crystal chemical formula based on these 
parameters. For tetrahedral structures the sum of the number of neighbour atoms and the 
number of lone-electron pairs assigned to an atom must be four. The only possible 
coordination superscripts of the atoms in the crystal chemical formula are : [4tJ, [3nJ, [2nJ and 111 
(see Figure II -3). The predicted structural features are now compared with the observed ones. 
Some of the compounds have already been discussed in chapter V under the aspect of the 
generalized 8 - N rule. Assuming that these compounds form tetrahedral structures their 
simple possible crystal chemical formulae can be filled in with more details. 

ZnP2 : VEG = 4, thus �80 = 0 � zn[4t] � p [{2;2)1] 
2 

VEGA = 6, thus AA = 2 (if CC = 0) or zn [41lO[P [(2;2)th 
n 2n 'J 

The structures of red ZnP 2 and of the two homologous compounds, shown in Figure VI - 1, are 
all normal tetrahedral structures with infinte anion chains (first crystal chemical formula). 

Figure VI - 1 : The crystal structures of re� ZnP 2 

and of homologous compounds with the common 
crystal chemical formula C [41) ��({2;2)1J. 

a - CdP
2 

parallel anion chains 

r<3CfifCJi 
?J�}i(61� 
�, c· - -�,�()'. 
�-� _:-

ZnAs2 

anti-parallel anion chains 
red ZnP2 

perpendicular anion chains 

VI - 1) PartM, E. (1963). Z. Kristallogr. 119, 204 - 225. Parth(j, E. (1972). "Cristallochimie des structures 
T(jfraedriques·. Paris : Gordon & Breach. 
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Gase (36) : VEG = 4.5, thus NNBO = 112 
VEGA = 9, thus CC = 1 (if M = 0) 

SiAs ( 45) : same as GaSe � (Sii(3;1 )t� &}3nJ 
With NNeo = 1/2 there is one lone-electron pair per formula unit 
which can be assigned to the electronegative Se (or As) atom. All 
the Gase polytypes (shown in Figure VI - 2), the two indium 
monochalcogenides (presented in Figure VI - 3) and also SiAs, 
together with isoelectronic and isotypic GaTe (Figure VI - 4), are 
built up in agreement with the given crystal chemical formula. 

Figure VI - 2 : Atom arrangement in the (1 120 ) plane 
of three known GaSe polytypes, characterized by 
parallel Ga - Ga dumb-bells, and three other possible 
stackings. Small filled circles represent Ga atoms. 

The drawing of the ( 1 1 20 ) plane of the e 
- GaSe structure given here can be 

! 
compared with Figure II - 6 where two 

� 
complete hexagonal unit cells with all the 
atoms in perspective are shown. 

l·:;·�I 
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S,Se 
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e - GaSe 'Y - GaSe o - GaSe 6H 9R 

Figure VI - 3 : Projections of JnS, oPB (left) 
and lnSe HP, mS8 (right). 

Figure VI - 4 : Atom linkage in 
SiAs and /sotypic Ga Te. 

VEG = 5.2, thus NNeo = 6/5 
VEGA = 8.67, thus CC = 1 (if M = 0) 

VI - 43 

1 2R 

With NNeo = 6/5 and five atoms in one formula unit there are six lone-electron pairs which should 
be distributed over three anions, i.e. each Te atom carries two lone-electron pairs. The predicted 
crystal chemical formula was used to derive a model for a possible atom linkage in Si2Te3, shown 
in Figure VI - 5. This model was subsequently verified by a crystal structure determination. VI - 2) 

Figure VI - 5 : A proposal for the atom 
linkage in Si2Te3 based on the predicted 
crystal chemical formula. 

VI - 2) Ploog, K., Sletter, W., Nowilzki, A. & Schonherr, E. (1976). Mai. Res. Bull. 1 1, 1 147 - 1 154. 
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lnTeCI : VEG = 5.33, thus NNBO = 4/3 
VEGA = 8, thus AA = CC = 0 

� 1nH2,2)1� �(2n) �[2n) 
or lnl(3,1 )1� Tu,(3n) 9111 

This is a simple case of a normal valence compound with two kinds of anions. Four lone-electron 
pairs have to be distributed over the two anions in one formula unit. Crystal chemical formulae 
are given for two of the possible distributions. There are no homonuclear bonds. The two 
numbers in the coordination superscript of the In  atoms, separated by a comma, refer to the two 
kinds of anions. Because the Cl atoms are much more electronegative than the Te atoms, the 
formula where the Cl atoms have three lone-electron pairs is more probable and it is this second 
formula which corresponds to the observed crystal structure. 

GaGeTe : VEG = 4.33, thus NNao = 1/3 
VEGA = 6.5, thus AA = 312 (if CC = 0) 

� GaH1 ,3)t� GeH1 ;3)tJ .l§l3nJ 

or GaH2;2)t� Gel(2;2)tJ .I§l(2;1 )nJ 

or GaH3,1)t� Gel(3;1)t] .I§l(1 ;2)n] 

This is a polyanionic valence compound with two kinds of anions. The single lone-electron pair 
per formula unit can be assigned to the more electronegative Te atom. There are different 
possibilities to distribute th ree anion - anion bonds over the two anions per formula unit. If one 
considers only the solutions where there are no Ge - Te bonds one can formulate the three 
crystal chemical formulae given above. It is necessary here to differenciate properly between 
commas and semi-colons in the coordination superscripts of the crystal chemical formulae (see 
chapter II). The observed crystal structure is a layer structure with features which correspond to 
the first crystal chemical formula. I n  Figure VI - 6 is shown a two-dimensional slab, about 1 0 A 
th ick, which can be recognized as a segment of the diamond structure. 

Figure VI - 6 : A slab of the layer structure of 
.!, Ga {{1,3)t;OJ Ge [(1,0;3JtJ h {(3.oJn;oJ. Ga : small 
shaded circles, Ge : small open circles, Te : 
large open circles. Drawing reproduced with 
the kind permission of Prof. Dr. H.G. von 
Schnering. VI · 3> 

For more complicated structures� where not all atoms of the same kind have the same number 
of lone-electron pairs, it might be convenient to have available a simple algorithm to calculate 
the most probable distribution of the lone-electron pairs. We shall consider the case where all 
the lone-electron pairs are found only on the anions. This applies always to normal and 
polyanionic valence compounds, but also to the group of polycationic valence compounds 
where the electrons which remain with the cations are used only for cation - cation bonds. 
The average number of non-.b.onding orbitals par .anion, labelled NNeA, is related to NNeo as 

NNBA = NNeo · {m + n) / n for CmAn (VI - 5) 

VI · 3) Fenske, D. & von Schnering, H.G. (1983). Angew. Chem. lnt. Ed. Engl. 22. 407 . 408. 
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If NNeA is calculated to have a value between two integers, say between ; and ; + 1 ,  then 
one should find in the structure two kinds of anions, i.e. one kind with ; non-bonding orbitals, 
denoted here by A{i}, and the other with i + 1 non-bonding orbitals, denoted by A{i +1}. For a 
compound with crystal chemical formula Cm A{l}yn A{i+1}(1·y)n the �BA parameter 
corresponds to 

�BA = Y • i + (1 - y) • (i + 1 )  = i + 1 • y (VI - 6) 
The ratio of the number of anions with i non-bonding orbitals to the number of anions with ; + 1 
non-bonding orbitals, labelled N{i}/N{i +1}, is then given by 

N{i}/N{i+1 } = Y/ (1 - y) = [(i + 1 ) - �BA1 / (�eA · i )  for Cm A{i }yn A{i +1}(1 -v>n (Vl - 7) 

Using (VI - 7) it will be possible to formulate a crystal chemical formula for any �BA value. 
The derivation of the crystal chemical formula of Al7 Te10 serves as example. 

Al7Te1 0 : VEG = 4.765, �BO = 3111. � = 13f1o, Nl1l/N(2) = 7/3 � Al6f41J Al[(3;1)1l .I§.7'3nJ :[Ll2nJ 
VEGA = 8 . 1 , thus cc = 117 (if AA = 0) 

Since Nt.eA = 13/to it follows that i = 1 and thus equation (VI - 7) has as solution N(1l/N[2J = 7/3. 
Expressed in other terms, of the ten Te atoms in one formula unit seven have one and three two 
non-bonding orbitals. Further, with CC = 117 we expect that one of seven Al atoms has one 
homonuclear bond. All this was used for the construction of the above given crystal chemical 
formula which agrees with the observed crystal structure. 

For the following two polyanionic valence compounds both equations (VI - 7) and (V - 7) have 
to be used to obtain simple answers for the distribution of non-bonding orbitals and 
homonuclear bonds, respectively, over the anion sites. Three, or respectively two, different 
but equivalent crystal chemical formulae can be constructed with the values calculated for 
N{O}/N{1 } and N[;2l/N[;3]. 

Ag3P1 1 : VEG = 4. 1 42,  �B0 = 2f14, Nt"8A = 2/1 1 , N(OJ/N[1J = 9f2 � A�l41l pl2;2)1l fl3n] pa'<1 ;3)1J 

VECA = 5.273, AA = 30f11 (if CC = 0), "f;2J/t.{;3J = 3/e or Agi41J _e((1 ;2}nJp i'2;2}tJ_e(;3nJpj(1;3}1J 

or Ag3!4tl fi'1 ;2)nJ p((2;2)1J p a'(1 ;3)1) 
In one formula unit there are two P atoms with one non-bonding orbital each. The three crystal 
chemical formulae differ in the number of homonuclear bonds of these two P atoms. The 
experimentally observed crystal structure of Ag3P 1 1  agrees with the first crystal chemical formula. 

VEG = 4.1 1 1 ,  �BO = 1/9, � = 117, N(Ol/N[1) = 6f1 � 
VEGA = 5.286, AA = 1917 (if CC = 0), t.f;2J/t.{;3J = 2/s or 
Or derived from (V - 7a) and t.f;1J/t.{;3J = 1/6 � 

cu2
[41J p 2[(2;2)1] ff:3nJ p 4[(1 ;3)1) 

Cu (41] t>l(1 ;2)nJ p[(2;2)tJ p ((1 ;3)1) 2 r:..· 5 
Cui41J _e[(2;1}n] p 6((1 ;3)1] 

The difference between the two crystal chemical formulae is in the number of the homonuclear 
bonds of the single P atom which carries the non-bonding orbital. The experimentally observed 
crystal structure of Cu2P7 agrees with the first crystal chemical formula. 
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Molecular tetrahedral structures with VEC > 6 
Compounds with VEG > 6 which crystallize with a tetrahedral structure form non-cyclic 
molecules for which the number of atoms can be calculated. One can rewrite the valence 
electron equation for tetrahedral structures as follows 

4 
total number of 

orbitals per atom 

= 8 - VEG 
number of bonding 
orbitals per atom 

+ NNBO 
number of non-bonding 

orbitals per atom 

(VI · 8) 

If VEG > 6 it follows that the number of bonding orbitals per atom is smaller than 2 ,  which 
means that one has a non-cyclic molecule with a finite number of atoms. NA/M, the average 
number o f  Atoms in the non-cyclic molecule, can be calculated from the VEG value. For 
a molecule with NAIM atoms one has NAIM - 1 bonds between the atoms. The ratio of the 
number of bonds to the number of atoms can have the values 011 ,  1/2, 2/3 . . .  or in general 
(NAN. - 1 )  / NAfM . Because each bond is formed by the overlapping of two orbitals, the average 
number of bonding orbitals per atom is the double, i.e. 2 ·(NAJM - 1 )  / NAJM . Thus 

8 - VEG = 2 -(NAJM - 1 )  / NAIM (VI - 9) 

or l NAIM = 2 I ( VEG -6) ! if VEG > 6 (VI - 1 O) 

Simple solutions of (VI - 10) are tabulated in Table VI - 1 .  They are also copied on the inside 
cover of this book. 

TABLE VI - 1 : THE SIMPLE NUMERICAL SOLUTIONS OF (VI • 1 0), RELATING NA/M , THE NUMBER OF ATOMS IN 
THE MOLECULE, WITH THE VEC VALUE OF THE TETRAHEDRAL STRUCTURE COMPOUND. 

VEG (8) 7 6.667 6.5 6.4 6.333 6.286 6.2 5 6.2 2 2  6.2 (6) 
NNBO (4) 3 8/3 5/2 12/5 7/3 16/7 9/4 20/g 1 1 /5 (2 ) 
NAJM (1 ) 2 3 4 5 6 7 8 9 10 {oo} 

Examples : For the following three molecular tetrahedral structures with 4, 6 and 8 atoms the longest 
atom chain consists of 4 atoms. According to Table II - 1 the number in the symbol preceding the 
opening square bracket of the crystal chemical formula refers to the length of the longest chain, while 
the number of atoms within the square bracket corresponds to the total number of atoms in the molecule. 
Crystal structure determinations have confirmed the presence of the predicted molecules. 

SCI : VEC = 6.5, thus NNso = 612 and NAIM = 4 
VEGA = 1 3, thus CC = 5 (if AA = 0) 

Figure VI - 7 :  Structure of the [S2Cl2l molecule. 

VEG = 6.33, thus NNso = 7/3 and NAIM = 6 
VEGA = 9.5, thus CC = 3 (if AA = 0) 

Figure VI - 8 : Structure of the [P214] molecule. 

=> � �[(1;1 )n] <;al� 
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VEG = 6.25, thus �so = 9/4 and NAIM = 8 
VEGA = 8.33, thus CC = 1 (if AA = 0) 

Vl - 47 

Figure VI - 9 : Structure of the hexachloroethane [C2Cl6] molecule. 

��� Problems 6 and 7 in Appendix 8 

The tetrahedral structure equation as a g uide for checking experimental data 
For the following compound (with the chemical formula placed within quotation marks) there 
was no agreement between reported structural features and those expected from the 
tetrahedral structure equation . A reexamination led to a change of composition and an 
agreement with the valence electron rules. 

"ln5S/ : The reported crystal structure VI - 4) corresponds to a defect tetrahedral structure for which the 
structural features can be summarized by the crystal chemical formula : ln/3;1)11 ln(;4tJ �[3n:J. 
There are four lone-electron pairs in one formula unit consisting of nine atoms; thus �80 = 4/9. 
Further, the five In atoms have together eight homonuclear bonds; thus CC = 61s. However, 
one obtains different values for these two parameters if one calculates them based on the 
reported composition 
"ln5S4 • : VEG = 4.333, thus Nr-.ieo = 1/3 

VEGA = 9. 75, thus CC = 7/5 (if AA = 0) 

Since the "ln5S4" crystals had been prepared in a bath of liquid tin (used as a supposedly inert 
flux material) it was not unreasonable to consider the possibility that Sn atoms might have been 
incorporated involuntarily leading to a change in composition to ln4SnS4 with a Sn atom 
substituting for one In atom in the formula unit. In and Sn are neighbouring elements in the 
Periodic Table and have similar scattering power for X-rays. Thus such an exchange would 
hardly have any great influence on the diffraction intensities. For the proposed new composition 
ln4SnS4 one calculates NNso and CC values which agree with those derived from the reported 
crystal structure : 
ln4SnS4 : VEG = 4.444, thus NNeo = 4/9 

VEGA = 10, thus CC = 8/5 (if AA = 0) for a two-cation compound 

More than 1 O years passed before the "ln5S/ puzzle was finally solved. According to a new 
synthesis and structure determination, VI- 5) a binary compound ln5S4 does not exist. The atom 
sites in the crystal structure are correct, but the composition is ln4SnS4 with one former In site 
occupied by a Sn atom. If one considers Sn here as an anion, then lni1Sn,3SJ Sn14ln) �[31nJ = 
ln/1 •3>tJ SnH4.

o)tJ �
((3,o)nJ might be classified also as a normal valence compound with two kinds 

of anions where VEGA = 8 and CC = AA = 0. 
1n4SnS4 : VEG = 4.444, thus Nr-.ieo = 4/9 

VEGA = 8, thus CC = AA = 0 

VI - 4) Wacisten, T., Amberg, L & Berg, J.£. (1980). Acta Cryst. 836, 2220 - 2223. 
VI- 5) Deiseroth, H.J. & Pfeifer, H. (1991). Z Kristallogr. 196, 197- 205. 

for a two-anion compound 
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Tetrahedral anion partial structures In polyanlonic valence compounds 
The anionic partial structure in polyanionic valence compounds has often all the structural 
characteristics of a tetrahedral structure for which the above given valence electron rules can 
be applied with certain modifications. In a formalistic approach one assumes that the cations 
transfer all their valence electrons to the anions. The tetrahedral structure equation and the 
equation derived from it can then be applied to the charged anion partial structure. VI - 6J To 
indicate that VEC, NNso, and also NANt, do not apply to the total structure but only to the 
(negatively charged) anion partial structure we shall use primed parameters, i.e. VEC ', N 'Nso 
and N'AIM· 

In analogy to (VI - 2 )  one defines VEC ' by 
VEC ' = (m-ec + n-eA) I n for CmAn (VI - 1 1 ) 

The tetrahedral structure equation (VI -4) becomes 
VEC ' = 4 + N 'NBO (VI - 1 2) 

where N 'Nso is the average number of non-bonding orbitals per atom of the charged anion 
partial structure. 
If v�c ' > 6 one finds in analogy to (VI - 1 O) 

N'AIM = 2 I (VEC ' - 6) if VEC ' >  6 (VI - 1 3) 
where N 'AIM is the number of atoms--in the non-cyclic molecular anion partial structure. 

As an example we consider the structure of SraA54 which had already been treated in chapter V under 
the aspect of the generalized 8 - N rule. 

Sr 3As4 : VEC = 2617 < 4 
VEC ' = 6.5 > 6 thus N 'Neo = 5/2 and NAIM = 4 
VEGA = 6.5 > 6 thus AA = 3/2 and N 'AIM = 4 

Since VEC <· 4 a tetrahedral structure involving all atoms is not possible for SraA54• However, 
for the charged anion partial structure (Asl1• one calculates that VEG ' = 6.5 which indicates 
that a non-cyclic molecular partial structure of four anions is possible. [As�&- is isoelectronic with 
[S2Cl2) and both molecules are built in the same way, i.e. a chain of four atoms, as shown for 
[S2Cl2) in Figure VI - 7. For SraA54 the same result had been obtained before using (V - 9). 

In the particular case of binary polyanionic valence compounds the equations (VI - 1 1  to 13) 
do not provide any new structural insight beyond that which can be derived from the 
generalized 8 - N rule, because here VEC ' = VECA. However, the concept based on 
tetrahedral partial structures will be found useful for the understanding and interpretation of 
ternary and more component structures with anionic tetrahedron complexes, discussed in 
chapters VIII and IX. 

VI ·  6) Par1he, E. (1989). Z Krista/log,. 1119, 101 • 107. 
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Definition 

A D A M A N T A N E S T R U C T U R E  

C O M P O U N D S 

Adamantane structure compounds are normal valence compounds (see chapter IV) with 
tetrahedral structures (see chapter VI) where the cations and anions occupy the Zn and S 
sites, respectively, of the sphalerite or wurtzite structure (or a stacking variant of these) (see 
Figure I -4). Thus the diffraction patterns of adamantane structure compounds are all similar to 
the patterns of sphalerite or wurtzite except for possible superstructure reflections due to the 
ordering of the substituting atoms. Sphalerite itself is an ordered substitution variant of the 
cubic diamond type, whereas the wurtzite structure can be considered an ordered substitution 
variant of the structure of the rare hexagonal diamond (lonsdaleite). The structural relationship 
to diamond is the origin for the term adamantane structure. VII - 1) 

One distinguishes between 
- normal adamantane structures with composition CnAn, VEC = 4 and VECA = 8 where all 
Zn and S sites are fully occupied and 
- defect adamantane structures with composition Cn . uDuAn, VEC > 4 and VECA = 8 
where all S sites are occupied but some Zn sites are not. The symbol D is used for a 
vacancy. The number of vacancies is labelled u (unoccupied sites). 

Derivation of the adamantane structure equation 
By relating adamantane structures to the equiatomic ZnS structures we tacitly assumed that 
the number of (occupied and unoccupied) cation sites is equal to the number of anion sites. 
This can be verified by combing the equation for normal valence compounds VECA = 8 (IV -3) 
with the tetrahedral structure equation VEC = 4 + NNao (VI · 4). 
We assume as a starting composition Cm . uDuAn where the number of (all occupied and 
unoccupied) cation sites (m) is a variable assumed to be independent of n. We observe that 
a vacancy D on a Zn site corresponds to four non-bonding orbitals, one on each of the four 
tetrahedrally coordinated anion neighbours of the unoccupied Zn site, thus 

NNBO = 4u I (m - u + n) {VII - 1 )  
With (VI -4) one obtains 

(m - u) · ec + n .  eA = 4-(m - u + n) + 4u 

and with (IV - 1 )  
(m - u) . ec + n . eA = an 

VII - 1) Jn earlier literature also denoted as adamantine structure. 
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{VII- 2) 

{VII - 3) 
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Combining (VII - 2 )  with (VII - 3) leads to 
4-(m + n) = Bn or (VI I  - 4) 

Since the result is the same regardless of the value of u, the compositions of normal and 
defect adamantane structure compounds are C,,An and Cn - uDuAn, respectively. 
The proper equation for NNBO is thus 

which with (VI -4) leads to 
NNBO = 4u/ (2n - u) 

VEC = 8n / (2n - u) .  

(VI I - 5 )  

(VI I- 6) 

Rearranging (VII - 6) results in the adamantane structure equation vu - 2) : 

! u In = 2 - 8 / VEC I for Cn - uDuAn (VI I - 7) 

where u I n . 100 is the percentage of unoccupied Zn sites. Adamantane structures are 
however stable only within the limits 4 � VEG � 4.92 3 or O � u I n  � 3/a. 

Example : Defect adamantane structure compounds where 1/4 of the Zn sites are unoccupied can 
occur only when VEG = 8 1  (2 - 1/4) = 32 / 7 = 4.571 (with VEGA = 8 as precondition). Some 
known examples with VEG = 4.571 are a-Cdµa2DS4, f3-Ag2HgDl4 or Hg2Sn0Se4 (see Figure VII - 3). 

VEC limits for adamantane structure compounds 
Adamantane structures cannot exist with compounds where VEC < 4 because there are not 
enough valence electrons available for each atom to form sp3 hybrid orbitals. But there is also 
an upper VEG limit. Experimental evidence indicates that adamantane structures can exist 
only up to a limit where three out of eight cation positions are not occupied, i.e. G5D3Aa with 
u I n  = 3/e to which corresponds VEC = 4.9 23 and NNBO = 12/13. If more cations are 
removed the number of the remaining cation - anion bonds is insufficient to stabilize a defect 
adamantane structure. The structure of red Hgl2 ( VEG = 5.33), shown in Figure VII - 1 ,  
serves as example. This is a tetrahedral structure but not an adamantane structure. There is 
no three-dimensional close-packed anion arrangement corresponding to the S atom 
arrangement in wurtzite or sphalerite. 

Alternative formulation of the adamantane structure equation 
In the early literature the valence electron condition for adamantane structure compounds was 
formulated as follows VII - 3) : 11The ratio o f  the total number of available valence electrons 
divided by the total number o f  sites (occupied plus unoccupied cation sites and anion 
sites) must be four. 11 Occasionally this was also expressed by stating that the ''valence 
electron concentration 11 of the compound has to be four with the formal prescription that 
vacancies are counted as zero-valent atoms. The use of the term "valence electron 
concentration11 for this ratio should be avoided. It is defined differently from the conventional 
VEG parameter we use throughout this book and it has been the source of some confusion in 
the literature. 

VII - 2) Parthe, E. (1995). In 'lntermetallic Compounds, Principles and Practice·. Eds. J. H. Westbrook and R.L. 
Fleischer. Chapter 14, pages 343 - 362. Chichester (England) : John Wiley. Parthe, E. (1987). In 'Ternary and 
Muftinary Compounds'. Edit. S.K. Deb and A. Zunger. Pages 3 - 17. Pittsburgh : Materials Research Society. 

VII - 3) Pamplin, B.R. (1960). Nature 188, 136 - 137. 
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Rearranging the adamantane structure equation (VII -7 )  as 
[(2n - u) · VEG] I 2 n  = 4 . 

and replacing VEG by 
(VI I- 8) 

VEG = [(n - u)-ec + n-eA] I (2 n - u) (VI I - 9) 
yields an alternative formulation of the adamantane structure equation for en _ uDuAn : 

[(n - u)-ec + u-0 + n-e,4] I [(n - u) + u + nJ = 4 j for O :,; u l n  :,; 3/a (VII - 1 0) 

Examples : Ga�pS3 
CdG�OS4 : 

j. j. j, 
occupied j, S sites 
Zn sites 

unoccupied Zn 
sites 

(2·3 + 1 ,0 + 3-6) / (2 + 1 + 3) = 4 
(1 ·2 + 2·3 + 1 ,0 + 4·6) / (1 + 2 + 1 + 4) = 4 

In Table VII - 1 are listed selected examples of adamantane structure compounds arranged 
according to increasing VEG and u I n  values. The formula (Ga4GeD3)Se8 on the second 
to last line, where u I n  and VEG have the highest possible values for an adamantane 
structure, corresponds to the composition of the upper solubility limit of GeSe2 ( VEC = 5.33; 
a defect tetrahedral but not adamantane structure compound) in Ga20Se3 ( VEG = 4.80; a 
defect adamantane structure compound). With VEC = 5.333 (last line of Table VII - 1 )  there 
are too many non-bonding orbitals (or, expressed differently, only two covalent bonds per 
anion) and an adamantane structure does not form. 

TABLE VII  - 1 : GENERAL FORMULAE FOR ADAMANTANE STRUCTURE COMPOSITIONS, CORRESPONDING U / n ANO 
VEC VALUES AND EXAMPLES OF KNOWN COMPOUNDS WITH NUMERICAL FORMULAE WITHIN CURLY BRACKETS 

Formula u l n  
Cn-4n 0 

C.,DAa 1/e 

C50'4s 1/e 

C3DA4 1/4 

C20Aa 113 

C5D3Aa 3!e 
co� 1/2 

VEC 
4.000 
4.267 
4.364 
4.571 
4.800 
4.923 
5.333 

Examples 
ZnS {26}, Cu�nGeS4 { 1�464}, Cu4NiS�S., { 142426,}, LiSiNO { 1456} 

Hg5l n2Se8 {2532068} 

Hg31n2Te6 {2332066} 

CdG�Se4 {232064}, AgZnPS4 { 1250 64}, Agln5Se8 { 1350268} 

G�Se3 {32063}, Si2N20 {420526}, (SiP)N3 { (450)53} 
(Ga4Ge)Se8 {(34403)68} 

Impossible 

Figure VII - 1 : Structure of red ! Hg f4t;J L i2;J, tP6. 
The small filled circles represent Hg atoms. This is 
a defect tetrahedral structure but not an adamantane 
structure. 

In Figure VII - 1 the defect tetrahedral layer structure of red Hgl2 is shown. This normal 
valence compound with VEC = 5.333 > 4.923 has too many non-bonding orbitals, i.e. 
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NNBO = 4/3 > 12113 to form an adamantane structure. One recognizes in the drawing slabs cut 
from the sphalerite structure, however these slabs are not connected by covalent A - C - A 

bonds and are vertically and horizontally displaced in respect to each other. The red Hgl2 
structure can thus not be considered as a sphalerite structure with cation vacancies. 

The prediction of the structures of the mercury dihalogenides is difficult because there is a competition 
between two kinds of Hg atom hybridizations. The Hg� compounds crystallize in five different structure 
types which can be subdivided into three groups according to the coordination of the Hg atoms : 
1 )  HgX4 

tetrahedra (where Hg is sp3 hybridized) occur in red Hgl2, tP6 and orange Hgl
2

, t/48. 
2) Linear X-Hg-X groups (where Hg is sp hybridized) are found with HgCl2, oP12 and Hg8r

2
, 

oS12. The latter type is found also with the third modification of Hgl2. 
3) HgX8 cubes are encountered in essentially ionic HgF 2 ( I M  I = 2. 1 )  which crystallizes with the 

CaF2 type, cF12 (drawing in Figure IV - 2). 

Compositions 
Two methods are available to calculate the possible composititions of adamantane structure 
compounds : the cross-substitution method and the algebraic method. 

1 )  Cross-substitution method 
Following an original idea by Grimm & Sommerfeld VII - 4) the compositions can be derived 
from the 44 starting composition (which corresponds to SiC) by the repeated application of� 
procedure called "splitting" or "cross-substitution". This means the replacement of a pair of 
atoms of one kind by two different ones, one to the left and one to the right of group 48 of the 
Periodic Table, while keeping constant the ratio of the number of valence electrons to the 
number of atoms. The method can be understood easily if one regards the direction of the 
arrows and the sequence of numerical formulae listed in Table VII - 2 ,  an e?(ample of a cross­
substitution table. All formulae in Table VII - 2 obtained by cross-substitution correspond to 
compositions of normal valence compounds with VECA = 8. 

TABLE VI I  - 2: CROSS-SUBSTITlJTION TABLE FOR THE DERIVATION OF ADAMANTANE STRUCTURE COMPOSITIONS 

0 2 3 4 5 6 7 VEG u/n known examples 
4a4a 4.0 0 SiC 

It � 
38 Sa 4.0 0 lnP 

It � 
2a 68 4.0 0 ZnS 

It � ._ 
14 34 68 4.0 0 CuAIS2 

It � ._ ._ 
D2 22 34 68 4.571 1/4 CdG�0Se4 ._ It ' �  ._ ._ 
D2 1 35 68 4.571 1/4 Agln5D2Se8 ._ It ._ � ._ 
03 34 4 68 4.923 3/e (Ga4Ge03)Se8 

__ .................................. 
VII · 4) Grimm, H,G, & Sommerfeld, A (1926), Z Physik 36, 36- 39. 
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To derive compositions of defect adamantane structures where VEC > 4 it is necessary to 
extend by zero the list of valence electron numbers on the top line of Table VII - 2 .  An element 
with zero valence electrons can be considered as equivalent to a cation site vacancy D in an 
adamantane structure. 

2 )  Algebraic method 
In this method one calculates possible solutions of the adamantane structure equation by 
changing systematically the numbers of the valence electrons of the atoms. This method is well 
suited for a systematic search of all possible element combinations tor a given adamantane 
structure composition. An example is presented in Table VII -4. 

Binary adamantane structure compounds 
In Table IV - 2 a list was given of 19 general compositions for binary normal valence 
compounds. In Table VII - 3 these formulae are taken up again but ordered according to 
increasing VEC value within the limits 2 .67 :5; VEC :5; 5.33. The six numerical formulae 
possible for binary adamantane structure compounds for which 4 :5; VEC :5; 4.9 23 are : 

j 11 26 35 44 :J.iD� 4:iD64 I (VII - 1 1 )  

TABLE VI I - 3 : NUMERICAL FORMULAE FOR BINARY NORMAL VALENCE COMPOUNDS ARRANGED ACCORDING TO 
INCREASING VEG VALUE. FORMULAE OF POSSIBLE ADAMANTANE STRUCTURE COMPOUNDS ARE FRAMED. 

eA = 4 e = 5 e = 6  8A = 7 
2.67 �4 126 
3.2 2:352 

3.43 3443 

VEG 4 � 0 � 0  
4.57 I "354 I 
4.8 1 3263 1  
5.33 462 272 

Adamantane structure compounds are formed with group B elements (Cu always monovalent} 
but not group A elements with the exception of Li and Be. Also transition elements as, for 
example, two-valent Fe, Mn, Ni and three-valent Fe, are found as constituents. 

In the case of compounds with numerical formula 26 we find the expected adamantane structure 
sulfides, for example, with BeS, ZnS, CdS and black HgS (metacinnabar). The last compound has, 
however, a second modification, i.e. red HgS (cinnabar) where the Hg atoms are (instead of s/13) 
now sp hybridized, leading to linear S-Hg-S groups which are linked to form infinite zigzag chains. 

Ternary normal adamantane structure compounds with two kinds of cations 
These compounds with composition Cxn C*c1 -x)n An must be normal valence compounds. Thus 

which can be reformulated as 
x-ec + (1 -x)-ec• = 8 - eA (VII - 1 2) 

x I (1-x) = [ec• - (8 - eA)] I [(8 - eA) - ec] (VII - 1 3) 
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The solutions of x I ( 1 -x) for different values of eA, ec• and ec (with ec• > ec) are given in 
Table VII -4. Of significance are, however, only the five solutions where O < x I ( 1 -x) < oo. 

TABLE VI I • 4 : SOLUTIONS OF EQUATION (VI I  • 1 3} FOR CATIONS AND ANIONS WITH DIFFERENT NUMBERS OF 
VALENCE ELECTRONS. THE FIVE SIGNIFICANT SOLUTIONS OF x / (1-x) ARE FRAMED. 

ec• = 2 ec- = 3  ec, = 2 ec• = 3 ec• = 4 ec, = 2 ec, = 3  ec•= 4 ec· = 5 

ec = 1 < 0  < 0  < 0  0 I 1/2 I 0 I 1 II 2 II 3 I 00 

ec = 2 < 0  0 I 1 I - 00 00 < 0  

ec = 3 00 < 0  < 0  < 0  

To these five values of x I (1 -x) correspond five possible numerical fonnulae for ternary normal 
adamantane structure compounds with two kinds of cations : 

1 1362 2452 12463 1�5a 13664 1 (VII - 1 4} 

According to the ratio of the two kinds of cations these five compositions can be subdivided into 
three groups. For each group are known ternary wurtzite- and sphalerite-based substitution 
derivative structures for which drawings are presented in Figure VII - 2 .  

Structures 
related to 
wurtzite 

Structures 
related to 
sphalerite 

wurtzite 

u-----------\J-J--{·, )' --�� :::: :�· - - - · - -� 

. . 
,.,_""'n.o:.-�r· ,  - · - .  _ _  - -· A 

n:--""C'J'-----...;;r�....::::r\- ·-· - - - -- . - . •  

CuFeS2 (chalcopyrite}, ZnSiP2 Cu2GeSe
3

, NiSi2P3 sphalerite Cu
3
SbS4 (famatinite} 

Figure VII - 2 : Ternary ordered wurtzite and spha/erite related normal adamantane 
structures with two kinds of cations. Cations are represented by small circles. 

Li2Si0
3 

and Si2UN
3 

(also Cu2GeSe3 
and Si2NiP

3
) are not isotypic, as assumed previously, because 

the corresponding tetrahedra are distorted differently. See chapter IV for a discussion of the expected 
and observed changes of the interatomic distances which are due to the impossibility for an adamantane 
structure with this stoichiometry to satisfy the second Pauling rule. 

=>=>=> Problem 8 in Appendix B 
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Ternary ordered defect adamantane structures with general composition C2C"OA4 
As can be proven by solving problem 8 in Appendix 8, there are three possible numerical 
formulae for defect adamantane structures with u I n  = 1/4. general composition G2G"OA4 
and e c < e c· < e A : 

(VI I - 1 5) 

The sphalerite-related structure types of the C2C"DA4 compounds are shown in Figure VII -3. 
It should not be too difficult for the reader to localize in the drawings the vacant sites, i.e. one in 
the unit cell of Cdln2Se4 and two sites each in the unit cells of the two other structure types. 

Cdln2Se4 a - CdG�S4 (thiogal late) � - Cu2Hg14 
� - Ag2Hgl4 
Hg2SnSe4 

Figure VII - 3 :  Three ternary ordered adamantane structure types with composition c2c·cA4 

which are vacancy and substitution derivatives of the sphalerite structure. Cations are 
presented by small circles of which 113 are blank and 2/3 filled. 

The possible homogeneity ranges of adamantane structure "line" compounds 
Depending on the elements involved the homogeneity range of a ternary adamantane structure 
may correspond to a single point or a straight line in the ternary diagram. The homogeneity 
range can be determined in the following way : One plots in a ternary phase diagram the line 
connecting points with VEGA = 8 and also lines corresponding to VEG = 4 and VEG = 4.923, 
respectively. Adarnantane structures are found on the line for VEGA = 8 between the limits 4 
� VEG � 4.923. In most of these line compounds the cations and the vacancies occupy the Zn 
sites in random fashion. Ordering occurs only with a few particular compositions. 

Example : In Figure VI I  - 4 are presented schematic diagrams for three ternary systems 1 - 2 - 6, 
1 - 3 - 6 and 2 - 3 - 6. In each diagram lines are drawn which connect points where VEGA = 8, VEG 
= 4 and VEG = 4.923, respectively. The compositions GxA1 _x on the binary sides of the ternary 
diagrams which correspond to these parameters have been calculated using (VII - 1 6, 1 7  and 1 8) : 

x I (1 - x) = (8 - eA) / ec for VEGA = 8 (VII • 1 6) 
X /(1 - x)  = (eA - 4) / (4 - ec) for VEG = 4 (Vll - 1 7) 
x I (1 - x) = (eA - 4.923) / (4.923 - ec) for VEG = 4.923 (VI I - 1 8) 

In the 1 - 2 - 6 diagram an adamantane,structure can occur only with a binary compound of composition 
26. Adamantane structures can be found in the 1 - 3 - 6 diagram on the short line between 1362 and 
32063, but in the 2 - 3 - 6 diagram on the long line between 26 and �063. Ordered defect 
adamantane structures have been reported for compositions 232064 and 32063• 
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6 6 6 

Figure VII - 4 : Three schematic ternary diagrams where the possible composition ranges of the line 
compounds with adamantane structure are indicated with heavy lines (or in the case of 1 - 2 - 6 by a 
thick point). Compositions where ordered adamantane structures are known have been written with 
larger characters. 

Master diagram for homogeneity ranges of adamantane structure compounds. 
The homogeneity ranges of adamantane structure compounds in binary and ternary phase diagrams can 
also be obtained by means of the master diagram, shown in Figure Vii - 5. VII - 5) The valence electron 
numbers of the cations are given on bottom, those of the anions on top. By connecting appropriate 
points one obtains a triangle (in most cases non-equilateral) which corresponds to the ternary system of 
interest. The inscribed general formulae on the line for VEGA = 8 correspond to possible binary normal 
valence compounds and those on the line for VEG = 4 to possible binary normal tetrahedral structure 
compounds. Adamantane structure compounds are found on the heavy short line for which VEGA = 8 
and 4 :=;; VEG :=;; 4.923. 

B 

0 

Figure VII - 5 : Master diagram to localize the possible homogenety ranges of adamantane 
structure compounds in binary and ternary phase diagrams. 

Structure of the normal adamantane structure compound Cu1 1 _5
Zn23Ga7_5

Ge8As1 6Se30Br4. 
This compound was synthesized with the intention to test the validity of the valence electron rules. VII · 6) The 
proportion of the seven elements with 1 to 7 valence electrons (!) was chosen so that VEGA = B and VEG = 4. 

VII - 5) Parthe, E. & Pauner, P. (1991 ). Acta Cryst. 847, 886 - 891. 
VII - 6) Parthe, E. (1972). "Cristallochimie des Structures Tetraedriques·. Paris : Gor(Jon & Breach. 
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After three months in the furnace to assure a comple.te reaction, the Debye-Scherrer diagram of the 
reaction product, shown in Figure VII - 6, is virtually identical to that of Ge. 

Figure VII - 6 : Debye-Scherrer X-ray 
diffraction diagram of Ge and 
Cu, u;Zn23Ga7_5GesAs 16Se:,cBr4. 

i�[ o ]lllmK�@))ill 
Gt C"Ka 

The compound has a sphalerite structure with Cu, Zn, Ga and Ge atoms on the Zn sites and the other 
atoms on the S sites. Since all the elements are from the same period there is virtually no difference 
between the expected sphalerite-type pattern and the diamond-type pattern, the sphalerite 
superstructure lines having here negligible intensities. 

The adamantane structure equation as a guide for checking experimental data 
A small excess or a small deficiency of bonding electrons from the expected VEC and VEGA 
values (often caused intentionally by doping) will provoke changes in the electrical and optical 
properties of adamantane structure compounds which are of great technical importance for 
semiconductor applications. Minimal deviations from the expected VEC value in the range of 
11 vec / VEC = 1 Q-4 can be tolerated without a destabilization of the adamantane structure. 

Experimental results on the homogeneity range of GaP with sphalerite structure : 
The homogeneity range of GaP, a 35 compound, extends at 1 000°C between Ga_5001 P.4999 ( VEG = 
3.9998) and Ga_5P_5 ( VEG = 4) and, close to the melting point, between Ga_5002P_4998 (VEG = 
3.9996) and Ga_5P_5. VII - 71 Thus Avec / VEG = 0.5- 1 0-4 or 1 .0- 1 0-4, respectively, which lies in 
the tolerated range for a VEG deviation of an adamantane structure compound. 

In the case of larger deviations from the expected VEC and VECA values the suspicion arises 
that either the composition is not correct or the structure is not an adamantane structure. For 
the following two compounds (with the chemical formula placed within quotation marks) there 
was no agreement between reported structural features and those predicted according to the 
adamantane structure equation. A reexamination led to a change of composition and an 
agreement with the valence electron rules. 

·cu2SnSe4 • : This compound was reported to have a sphalerite type diffraction pattern which would 
indicate that two Cu and one Sn atom are distributed at random over four Zn sites. VII • BJ 

Based on the reported composition one calculates that VEG = 4.286 and VEGA = 7.5. However, 
the valence electron rules for adamantane structures require that VEGA = 8. According to Figure 
VI I - 5 adamantane structures can occur in the system 1 - 4 - 6 on the composition line from 
12463 to 462 up to VEG = 4.923 ( 11 _3343_67c;J368). Possible compositions close to "Cu2SnSe/ 
are, for example, Cu2SnSe3 ( VEG = 4, VEGA = 8) VII · 91 or Cu2Sn1 .5D0.5Se4 ( VEC = 4.267 
with u In = 1/e, VEGA = 8) or in between the two. 

VII - 7) Jordan, A.S., von Neida, AR., Caruso, R. & Kim, C.K. (1974). J. E/ectroch6m.Soc. 121, 153 • 158. 
VII - 8) Bok, LD.C, & de Vvlt, J.H. (1963). Z. anorg. al/g. Chem. U4, 162 • 167. 
VII • 9) For composition 12'63 exist two spha/erite super structure types : Cu2GeSe3 and new eu�nS3 (Cha/baud de 

Mogollon, L., Diaz de Delgado, G., Cenzual, K. & Delgado, J.M.; to be published in Mater. Res. Bull.) 
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"Ni1 .68Si0.88D0.44P3" : For this compound, which was reported with a sphalerite-related defect 
adamantane structure, VII · 10J one calculates either VEGA = 6.733 (assuming Ni1+) or 7.293 
(with Ni2+), neither of these being in agreement with the expected value of 8. A recent 
redetermination VII · 1 1) has shown that the correct composition is Ni1+Si2P3 (with VEG =  4 and 
VEGA = 8) and that the crystal structure {except for a different deformation of the tetrahedra) is 
the same as that of Cu2GeSe3, a normal adamantane structure, shown in Figure VII - 2. 

Structure separation plots for adamantane structure compounds 

The valence electron rules are a necessary, but not sufficient condition for the occurrence of 
an adaman4tne structure. Compounds are known for which the electron rules are satisfied but 
the structures occurring are not adamantane structures. To predict whether a compound (with 
a permitted composition) will actually crystallize with an adamantane structure one can make 
use of one of the several structure separation plots. In each plot one finds an area where 
adarnantane structures occur and other regions where the formation of such a structure is 
unlikely. In Figure VII -7 is presented the first plot due to Mooser & Pearson. VII · 12) They 
use as ordinate ii, the average principal quantum number of the participating atoms, and as 
abscissa I Axl , the magnitude of the difference of the electronegativity values. Other more 
elaborate separation plots have been proposed later by Phillips & Van Vechten, Zunger, 
Villars and Pettifor. VII- 13) 

Figure VII - 7 : Structural separation plots 
for binary equiatomic normal valence 
compounds according to Mooser & Pearson. 
Points COffesponding to normal adamantane 
structures are indicated with open circles, 
those of non-tetrahedral structures with filled 
circles. 

Examples : f'INaCI = 3, I AX I NaCl =. 2. � 
f'l2ns = 3.5, I &xl z:ns = 0.9 

See inside cover for Periodic Table and 
electronegativity values of the elements. 
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The shape of the structure separation line in Figure VII -7 makes it evident that the tendency to 
form directional bonds, characteristic of tetrahedral structures, decreases with 
- an increase of ii : With elements of higher periods a "dehybridisation" or "metallisation" 
occurs. The d and f orbitals have an energy which is comp�rable with that of the s and p 
orbitals and the first two may form non-tetrahedral combinations with the s and p orbitals. 

an increase of I Ax I : The electrons are now strongly attracted by the highly 
electronegative element and they do not anymore participate on the formation of sp3 orbitals. 

VII ,  10) ll'nitskaya, O.N., Zavalii, P. Yu. & Kuzma, Yu.B. (1989). Dopov. Akad. Nauk Ukr. RSR Ser. B, I, 38 • 40. 
VII- 1 1) Wal/Inda, J. & Jeitschko, W (1995). J. Solid state Chem. 114, 476 - 480. 
VII - 12) Mooser, E. & Pearson, W.B. (1959). Acta Cryst. 12, 1015 . 1022. 
VII · 13) Pettifor, D.G. (1995). In •1ntermetallic Compounds, Principles and Practice·. Edits. J.H. Westbrook & R.L. 

Fleischer. Volume 1. Chapter 18. Pages 4 19- 438. Chichester: John Wiley& Sons. 



VI I I .  NORMAL VALENCE COM POUNDS WITH 

ANIONIC TETRAHEDRON COM PLEXES 

Definition 

More than one sixth of the known inorganic compounds have anionic tetrahedron complexes. 
As most simple general formula serves Cm C 'm · An where the anionic partial structure, i.e. a 
tetrahedron complex is formed with all the C' (central atoms) and the electronegative A atoms 
(anions). The electropositive C atoms (cations), outside the complex and with a coordination 
different from tetrahedral, are assumed, according to a simple model, to transfer formally all 
their valence electrons to the tetrahedron complex. 
One can distinguish between normal valence compounds with anionic tetrahedron complexes 
where VEGA = 8 and general valence compounds where VECA -:1; 8. The latter ones shall be 
discussed in chapter IX. 

An example for a normal valence compounds with an anionic tetrahedron complex is forsterite Mg2Si04, 

the Mg end member of the olivine series, shown in Figure VI I I  - 1 .  I n  olivines, as in all other 
nesosilicates, the anionic tetrahedron complex consists of an isolated centred tetrahedron. 

Height 0 -
Mg I , _  
Face of 
1etrohedron 

� 1 /4 

,, ' \ '- - . 

1 /2 - 3/4 

0 
6 

Figure VIII - 1 : Projection along the short c axis of orthorhombic forsterite Mg:zSiO 4, characterized by 
isolated [SiO .J4- tetrahedra. 

An isolated tetrahedron is the most simple anionic tetrahedron complex. In Figure VIII - 2 are 
shown, next to the simple tetrahedron, some examples for other anionic tetrahedron 
complexes which have been found with normal valence compounds. We use here in part 
perspective tetrahedron drawings and in part planar graph presentations of tetrahedra. The 
graph presentation offers the advantage of being more simple to draw without any loss of 
information important for our discussion. VIII - 1) 

VIII - 1) The planar graph presentation of a tetrahedron suggests a certain order of the ligands, which Is however 
irrelevant, all four ligands of a central atom in a tetrahedron being geometrically equivalent with respect to each other. 

59 
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From the compositions of the five compounds, listed on top of Figure VI II - 2. we calculate 
values for the total valence electron concentration VEG as given on the second line. As these 
values are smaller than four, the formation of a tetrahedral structure involving all atoms, i.e. 
including the cations C, is, according to (VI -4), not possible. But an anionic tetrahedron 
complex (third line) can be formed, because the valence electron concentration of the 
charged anionic tetrahedron complex, labelled VEG ', is equal or larger than 4 (fourth line). 

The anionic tetrahedron complexes are negatively charged due to the transfer of the valence 
electrons of the cations C. The number of electrons accepted is just right for all atoms of the 
complex to complete their octets either by shared or lone electron pairs. In the drawings of 
the anionic tetrahedron complexes in Figure VIII - 2 (and all the later figures) the lone electron 
pairs on the anions are not shown. But it should be understood, that endstanding anions have 
three lone-electron pairs, anions shared between two tetrahedra two lone-electron pairs, e. t.c. 
The electrons used for these lone pairs are always included in the electron count when 
calculating the valence electron concentration (as can be verified by checking the listed VEG' 
values). 

With the exception of !(Al�)3- in Na3AIA�. all presented anionic tetrahedron complexes 
are molecular and their formulae are therefore placed within square brackets. 

Ba4SiAs4 Li6Si207 Na5GeP3 Li5P2N5 Ny1As2 

VEC = 32/g < 4  VEC = 5611s < 4 VEC = 24le < 4  VEC = 40/12 < 4 VEC = 16/s < 4 

[SiAs.Je- [Si207]6- ©[Ge2P sJ10- GD[P 4N1oJ10- .!, (AIAs2)3-
VEC' = 32/s = 6.4 VEC' = 56/e = 6.22 VEC' =  24/4 = 6  VEC' = 4017 = 5.71 VEC' = 16/3 = 5.33 

�-0 at+ � J1J-o ,�� 
Figure VIII - 2 : Five examples of anionic tetrahedron complexes found with normal valence 
compounds. Central atoms are indicated by small black circles and anions by open circles. 

An anion may be shared between two or more tetrahedra. Distinct from the isolated 
tetrahedron which has no shared anions, in the four other anionic tetrahedron complexes, 
shown on Figure VIII - 2 ,  each tetrahedron has one, two, three or four anions shared with 
other tetrahedra. We distinguish between corner- and edge-linked tetrahedra depending 
whether one or two anions of a tetrahedron are shared with one other tetrahedron. In Li6Si207 
and Li5P2N5 the tetrahedra are comer-linked, whereas in Na5GeP3 and Na3AIA� they are 
edge-linked. Note that a pair of edge-linked tetrahedra, as in Na5GeP3, can be considered 
also as a (smallest possible) tetrahedron ring. Face-linked tetrahedra (this corresponds to 
three anions shared between the two tetrahedra) are not to be expected because of the 
resulting too short distance between the central atoms. 
As discussed above for the five examples presented in Figure VIII - 2 ,  a tetrahedral structure 
involving all atoms is not possible because VEG < 4. We shall encounter below also 
compounds with anionic tetrahedron complexes where VEG � 4 and where thus a tetrahedral 
structure involving all atoms would be possible, but does not occur. It appears that this 
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depends on the nature of the cation. The alkali atoms K, Rb, Cs, the alkaline earth atoms 
Ca, Sr. Ba and the 3T group atoms have never been found in tetrahedral coordination, Na 
and Mg only exceptionally. 

Valence electron rules for normal valence compounds with anionic tetrahedron complexes 
The two valence electron rules used for compounds with tetrahedral structures, i.e. the 
generalized 8 - N rule (V - 3) and the tetrahedral structure equation (VI - 4) can also be 
applied to normal valence compounds with anionic tetrahedron complexes. 

- Generalized 8 - N rule 
One considers the charged anionic tetrahedron complex consisting only of central atoms ( C ' ) 
and anions (A). Each of the m cations C outside the complex has ec valence electrons 
which are transferred to the complex. The negative charge of the anionic tetrahedron complex 
is thus (m-ec)-, i.e. the complex has the general formula (C 'm• A,i>(m·ecJ-. 
One calculates first the partial valence electron concentration in respect to the anion, VECA, 
which, in analogy to (IV - 2 ), is defined as 

! VECA = (mec + m '·ec • +  n-eA) I n ! for (C'm• A,J(m·ec)- (VI I I  - 1 ) 

Its value allows one to distinguish between normal and general valence compounds 
The generalized 8 - N rule applied to the charged anionic tetrahedron complex of a normal 
valence compound has the simple form 

(VI I I  - 2) 

In normal valence compounds one finds no bonds between anions, no bonds between cations 
or between central atoms and the lone electron pairs are only on the anions. 

- Tetrahedral structure equation 
At the end of chapter VI it has been shown that the tetrahedral structure equation can be 
applied to tetrahedral anion partial structures provided one includes for the calculation of VEC 
also the electrons which have been transferred from the cations and which are responsible for 
the negative charge of the partial structure. An anionic tetrahedron complex is a particular form 
of a tetrahedral structure, and consequently the same or related equations can be used. The 
here presented parameters VEC ', N 'Neo and N 'AIM refer to the charged anionic tetrahedron 
complex. In analogy to (VI - 1 1 )  we define VEC ' by 

! VEC ' = (m-ec + m '-ec, + n-eA) I (m ' + n) ! for (C'm• A,J(m·ecJ- (Vl l l - 3) 

The parameters VEC ' and VECA are closely related and in analogy to (VI -3) 
VEC ' = VECA · n l (m ' + n) for (C'm• A,J(m·ecJ· (Vl l l - 4) 

The tetrahedral structure equation (VI -4) applied to the charged anionic tetrahedron complex 
has the form 

VEC ' = 4 + N'Neo for ( C 'm• A,i>(m·ecJ· (VI I I  - 5) 

where N 'Neo is the average number of non-.bonding .o.rbitals per atom of the charged 
anionic tetrahedron complex. 
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If VEC ' > 6 one finds, corresponding to (VI - 13), that 

'N 1.AJM = 2 I ( VEC ' - 6) I if VEC ' >  6 (VI I I  - 6) 

where N 'AIM is the average number of atoms in the non-cyclic molecular anionic; 
tetrahedron complex. 

Simple solutions of (VIII -6) are tabulated in Table VIII - 1 .  They are also copied on the inside 
cover of this book. 

TABLE VI I I  - 1 : THE SIMPLE NUMERICAL SOLUTIONS OF (VI I I  • 6), RELATING N'A/M, THE NUMBER OF ATOMS IN 
THE NON-CYCLIC MOLECULAR ANIONIC TETRAHEDRON COMPLEX, WITH THE VEC' VALUE OF THE COMPOUND. 

VEC ' 
N'Neo 
N'AIM 

(8) 
(4) 
(1 ) 

7 
3 
2 

6.667 
8/3 
3 

6.5 
5/2 
4 

6.4 
12/5 
5 

6.333 6.286 6.25 6.222 
7/3 
6 

1 617 
7 

9/4 
8 

2!J/9 
9 

6.2 
1 1/5 
10 

(6) 
(2) 
(oo) 

To test these rules on practical examples we study the two structures in Figure VI I I  - 2 with non-cyclic 
molecular tetrahedron complexes : Ba4SiAs4 and Li6Si207• Counting all the lone electron pairs on the 
anions (not shown in the drawings) we find 12 for [SiAs.Js- and 20 for [Si20l•·. These values 
agree with the N 'Nao values calculated with (VI I I  - 5). Using (VI I I  - 6) one finds correctly that the 
molecular complexes of these two compounds consist of five and nine atoms, respectively. The two 
other molecular anionic tetrahedron complexes in Figure VIII - 2 have VE(; ' !> 6 and are thus cyclic. 

Construction of tetrahedron complexes with base tetrahedra 
All anionic tetrahedron complexes can be imagined as being assembled of simple units, the so­
called ba54 tetrahedra, consisting each of one central atom C '  surrounded by tetrahedrally 
arranged anion neighbours. The 12 kinds of possible base tetrahedra which can occur in 
normal valence compounds (assuming equipartition of the C '  - A - C '  bonds, to be discussed 
below) with compositions varying from C�4 to C 'A are shown in Table VIII -2. Drawings 
of base tetrahedra which occur only in general valence compounds can be found in Chapter IX. 
The most simple base tetrahedron is the isolated tetrahedron C �4• which by itself represents 
an anionic tetrahedron complex. The other base tetrahedra in Table VIII - 2 with general 
formula C 'A<4 are obtained from the simple tetrahedron by replacing one or more unshared 
anions by shared anions. An anion which is shared by two tetrahedra is represented in the 
drawings by a half circle, an anion shared by three or four tetrahedra by a triangle or 
square, respectively. 
Alternatively, one can express the kind of anion sharing numerically by specifying the number 
of C ' - A - C ' bonds which pass through an anion once the base tetrahedra have been 
assembled. An unshared anion does not participate on any C '  - A - C '  bonds, an anion 
presented by a half-circle participates on one, an anion shown by a triangle on two bonds and 
an anion drawn as a square on three bonds. 
The base tetrahedra In Table VIII -2 are identified by two codes. The framed number on the 
upper right hand side of each base tetrahedron drawing represents the BEN value. Below each 
drawing is given between square brackets the (more detailed) base tetrahedron code. The 
formula on the top of each base tetrahedron drawing corresponds to that of an anionic 
tetrahedron complex built up only with that particular kind of base tetrahedron. 
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TABLE VI 1 1  - 2 : DRAWINGS OF THE 12 POSSIBLE BASE TETRAHEDRA FOR ANIONIC TETRAHEDRON COMPLEXES IN 
NORMAL VALENCE COMPOUNDS AND THE THREE TT VERSUS n I m  • EQUATIONS. 

Unshared anions and/or anions shared between two tetrahedra 
Formula of complex c ·� C '2 As C ' Aa C2 � C ' A4 

2 s n l m '  s 4 2 2.5 3 3.5 4 
Base tetrahedra [!!] � � � [@ 

� � � � + 
[· · 4] (- - 3] [· ·  2) [- . 1 ] [· - 0) 

TT =  8 - 2·(n / m ' ) (VI I I  - 7a) 

Anions shared between two and/or three tetrahedra 

Formula of complex C '3 A4 C '2 Aa C '3 A5 C 'a A1 1  
c ·� 

413 s n l m '  s 2 1.333 1.5 1.667 1.833 2 
Base tetrahedra 1102/31 [ill � 1142131 

+ + + D!<l 
[· - 8] [· .  7) (- - 6) (- - 5) [- - 4] 

I TT =  2·[8 - 3-(n / m ' )] I (VI I I  - 7b) 

Anions shared between three and/or four tetrahedra 

Formula of complex C ' A C '1 2  A13 C 'a � C 4 A5 C 3 A4 

1 s n l m '  s 4/3 1.083 1.167 1.25 1.333 
Base tetrahedra [!] I ez13 I I ,,131 � 1102/31 + + + + + 

(- - 1 2) [· • 1 1 ] [· - 10) [· ·  9] [· · 8) 

TT = 3·[8 - 4-(n / m ' )] (VI I I  - 7c) 

BEN value and base tetrahedron code used for identifying base tetrahedra 
The BEN value, the .12ase tetrahedron .1.lectron number, corresponds to the number of 
electrons needed for the formation of a particular base tetrahedron assuming that all atoms of 
the tetrahedron complete their octets. The following electron counting rules help us to derive 
the BEN numbers of the base tetrahedra found with normal valence compounds and shown in 
Table VIII - 2 .  

- An unshared anion (complete open circle) contributes 8 electrons each. 
- A half-shared anion (half-circle) contributes 4 electrons to each base tetrahedron. 
- An anion shared between three tetrahedra (triangle) contributes 8/3 = 2 2/3 electrons. 
- An anion shared between four tetrahedra (square) makes a contribution of 8/4 = 2 

electrons. 
- A central atom completes its octet by sharing one electron pair each with the four ,surrounding 

anions. Thus there is no contribution of the central atom to the electron count. 
In Chapter IX shall be presented three complementary electron counting rules which apply to 
the special features of base tetrahedra which occur with general valence compounds. 
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The advantage of using the BEN value for the identification of a base tetrahedron lies in the 
simple numerical relation with the VECA value of a compound where the anionic tetrahedron 
complex is built up with the particular base tetrahedron. Generally valid for normal and general 
valence compounds is the following relation 

!BEN = VECA · n l m ' = (m-ec + m '·ec• +  n-eA) I m '! for (C 'm , AJ(m·ec)· (VI I I  - 8) 

For the special case of a normal valence compounds (VIII -8) simplfies to 

! BEN = B ·  n l m ' ! for (C'm , AJ(m·ec)· (Vl l l - 9) 

Starting from the chemical composition of a compound and using (VIII -9 )  or (VIII -8) one 
can calculate a BEN value for its anionic tetrahedron complex. If it corresponds to a BEN 
value of a base tetrahedron in the table, the complex will probably be built up with that 
particular kind of base tetrahedron. If the numerical value calculated for the compound does 
not agree with that of a base tetrahedron, it must correspond to an average, i.e. <BEN>. 
Taking allowed BEN values from a base tetrahedron table, the most probable base 
tetrahedron mixture can then be obtained from the <BEN> value by a simple lever rule. 
The use of the BEN parameter for the identification of base tetrahedra is to be preferred 
whenever tables with base tetrahedron drawings, identified by their framed BEN value, are 
readily avaible. When not, there remains as alternative method for the identification of the 
base tetrahedra the use of the base tetrahedron code which allows a complete description of 
a base tetrahedron, in principle comprehensible without the help of a drawing. Nevertheless, 
we have indicated below each base tetrahedron drawing the corresponding base tetrahedron 
code. The detailed description of the base tetrahedron code will be left for Chapter IX. For the 
moment we should take notice that the code for base tetrahedra found with normal valence 
compounds is very simple. Within the square brackets are two hyphens followed by the 
numerical value of the tetrahedron sharing coefficient, labelled IT. VIII • 2) The tetrahedron 
sharing coefficient is the total number of C '  - A - C '  bonds which originate from a central 
atom. The TT value can be "read" directly from a base tetrahedron drawing. The numerical 
value of TT, which varies between O and 12, depends on the n Im ' value, i.e. the ratio of 
the number of anions to the number of central atoms. The three different TT versus n I m ' 
equations (VIIII - 7a, 7b and 7c), listed in Table VIII -2, apply to three different n Im ' ranges. 
In Chapter IX will be presented the derivation of these equations. 
For the later discussion of the different tetrahedron complexes of normal valence compounds 
we shall use on some occasions the BEN values and on others the TT values. For normal 
valence compounds the numerical relation between TT and BEN values is obtained by 
combining (VIII - 7) with (VIII -9 ). Which BEN value corresponds to which TT value can be 
read directly in Table VIII -2. 

Base tetrahedra with and without equipartition of the C '  - A - C '  bonds 
Equipartition of the C ' - A - C ' bonds of a base tetrahedron means that each of the anions 
neighbours of a central atom is shared either by the same number of tetrahedra or, if not the 
same, then there is only a difference of one. 

VIII - 2) Parthe, E. & Engel, N. (1986). Acta Cryst. 842, 538 • 544. 
The tetrahedron sharing coefficient used here is, not the same but, related to the one introduced by T. ZoltaT 
(1960). Amer. Mineral. 45, 960 - 973. 
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Expressed differently, in the case of equipartition there exist no base tetrahedra which have, 
for example, unshared anions (full circle) and also anions shared by three tetrahedra 
(triangle), or base tetrahedra with anions shared by two tetrahedra (haH circle) together with 
anions shared by four tetrahedra (square). All the base tetrahedra shown in Table VIII - 2 and 
later tables are characterized by an equipartition of the C '  - A - C '  bonds. 
Anionic tetrahedron complexes built up of base tetrahedra without equipartition are rare. If 
there is no equipartition the equations (VIII -7 a  to 7 c) to calculate TT from the n I m '  value 
can not be used. For the prediction of the structural features of anionic tetrahedron complexes 
we shall tacitly always assume that there is an equipartition of the C '  - A - C '  bonds. 

As one example of a normal valence compound with an anionic tetrahedron complex built up of base 
tetrahedra without equipartition we mention Fe2+G8.:!S4. The base tetrahedron drawing can be found in 
Figure VI I I  - 6. With n I m ' =  2 one might have expected the presence of a base tetrahedron with 
equipartition where BEN = 1 6  and TT =  4. However, the observed base tetrahedron is characterized 
by one unshared anion and three anions shared between three tetrahedra. The BEN value is also 16, 
but the TTvalue is 6. 

Tetrahedron complexes with compositions which agree with that of a base tetrahedron 

If a tetrahedron complex of a normal valence compound has a composition which is the same 
as one of the base tetrahedra in Table VIII - 2 this means also that 

- the numerical value calculated with (VIII - 9) corresponds to one of the framed BEN values 
- the TT value calculated with (VIII -7 a, 7 b  or 7 c) is an integer. 

With few exceptions the anionic tetrahedron complex is constructed only with the particular 
base tetrahedron in Table VIII - 2 which carries the particular BEN value or TTvalue in the base 
tetrahedron code. All the compounds listed as examples in Tables VIII -3 to 8 are built up in 
such a way. 
However, the knowledge of the kind of base tetrahedron involved in the construction of a 
tetrahedron complex, is not always sufficient to define a unique tetrahedron complex. The 
base tetrahedra might be corner-linked or edge-linked or both. Examples for these different 
possibilities of assembling �. � and �  base tetrahedra, respectively, can be studied in 
the first three drawings of Figures VIII -4, 5 and 6, respectively. 
The n I m ' ratio of a tetrahedron complex which is constructed with only one kind of base 
tetrahedron is evidently identical with the n I m '  value of the base tetrahedron. However, the 
charge of the tetrahedron complex varies and depends on the valence electron contributions of 
the central atom ec• and the anion eA. The charge can be calculated using (VIII - 2 ). If the 
charge of the complex is calculated to be negative, there must be cations available outside the 
tetrahedron complex which provide the necessary electrons. If the charge is calculated to be 
zero, one has a neutral tetrahedron complex without cations, i.e. the structure is a (defect) 
tetrahedral structure. If the charge is formally calculated to be positive, then the formation of a 
tetrahedron complex with the chosen formula and element combination is not possible. 
In Tables VIII -3 to 7 are listed the possible numerical formulae and charges of tetrahedron 
complexes built up of [@, �. �. � and � base tetrahedra, respectively. Here we also 
consider numerical formulae where the central atom comes from a group in the Periodic Table 
which is higher than that of the anion. These kind of compounds are formed only if the element 
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assumed to be the anion is more electronegative than the element which is central atom (or 
cation). Examples are AgCI04 and Os04 _ in Table VIII -3 or Cl207 in Table VIII -4. VIII - 3) 

- c� tetrahedron complex : In Table VIII -3 are listed the general numerical formulae of 
complexes consisting of isolated tetrahedra, the only possibility for n I m ' =  4 (and VECA = 8). 

TABLE VI I I  - 3 : GENERAL NUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC 
TETRAHEDRON COMPLEXES C' A. CONSISTING OF ISOLATED � BASE TETIWiEDRA WrTH CODE [- - 0] ARE FOUND. 

ec · = 1. 
ec ·  = 2 
e0 , = 3 
ec · = 4  
ec ·  = 5 
e0 , = 6 
ec · = 7 
ec ·  = 8 

8A = 4 

(454)6-
(554)7• 
(654)6-

8A = 5  

(264)6-
(364)5-

8a.tSiAs4 (464)4-
U7PN4 (564)3-
Ba3Mo8+N4 (664}2" 

(764)1" 
(864)-.t.<l 

8A = 6 8A = 7 

Naezno4 (274)2" Na2BeF4 'Y 
Na5lnS4 (374)1" UAICl4 
ZrSi04 (474):10 - SiF4 
AIPS4 not possible 
caS04 not possible 
AgCI04 not possible 
- OsB+04 not possible 

There exist more general numerical formulae which can be derived from those in Table VIII -3 
by a partial anion substitution with other anions having different eA value. One example is 
(5637)2- derived from (664)2-. Such an anionic tetrahedron complex is known to occur in the 
compound �P03F, an ordered anion substitution derivative of orthorhombic �S04. 

- C'2Ar tetrahedron complex : With n I m ' = 3.5 one expects an anionic tetrahedron complex 
constructed with � base tetrahedra. Two of them join to form a double tetrahedron as found, for 
example, with Li6Si207 and shown in Figure VIII - 2 .  In Table VIII -4 are presented the 
general numerical formulae of these complexes together with chemical formulae of compounds 
where these complexes are known to exist. 

TABLE VI 11 - 4 : GENERAL NUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC 
TETRAHEDRON COMPLEXES C2 .4r CONSTRUCTED WITH � BASE TETRAHEDRA HAVING CODE [- - 1] ARE FOUND. 

C2Ar 8A = 4 8A = 5 8A = 6 8A = 7  
ec • = 1 
ec ·  = 2 (2277)3- Li2RbBe2F1 
e0 , = 3 (��)&- Ba4Ga2S1 (�77)1" KGa2Cl1 
e0 , = 4 (4i�)&- Li6Si207 not possible 
e0 , = 5 (Si�)4- H92P2S1 not possible 
ec · = 6 (6i�)2- K2S207 not possible 
ec · = 7 ( 72�)i<l - Cl207 not possible 

-·t·-----------

VIII • 3) According to Table IV - 2 the numerical fonnula of the nonnal valence compound with 6B and 7B elements is 
676 for which the stable SF6 HT (isolated SF6 octahedra) seNes as 9Xamp/e. Howev,,r, if the e/em9nt 6B is more 
electronegative than element 7B the fonnu/a changes to 726

7 
for which a2o7 is an 9Xamp/e. It is certainly 

unrealistic to assume here that the atoms which tunction as cations shed all their valence electrons to comp/el8 the 
octets of the anions. All atoms, i.e. cations and anions have h9'9 filled shells, but the atoms which tunctlon formally 
as cations have more shatwd-electron pairs and the anions more �tron pairs. 
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Double tetrahedra are not the only possibility if one allows more than one kind of base 
tetrahedron. We consider Ca3Si207 which has two modifications : rankinite and kilchoanite. 
As shown in Figure VI I I - 3, rankinite has the comer-linked double tetrahedron, but in 
kilchoanite exist two different anionic tetrahedron complexes, i.e. an isolated tetrahedron and a 
finite tetrahedron chain consisting of three tetrahedra. Note, that <BEN> = 28 and <TT> = 1 .  

rankinite 
[Si207]&-

TT = 1 ,  NA/M = 9 

�S1207 

VEG' = Mfg = 6.22 
kilchoanite 

[SiO.J'" + [Si301oJ&­
<TT> = 1 ,  <NA/M> = 9 

+ �  
1 x�+ 2 x'1!J+ 1 x!M] 

Figure VIII - 3 :  The anionic tetrahedron complexes of the two modifications of CssSi207 : 
rankinfte and kilchoa.nfte and the base tetrahedra used for their construction. 

- c� tetrahedron complex In Table VI I I  - 5 are listed general numerical formulae of anionic 
tetrahedron complexes C'Aa and known examples. One expects that the complexes are built 
up with [Ml base tetrahedra. The first three drawings in Figure VIII - 4 show different possi>ilities 
of constructing anionic tetrahedron complexes with these base tetrahedra. In Na5GeP3 they 
are edge-linked, but in Eu2+GeS3 and Na5SnSb3 comer-linked. The fourth drawing in Figure 
VI I I - 4 represents the tetrahedron complex of L.a3+GaS3 with a less simple solution consisting 
of a mixture of three different base tetrahedra, but <BEN> = 2 4  and <TT> = 2 .  

TABLE VI 1 1  - 5 : GENERAL NUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC 
TETRAHEDRON COMPLEXES C' A:J CONSTRUCTED WITH � BASE TE'TRAHEDRA HAVING CODE [- - 2) ARE FOUND. 

� 
c·� i 8A = 4  8A = 5  8A = 6 8,4 = 7 

ec • = 1 ( 16:3)5- Bal.aCuSa ( 1 73)2• K2Agl3 
ec • = 2 (26:3)4- Ba�3 (273)1" CsBeF3 
ec • = 3 (35:3)6- Ca3Al.\sa (36:3)3- RbalnSa (373):tO - A1Br3 
ec • = 4  ('5J)S- Na5GeP3 (46:3)2· U2Si03 not possible 
ec • = 5 (55.3)4· Ca2PN3 (56:3)1· AgPSa not possible 
ec · = 6 (66:3)±<' - 803 ., not possible 
ec • = 7 not possible not possible 

NasGeP3 Eu2+GeS3 N�SnSb3 La3+GaS3 
©[Ge2P eJ1o- $(Ge3Sg)6- !(SnSb3)s-

1 oo(GaS:J3-
VEC' = 24/4 = 6 VEC' = 24/4 = 6 VEC' = 24/4 = 6 VEC'= 24/4 = 6 

� A + a 
� � � [�] +[�+@] 

Figure VIII - 4 : Examples of anionic tetrahedron complexes obseNed with normal valence 
compounds where n I m '  = 3, BEN or <BEN> = 24 and TT or <TT> = 2. 
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- C2As tetrahedron complex : In Table VIII - 6 are presented general numerical and chemical 
formulae of compounds with tetrahedron complexes built up with � base tetrahedra having 
three half-shared anions. The first three drawings in Figure VIII - 5 show three possibilities for 
an assembly, i.e. the molecular complex of Li5P2N5, the one-dimensional tetrahedron 
complex of Rb4ln2S5 and the tw<Xlimensional complex of Na2Ge2Se5. The fourth 
tetrahedron complex found with Cs4Ga2Se5 co�sponds to a less simple solution with two 
kinds of base tetrahedra, but <BEN> = 20 and < TT> = 3. 

TABLE VI 11 - 6 : GENERAL NUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC 
TETRAHEDRON COMPLEXES C2 As CONSTRUCTED WITH � BASE TETRAHEDRA HAVING CODE [· • 3) AAE FOUND. 

C2As 8A = 4  8A = 5 8A = 6 8A = 7 

ec• = 1 
ec•= 2 (q75)1" CsB&.zFs Ff1 
ec• = 3  (,%6s)4· Rb4ln2Ss not possible 
ec• = 4  ( "26s)2- Na2Ge2Ses not possible 
ec• = 5 (5..?Ss)S- LisP2Ns (5..?6s):tO - P20s not possible 
ec• = 6 not possible not possible 
ec• = 7  not possible not possible 

LisP2Ns Rb4ln2S5 N�Ge2Se5 Cs4G�Se5 

O(P 4N1oJ10- !(ln2S5)4- !(Ge2Se5)2• [Ga4Se1oJe-
VEC' = 4017 = 5. 71 VEC'= 4017 = 5.71 VEC' = 4017 = 5.71 VEC' = 4017 = 5. 71 

� "4 h � 
� � � 2 x  l::!!] + 2 x �  

Rgure VIII - 5 : Examples of anionic tetrahedron complexes observed with normal valence 
compounds where n l m '  = 512, BEN or <BEN> = 20 and TT or <TT> = 3. 

- C� tetrahedron complex : The general numerical formulae of anionic tetrahedron complexes 
built up with [!§] base tetrahedra having four half-shared anions are listed in Table VIII -7 .  

TABLE VI I I  • 7 : GENERAL NUMERICAL ANO CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC 
TETRAHEDRON COMPLEXES C' � CONSTRUCTED WITH G!] BASE TETRAHEDRA HAVING CODE (- - 4) AAE FOUND. 

I C'A2 I 8A = 4  8A = 5 8A = 6 eA = 7  
ec • = 1 ( 1�)3- ErAgSe2 
ec • = 2 (2�)2· K2Zn02 (272)±0 - Hgl2 red 
ec • = 3 (35-i)3· Na3AlAs2 (36:z)1· KGa02 not possible 
ec · = 4  (45..?)2· Na2SnAs2 (4�)±0 - SiS2 I not possible 
ec · = 5 (55..?) 1· CsNbS+N2 not possible not possible 
ec · = 6 not possible not possible 
ec · = 7 not possible not possible not possible 

In Figure VIII - 6 are presented three examples of anionic tetrahedron complexes constructed 
with this kind of base tetrahedron. In BaGa2S4 they are comer-linked, in Na3AI� edge-



NORMAL VALENCE CoMPOUNDS WffH ANIONIC TETRAHEDRON CoMPLEXES VIII - 69 

linked and in SrGa2Se4 they are both. But the base tetrahedron used for the construction of 
the complex of Fe2+Ga2S4 is quite different. It is one of the rare base tetrahedra where there 
is no equipartition of the C '  - A - C ' bonds. The BEN value here is also 16, but the TT value 
is not 4 but 6. 

BaG�S4 SrG�Se4 Nii:3A1As2 Fe2•G�S4 
!(GaS2)1 • !(GaSe2)1• �(AIAs2)3- !(Ga$;2)1• 

VEG ' =  
16

/a = 5.33 VEG' =  
16

/a = 5.33 VEG'= 16/3 = 5.33 VEG'= 
1613 = 5.33 

1L � � A 
[ii] [!!] [!!] No equipartition 

Figure VIII - 6 : Examples of anionic tetrahedron complexes observed wfth normal valence 
compounds where n I m '  = 2 and BEN = 16. 

- C '6 A1 1 , C '3 As, C '2 � and C '3 A4 tetrahedron complexes where the anions are 
shared between two and three tetrahedra : The fonnulae of these complexes can be found 
in Table VIII - 2 .  Thus it is possible to construct each complex with only one kind of base 
tetrahedron, i.e. the [- - 5], [- - 6], [- - 7 ]  and [- -8] base tetrahedron, respectively. In 
Table VIII - 8 are listed normal valence compounds for which these anionic tetrahedron 
complexes have been reported. 

TABLE VI I I  - 8 :  EXAMPLES OF NORMAL VALENCE COMPOUNDS WITH ANIONIC TETRAHEDRON COMPLEXES BUILT 
UP ONLY OF [- - 5], (- - 6], (- - 7]  AND (- - 8] BASE TETRAHEDRA, RESPECTIVELY. 

Ca A11 C '3 '4s C2 A:J C3 A4 
[- - 5) 1- ... 6) [- - 71 1- - 81 

Na3P6N1 1  N�Cd3Ses Ca3Al2Ge3 Cs�n3S4 
AgGa3Tes HP Kaln2As3 - Si3N4 

LiSi2N3 
K2C�Sa 
- 8203 I I  

Tetrahedron complexes with compositions different from that of a base tetrahedron 
If the <BEN> value calculated with (VIII -9 )  does not agree with one of the framed BEN 
values in Table VII I - 2 or, expressed differently, if the TTvalue, calculated with (VIII - 7), is 
not an integer, then the anionic tetrahedron complex is built up of at least two different kinds of 
base tetrahedra. The ratio of their numbers can be detennined by a lever rule as follows : 
Assuming that <BEN> has a value between two allowed BEN values listed in Table VIII -2 , 
denoted by (BEN) 1 and (BEN)2, the ratio of their numbers is given by 

N(BENJ1 / N(BEN)2 = [(BEN)2 - <BEN>] I [<BEN> - (BEN)1] (VI I I  - 1 0a) 

A corresponding lever rule equation can be fonnulated for <n I m'> and < TT>. If < TT> has a 
value between ( TTh and ( T1)2, the ratio of their numbers can be expressed by 

N<T1'J1 / NCTTJ2 = [(T1)2 - < TT>] I [< TT> - ( T1)1] (VI II - 1 0b) 

The last equation is applicable only if the base tetrahedra are from the same row in Table VIII - 2 .  
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In Figure VI I I  - 7 are given four examples for anionic tetrahedron complexes, built up of two kinds of 
base tetrahedra, where (VI I I  - 1 0b) can be applied. Note, that the <TT> values for the first three 
compounds have been calculated with (VI I I  - 7a), but for the last compound, where n I m '  < 2, with 
(VI I I  - 7b). 

Na5P3010 I I  Amphiboles Na7ln3Se8 BaAl4S7 

[P:P10ls- .!.(Si401 1)s- .!.(ln3Se8)7- .!(Al4S7)2-

<TT> = 1 1/a <TT> = 2112 <TT> = 22/3 <TT> = 5112 
N(TT=1 l/N( TT=2) = 211 N( TT=2l/N(TT=3) = 111 N(TT=2l/N( TT=3) = 112 N( TT=5l/N( TT=f3) = 111 

44+ � � �I-<D-1-0 
2 X [- - 1 )  + 1 X (- - 2) (- - 2) + [- - 3) 1 X [- - 2) + 2 X [- - 3) [- - 5) + [- - 6) 

Figure VIII - 7 : Four examples of normal valence compounds with anionic tetrahedron 
complexes which are constructed with two kinds of base tetrahedra and the prediction of these 
base tetrahedra and their ratio using (VIII - 10b). A detailed drawing of the base tetrahedron 
linkage in the amphiboles can be found in Figure VIII - 12. 

Normal valence compounds with finite chains of comer-linked tetrahedra 
For anionic tetrahedron complexes with 4 �  n l m' > 3 or 32 � <BEN> > 24 or O s <TT> 
< 2 there exists a different, more convenient, method to predict the possible linkage of the 
tetrahedra. We know from above that TT = 1 corresponds in the most simple case to a 
double tetrahedron and TT = 2 to an infinite phain or a ring of comer-linked base tetrahedra. 
For < TT> values in between one should find finite non-cyclic tetrahedron chains. Let us define 
a parameter N Tl'M which is the average number of tetrahedra per .molecule of the anionic 
tetrahedron complex. Making the same reasoning which led to the derivation of 01 - 9) one 
can obtain a correlation between N 'rit.1 and TT :  

N Tit.1 = 2 I (2 - T7) for O s TT < 2 (VI I I  - 1 1  a) 

which with 01111 - 7a) can be rewritten as 
!
.--

-N-'r_/M_=_1_/ [-(n_/_m_1 ___ 3_) 
-

for 3 < n Im'  s 4 (VI I I  - 1 1  b) 

or ! N 'rit.1 = 2 / [2-(n / m 1  - 6) ! for 6 < 2-(n /m ' ) S 8  (Vl l l - 1 1 c) 

Simple solutions of (VI I I  - 1 1 ) are tabulated in Table VIII - 9. If, on the right hand side of 01111 -
1 1 b), the parameter n I m '  is replaced by 2-(n I m  ' ) , then equation 01111 - 1 1 c) has 
algebraically the same form as 01 - 9b) for which solutions are printed on the inside cover of 
this book. 

TABLE VI II - 9 : THE SIMPLE NUMERICAL SOLUTIONS OF (VHI - 1 1 ) RELATING THE NUMBER OF CORNER-LIN<ED 
TETRAHEDRA FORMING A FINITE C}IAIN" N'r/M WITH THE. TT AND n I m '  VALUE OF A COMPOUND. 

n l m' (4) 7/2 10/3 13/4 16/5 19/6 2217 25/s 28/g 31f1o (3) 
2-(n /m') (8) 7 '21l/3 13/2 �/5 19/3 4417 25/4 56/9 31/5 (6) 

TT (0 ) 1 4/3 3/2 8/5 5/3 1217 1/4 16/9 9/5 (2) 
N 'rlM (1)  2 3 4 5 6 7 8 ij 10  (oo) 



NORMAL VALENCE CoMPOUNDS WfTH ANIONIC TETRAHEDRON CoMPLEXES VIII · 71 

If N TIM is calculated to be an integer one expects as most simple solution that the anionic 
tetrahedron complex consists of a finite non-cyclic chain of N 'rlM comer-linked base 
tetrahedra. Short chains are unbranched but, when N 'rlM � 4, they can be also branched. 
Less probable is a solution where the calculated value corresponds to an average <N 'rrM>, 
i.e. the tetrahedron complex consists of two kinds of tetrahedron chains, one shorter and one 
longer than expected for the simple case. 
Examples tor anionic tetrahedron complexes consisting of finite tetrahedron chains with N TrM 

= 3, 4 and 5 are shown in Figure VIII - 8. The general numerical formulae and examples for 
N rrM = 1 and 2 can be found in Tables VIII -3 and 4, respectively. A projection of one 
complete unit cell of Na3Mg2P5016 (NrlM = 5) is presented in Figure VIII -9 .  

3 

4 

5 

numerical 
formula 
(4.J610)8-

(S:J610)5-

( 6-3610)2-

(34613)14-
(44613)10-
(54613)6-

(64613)2-

( .'.%61a) 17-
( 4s61&) 12-
(5s61a)7-
(6s61e)2-

formula of compounds 
with one kind of finite chains 

Na2Ca3Si301o 
Na5P3010 I I  
K2Cr6+3010 
C) 0 () 

--<D-S<D !o 
Na14Al4013 
AQ10Si4013 

Ba3P4013 L T  
Rb2Cr6+ 4013 

Na11Als01e 
Na.Sn2Sis01e . H20 

NaaM92Ps01a 
K�s01& 

#-H+ 

formula of compound 
with two kinds of finite chains 

Figure VIII - 8 : Examples of anionic tetrahedron complexes with N 'rM = 3, 4 and 5. The 
complexes on the left hand side correspond to the simple solution, the one on the right to a 
more complicated solution with two kinds of tetrahedron chains, one being a branched chain. 

Figure VIII - 9 : Projection of the structure 
of Na:}Ag�p16 (N'rM = 5). 
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If the calculated value for N TIM is not an integer, then it must correspond to an average, i.e .  
<N T,M>. If the value of <N TIM> is between the integer i and j there will be finite chains with 
i tetrahedra and with j tetrahedra. The ratio of their numbers, labelled NC.lfJ / N(Jf), is given by 

Ne.IT} / NC.JT) = U - <N'rrM>] I (<N 'rtM> - i )  (VI I I  - 1 2) 
Examples of structures with anionic tetrahedron complexes consisting of two kinds of tetrahedron chains 
are presented in Figure VIII - 1 0. 
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N�BaaSi4015 

(Si401s) 14-
< TT> = 1/2, <N 'TfM> = 4/3 

N(1T) / N(2T) = 2f1 

Ag7P3S11 
(P 3S1 1 )7· 

<TT> = 2/3, <N'rJM> = 3/2 

N(1T) / N(2T) = 1f1 

+ + *  + +to  
1 X [· - OJ + 1 X (- • 1 J 1 X [· • OJ + 2 X [· - 1 J 

Figure VIII - 1 O : Two examples for compounds with anionic tetrahedron complexes consisting 
of two kinds of tetrahedron chains where <TT> and <N 'r.tM> are not integers. 

Normal valence compounds with finite chains of edge-linked tetrahedra 
Edge-linked tetrahedra are never found with silicates, phosphates or sulphates, i.e. 
compounds with oxygen anions. One exception is fibrous Si02, a laboratory curiosity, 
isotypic with SiS2, which forms an infinite straight chain of edge-linked tetrahedra isoster to the 
anionic tetrahedron complex in Na3AI�. shown in Figure VIII - 2 .  
When only edge-linked tetrahedra are allowed, then, assuming equipartition, only two kinds of 
base tetrahedra with BEN = 24 and 16 can occur, or expressed differently, base tetrahedra 
with codes [- - 2 )  and [--4). With this restriction (VIII - 1 Ob) changes to 

N(TT=2) I Nf. TT=4) = (4 - < TT>) / (< TT> - 2 )  for 2 :s; TT :s; 4 (VI I I  - 1 3) 
The anionic tetrahedron complexes built up with these two base tetrahedra consist of straight 
chains of m '  edge-linked tetrahedra. Their possible formulae are listed in Table VIII - 10 
together with one known example for each case. Complete lists of possible general numerical 
formulae for m '  = 2 ,  4 and oo can be found in Tables VIII - 5, 6 and 7 ,  respectively. 

TABLE VII I  • 1 0 : GENERAL FORMULAE AND EXAMPLES OF LINEAR MOLECULAR ANIONIC TETRAHEDRON COMPLEXES 
CONSTRUCTED WITH EDGE-LINKED TETRAHEDRA AS A FUNCTION OF THE NUMBER OF CENTRAL ATOMS. 

m '  C'm, A2m'+2 n lm ' = 2 + 2 / m  TT= 4(1 - 1 / m? [- - 2J / [- - 4] compound co111>lex Figure 
2 [C'2 As) 3 2 2/o NasGeP3 (Ge2PeJ10- VI I I  - 4 
3 [C'3 As) 2.67 2.67 211 K.SnsSee [Sn3See]4" Vll l - 1 1 
4 [C'4 A10J 2.5 3 111 Cs4Ga2Se5 [G�Se1o)e- Vl l l - 5 
5 [G's A12l 2.4 3.2 2/3 
6 [C'e A14) 2.33 3.33 112 Cs5Gas$07 [GaeSe14J 10- VIII - 1 1  

00 .!. ( C' A:!) 2 4 0/2 Na3AIAs2 .! (AIAs2)3- Vl l l - 2  

The anionic tetrahedron complexes for m '  = 3 and m '  = 6 are presented in Figure VIII - 1 1 .  
It remains unexplained why K4Sn3Se8 (m ' = 3) has only edge-linked tetrahedra, but 
Na7ln3Se8, shown in Figure VIII -7 ,  edge- and comer-linked base tetrahedra. 

[Sn3SeeJ4" in K4Sn3Se8 [GaaSe1.J 1o- in Cs5GasS87 
Rgure VIII - 1 1  : Finite linear chains of edge-linked tetrahedra in the anionic complexes of 
K4Sns5e8 (m ' = 3) and Cs5Ga3Se7 (m ' = 6) . 

�=>=> Problem 9 in Appendix B 
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Silicates classified by means of the tetrahedron sharing coefficient 
The TT value is an excellent parameter for a primary classification of silicates since it 
correlates composition, i.e. the n I m ' value, with structural features of the anionic 
tetrahedron complex. All silicates are normal valence compounds and the tetrahedra in the 
anionic complexes are practically always comer-linked. The base tetrahedra corresponding to 
the simplest solutions of (VIII -7 a) and (VIII - 2 )  are, with few exceptions, the ones used to 
construct the observed tetrahedron complex. In Table VIII - 1 1  a very simple version of a 
silicate classification system is presented. Many more subdivisions can be made for silicates 
with non-integer TTvalues. 

TABLE VI I I  - 1 1  : CLASSlftlCATION OF SILICATES BASED ON THE TETRAHEDRON SHARING COEFFICIENT IT. 
THE LAST COLUMN REFERS TO TETRAHEDRON COMPLEXES FORMED BY EDGE-LINKED TETRAHEDRA; SUCH 

TElRAHEDRON COMPLEXES DO NOT OCCUR WITH SILICATES. 

TT =  0 

TT =  1 

TT =  2 

TT =  Sf2 

TT =  3 

TT =  4 

n l m '  = 4 

+ 
NESOSILICATES with isolated tetrahedra 

olivines 
garnet C�2 [Si0.J3 

corner-linked 
n I m '  = 7/2 SoR0s1L1CATES with double tetrahedra 

n l m '  = 3 INOSIUCATES with sirrple tetrahedron chains 
pyroxenes 
enstatite Mg .!.(Si03) 

CYCLOSIUCATES with tetrahedron rings 
beryl BeaAf2 [Si601aJ 

n l m '  = 1 114 INOSIUCATES with double chains 
amphiboles 
tremolite 

n I m '  = 512 PHYLLOSILICATES with sheets (or ribbons ,or cages) 
micas + kaolinite Al2(0H)4 !(Si205) 

ed11e-llnked 

double tetra­
hedra 
(Figure VIII - 4) 

chains of four 
tetrahedra 
(Figure VIII - 5) 

n l m '  = 2 Tecros1ucATES with three-dimensional frameworks infinite chains 

+ quartz Si02 

felspar Na !(A1Si308) 

(Figure VIII - 6) 
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Problems to classify the silicates based on their n I m ' value do occur when the function of 
the participating elements as cations or as central atoms is not evident. In  certain alumino­
silicates the Al atoms are cations outside the complex, however, in others they substitute for 
the tetrahedrally coordinated Si atoms and have to be considered as central atoms (as for 
example in felspar NaA1Si308). There are also problems when some of the oxygen atoms 
present do not participate on the formation of the tetrahedron complex i. e. they are not bonded 
to the Si atoms (as for example in epidote Ca�2Fea+-O(OH) [SiO.J [Si207] ).  

Examples are also the different aluminium silicates with same chemical formula Al2Si05• In kyanite 
(== disthen) Al216IO[Si0.J one oxygen atom per formula unit is outside the complex which consists of 
isolated Si04 tetrahedra (TT = 0). But in si l limanite All61 .!. (All41Si05) half of the Al atoms participate 
on the one-dimensional tetrahedron chain, an anionic tetrahedron complex where TT = 3. 

Examples of physlcal measurements which provide structural Information 
1 )  Measurement of the angle between cleavage planes to distinguish between pyroxene and arnphibole 
infinite-chain silicates. 
To distinguish between pyroxenes and amphiboles, both characterized by infinite chains but of different 
width (see Figure VI I I  - 12a), one measures the angle between the pronounced cleavage planes. A 
projection along the direction of the chains, as presented in Figure VII I - 1 2b,  indicates the different 
widths of the chain-outlining trapezoids. The pyroxenes and arnphiboles structures can be presented 
schematically as a stacking of these trapezoids with cations inbetween the chains. For cleavage to 
occur, one has to select planes where neither silicon - oxygen nor cation - oxygen bonds will be 
broken. As demonstrated in Figure V I I I  - 1 2c, the (apparent) angle between possible cleavage planes is 
about 87° in the pyroxenes, but about 1 24° in the amphiboles. 

Pyroxenes 
with 

simple chains 
{n l m ' = 3) 

Amphiboles 
with 

double chains 
(n lm ' = 1 114) 

Figure Vil/ - 12a : Projection Rgure Vil/ - 12b : A Figure Vil/ - 12c : Structure re­
perpendicular to the direction of a projection parallel to presented schematically as a 
tetrahedron chain. the direction of a stacking of the chain-outlining 

tetrahedron chain. trapezoids. The + symbols 
indicate the positions of cations 
in between the chains. 
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2) Chromatography experiments to separate different finite-chain phosphates. 
When phosphates with finite anionic tetrahedron chains are dissolved in water the anionic complex is to 
a certain degree conserved in the aqueous solution. Since the adsorption (and desorption) rate on 
cellulose depends on the size and shape of the anion group, a chromatography experiment can be 
devised to separate anionic tetrahedron complexes with different chain length, i.e. [PO.J3- (NT/M = 1 ), 
[P207]4· (NT/M = 2), [P301ol6- (f\/T/M = 3), e.t.c .. V/11 - 4) 

Subclassificatlon by means of the linkedness and connectedness parameters 

The classification based on the tetrahedron sharing coefficient correlates composition with base 
tetrahedra but does not differenciate whether these base tetrahedra are corner- or edge-linked 
(or both). Unfortunately these differences in linkage cannot be predicted but they seem to 
depend on subtle differences in the environment. 
One particularly illustrating example is provided by the different anionic tetrahedron complexes of two 
compounds which differ only by the presence or absence of crystalline water, i.e. N82GeS3 and 
N82GeS3, 7H20. From n I m '  = 3 one obtains BEN = 24 or TT= 2 and, as the most simple solution, 
the anionic tetrahedron complex is expected to be built up of only [· • 2] base tetrahedra. This is the 
case, but in the first compound these are corner-linked, forming an infinite chain (as in Na5SnSb3, see 
Figure VI I I  - 4), while in the second they are edge-linked, forming a cyclic molecule [Ge2SeJ4- (as in 
Na5GeP3, also Figure VI I I · 4). The water molecules occupy interstitial sites and do not contribute to the 
valence electron pool, but they influence the l inkage of the GeS4 tetrahedra. 
It is the purpose of the subclassification to characterize the different kinds of base tetrahedron 
linkages which may occur with the different structures constructed with the same base 
tetrahedra. Liebau VIII- 5J proposed for silicates (and other normal valence compounds) two 
subclassification parameters, called L (linkedness) and s (connectedness), which are 
defined as follows 
L = llnkedness is the number of anions shared between a given tetrahedron with one of 

its adjacent tetrahedra. 
s = connectedness is the (total) number of tetrahedra that share anions with the given 

tetrahedron. 
Example : The L and s values of the [· • 2] base tetrahedra in N82GeS3 and N82GeS3-7H20. 
For a corner-linked base tetrahedron in an infinite chain : L = 1 ,  s = 2. 
For an edge-linked base tetrahedron in the cyclic molecule : L = 2, s = 1 .  
Following the recommendation of an IUCr commission VIII - 6) the L and s values are written 
within a pair of Japanese brackets (Japanese quotation marks) and separated by a semi-colon 
1 L; sJ. If all adjacent tetrahedra are linked in the same way it is sufficient to write only one L 

value. However, if the base tetrahedron is both corner- and edge-linked, then all individual 
L1 , �. values, each one applying to one adjacent tetrahedron, have to be given. They will 
be separated by commas : I L1 , �; sJ. 
Examples : The L and s values of the base tetrahedra used for the construction of the anionic 
tetrahedron complexes of the four structures with TT or <TT> = 3, presented in Figure VI I I · 5. 

Li5P2N5 Rb4l n2S5 N82Ge2Se5 Cs4G82Se5 

11 ; 3J 12, 1 ;  2J 1 1 ;  3J 12; 1 J  + 12; 2J 

V/11- 4) Aurenge, J., Degeorges, M. & Normand, J. (1964). Bull. Soc. Chim. Fr. 1964, 508- 511. 
VIII - 5) Uebau, F. (1985). 'structural Chemistry of Silicates'. Bertin : Springer. 
VIII - 6) Uma-de-Faria, J., Hellner, E., Uebau, F., Makovicky, E. & Parthe, E. {1990). Acta Cryst. MB, 1- 1 1. 
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Although one has to know the crystal structure before one can write down the particular L and 
s values of the base tetrahedra, the value of the product (or the average of the products) 
corresponds to TT or < TT> which can be calculated alone from the composition. If the 
tetrahedron complex is built up only with one kind of base tetrahedron then (VIII • 1 4a) is 
valid. 

TT = <L> , s (VI I I  • 14a) 

where <L> is the average of all the L values (referred to all the tetrahedra which are adjacent 
to the base tetrahedron considered). 

If there are more base tetrahedra involved, then 
<TT> = <[<L> , s)> (VI I I · 1 4b) 

As example we come back to the four structures shown in Figure VI I I  · 5 with TT =  3 for which the L 
and s values of the base tetrahedra have been given a few lines above. That the product of L and s 
agrees with the TT value can be verified for the first three structures by using (VI I I  - 14a) and for 
Cs4G�Se5 by applying (VIII - 14b). 

Limits for the use of the valance electron rules 
For the application of the rules presented in this chapter the assumption was made that an 
anionic tetrahedron complex is formed. It is not possible to state precisely when a tetrahedron 
complex occurs. If the central atom and the anion are from the second period of the Periodic 
Table then, instead of a tetrahedron complex, a planar triangular molecular complex may form, 
as for example with [BOaJ3-, [CO:J2· or [NO:J1•. Tetrahedron complexes are rarely found if 
the central atom is from a very high period. Central atoms from periods in between generally 
form tetrahedral complexes, but there are exceptions. 

Example of an unexpected change of the anionic complex with homologous compounds : 
One might expect that the two isoelectronic normal valence compounds Na5GeP 3 and Cs5GeP 3 have 
structures characterized by an anionic tetrahedron complex constructed with base tetrahedra having 
code [· · 2). This is the case for NasGeP3 where one finds edge-linked double tetrahedra (see Figure 
VI I I  • 4). Surprisingly, homologeous Cs5GeP3 has no tetrahedron complex, but a molecular anionic 
triangle complex [Gel31lpa]s-, isoster to [COaJ2•• It is surprising that the hybridization of Ge changes 
from sp3 to spl when the period number of the cation is increased. 

The valence electron contribution of the main group elements essentially corresponds to their 
group number. Exceptions are the cations TI+, Sn2+ and Pb2+ (however Sn used as a central 
atom provides all four valence electrons). Early transition elements like Ti, Zr or V usually 
contribute all their valence electrons, but not the late transition elements. When Fe functions 
as cation it is mostly two-valent, but as tetrahedral central atom mostly three-valent. 

For compounds with VEC 2: 4 it is in principle possible that all participating elements, i. e. 
including the cations C, participate on the formation of a tetrahedral structure. Experimental 
evidence shows that 1A, .2A and 3T elements from the fourth period up are hardly ever sp3 
hybridized and are thus outside the tetrahedron complex. 



IX .  GENERAL VALENCE COM POUNDS WITH 

ANIONIC TETRAHEDRON COM PLEXES 

Definition 
The general valence compounds with anionic tetrahedron complexes differ from the 
corresponding normal valence compounds by having either anion - anion bonds or central atom 
- central atom bonds and/or lone-electron pairs on the central atoms. Of the three anionic 
tetrahedron complexes, shown in Figure IX - 1 ,  the first belongs to a polyanionic valence 
compound, characterized by a covalent anion - anion bond, the second and the third to a 
polycationic valence compound with a covalent central atom - central atom bond or a lone­
electron pair replacing an anion neighbour, respectively. A tetrahedron where the central atom 
carries a lone-electron pair is called a 'I' (psi) - tetrahedron. In analogy to compounds 
presented in Figure VIII- 2 ,  also here the formation of a tetrahedral structure involving all atoms 
is not possible because VEC < 4. However, an anionic tetrahedron complex can be formed 
because the parameter VEC ', the valence electron concentration of the charged anionic 
tetrahedron complex, is equal or larger than 4. Below the drawings of the anionic tetrahedron 
complexes are shown the base tetrahedra used for their construction. For the simple examples 
chosen only one kind of base tetrahedron is needed for each complex and all the anions are 
unshared. 

N8:JSiSe4 1<aSiTe3 N8:JAsS3 

VEC: 31/a < 4  VEC= 2517 < 4  VEC : 2617 < 4  

[Si2SeeJs- [S�TeeJs- [AsS:Ja-
VECA : 31/4 , VEC' : 3115 VECA = 25/a , VEC' = 25/4 VECA = 26/a , VEC' = 26/4 

o1� o& � 

+- °t o;o 
F,gure IX - 1 : Three examples of anionic tetrahedron complexes in general valence compounds and 
the base tetrahedra needed for their construction. Central atoms are indica.ted by small black circles 
and anions by open circles. A thick line represents the homonuc/ear bond between anions or 
between central atoms or indicates the /one-electron pair on the central atom. 

Valence electron rules for general valence compounds with anionic tetrahedron complexes 
The two principal parameters for the application of the generalized 8 - N rule and of the 
tetrahedral structure equation to general valence compounds with anionic tetrahedron 
complexes are VECA, defined by (VIII - 1 ), and VEC', expressed by (VIII -3). 

77 
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- Generalized 8 - N rule 
The C cations outside the complex do not retain any valence electrons but transfer all of them 
to the comptex. Thus, the original generalized 8 - N rule, as given by (V -3), has for the 
application to charged anionic tetrahedron complexes the slightly different form : IX- 1) 

VECA = 8 + C'C I (n I m ?  - AA for ( C'm • A,J(m-ec)· (IX - 1 ) 
n I m ' is the ratio of the number of anions to the number of central atoms, 
C'C is the average number of C - C bonds per central atom and/or the average 

number of valence electrons per central atom which rest inactively with the central 
atom in lone-electron pairs, 

AA is the average number of A - A bonds per anion. 
It is convenient to operate here with parameters which are normalized to one tetrahedron as 
reference unit (and not to only one atom of the tetrahedron). The parameter CC refers by 
definition to one central atom. But since each tetrahedron has only one central atom, this 
parameter refers also to one tetrahedron. However, AA needs to be replaced by NA-A, the 
average number of .anion - anion bonds per tetrahedron, to be obtained from AA with 

NA-A = AA . (n / m ') 
The new formulation of the generalized 8 - N rule is now 

VECA = 8 + [1 / (n / m ')] · [CC - NA-Al 

( IX - 2) 

for (C'm • A,J(m·ec)· (IX - 3) 
For our application it is necessary to decompose the G'C parameter in its two parts, i.e. the 
number of electrons used for lone-electron pairs and the number used for central atom -
central atom bonds. The two new parameters to be used are labelled �ep and Ne-c. 

�ep Is the average number of Jone1lectron Rairs on the central atom per tetrahedron. 
Nci.c· is the average number of �ntral atom - �ntral atom bonds per tetrahedron. 

These parameters are related with CC according to 
C'C = 2 �ep + Nc;.c• (IX - 4) 

The final version of the generalized 8 - N rule is thus 

! VEGA = 8 + [1 / (n I m ?l · [2 �ep + Nc;.c• - NA-Al l for ( G'm • A,J(m·ec)· (IX - 5) 

Based on the VEGA value we distinguish, as before, between a polyanionic, normal and 
polycationic valence compound. 

If VEGA < 8 : Polyanionic valence compound where 

! NA-A = (n I m ?  · (8 • VEGA) ! if �ep = Nc-:.c• = 0 (IX - 6) 

If VEGA = 8 : Normal valence compound where �ep = Nc-:.c· = NA-A = 0. 

If VECA > 8 : Polycatior:,lc valence compound where 

l C'C = 2 � + Nc'I.C' = (n l m ? ·  ( VEGA · a)! if NA-A = 0 (IX - 7) 
Note that there are bonds between and/or lone-electron pairs on the central atoms C but not 
the cations C. The label "polycationic" is kept for historic reasons. 

IX- 1) Parthe, E. & Chabot, B. (1990). Acts Cryst. 848, 7 - 23. 
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- Tetrahedral structure equation 
All what has been stated in Chapter VI II on the application of the tetrahedral structure equation 
to normal valence compounds with anionic tetrahedron complexes is equally valid for general 
valence compounds. 

Referring, for example, to the general valence compounds of Figure IX - 1 ,  one calculates, based on 
the listed VEG ' values and (VI I I  - 6), that the non-cyclic molecular anionic tetrahedron complexes 
consist of 1 0, 8 and 4 atoms, respectively. Note should be taken, that the lone-electron pair attached 
to the central atom of a "ljf-tetrahedron is included in the value calculated for N'Neo· Thus, in the case 
of [AsSsJ2• (third drawing in Figure IX - 1 ), one obtains with (VI I I  - 5) that N'Neo = 1°'4, i.e. there 
are ten lone-electron· pairs per isolated "ljf-tetrahedron. 

Base tetrahedra for general valence compounds 
In Figure IX - 2 is presented a gallery of graph drawings of all 40 possible base tetrahedra for 
general and normal valence compounds with unshared anions and/or anions shared- between 
two tetrahedra (assuming equipartition). The drawings are arranged on a grid with an n I m ' 
scale as abscissa and with an (n I m 1 · ( VECA - 8) scale as ordinate. According to (IX -7 )  
the positive values on the ordinate scale can be reinterpreted as C'C' values and the negative 
values, corresponding to (IX -6), as NA-A values. On the horizontal middle line where (n I m 1 
. ( VECA - 8) = O, i.e. VECA = 8 are aligned the base tetrahedra for normal valence 
compounds (which were shown before in the top part of Table VIII - 2 ). In the upper half of 
Figure IX - 2 are found the base tetrahedra needed for the construction of complexes of 
polycationic valence compounds and in the lower half those used for complexes of polyanionic 
valence compounds. The base tetrahedra drawings have been positioned in Figure IX - 2 so 
that the black circles representing the central atoms are on a grid position which corresponds to 
the C'C' or NA-A value and the n I m ' value of the base tetrahedron. There are, however, 
four exceptions, i.e. there exist four pairs of base tetrahedra, each pair having same C 'C '  
and n I m ' value although the base tetrahedra are different. One base tetrahedron drawing of 
each pair is at the correct grid point IX - 2) and the second displaced to the lower left. 

BEN values and base tetrahedron codes 
All the base tetrahedra shown in Figure IX - 2 can be identified by their n I m ' values and the 
BEN numbers which are written within a rectangular frame on the upper right of each drawing. 
To derive the BEN value of the new base tetrahedra shown in Figure IX - 2 ,  the electron 
counting rules of Chapter VIII, have to be extended with three complementary rules : 

- An anion which extends a covalent bond to another anion contributes only 7 electrons to 
its base tetrahedron. 

- A central atom which carries a lone-electron pair contributes two electrons. 
- A central atom which extend one covalent bond to another central atom contributes one 

electron. 

As an example we calculate the BEN numbers of the three base tetrahedra, shown in Figure IX - 1 .  
One obtains the BEN values 31 , 25 and 26, respectively. Drawings of these base tetrahedra can be 
found in Figure IX - 2 at the proper NA-A or C'C' and n I m '  grid points. 

IX -2) At n Im' = 1 with C'C' = 3 and 4, further at C'C' = 2 with n Im'= 1.5 and 2. 
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Figure IX - 2 : Drawings of the 40 possible base tetrahedra with unshared anions and/or anions 
shared between two tetrahedra (together with 5 degenerated base tetrahedra at n I m' = 0), the 
BEN values and the base tetrahedron cedes. The positions of the filled circles (central atoms) 
of the base tetrahedron drawings on the (n I m7 , (VECA - 8) [ = BEN - 8 (n I m,] versus 
n Im' grid correspond to the parameter values of the base tetrahedra. TIM'.> base tetrahedra are 
possible for BEN = 1 1, 12, 14 (at n I m' = 1.5) and 18. For each pair the drawing on the lower 
left should coincide with the one on the upper right which is positioned at the proper grid point. 
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The base tetrahedra used with normal valence compounds can be unambiguously identified 
with their BEN numbers alone. However, for proper identification within the much larger gallery 
of base tetrahedra graph drawings in Figure IX - 2 one needs to register both the BEN number 
and the n Im'  ratio. This is necessary because there exist different base tetrahedra with same 
BEN numbers but different n I m' ratios. For four pairs of base tetrahedra even this is not 
enough. A distinction between both members of each pair which have same BEN number and 
n Im'  value will be possible only with the base tetrahedron codes, to be discussed below. 
The BEN values in Figure IX - 2 are all integers because only base tetrahedra with unshared 
anions and/or anions shared between two tetrahedra are considered. The BEN values vary, 
vertically, for a given n I m' in regular steps of one and, horizontally, in regular steps of 
four. This makes the BEN number, calculated with (VIII -8), a convenient parameter to use 
when searching for the kind of base tetrahedra involved in the construction of an anionic 
tetrahedron complex. Particularly for general valence compounds there is one simple method 
for doing this and it is based on BEN numbers and tables with base tetrahedron drawings. 

In the following paragraph will be presented a summary of the numerical relations between the BEN 
number and the different parameters which are used to describe the geometrical features of a base 
tetrahedron. The reader in a hurry can skip this paragraph.  He can see all the features of base 
tetrahedra by looking at the drawings in Figure IX - 2. 

For a normal valence compound with VEGA [= BEN I (n I m ' )] = 8 
BEN = 32 - 4 TT for TT s 4 

For a polyanionic valence compound with VEGA [= BEN I (n I m '  )] < 8 : 
BEN = 32 - NA·A - 4 TT for TT S 4 - NA·A 

For a polycationic valence compound with VEGA [= BEN I (n I m '  )I > 8 : 
BEN = 32 - 6 No.er, - 7 Nc·-c· - 4 IT for TT s 4 - No.er, - Nc·-c· 

(IX - 8) 

(IX - 9) 

(IX - 1 0) 

The total number of lone-electron pairs of a base tetrahedron can be obtained from the BEN number : 
N 'Nso · (n + m ' ) / m ' = BEN - 4 · [(n / m ' ) + 1 ] (IX - 1 1 ) 

Equations (IX - 8 to 1 0) are valid only for base tetrahedra with unshared anions and/or anions shared 
between two tetrahedra, but ( IX - 1 1 )  for all kinds of base tetrahedra. 

The base tetrahedra can alternatively be described with base tetrahedron codes which, 
compared to BEN numbers, are more elaborate but relate more to the structural features of 
base tetrahedra. Below each drawing in Figure IX - 2 is given the base tetrahedron code which 
can be identified by the surrounding square brackets. IX - 3) Three kinds of code versions have 
to be considered, depending on the number of hyphens within the square brackets. 

[ - - T1] is the code for a base tetrahedron without an anion - anion or central atom - central 
atom bond and without a lone-electron pair on the central atom. The single numeral 
within the square brackets after the two hyphens corresponds to the TT value. These 
base tetrahedra are the only ones which occur in the anionic tetrahedron complexes 
of normal valence compounds where VECA = 8. 

IX - 3) The notation of rhe base tetrahedra presented here differs from rhe notation used in rhe first edition of rhis book. 
The new notation relates more directly to rhe features of a base tetrahedron. 
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[ - NA-A 77] is used for a base tetrahedron where there exists an anion - anion bond, which is 
indicated in the drawing by a tangling heavy line originating from an open circle. The 
two parameters within the square brackets after the hyphen are the NA-A and TT 
value. Base tetrahedra with these codes are found with polyanionic valence 
vompounds where VECA < 8. 

[�ep Nc·-c· 77] represents the code for a base tetrahedron with a lone-electron pair and/or a 
central atom - central atom bond. In the drawings the lone electron pair is shown by a 
thick short line associated to the filled circle, while the central atom - central atom 
bond is represented by a tangling heavy line originating from a filled circle. The three 
parameters within the square bracket are the �ep. Nc·-c· and TTvalues. The C'C' 
value of each base tetrahedron is determined by (IX - 4). Base tetrahedra carrying 
the [�ep Nc·-c· T7] code are found with polycationic valence compounds for which 
VECA > 8. IX- 4) TThas no value in the five degenerated base tetrahedra with nlm' = 0. 

Here follows a summary of the equations which can be used to derive the base tetrahedron codes from 
known BEN and n I m '  values (anions unshared and/or shared between two tetrahedra and equipartition). 

For a base tetrahedron with code [ • • T1] where VEGA = BEN I (n I m ' ) = 8 
TT = 8 - BEN I 4 for O s;; TT s;; 4 

For a base tetrahedron with code [ - NA·A T1] where VEGA = BEN I (n I m '  ) < 8 
NA·A = 8 (n I m ' )  - BEN for O < NA·A s;; 4 - TT 
TT = 8 - (BEN + NA-A) /  4 for O s;; TT s;; 4 - NA·A 

For a base tetrahedron with code [Niei, NC'·C' T1] where VEGA = BEN I (n I m ' ) > 8 

or 
Niep = [BEN - 8 (n I m '  )] / 2 
Niep = [BEN - 8 (n I m '  )] / 2 - 112 

when BEN - 8 (n I m ' )  even 
when BEN - 8 (n / m ' ) odd 

Nc·-c· = BEN - 8 (n I m '  ) - 2 N1ep for O s;; NC'·C' :s; 4 - Niep 
TT = 8 + 6 (n I m ' ) • BEN - Nc·-c· for O s;; TT s; 4 · Niep - Nc·-c· 

(IX - 1 2) 

(IX - 1 3) 
(IX - 1 4) 

( IX - 1 5a) 
(IX - 1 5b) 

(IX - 1 6) 
(IX - 1 7) 

If N,ep > O the calculation of ( IX - 16) and (IX - 1 7) has to be repeated with a N,ep value 
which is smaller by 1 ,  then with Niep smaller by 2, and further in steps of one down to 
Niep = 0. Only those solutions can be accepted which are within the specified limits 

Three examples for the calculation of the base tetrahedron codes : 
1 )  BEN = 1 8  and n I m ' = 2 : BEN I (n I m '  ) = 9 > 8; Niep = 1 .  

Calculation with N1ep = 1 Calculation with N'ttP = O 
Nc·-c· = 0; TT= 2 � [1 0 21 Nc·-c· = 2; TT =  O � [0 2 01 

In Figure IX - 2 the two base tetrahedra at BEN = 1 8  and n I m • = 2 have the codes [1 o 21 and [o 2 OJ. 

2) BEN = 1 2  and n I m ' = 1 : BEN I (n I m '  ) = 1 2  > 8; Niep = 2. 
Calculation with = 2 

Nc·-c· = O; TT= 2 � [2 o 2) 
Calculation with N, = 1 

NC'·C' = 2; TT= 0 � [1 2 OJ 
Calculation with = 0 

Nc·-c· = 4; TT= -2 � Impossible 
The TT value calulated for Niep = 0 is negative. Thus only [2 o 2) and [1 2 OJ are solutions. 

IX · 4) The term ·polycationic valence compound' is not fully appropriate but it has been retained here for historic 
reasons. It would have been more co"ect to state that this is compound where the central atom keeps electrons 
which are not used for bonding with the anions. The original term should have been used when only [O Nc•-e• TT] 
base tetrahedra are involved. 



GENERAL VALENCE COMPOUNDS WfTH ANIONIC TETRAHEDRON CoMPLEXES IX - 83  

3) BEN = 29 and n I m ' =  3.5 : BEN I (n I m ' )  = 82/7 > 8; � = 0. 
Calculation with NleP = O 

lNc·-c· = 1 ;  TT= -1 => lmposslble! 

Since TT is calulated to have a (not allowed) negative value a base tetrahedron with this code cannot 
exist and is not found in Figure IX - 2. 

To derive the equations above we have used relations for the tetrahedron sharing coefficient TT for 
which the proof has not yet been given. This will be done now. The reader not interested in these 
derivations can jump immediatly to the next subchapter written with normal size characters. 

General relation between a polyhedron sharing coefficient and the n Im' ratio of a complex 
We consider an anion complex C 'm ·An built up of C '  cantered polyhedra of a not specified kind 
(tetrahedra, prisms, octahedra etc.) .  We define as the polyhedron sharing coefficient PP the 
average number of C '  - A - C ' links which originate from the central atom of a polyhedron. The value 
of PP depends on 

- Ne-A : the average number of anion neighbours of a central atom and 
- n Im' : the ratio of the anions to the central atoms. 

A relation between PP and n Im' is obtained by combining the following three equations : IX· tJ 
Ne-A = No + N1 + � + � + (IX - 1 8) 
n I m' = N0 + 1'2-N1 + 1/3·� + 1/4·� (IX - 1 9) 
PP = N1 + 2·� + 3-� + (IX - 20) 

- N0 is the mean number of "unshared" anions per polyhedron 
- N1 is the mean number of shared anions per polyhedron which participate on / C ' - A - C • 
links to other polyhedra. 

To simplify the results we assume equipartition of the C • - A - C ' links over the anion corners of a 
polyhedron. This means there is either no or only a difference of one in the number of C ' - A - C ' 
links on which the different anions of a polyhedron participate. For the case of equipartition only one ( or 
two) value(s) of N1 are not zero, i. e. Nk (or Nk and Nk+ 1). Combining (IX - 18  to 20) the N values 
drop out and it results ( IX - 21 ) which relates PP to n Im' for the case of equipartition. 

PP = k ·  [2,Ne.A - (k + 1 )  · (n l m ' )] with k < [Ne-A / (n l m '  )) s k +  1 (IX - 21 )  
The parameter k corresponds to the number of C' - A - C '  links on which each anion of the polyhedron 
participates or - _if the number of the links is not the same for all anions - to the larger number (which 
for the case of equipartition differs from the smaller number only by 1 ). Examples of k values for 
combinations of anion ligands, which are permitted by equipartition, are shown in Figure IX - 3. 

�· o+-<J �- r>-+-v <>-+a o-+ 
k = 0 k = 1 k = 1 k = 2  k = 2 k = 3 k = 3 

Figure IX - 3 : Anion ligand combinations for the case of equipartitiori and the coffesponding k values. 
The points around the central atoms indicate other ligands of the same kind as the ligand(s) drawn. 

Below will be used versions of (IX - 21 ) with particular numerical values inserted for the kparameter : 
k = 0 PP = 0 for Ne-A = n I m ' (IX - 21 a) 
k = 1 PP = 1 · [2·Ne-A - 2·(n / m ' )) for Ne-A .!: n l m '  .!= Nc-A / 2 (IX - 21 b) 
k = 2 PP = 2 · [2·Ne-A - 3·(n I m '  )] for Ne-A /  2 .!: n I m '  .!= Ne-A / 3 (IX - 21c) 
k = 3 PP = 3 · [2·Ne.A - 4·(n / m ' )) for Ne-A / 3  .!: n l m '  .!= Ne-A / 4  (IX - 21 d) 

Depending on the numerical value inserted for Nc ·-A one can formulate equations relating different 
sharing coefficient to the n I m ' ratio of the compound. For the tetrahedron sharing coefficient TT 
one inserts Ne-A = 4 (see below), but Ne-A = 6 for the octahedron sharing coefficient 00. IX· 51 

IX · 5) The equation for the octahedron sharing coefficient 00 for k = 1, using (IX - 21 b), Is 00 = 12 - 2 • n Im'. 
An example of a structure with isolated octaheaa is • [sfBolF,J HT (00 = O) and with comer-1/nked octahedra : 
- !(t.J6olFsJ alpha (00 = 2), :C,(Fe/Bolc,sf" in trigona/ Cs�2Cl9 (00 = 3), :C,(N/6olF.J2· in K�F4 (00 = 4), 
! (T,/Bo/07)6- in Sr3112')7 (00 = 5) and ! (TIBo/03'· in ear,o3 (00 = 6). For 00 = 4, 5, 6 SH Figure Xl - 1. 
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Equations for the tetrahedron sharing coefficient TT 

In normal and polyan ionic valence compounds with anionic tetrahedron complexes each central atom has 
four anion neighbours, thus NC'·A = 4. Inserting this value into (IX - 21 b to 21 d) one obtains the three 
TTversus n I m '  equations for normal valence compounds (VI I I  - 7a to 7c), presented in Table VI I I  - 2. 
These equations are equally valid for polyanionic valence compounds because also here Ne-A = 4. 
In polycationic valence compounds, however, the value of Nc·-A is smaller than four as some anion 
neighbours of the central atom have been replaced by lone-electron pairs and/or C' - C' bonds. Thus 

Ne-A = 4 - � - Nc·-c· (IX - 22) 
The number of unknowns can be reduced from two to one by introducing C'C' in the form of ( IX - 4) : 

Ne-A = 4 - 112 · (C'C' + Nc·-d (IX - 23) 

For the further discussions we shall limit ourselves to the case where the anions are unshared and/or 
shared between two tetrahedra, i.e. k = 1 .  Inserting (IX - 23) into (IX - 21 b) results in 

!rr + Nc·-c· = a - 2-(n I m ') - c·c·hor 4 - 112-(C'C'+Nc·-d ;:,:  n I m ' ;,,: 112.[4 - 112-(C'C'+Nc·-dl (IX - 24) 

The right hand side of ( IX - 24) can be calculated from the composition of the compound, however, 
there are d ifferent solutions for TT, varying between TTmin and TTmax, depending on the value of Nc·-c·. 

A simplification of (IX - 24) is possible. The experimental evidence shows that with few exceptions the 
anionic tetrahedron complexes are built up with only the minimum number of different kinds of base 
tetrahedra. Complexes with BEN and n I m ' values for which in Figure IX - 2 a base tetrahedron can 
be found will with high probability be constructed only with this base tetrahedron. With polycationic 
complexes there is, however, the problem that for four particular BEN and n I m ' values there exist 
two different base tetrahedra in Figure IX - 2. If we ignore these cases we note that base tetrahedra 
with C 'C • = 1 have one C • - C 'bond, with C 'C • = 2 one lone-electron pair, with C 'C '= 3 one C • - C • 
bond and one lone-electron pair and with C 'C '  = 4 two lone-electron pairs. This regularity allows us to 
formulate also for polycationic valence compounds TTversus n I m ' equations without unknowns. 

r For C'C' = 1 with N1ep = 0, NC'·C' = 1 and n I m ' = 3f2, 2, 5/2, 3 
TT =  6 2 · n / m ' l For C'C' = 2  with � = 1 , Nc·-c· = O and n I m ' = 5f2, 3 

(IX - 25a) 

r For C'C' = 3 with N1ep = 1 , Nc·-c· = 1 and n l  m '  = 3f2, 2 
TT =  4 - 2 - n / m ' l For C'C' = 4 with N1er, = 2, Nc'-C' = 0 and n I m ' = 3f2, 2 

(IX - 25b) 

Two examples where (IX - 25a) cannot be used because n I m '  is outside the permitted range : 
- U2Cu2+

3Se4014 : C 'C '  = 1 ,  n l  m '  = 712 and BEN = 29. For these values exists no base 
tetrahedron. Thus the complex must consist of two different ones. See Figure IX - 6 and 7. 

- Sil2 and Se02 : C'C' = 2, n I m '  = 2 and BEN = 1 8. As seen in Figure IX - 2 two different base 
tetrahedra are possible for these values. Sil2 is built up with [O 2 OJ base tetrahedra, but 
isoelectronic Se02 with (1 o 2) base tetrahedra. 

How to find the possible base tetrahedra of an anionic tetrahedron complex 
To find the possible base tetrahedron(a) which might be used for the construction of an anionic 
tetrahedron complex one proceeds in the following way 
As first step, starting from the known chemical composition of the compound, one calculates 
VECA, using (VIII - 1 )  and with (VIII -8) the value of BEN. 
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If VEGA = 8 then the compound is a normal valence compound. By means of (VIII - 7) one 
can obtain the value of TT. The complete gallery of base tetrahedra for tetrahedron complexes 
of normal valence compounds is presented in Table VIII - 2 .  If no base tetrahedron is found in 
the table which has the same TT or BEN values as the compound, then the calculated values 
must be average values. The appropriate base tetrahedron mixture can be obtained with the 
help of (VIII - 1 Oa) or (VI I I  - 1 Ob). 

If VEGA #- 8 then the compound is a general valence compound. Depending on the value of 
VEGA one calculates either NA-A with (I X  -6) or G 'G • with (IX - 7). The NA-A or G 'G • 
value corresponds in Figure I X  - 2 to the ordinate and the n I m '  value to the abscissa of a 
point which represents the compound. This compound point will be marked with the BEN value 
of the compound, calculated with (VIII - 8). The following possibilities have to be considered : 

A) The compound point has an integral BEN value and coincides with the position of a central 
atom of a base tetrahedron drawing in Figure IX - 2 .  

A 1 )  The most probable and most common solution is the one where the anionic tetrahedron 
complex is constructed with only that kind of base tetrahedron. In the four cases where two 
base tetrahedra are possible for a given BEN and n I m' value, i.e. at BEN = 1 1 ,  1 2 , 14 
(when n I m ' = 1 .5) and 1 8, the anionic tetrahedron complexes can be built up with either 
one and they are equally probable. 

A2 ) A less probable solution is one where different kinds of base tetrahedra occur although 
there is one base tetrahedron in the gallery which has the same BEN value as the one 
calculated for the compound and with which it would have been possible to construct alone the 
anionic tetrahedron complex. The average of the BEN values of the different base tetrahedra 
involved in the construction of the tetrahedron complex will correspond to the BEN value 
calculated from the composition of the compound. If there are only two kinds of base 
tetrahedra involved, then a straight line connecting these two base tetrahedron points in Figure 
I X  - 2 must pass through the compound point. The ratio of the numbers of the two different 
kinds of base tetrahedra can be determined using a lever rule based on BEN values which can 
be expressed formally by (VIII - 1 Oa). 

B) The compound point does not coincide with the position of a central atom of a base 
tetrahedron drawing in Figure IX - 2 .  In most cases the calculated BEN value will not be an 
integer. More than one kind of base tetrahedron must be involved in the construction of the 
anionic tetrahedron complex. 

81 ) The most probable and most common solution is the one where a minimum number of 
different kinds of base tetrahedra is involved. If the compound point in Figure IX - 2 is on a 
connecting line between two base tetrahedron points, then these two base tetrahedra will be 
used for the construction of the tetrahedron complex. The ratio of their numbers can be 
obtained from the ratio of the distances between the compound point and the base tetrahedron 
points by means of the lever rule using BEN values (VI II - 1 Oa). If it is possible to draw other 
connecting lines between other base tetrahedron points, which also pass also through the 
compound point, then these base tetrahedron pairs have also to be considered as a possibility 
for the construction of the tetrahedron complex of the compound. If the compound point is not 
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on a connecting line between two base tetrahedron points, then at. least three different kinds of 
base tetrahedra are necessary. 

82) The less probable solution is one where more than the minimum number of different kinds 
of base tetrahedra are involved in the construction of the anionic tetrahedron complex. 

Calculatlon of the base tetrahedron ratios for complexes with three kinds of base tetrahedra 
If there are three different base tetrahedra present, the lever rule using BEN values is not sufficient to 
d�termine the ratio of the numbers of the base tetrahedra. The coordinates of a compound point in 
Figure IX - 2 are expressed in terms of <n I m '> and <C 'C '> or <NA·A> values for which additional 
lever rules can be formulated. In analogy to (VI II - 1 Oa) one finds for the number ratios of base 
tetrahedra with different n I m ', C 'C ' or NA·A values, the following equations : 

N(n l m 'h I N(nl  m ')2 = [(n / m ')2 - <n l m '>] I [<n l m '> - (n l m ')1] 
and N(C 'C ,1 1 N(C 'C '2 = [(C 'C '2 - <C'C '>] I [<C 'C '>  - ( C 'C ,1] 
or 

{IX - 26) 
(IX - 27a) 
(IX - 27b) 

Within the three different base tetrahedra there are always two which either have the same n I m ' or 
C'C '  {or NA-A) value or they are equally far apart from the average value calculated for the compound. 

We present as a demonstration the calculation for �Sn3As5. 

f<eSn3As5 : VEGA = 83/5, C 'C ' = 1 ,  <n Im'> = 5/31 <BEN> = 1 41/3 
Simple solution (not observed) with two kinds of base tetrahedra : 

N(BEN=1 3) I N(BEN=17) = 2 from {VII I  - 10a) 
More complicated solution {observed) with three kinds of base tetrahedra, i.e. BEN = 1 3, 1 4  

and 1 6. The base tetrahedra with BEN = 1 3  and 1 4  have same n I m ' value and those 
with BEN = 1 4  and 1 6  have an average of <C 'C '> = 1 .  

[N(8EN=1 3) + N(BEN=1 4)] I N(BEN:16) = 2 
N(BEN=1 4) I N(BEN=16) = 1 

Thus N(BEN=1 3) I N(BEN=1 4) I N(BEN=1 6) = 1 : 1 : 1 

from (IX - 26) 
from {IX - 27a) 

TABLE IX - 1 : POLY ANIONIC VALENCE COMPOUNDS WHERE THE ANIONIC TETRAHEDRON COMPLEX IS CONSTRUCTED 
OF ONLY ONE KIND OF BASE TETRAHEDRON. 

n l  m '  = 2.5 n l  m '  = 3 n /  m '  = 3.5 n l  m '  = 4 

NA·A = 1 � �  [ - 1 3) � �  { - 1 2] � { - 1 1 ]  � { - 1 OJ 

(3255)7· Na7Al2Sb5 {353)5- ca5Ga2As6 (42�>4- Cs4Sn2Te7 (464)3- Na3SiSe4 
(463)1· CsSiTe3 (664)1· KS04 

NA-A = 2 �+ ( - 2 2) �+ [ · 2 0) 

(453)3- AISiP3 (464)2· Cs2GeSe4 
(363)1· 11+es3 

� NA·A = 3 [ • 3 1 ]  

(32�>2· Na29i!Se7 
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Polyanionic tetrahedron complexes having unshared and/or half-shared anions 

A 1 )  The BEN value calculated from the composition of the compound agrees with a framed 
BEN value in Figure IX - 2 .  1�he anionic tetrahedron complex is built up only of one kind of base 
tetrahedron. A list of general numerical formulae of the different polyanionic tetrahedron 
complexes together with one known example is given in Table IX - 1 .  The only non-cyclic 
molecular tetrahedron complex occurs with BEN= 31 and consists of 10 atoms (VEC' = 6.2 ). 

81 ) The BEN value does not agree with a BEN value listed in Table IX - 2 .  For the 
construction of the tetrahedron complex two different base tetrahedra are selected from the 
gallery such that their average corresponds to the value calculated for the compound. The 
method is demonstrated in Figure IX -4 with Na51n2Te6 and TI+3B3S10. 

NA-A = 0 � - - - -@- - - - �  
I I I 

• Na51n2 Te6 I 
I I I 

NA-A = 1 � - - - � - - - �  
I I 

I 
I I 

NA-A = 2 � - - - �  
I 

11+3B:3S10 I 
• I 

NA·A = 3 � 

nlm'  = 2.5 3 3.5 

Nasln2Tes 
(ln2 Tes)s-

VECA = 7%, NA-A = 1/2 
<n Im > = 3, <BEN> = 231/2 

1 X � + 1 X �  
[ - 1  2] [ • • 2] 

[}-�-<D-�--0 6 6 
Observed complex 

Two other solutions 
1 X � + 1  X �  

( - - 3) [ - 1 1 )  

1 X � + 1  X �  
[ - 1 3) [ - - 1 )  

TJ+383S10 
(83S10)3-

VECA = 71/s, NA-A = 2213 
<n Im > = 31/3, <BEN> = 24 

1 x � + 2 x� 
[ - 2  2) [ - 3 1) 

Observed complex 
Only solution 

Figure IX - 4 : Positions of compound points for Na5ln2 Te6 and r,+ JJsS10 on the (n I m  1 · 
(VEC A - 8) versus n I m  ' grid, the selection of possible base tetrahedron pairs using a lever 
rule and the observed tetrahedron complexes. The two other base tetrahedron pair solutions 
for Na5'n2 Te& given in the lower part, differ only in the distribution of the anions shared 
between two tetrahedra. 

Polycationic tetrahedron complexes having unshared and/or haH-shared anions 

A 1 )  The BEN value calculated from the composition of the compound agrees with a framed 
BEN value in Figure IX - 2 .  The anionic tetrahedron complex is built up of only one kind of base 
tetrahedron. A list of general numerical formulae of the different polycationic tetrahedron 
complexes together with one known example each is given in Table IX - 2 .  For two BEN 
values exist two different kinds of base tetrahedra, i.e. for BEN= 14 : 11 o 31 and 10 2 11 and 
for BEN = 18 : 11 o 21 and 10 2 oJ. Non-cyclic molecular tetrahedron complexes occur with 
BEN = 2 5  (N'A!M = 8), 26 (N'A!M = 4), 2 2  (N'A!M = 7 ), 19 (N'A!M = 6), 20 (N'A!M = 3) 
and 16 (N'A/M = 5). 

A2 ) The calculated BEN value agrees with a value in Figure IX - 2 ,  but a less probable 
solution is realized where two tetrahedra are involved for which <BEN> corresponds to the 
calculated value. In Figure IX - 5 are presented as example the complexes of three 
compounds with BEN = 2 2  and n I m' = 5/2. The complex of NaSn2F5 is built up with only 
one base tetrahedron, but for �S205 and Ba�Se5 two different ones are used. 
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TABLE IX - 2 :  POLYCATIONIC VALENCE COMPOUNDS WITH COMPLEXES BUILT UP WITH ONLY ONE KIND OF BASE 
TETRAHEDRON. THE LETTER L OR A BEFORE THE CHEMICAL FORMULAE LISTED UNDER BEN = 14 AND 1 8  

INDICATES THAT THE LEFT OR RIGHT BASE TETRAHEDRON IS USED FOR THE CONSTRUCTION OF THE COMPLEX. 

n l  m '  = 1.5 nl m '  = 2 n l m ' = 2.5 nl m '  = 3 

C 'C ' = 4 �  
ti' 

� 
�· 

(2 0 1 J [2 0 0J 

( 762)1- NaCI02 

(672)±0 - SCl2 

C 'C ' = 3 �  
� 

� 
°t 

(1 1 1]  [ 1  1 OJ 
(56:2)2· K2AsTe2 
(66:2)1 ·  NaS02 
(572)±0 - P12 

D!-0 r>t � °t °t<1 � 
C 'C ' = 2  � [1 0 3 J [O 2 1 J  � [1 0 2J (0 2 0J � [1 0 1] � [1 0 01 

(3263)±0 L - As2Sa (352)5· R Ca5Ga2N4 (5265)4· Sr2S�S5 aq (56:])3· Ag3AsS3 
(462)2· L BaSnS2 (6265)2· ZnSe205 ( 66:])2· Na2S03 
(562)1 · R CsP02 aq (� 75) 1 · NaSn2F5 ( 76:]) 1 · KCI03 

L KAsSe2 (473) 1 ·  CsSnCl3 
(66:2)±0 L - Se02 (573)i-O - As8r3 

(472)±0 R - Si12 

* * � otf> 
C 'C ' = 1 � (0 1 3J [!rl (0 1 2J � [O 1 1 J � [O 1 OJ 

(�6.J)2· Na2Ga2Se3 (4�)3- Sr3Si2As4 (�65)4· Ba2Ge2Te5 ( 46.J)3- K3SiTe3 
(�6.J)iO - Si2Te3 (56.J)2· HgPS3 

( 66.3)1· KS03 
(373)1· UGaBr3 
(473)±0 • CQ3 

81 ) The calculated BEN value corresponds to an average because it does not agree with a 
BEN value in Figure IX - 2 .  Two or more base tetrahedra are involved in the construction of the 
anionic tetrahedron complex. The ratio of their numbers can be determined by the lever rules 
(VIII - 10a), (IX - 26) and (IX - 27 a). 

NaSn2F5 
(Sn2F5) 1· 

VEGA = 84/51 C 'C '  = 2 
n I m '  = 5f2, BEN = 22 

� 
(1 0 1J 

K2S205 
(S205)2• 

VEGA = 84/51 <C 'C ' > = 2 
<n I m ' >  = 5/2, <BEN> = 22 

1 X �  + 1 X � 
(1 1 OJ (0 1 OJ 

Ba�2Se5 
(As2Se5)4• 

VEGA = 84/5, C 'C '  = 2 
<n I m ' > = 5/2, <BEN> = 22 

1 x � + 1 x � 
(1 0 2J (1 0 OJ 

nt:<f o-� 01--0 
;,,, _--o 6 O 

Figure IX - 5 : Graph drawings of the obseNed anionic tetrahedron complexes of three 
compounds with BEN = 22 and n I m  ' = s12. The simple solution with only one kind of base 
tetrahedron occurs with NaSn2f5 (also ZnSe205 and Sr�b�5 aq). 
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Of the three examples shown in Figure IX - 6 the compound Li2Cu2+ 
3Se4014 is unusual because the 

BEN value calculated from the composition is an integer, but for this BEN and n I m ' value exists no 
base tetrahedron in Figure IX - 2. There is only one possible solution which consists of two base 
tetrahedra, i.e. an isolated normal tetrahedron and a w-tetrahedron. The average number of atoms 
per molecule is 41/2. This is also the value for N'A!M calculated from VEG ' with (VI I I  - 6). 

Li2Cu2+3Se4014 
(Se207)4· 

VEGA = 82/1, < G 'G '>  = 1 
<n I m '> = 112, <BEN> = 29 

1 x � + 1 x �  
(1 O OJ I · ·  OJ 

Observed complex 
Only solution 

Zn2P3Sg 
(P3S9)4-

VEGA = 81/e, <G 'G ' > = 1/3 

<n I m ' >  = 3, <BEN> = 241/3 

2 x � + 1 x �-
l · • 2J (0 1 OJ 

� }:-� 
CJ 2 �

>

-o M 
Observed complex 

Na5P308 aq 
(P308)s-

VECA = 81/2, <G 'G '> = 4/3 
<n I m ' >  = 8/3, <BEN> = 22213 

1 x l1!]  + 2 x  � 
(1 0 2J or (0 2 OJ (0 1 OJ 

Observed complex 
with [O 2 OJ base tetrahedron 

Two other solutions 
2 x � + 1 x � 

One other solution 10 1 11 11 o OJ 
1 x [rrl + 2 x � 2 x � + 1 x � 

(O 1 2] I · · 1J (1 0 1J [ - - 2) 

Figure IX - 6 :  The possible base tetrahedron combinations for Li2Cu2+ a894014, Zn:f3:rS9 and 
Na5P308 . 14 H20 and graph drawings of the observed anionic tetrahedron complexes. 

For Zn2P 3S9 and Na5P 308 . 14  H20 exist more possibilities for selecting base tetrahedra. Figure IX - 7 
is of help to see immediatly what kind of base tetrahedron pairs can be chosen. However, in the first 
solution for Na5P 308 . 14  H2o with BEN = 1 8  and 25 there has to be made for BEN = 1 8  also a 
choice between the (1 o 2) and the (O 2 OJ base tetrahedron. The latter occurs in the observed 
tetrahedron complex which is non-cyclic molecular and consists of 1 1  atoms in agreement with 
VEG' = 62/1 1 .  

C'C' = 2 

C'C' = 1 

@-----§]-----@] 
I I I 
I I Na5P308 aq 
I I • I 

§-----@----� 
I I I 

I 
I I • Zn2P3S9 

c·c· = o 

n lm ' = 
@- - - - � - - - -@- - - - � - - - �  

2 2.5 3 3.5 4 

Figure IX - 7 : Positions of compound points for U2Cu2+ s584014, Zn:f3:fi9 and Na5P308 . 
14 H20 on the (n I m  1 · (VECA - 8) versus n I m '  grid. This presentation is helpful for the 
selection of possible base tetrahedron pairs by means of a lever rule. 

=>=>=> Problems 1 0  and 1 1  in Appendix B 
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82 ) The calculated BEN value is not an integer and thus the tetrahedron complex must be 
constructed of two kinds of base tetrahedra. However, the experimentally observed complex 
involves more base tetrahedra that is needed in a simple solution. 

As example we consider K6Sn3As5 for which the calculations have already been done on page IX - 86. 

f<sSn3As5 : VEGA = 83/s, C 'C ' = 1 ,  <n I m '> = S/3, <BEN> = 1 41/a 
According to Figure IX - 2 and (VI I I  - 10a) one expects as simple solution a mixture of base 
tetrahedra with BEN = 1 3, code (O 1 3] and base tetrahedron with BEN = 17, code [O 1 2] in the 
ratio 2 to 1 .  Observed is, however, a complex built up of three kinds of base tetrahedra in 
equal proportions, i. e. BEN = 13 ,  code (O 1 3] and BEN = 14, code [1 o 3] and BEN = 1 6, 
code ( - - 4]. It had been shown above that this mixture agrees with (IX - 26) and (IX - 27a). 

The valence electron rules for general valence compounds with anionic tetrahedron 
complexes as a guide for checking experimental data 
In Table IX -3 are given the data for two pairs of structures which on casual inspection might 
appear to be isotypic but actually are not. The space group and Wyckoff sequence for each 
pair are the same. The unit cell dimensions and the positional atom coordinates are nearly 
similar, but the VECA values of the "isotypic" compounds are different. A closer analysis of 
the positional atom coordinates brings out the structural differences which are to be expected 
from the different VECA values. 

TABLE IX · 3 : DATA OF STRUCTURE PAIRS WHICH ON CASUAL INSPECTION APPEAR TO BE ISOTYPIC BUT ARE NOT. 

Compound 
Formula of complex 
Space group, Wyckoff sequence 
Unit cell parameters (in A) 
VEGA n I m' <BEN> 
Base tetrahedron code 

Compound 
Formula of complex 
Space group, Wyckoff sequence 
Unit cell parameters (in A) 
VEGA n I m' <BEN> 
Base tetrahedron code 

Ca5Ga2As6 
(GaAs3)S-

(55) Pbam - h3g3a 
1 1 .357 1 3.224 4.138 

7.67 3 � 
I ·  1 21 

K2Co2+Se206 
(Se03)2· 

(166) R3 m - hc2a 
5.516  5.516 18 .520 

8.67 3 � 
(1 o OJ w-tetrahedron 

Ca5Sn2Ass 
(SnAs3)5-

(55) Pbam - h3g3a 
1 1 .830 1 3.643 4.121 

8 3 � 
( - - 2] 

K2CaC206 (buetschliite) 
(C03)2· 

(166) R3 m - hc2a 
5.3822 5.3822 18.156 

8 3 no 
planar triangular group 

Ga5Sn2As6 is a normal valence compound, but ca5Ga�s6 is polyanionic. The Ga atoms 
are displaced toward each other so that Ga - Ga pairs are formed. This displacement is not 
observed with the corresponding Sn atoms. 
�Ca(C03)2 (buetschliite) is a normal valence compound, but �Co2+(Se03)2 is polycationic. 
There is a difference in the positional atom coordinates of C and of Se. The C atom is s,Y­
hybrized and is located in the centre of a (nearly) planar C03 group, while the Se03 

v-tetrahedron is non-planar with the Se atom above the plane of the oxygen atom triangle. 



X. STRUCTURE CHANGES UNDER PRESSURE 

Volume decrease as determining parameter for any change under increasing pressure 
All structure changes under increasing pressure are necessarily accompagnied by a decrease 
in volume. This is one of the consequences of the principle of le ChateUer. x - 1) 

The volume of a unit cell depends on 
the volume of the atoms, 
the way the atoms are arranged within the unit cell and 
the geometrical shape or form of the atoms. 

It is obvious that the unit cell volume depends on the volume of the atoms because the atoms 
are in contact with each other and thus the unit cell dimensions are determined by their sizes. 
There has, however, also to be considered how the atoms are arranged in space. Atoms 
don't completely fill the space of a unit cell. With a different atom arrangement the unoccupied 
cell space might be smaller. This second factor can be expressed by the space filling 
parameter cp, a geometrical factor which is independent of the volume of the atoms. It is 
defined by 

cp = (sum of volumes of atoms in cell) / (volume of unit cell) (X - 1 )  

The space filling can be changed, however, not only by rearranging the atoms or changing 
their positions within the unit cell, but also by modifying the shape of the atoms (without 
changing their volume). It is easy to understand, to use a trivial example, that a cubical box 
can be packed much more efficiently with (properly oriented) cubes than with spheres. The 
change of the shape of the atoms in a structure is not so easy to describe and to quantify. 
Practically, to simplfy the results of numerical calculations for the space filling parameter it is 
assumed that the atoms during structure transformation do not change their shape. Often it will 
be further assumed that the atoms are spherical which may not correspond to reality. With all 
these simplifications it should not be left out of sight that the only what really counts is the 
volume decrease during transformation. 

In Figure X - 1 is shown a two-dimensional model structure with an arrangement of circles in square 
packing. The two-dimensional unit cell area can be decreased by 1 3.4% in three different ways : 
a) Rearrangement of the circles from a square to a hexagonal packing without changing the circle size. 

By this procedure the space filling increases from 4> = 0. 785 to 0.907. 
b) Decrease of the circle radius from r to 0.93 r without changing the arrangement of the circles. 
c) Deformation of the circles to octagons with same surface area without changing the original square 

packing. This change from a circle to an octagon leads to an increase of the space filling or, 
expressed differently, to a decrease of the unoccupied cell space. 

X - 1) If in a system under equilibrium occurs a modification of a factor which determines the equilibrium, the system 
reacts in such a way as to minimize the effect of this modification. 

91 
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Original structure (4 circles / cell) 
square arrangement of circles 

circle area = r2 1t 
cell surface area = (4r)2 

lJ> = 1t I 4 = 0. 785 

Three variants of original structure with surface area decreased by 1 3.4% 

a) 
hexagonal arrangement of circles 

circle area = r2 1t 
cell surface area = 4r ,2 (3)112 r 

lJ> = 1t I (2 (3)112] = 0.907 

b) 
square arrangement of circles 

circle area = (0.93 r)2 1t 
cell surface area = [4 (0.93 r)]2 

lJ> = 1t I 4 = 0. 785 

c) 

square arrangement of octagons 
octagon area = r2 1t 

cell surface area = [4 (0.93 r)]2 
lJ> = 0.907 

Figure X - 1 :  Decrease of the unit cell area of a two-dimensional model structure by 13.4% due to 
three different procedures : a) rearrangement of the circles from a square to a hexagonal packing, 
b) decrease of the circle size without changing the circle anangement and c) change of the circles 
to octagons with same surface area to increase space filling. 

In conclusion, any change due to pressure can be related to a volume decrease expressed by 
- (/J.V / V) = (/J.q, I q,) - (I: AVatom I I: Vatom) 

The volume decrease can be attributed to one or more of the following 
(X - 2) 

- an increase of the space filling parameter (due to a rearrangement of the atoms and/or due 
to a change of the atom shape - without changing volume - to better fill space) 

- a decrease in the volume of the atoms. 

We shall first discuss structure changes under pressure which can be correlated essentially with 
an increase of the space filling due to a rearrangement of the atoms, then structure changes 
where the space filling is not primarily effected, and, finally the rare cases where during the 
pressure transformation the atoms become so much smaller in volume that, surprisingly, even 
a more open structure with smaller q, value can be formed. 

Pressure-induced structure changes with a rearrangement of the atoms and an increase 
of the space filling 

,.. 

The majority of the structure transformations under pressure of ionic and covalent compounds 
can be attributed to an increase in the space filling due to a rearrangement of the atoms. We 
shall calculate in the following the space filling parameters of a few element and binary structure 
types. We shall find that there are difficulties with the determination of the exact value of the 
space filling parameter for the case that the atoms are not spherical and/or have different 
compressibilities (for binary or multicomponent compounds). To simplify we shall finally 
substitute "increase of atom coordination" for "increase of space filling". 
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Space filling p,r.am�ers of element structure types 
Assu ming t he ato ms to b e  rig id sp heres whic h  a re in co ntact, t he u nit c ell (a nd t hus a lso t he 
u nit c ell vo lu me) ca n b e  exp ressed in t erms of t he ato mic rad ius. Fo r t his cas e o ne obta ins 
wit h  (X - 1 )  a va lu e  fo r q, whic h is ind ep end ent of t he actua l s iz e  a nd vo lu me of t he ato ms. It 

d ep ends o nly o n  t he a rra ng ement of t he ato ms in t he u nit c ell. 

An example we calculate with the help of (X - 1 )  the space filling parameter of the cubic Cu (A 1 )  type 
and the hexagonal Mg (A3) t ype with eh I ah = 2 · (2 / 3)112 (see Figures I - 3 and I l l  - 3). The result 
is 0. 74 for both structure t ypes 

General equation for Cu type 
Cu -Cu contact, therefore ac = 2 · 2112 • rcu 

General equation for Mg type 
Mg -Mg contact, therefore ah = 2 rM!l 

<I> = 4 · (41t rcu3 / 3) / ac3 

<I> Cu-Cu =  7t / (1 8)112 = 0.740 

<I> = 2 · (47t rM!l3 / 3) / [a/ . (3/4)112 • c,J 
<l>M9-M!l =  7t / ( 1 8)112 = 0.740 

• 

(X - 3) 
(X - 3a) 

(X - 4) 
(X - 4a) 

In Tab le X - 1 a re p res ented t he spac e f ill ing va lu es of a s elect io n of co mmo n  element 
st ructu res. As ca n b e  expected t he clos e-pack ed element st ructu res hav e t he hig hest spac e 
f il ling va lu es. Ho wev er, in t he cas e of t he no n-cub ic c los e-packed st ructu res t he ma x imu m 
poss ib le va lu e  of q, = 0.740 is obtai ned o nly fo r t he id ea l c I a rat ios ( last line of F igu re I -3) . 

TABLE X -1 : SPACE FILLING VALUES OF SELECTED ELEMENT STRUCTURES 

element type c / a  et, element �pe cla  et, 

Cu Cu 0.740 a-Po Po 0.523 
Mg Mg 1 .63 0.740 Bi As 2.60 0.446 
w w 0.680 As As 2.80 0.385 
Zn Mg 1 .86 0.650 Te Se 0.364 

(3-Sn Sn 0.535 C diamond 0.340 
a-U u 0.534 C graphite 0. 171 

E xa mp les of p ressu re- induced st ructu re c ha ng es of 48 elements a re g iv en in Tab le X - 2. 
The results ca n b e  exp ressed in a n  app ro x imat e ma nner by a s imp le " histo ric" ru le : 

Pressure - Homologue Rule : x - 2) Fo r t he elements of group 48 to 78 a nd wit hin 
o ne co lu mn, t he hig h-p ressu re st ructu re co rrespo nds to t he no rmal-p ressu re st ructu re of 
a ho mo logous el ement f ro m  a hig her p eriod. 

TABLE X -2: EXAMPLES FOR PRESSURE -INDUCED 
STRUCTURE CHANGES WITH 4B ELEMENTS WHERE THE 

SPACE FILLING INCREASES. 
structure type <I> C Si Ge Sn 

graphite Cl31J 0 . 17 
t diamond Cl4tJ 0.34 

t t !Hin Snl4+2J 0.54 
t tungsten W[8cb] 0.68 

X - 2) Neuhaus, A. {1964). Chimica 18, 93 • 103. 

T 

6-Fe 
W [B] 

Liquid 

Fe 

r-Fe 
eu [1 21 type, c!> = 0.74 

Figure X - 2 : The p - T phase diagram of Fe. 
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The rule that in the normal case the space filling should increase with pressure serves also as a guide to 
check in p - Tphase diagrams the direction of the slope of the lines separating different phase fields. 
As an example we consider the p -T diagram of Fe, shown in Figure X - 2 The structure type in each 
phase field x · 3> is identified by its crystal chemical formula and q, value. The line separating a - Fe 
from 'V - Fe must slope down with increasing pressure as shown in Figure X - 2 because otherwise 
would be observed with increasing pressure a transition from a phase with high space filling to a phase 
with lower space filling. 

Space filling parameters of binary structure types 
The space filling parameter is not a constant but varies with the atom radius ratio e = r c I r A· 
In the general case the space filling curve consists of three branches depending on which 
atoms are in contact The calculation of the space filling curves of the NaCl type serves as an 
example. 

,, 
The equation for the space filling parameter q, for the NaCl type in its more general form (X - 5) has 
three special solutions, i.e. (X - Sa) valid for E (= rNa / rci ) > 2.41 4 when there are contacts between 
the atoms on the Na sites, (X - 5b) for 0.41 4 < E < 2.41 4 when Na - Cl contacts occur and finally 
(X - Sc) for E < 0.41 4 when only atoms on the Cl sites are in mutual contact. It possible to express the 
lattice constant Be in (X - 5) in terms of the radii of the atoms which are in contact and one obtains 
three equations for q, which depend only on the radius ratio E (always assuming spherical atoms). 

General equation for NaCl type 
Na - Na contact, therefore Be = 2 · (2) 112 • rNa 
Na - Cl contact, therefore Be = 2 · (rNa + rci) 
Cl - Cl contact, therefore Be = 2 • (2)112 • rc1 

11> = [4 · (4n / 3) • (rNa3 + rc13)] / ac3 

«l>Na-Na = [7t / (3 • 2112)] • [(E3 + 1 )  / E3)] 

«l>Na-CI = (27t / 3) • [(E3 + 1 ) / (E + 1 )3)1 
il>CI-CI = [7t / (3 · 2112)] • (E3 + 1 )  

(X - 5) 
(X - 5a) 
(X - 5b) 
(X - 5c) 

In Figure X - 3 are shown space filling curves for simple AB and AB2 types which occur with 
normal valence compounds (in � - E diagrams with a double-logarithmic scale}. x · 4) 

Cl - Cl >< 
contact 
0.225 0.414 

znl4tlgl4tl 

Na - Cl contact 

0.732 1 .366 

>< Na - Na 
contact 

2.414 4.4411 

0.5 

0.225 0.414 
0. , ......... _..__ ............... � .................. _.____._�.......,_-_........,,.., (11 ........ _.__......___.__.__..__�_.__ __ __._ _ __._ .......... .., 

0.2 E s 0.2 E 
5 

Figure X - 3 :  Jog� - Jog e diagrams for AB and AB2 types found with normal valence compounds. 
Sphalerite and wurtzite type with c I a = (8 I 3) 112 = 1. 633 have overlapping space filling curves. 

X • 3) No distinction is made in Figure X - 2 between ferromagnetic tt - Fe (below Curie temperature) and paramagnetic 
� · Fe (above Curie point). Both have the same body-centred atom arrangement of the cubic W-type. However, if 

also the spins lll)d their orientations are considered then the true symmetry of ci - Fe is tetragonal. 
X - 4) Parthe, E. (19tp). z. Krista/log,. 115, 52 - 72. 
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According to the first Pauling rule an ionic structure type is stable only in the e range where 
cations and anions can be in contact. This range corresponds for each type to the range of the 
middle curve in the space filling diagram. The e values at the intersections of the middle curve 
with the two other space filling curve branches are the critical radius ratios for each type. The 
lower e limit (e < 1 )  corresponds to the critical radius ratio of the cation-centred anion 
coordination figure and the upper one (e > 1 )  to the critical radius ratio for the anion-centred 
cation coordination figure. From the crystal chemical fonnulae of the structure types in Figure X 
- 3 one obtains the cation and anion coordinations and with the help of (IV - 4) the 
corresponding critical radius ratio values. Thus the e values where space filling curve branches 
intersect can be determined easily. If e < 1 it has the same value as the one listed in (IV -4) 
and when e > 1 it is its reciprocal. 

For the Ca18cblFi411 type, as example, the £ range of the space filling curve where Ca and F atoms 
are in contact is 0.732 � £ � 1 / 0.225 = 4.449. According to (IV - 4) 0.732 is the value of the critical 
radius ratio for cubic coordination and 0.225 the corresponding value for tetrahedral coordination. 

=>=>=> Problem 1 2  in Appendix B 

According to the diagrams in Figure X -3 an increase of the space filling can be obtained within 
certain e ranges by a transformation to another structure type for which the space filling curve 
for cation - anion contact is positioned higher up. The predictions for the sequence of structure 
types with increasing pressure are thus : 

for AB compounds 
for AB2 compounds 

Zn[4t]S[4t] � Nal6oJc1[6o] � Csl8cb]Cl[8cb] 
Sil4tlopnl � Ti16olQ2[31J � Cal8cblF214tJ 

Important is the observation that in both structure type series the increase of the space filling is 
coupled with an increase of the coordination of the cations and anions. 

In Table X - 3 are listed examples of observed pressure-induced structure changes with 
equiatomic normal valence compounds. There has been included in Table X - 3 also the 
Bl31JNl31J type as first member of the above given high-pressure structure type series. 

TABLE X • 3 : EXAMPLES OF PRESSURE-INDUCED STRUCl\JRE CHANGES OF EQUIATOMIC NORMAL VALENCE 
COMPOUNDS WITH VEGA = 8 WHERE SPACE FILLING AND ATOM COORDINATION NUMBER INCREASE. 

Compounds 91311Nl31J type zn[4t)5[4t] type Nal6oJc,6ol type Csf ect>Jc�ect>J type 

BN � 

Agl,  ZnO, ZnS, ZnSe, CdS, CdTe, """""7 ln P, l nAs 

KF, KCI, KBr, Kl, RbF, RbCI, RbBr, -" 
Rbl, CsF, CaO, SrO, Eu2+Q 

, 

No distinction is made here between the sphalerite and the wurtzite type (ideal c I a ratio of 1 .63) since 
they are only stacking variants with same crystal chemical formula and overlapping space filling curves. 
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The application of cp - e diagrams for the exact prediction of the structures of high-pressure phases is, 
however, limited for the following reasons : 
- The e value of a compound may change gradually with an increase of pressure because the 
compressibility of the different atoms in a binary or multicomponent structure may not be the same. 
Thus the exact e value at the structure transition is not known. 
- Non-cubic structure types may have variable axial ratios and if there are also adjustable positional 
parameters they may change gradually. All this influences the space filling value of a structure. 
- The simple calculation of the space filling parameters is based on the assumption that the atoms are 
spherical which is not necessarily the case. 
- The increase of space filling due to a rearrangement of the atoms is only one of the factors to be 
considered (the possible change of the atom shapes and/or the volume decrease of the atoms being 
ignored). 

Pressure-induced structure changes with a rearrangement of the atoms and an increase 
of the atom coordination 
In view of the above mentioned difficulties with the calculation and the application of the space 
filling parameter their remains the observation that in increase of space filling is coupled with an 
increase of the atom coordination. This is the content of another simple "historic rule" : 

Pressure - Coordination Rule : x · 2) Pressure-induced structure changes can be 
correlated with an increase of the coordination number of the atoms. 

This rule is not free from conceptional difficulties because the term "atom coordination" is not 
well defined. But atom coordination is commonly used as ordering parameter for the sequence 
of structures types with increasing pressure. Examples are presented in Tables X -4 and 5. 

According to Table X -4 the structure type sequence for dioxides and dihalides contains at 
least 1 2  types including also the three AB2 types discussed above which were derived from 
space filling considerations. Within the series the cation coordination increases from 4 to 1 O. 
Two parallel structure type sequences are shown (having partially the same types). One 
sequence applies to dioxides and difluorides where the anions are small and rather 
incompressible, and the second to other dihalides with larger and more compressible anions. 
Not all these types occur with all the ionic norrnal valence compounds of A8:2 composition. 

TABLE X - 4 : STRUCTURE TYPE SEQUENCE wrrH INCREASING PRESSURE FOR IONIC NORMAL VALENCE COMPOUNDS 
WrrH FORMULA AB2, X . 5) THE TYPES ARE IDENTIFIED wrrH PEARSON CODE AND WYCKOFF SEQUENCE. 

Structure type sequence tor dioxides and difluorides with small and rather incompressible anions 
Sil41lo2 -+ Til&olQ2 -+ Cal61Cl2 -+ a-Pbl&+2I02 -+ Zrl7102 * -+ Cal8d>IF 2 -+ pl){91Cl2 

hP9, P3121 - oa  11'6, P4/rmm-fa oPB, Pnnm - ga oP12, Pbcn - dc rrP12, P2/c-c3 oF12, Fm{Jm-oa oP12, Pnma. - c3  

Structure type sequence for other dihalides with larger and more compressible anions 
Hgl41112 -+ Cdl&oJc12 or Cal6lc12 -+ Srl7112 or srl7,81Br 2 -+ Pbl91Cl2 -+ Pb11oC� HP** 

11'6, P4/nmc · db hR9, R-Sm • ea oPB, Pnnm • ga oP24, Pbca · c3 1P30. P4!n-g'cba oP12, PntM • ,iJ rrP24, P2{r:-,JI 

* This Zr02 modification is known as baddeleyite type. ** Also labelled postcotunnite type. 

X - 5) Lsger, J.M., Haines, J. & AIDuf, A. (1996). J. Phys. Chem. Solids 57, 7 • 16. Haines, J., Lsger, J.M. & Hoyau, S. 
(1995). J. Phys. Chem. Solids 56, 965 • 973. Beck, H.P. (1979). Z anorg. a/lg. Chem. 451, 72 - 80. Seifert, K.F. 
(1968). Fortschr. Miner. 45, 214 • 280. For AB3 halides see Peterson, J.R. (1995). J. Alloys Comp. 223, 180- 184. 
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The sequence of structure types with increasing pressure is not necessarily the same when the pressure 
is relaxed because then there may be formed metastable phases. In earlier papers the distinction 
betwe�n phases forming with increasing and those forming with decreasing pressure was not always 
made which led to conflicting results. 

Examples of pressure-induced structure changes with ternary nonnal valence corrl)Ounds are 
presented in Table X -5. The average of the cation and central atom coordination numbers 
increases parallel with the sequence of structure types under increasing pressure. 

TABLE X - 5: EXAMPLES OF PRESSURE-INDUCED STRUCTURE TYPE SEQUENCES OF TERNARY NORMAL VALENCE 
COMPOUNDS. FOR EACH TYPE IS INDICATED THE AVERAGE OF THE CATION AND CENTRAL ATOM COORDINATION 

NUMBERS. 

I C.:C·Ai I 4 5.33 6 
Cci411Gai41Is4 type 

l 
Mgl4tlAJi8oJo4 type 

thiogallate, t/14 spinal, cF56 
�-+ �-+ Mo218oJco(8oJs4 type 

Bei4tlSi14t)Q4 type J M�l8oJsi1411Q4 type J mS14 
phenakite, hR126 forsterite oP28, olivine 

CC*� 5 6 9 
Mgl61Sil4t)Q3 type -+ Til8olFel8olQ3 type 1 -+ Cal12eoJn(8o)Q3 type 

enstatite oP40, pyroxene ilmenite, hR3J idealized perovskite, cP5 

4.5 6 
Cal8oJc(311Q3 type Cal9Jcl311Q3 type 

calcite, hR30 aragonite, oP20 

The recently developed image-plate detectors for angle-dispersive powder diffraction studies 
with synchrotron radiation have so much improved the traditionally poor quality of the high­
pressure powder patterns that it became possible for the first time to refine positional atom 
coordinates and to determine how these coordinates and interatomic distances vary as function 
of pressure. The new results which contradict certain parts of the older literature have led 
McMahon & Nelmes x - 6) to reformulate the systematics for the pressure sequence of the 
structure types found with group 48 elements and 26 and 35 semiconductor COrrl)<>Unds. 
Their results are presented in Table X -6 in a simplified version where not all structure types 
are mentioned. 
The structure type formulae in Table X -6 are surrounded by different frames. A double frame 
indicates that both the relative unit cell dimensions and the positions of the atoms within the 
structure are fixed by symmetry. A simple frame means that one of both Is fixed, i.e. for 
example, the atom sites in the j:i-Sn, NiAs types and the simple hexagonal structure (SH) 
while the c I a ratio can be changed. In structure types without frames both positional atom 
coordinates and axial ratios can vary. x - 7) 

X - 6) McMahon, M.I. & Nelmes, R.J. (1995). J. Phys. Chem. So/Ids a, 485 - 490. 
X - 7) T11e reader can verify the proper ass/g1ment or the frames by referring to the Wyckon- sequence fisted below each 

type formula In Table X - 6 and checking in lhe International Tables for Crystallography for each Wyckon-site whether 
or not the atoms have acfustable positional coorr:lnates. 
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TABLE X - 6 : SEQUENCES OF STRUCTURE TYPES WITH INCREASING PRESSURE FOR GROUP 4B ELEMENTAL 
SEMICONDUCTORS AND FOR 26 AND 35 BINARY SEMICONDUCTORS WITH AN IONIC BONDING CONTRIBlJTION. THE 

TYPES ARE IDENTIFIED WITH PEARSON CODE AND WYCKOFF SEQUENCE. 

Structure ty e sequence for covalently bonded roup 4B elem,..e_nt_s __ _, 
Cl4tJ -+I �-Snl4+2J I-+ Sil-61 XI ---+ ( S  (6+21 • -+I Mgl12J I or l a-Ndl12J lodl Cu(12J jj 

cFB, Fd-3m • II f/4, 14 /amd · b o/4, /mma - e  hPt, 1'6'rmm-11 hP2, P6:frrmc-c hP4, P6:frrmo·ca cF4, Fm-3m - a  

Structure e sequence for 26 and 35 semiconductors with an ionic bonding contribution 
Zrl41Js[41J ---+ CdTe trig.** ->II Nal&oJc1l&ol�orl Nil&olAsl&pJ ! or Znl-81Te I l l  

oFB, F-43m • ea hP6, P312t • ba ,  cFB, Fm-3m • ba l'P4, PS:,tml,·ca oSB, Omcm • dl 

* (SH) stands for 1imple .hexagonal structure (HgSn6 type) where each atom has 6 + 2 neighbours. 
** CdT e trig, is often called cinnabar type, but it is a cinnabar branch with different atom coordination. 

To the last category belong 
- the Si XI type in the upper part of Table X -6 between the �-Sn and (SH) types and 
- the trigonal CdT e ("cinnabar'') type in the lower part intermediate between ZnS and NaCl types. 
With increasing pressure these intermediate phases change gradually their axial ratios and'or the 
positional coordinates of certain atoms (which their neighbouring phases with the framed structure 
type formulae can not do). The Si XI and the trigonal CdTe type structures are intermediate in the 
sense that the gradual rotations and'or deformations of certain parts in these structures within their 
homogeneity ranges correspond - within geometrical limits - to gradual structural changes from 
the atom arrangement of the neighbouring lower pressure type to an arrangement of the 
neighbouring higher pressure type. All these gradual structure changes with increasing pressure are 
evidently always connected with a gradual volume decrease. 

Pressure-induced structure transformation with general valence compounds 

In the case of general valence compounds the structural features of both the normal and the 
high-pressure structure are in agreement with the generalized 8 - N rule, as given by (Y -3), 
provided the pressure is not excessive. x - BJ 
In Table X -7 are presented examples of pressure-induced structure changes of polyanionic 
valence compounds of composition C.4:! with different VECA and AA values. For a 
comparison there has been added also one normal valence compound where VECA = 8 and 
AA = 0 .  The structural changes with increasing pressure can be summarized as follows : 

- the atom coordination increases 
- the number of non-bonding orbitals decreases 
- only those structure types occur under high pressure which have structural features in 

agreement with the AA value calculated from VECA. That means, that the generalized 
8 - N rule is also valid for high-pressure modifications. 

The in Table X -7 mentioned pressure-induced transformation from the ZnP2 type (see Figure 
VI - 1 )  to the CaSb2 type x - 9) is a prediction which requires an experimental verification. 
High-pressure experiments on the compound Zn� did not give the expected result. 
Unexpectedly, the compound decomposes according to � -> ZnAs + As. 

X- 8) Parthl, E. (1984). Hif/1 Temp. - High Press. 16, 553 - 557. 
X - 9) For more details on this type see the corresponding entry in the database which is described in Appendix D, 
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TABLE X • 7 : EXAMPLES OF PRESSURE INDUCED STRUCTURE CHANGES OF POLY ANIONIC VALENCE COMPOUNDS AND 
ONE NORMAL VALENCE COMPOUND WITH COMPOSITION CA2. 

crystal chemical crystal chemical 
formula of low structure formula of high structure 

VEG,,. AA Pressure form type oressure form tvoe 
8 0 Sil41"'2';oJ Si02 � Sil6�(;0J Ti02 

isolated anions quartz stichovite rutile 

7 1 Sil4l&_(;oJ&l;2J GeAs2 � Sil61Asl1l Fe[S21 
dumb-bells (simple solution) or pyrite 
isolated anion and anion chains 

6 2 d4)�;2) 1 Zn ooP2 � ()8)�;2) 1 Ca ooSb2 
infinite anion chains ? 

5 3 Cal61SiJ;3l Ca !si2 � Cal121Sil3I Th .!Si2 

each anion with 3 bonds to sr{-&ISiJ;31 Sr .!si2 � 5r{121Sil3I Th .!si2 
other anions Bal-91GeJ;31 Ba28[Si4) � Bal12JGeJ;3l Th .!si2 

In Figure X -4 are shown the three different disilicide or digerrnanide structures, listed in the 
lower part of Table X -7 ,  where each Si or Ge atom has three homonuclear bonds. All these 
compounds transform under high pressure to the tetragonal ThSi2 type which - as expected - Is 
also characterized by three anion - anion bonds per anion. 

Rgure X - 4 : Structures of CaSi2- SrSi2 and BaGe2 at normal pressure and the atom 
arrangement of their isatypic high-pressure structures with ThSi2 type. 

The validity of the generalized 8 - N rule is not guaranteed If the compound contains a 
transition element. In  other words, if the polyanionic valence compound contains a transition 
element, the rule that AA is the same for normal and high-pressure structure is not necessarily 
valid. The application of high pressure may provoke the insertion of a valence electron into an 
inner shell. Thus the number of valence electrons transfered from the cation to the anions 
decreases and consequently the anions, in order to complete their octets, have to form more 
shared-electron bonds between themselves, i.e. AA increases. One example is found with 
the compound lrS2. 
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lrS2 crystallizes under normal pressure with the lrSe2 type characterized by the crystal chemical formula 
1r1eo:§13n;OJs((3;1)tJ and AA = 1/2. The lr atom, a group 9Ttransition element, transfers three valence 
electrons to the two S atoms for the completion of their octets. Six electrons remain in the d shell of the 
transition element (� configuration). Under pressure is formed a pyrite type structure (see Figure I I  - 5) 
with crystal chemical formula 1r1eo:)SJ<3:1>11 HP where AA = 1 .  The increasing pressure provokes the 
insertion of one extra electron in the d shell, i.e. lr changes to a d' configuration . Only two valence 
electrons are available for transfer to the S atoms. The latter in order to complete their octets have to 
increase the average number of their homonuclear bonds. If only the outer valence electrons and the 
linkage of the anions are considered then the structure change of lrS2 under pressure corresponds to a 
normally not found transformation from the La3+S2 structure to the Zn2+S2 structure (both structures 
being treated in Problem 3 of Appendix B). 

Pressure-Induced structure changes without a change of the atom coordination 
The most well known examples are the rare-earth elements which at ambient pressures and 
room temperature are all close-packed with 1 2  next-nearest neigbours and 41 = 0 .7 4  (or close 
to it for non-cubic structures) (see Table Ill - 1 ). Under pressure a change to another close­
packed structure with a smaller percentage of hexagonal stacking Is observed. The structure 
types change with increasing pressure in the following sequence : 

Mg type (hh � a-Sm type (hhc)a � a-Nd type (hc)2 � Cu type (c)3 
In Figure X - 5 are presented the p - Tphase diagrams for Gd, Sm and Nd where pressure­
induced phase transformations are observed in agreement with the above giveo sequence. For 
Y the complete structure type series has been reported, i.e. increasing pressure leads from 
(h)2 to (hhc)3, further to (hc)2 and finally to (c)3. x · 10J It remains to be investigated if there 
exists also an intermediate phase with the Tb HP type (hcc)2 having 33% hexagonality. 

T 
W(8] type 
�=  0.68 

\ 
\ 
\ 

Mg112J \ 

(h)2 \ 

Gd 

a-5ml12] type 
(hhc)3 

w1a1type Sm 

• �= 0.68 

a-Nd 1121 type 
,..Sm 11� (he) 
(hhc}

3 
\ 

2 

T 

p p p 
Figure X - 5 : The p - T phase diagrams of the rare-earth elements Gd, Sm and Nd. The 
diagrams are schematic. Lines separating phase fields are presented by straight lines only. 

The Mg, a-Sm and a-Nd type structures before and after transformation have c I a ratios close to their 
ideal values (listed in Figure I - 3) and the single adjustable positional atom parameter (z) in a-Sm is 
close to its ideal value for close packing. The volume decrease during the pressure-induced 
transformation is thus essentially due to a change of the size and/or shape of the atoms. 

X - 10} Grosshans, W.A., Vohra, Y.K. & Holzapfel, W.B. (1982). J. Magi. Magi. Mat. 2', 282 - 286. 
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An example of a pressure-induced change which beyond doubt is related with a change of the 
size of the atom is provided by Ce tor which the p - T phase diagram is shown in Figure X • 6. 
In the same system there is a second pressure-induced structure transformation which can be 
explained by a change of the shape of the atoms. 
In the lower left comer of the p - T diagram of Ce can be r 
seen two phases with Cu 1121 type. The one on the left has 
a lattice constant of a = 5. 16 A while the one on the 
right a = 4.48 A. The change of the cubic cell volume with 
increasing pressure is related to an electronic transition of 
the Ce atoms which decrease their size. The line 
separating these two phases ends at higher temperatures in 
a critical point. Above this point there is no difference 
between these two Cu-type phases. 

Liquid 

\ a-ul<Wal 
Cu (12) [ ] type 

eu ,2 type I 
type • =  0.74 

p 

Figure X - 6 :  The p - T diagram of Ce. 

At very high pressures Ce 11 21 transforms to the orthorhombic a-U type, where each Ce has 4 
close and 8 distant neighbours. Th!5 structure can be interpreted, as shown in Figure X - 7 ,  
as a hexagonal close packing of irregular ellipsoids. x - 1 1) The Ce atoms are thus not 
anymore spherical. 

Mgl12J 

hP2, P6/mmc 
a-Ul4+8J 

oS4, Cmcm 

Figure X • 7 : The packing of spheres in the Mg type structure and the a-U type structure 
interpreted as a packing of irregular ellipsoids arranged as in the Mg type. 

Pressure-induced structure changes with a decrease of the atom coordination 

For these unexpected transformations the decrease of the volume of the atoms cannot be 
ignored. In effect, the decrease of the atom volume may, be so great under the effect of 
pressure, that a more open structure with a smaller space filling parameter and a smaller atom 
coordination is tprmed. There are only a few examples known. 

(8] 
w type 

Cu (12J 
q, = 0.68 

• =  0.74 

Yb with Cul121 type c, = 0 .74) transforms under pressure, as 
seen in the p - T phase diagram in Figure X -8, into the W(8J 
type c, = 0.68). The high pressure leads to a change of the 
electronic configuration of Yb (Yb2+ -+ Yb3+) with three electrons 
in the conduction band. The decrease of the atom radius during 
the structure transformation amounts to more than ten percent. 

F,gure X - B :  The p - T diagram of Yb. 

X - 1 1) The theoretical possibilities for the densest packing of regular ellipsoids have been studed by Matsumoto, T. & 
Nowacki, W. (1966). Z Krtstal/ogr. 123, 401 - 421. 
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Ti and Zr crystallize at normal pressure in the Mgl12l type, the hexagonal close-packed 
element structure type with $ = 0 .74, supposedly the highest space filling value for an 
element structure. As seen in the p - T phase diagram for Ti in Figure X -9 ,  under pressure 
a new phase is formed, the so-called ro-phase, which has an even higher space filling. The 
structure of the ro-phase , which occurs also with Zr, is shown in Figure X - 10 . This atom 
arrangement is found frequently with binary intermetallic compounds at ambiant pressures and 
is known as the AIB2 type. In the ro-phase all sites are occupied by one kind of atoms, i.e. 
two thirds of the Ti (Zr) atoms are now smaller than the remaining third. With atoms of two 
different sizes a space filling with $ > 0 .74 is possible. The crystal chemical fonnula of the 
ro-phase is Til12PJri2(3-+6J, i. e. the average coordination number of the atoms is now smaller 
than 1 2 .  

a -Ti ro - Ti 
Mg [1 21 I «I> =  0.77 

«I> =  0.74 
p 

Figure X - 9 : The p - T diagram of Ti. Figure X - 10 : Structure of co - Ti (hP3, a = 4.621\ c = 2.81 ;.). 
Inscribed is the atom height above the projection plane. 

SnTe supposedly changes under high pressure from the Nal6olCll6ol type (Figure IV - 2 )  to the 
�[3nJ_sl3nJ type (Figure V -6). In the course of this unexpected transformation not only the 
atom coordinations decrease but also the electrical resistance of SnTe increases by 
shown in Figure X - 1 1 .  x - 12) 

Since SnTe is isoelectronic with phosphorus it is of interest to 
compare the low and high pressure structures of SnTe with the 
different structures known for P. Snl6o]Tel6ol with NaCl type, the 
normal pressure modification, is metallic and its structure can be 
considered as an ordered substitution variant of the metallic high­
pressure modification of phosphorus with Pol6ol type where cl> = 

0 .523. .S.Ol3nJTu[3nJ HP with GeS type is a semiconductor and 
its structure can be considered as an ordered substitution variant 
of the non-metallic low-pressure modification of black phosphorus 
_el3nl where cl> = 0 .285. The structure change with increasing 
pressure reported for SnTe is thus directly opposite to that known 
for phosphorus. 

., u C: 0 
.;; 
·.;; 

so 

60 

� 40 

20 type 
NaCl 

20 

360 %, as 

type 
GeS 

�o 

p ( k bor) 

Figure X - 1 1  : The unexpected 
increase of the electrical resistance of 
Sn Te with increasing pressure. 

X • 12) Kafalas, J.A. & Mariano, A.N. (1964). Science 143, 952. Nomura, M., Kuroda, K Inoue, M. & Fujiwara, H. (1985). 
In 'Solid state Physics under Pressure. Recent Advances with Anvil Devices'. Edit. s. Minomura. Pages 171 - 175. 
Dotdrecht : Reidel. 
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A N D  I T S  A P P L I C A T I O N S  

General definition 

The term intergrowth structure is applied to a structure which consists of a periodic intergrowth 
of segments of (simple) parent structures. The segments can be (two-dimensional) slabs or 
(one-dimensional) columns or (zero-dimensional) bricks. In order to be intergrown two 
segments must have identical outer interfaces with the same atom arrangement and the same 
two-dimensional mesh parameters. In many cases is it possible to construct different structures 
with the same kinds of structure segments, cut from of the same parent structures, but mixed 
in different proportions . These structures can be grouped in an intergrowth structure series for 
which a common general formula can be given. 
Ruddlesden and Popper x, · 1J were one of the first who recognized this kind of structural 
relationship in the case of the ternary Sr titanites Sr2Ti04, Sr3Ti207 and Sr4Ti3010 where 
there is an intergrowth of slabs cut from SrO having NaCl-type with slabs cut from SrTi03 with 
(idealized) CaTi03-type. We shall demonstrate on the Ruddlesden - Popper phases the 
periodic structure intergrowth and the intergrowth structure series. Ruddlesden - Popper 
phases have incidently become quite well known recently because they have certain structural 
similarities with the superconducting high Tc Cu oxide phases. 

Ruddlesden - Popper phases, an intergrowth of NaCl- and CaTI03-type slabs 

The Ruddlesden - Popper phases are ternary normal valence compounds with the general 
formula Cn+1 Tnl,601Asn+1 where one NaCl-type slab with formula CA is intergrown with n 

perovskite-type slabs, each with formula CT As- The NaCl-type slab consists only of a lower 
and an upper interface layer which, referred to the NaCl structure drawing in Figure IV - 2 ,  
corresponds to the (001 )NaCI plane at z = O and z = 1/2, respectively. The atom 
arrangement on the interface can be described as a checkerboard arrangement of C and A 
atoms. Lower and upper interface layers are identical except that C and A atoms 
interchange sites. The perovskite-type slab has three layers, i.e. this slab is about twice as 
thick as the NaCl-type slab. The lower and the upper interface layers have the same 
checkerboard arrangement of C and A atoms (without interchange). Referred to the drawing 
of the perovskite structure in Figure II - 4, these interface planes correspond to the 
(001 )perovskite planes at z = 1/2 and z = 3/2, respectively. The middle layer of the slab is 
identical with the (001 )perovskite plane at z = 1 .  The NaCl- and CaTi03-type slabs can be 
intergrown as shown in Figure XI - 1 . The slab labels and the traces of their interface planes, 
marked by dashed lines, can be found on the right hand side of each drawing. 

XI - 1) Ruddlesden, S.N. & Popper, P. (1958). Acta Cryst. 11, 54 • 55. 
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Parent structures 
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Figure XI - 1 :  Schematic drawings of Ruddlesden - Popper phases Cn+1 Tnl,6ol�n+1 with n = 
1, 2 and 3 together with the two parent structures. Large circles represent Na, K, Sr or Ca 
and small circles the anions. Circles drawn with full lines differ from those with dashed lines by 
a shift of one half in height. The transition metal centred anion octahedra are indicated by 
squares with small circles at the comers which correspond to the four anions in the middle 
plane of an octahedron. The transition metal atom in the centre of the square and the anion 
above and the one below the transition metal atom are not shown. 

In Figure XI - 1 are presented the projections of the structures of the Ruddlesden - Popper 
phases with n = 0, 1 ,  2, 3 and oo. Other members of this structure series are Ba5Hf 4S13 
with n = 4 and E3aeHf5S16 with n = 5. It can not be excluded that more members do not 
exist. Given that the general formula of the intergrowth structure series is available, one knows 
the possible formulae of the compounds beforehand. Since the positions of the atoms within 
each kind of slab are also known, it becomes possible to calculate the ideal positions of all 
atom sites in a structure belonging to this intergrowth structure series. It is only necessary to 
specify the value of n. x, - 2J 

Classification of lntergrowth structures 
Periodic lntergrowth structures are found not only with valence compounds but also with 
intermetallic compounds. lntermetallic compounds have quite often not only COfl1)1icated 
compositions which are difficult to memorize but also complicated crystal structures which defy 
an easy interpretation. The valence concept fails here. Crystal chemists interested in 
intermetallic compounds - they devised the classification of intergrowth structures - use the 
intergrowth concept as a possible key for an understanding of composition and structure. x, · 3J 

XI -2) The Idea/ stnsc1ures belongng to this interr;,-owth structure series with o < n < .. haVe P6819011 code ff(10n + 4) 
and space fTOUP 14/mmm. However, with cer1aln compounds only pseudotetragonal symmetry Is observed . This Is 
due to a lilting of the transition metal centred anion octahecta. 

XI - 3) Grin', Yu.N., Yarmotyuk, Ya.P. & G/adyshevskil, E./. (1982). Sov. Phys. Cryst. 27, 413 - 417. Parth4, E., aiabo� 
B. & C.nzual, K (1985). CHIM/A SI, 164 - 174. Pan/, M. & Fomaslni, M.L (1990). Z KJistaJIO(T. 1IO, 127 • 133. 
Grin', Yu.N. (1992). In 'Modem Perspectives In Inorganic Crystal Chemistry'. E. PB/th4, edtor. NATO AS/ Serles 
C382, pages 77 • 96. Dordrecht: Kluwer. 
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One distinguishes between 
- linear, two-dimensional or three-dimensional structure series. In a llnear structure series 
the segments are infinite slabs which are stacked in one direction, I.e. in a direction 
perpendicular to the interface planes. In a two-dimensional structure series the segments 
are infinite columns which are stacked in two dimensions. Finally, in a th�lmenslonal 
structure series, the segments are blocks which are stacked in three dimensions. 

homogeneous, quasi-homogeneous or inhomogeneous structure series. In a 
homogeneous series there is only one kind of parent structure. In a quasi-homogeneous 
series there are different parent structures but they are geometrically closely related (for 
example, as site occupation variants and/or as deformation variants). In Inhomogeneous 
series the different parent structures are different in construction. 

Concerning the compositions of the members of a structure series three cases may occur : 
- all have the same composition if all parent structures have the same composition 
- for a linear structure series with parent structures of different composition the compositions of 
the members of the structure series can be expressed by a linear structure series formula, 
i.e. in the subscripts of the general fonnula of the structure series appear only linear relations. 
The Rm + n Tsm + 3n� structure series in Table XI - 3 is an example. 
- for a two-dimensional structure series with parent structures of different composition, the 
compositions of the members of the series can be expressed by a quadratic structure series 
formula, i.e. in the subscripts of the general fonnula appear squares. As example serves the 
Rr,2 + 3n + 2 T r,2 _ n + 2Mr,2 + n structure series ( Figure XI - 1 2 ). 

As general rule interface planes are always selected in such a way that they contain atoms. 
Each atom on the interface is sliced, one pal"t belonging fonnally to one slab and the other part 
to the neighbouring slab .. During intergrowth both parts are then fonnally united to fonn one 
complete atom. 

To identify the atom arrangement in the interface plane it is best to refer to a drawing of one unit 
cell of the parent structure, to state the Miller indices of the corresponding plane and also the 
distance of this plane from the origin of the unit cell. 

Linear homogeneous structure series 
Three examples of linear homogeneous structure series have already been mentioned before : 
- the close-packed element structures, shown in Figure I - 3, 
- the ZnS and SiC polytypes, presented in Figures I -4 and 5, and 
- the Laves phases in Figure I -7. 

These stacking variants can be described in two alternative ways, as had been demonstrated 
above in detail for the ZnS polytypes. According to the older approach stacking variants are 
constructed of (not-intergrown) slabs (as shown for example on the upper left of Figure I -4) 
with a side-wise displacement of consecutive slabs either in one or in an opposite direction 
parallel to the slab plane. This method can be also used for close-packed element structure 
types (the not-intergrown slab consisting here of a single close-packed atom layer as shown in 
Figure I - 2 ) . But for the Laves-phase polytypes this approach is not suited very well. It is 



'· 

Xl - 106 ELEMENTS OF INORGANIC Sn:IUCTURAL CHEMISTRY 

necessary in addition to the side-wide displacement of the slabs also to rotate of certain slabs 
for 180° around an axis perpendicular to the slab plane. 
In the second method the slabs are delimited differently and they are intergrown (as shown for 
example on the upper part of Figure I - 5). The intergrown slabs can be stacked either rotated 
(by 180° around an axis perpendicular to the slab plane) in respect to the neighbouring slab or 
are stacked without rotation. It is the newer approach based on intergrown rotated and /or 
unrotated slabs which can be applied more widely and which we prefer for further applications. 
In the drawings of the three Laves phases stacking variants in Figure I -7 have already been 
indicated the intergrown slabs and their interfaces. This was not done in Figure I -3 for the 
close-packed element structure types. The common intergrown slab is here very simple, 
consisting only of two interface layers. The slab corresponds to the ZnS type slab of Figure I -
5 but without the atoms inside the slab. 
The interfaces of all the mentioned slabs are straight planes. However, it is possible to apply 
the intergrowth concept also to stacking variants where buckled interface planes exist. The 
CrB - FeB stacking variants are one example. 

CrB - FeB stacking variants, a linear homogeneous structure series with buckled 

interface planes 

The basic construction element of the CrB - FeB stacking variants is a trigonal prism formed of 
the large atoms which is centred by a smaller atom. Each prism shares two rectangular faces 
with neighbouring prisms in such a way that parallel infinite prism columns are formed which are 
traversed lengthwise by infinite zig-zag chains of the smaller atoms. The different stacking 
variants differ in the way these infinite prism columns are connected with each other. 
The conventional unit cell drawings of the two base types FeB and CrB in Figure XI - 2 .give 
no direct indication that these two structures might be considered as stacking variants. 

FeB CrB 

Figure XI - 2 : Perspective drawings of the FeB and CrB structures. 

It is possible to slice both structures into identical slabs which -' different from above - have 
buckled interface planes. The slabs are perpendicular to the plane of projection and they are 
parallel to the arrows on top of the drawings. In Figure XI -3 are presented the slabs and the 
two ways how they can be intergrown. On the left hand side is shown a double slab where the 
intergrown upper slab is rotated in respect to the lower slab, i.e. rotated by 180° around an 
axis perpendicular to the slab plane,. This kind of stacking of two intergrown slabs was labelled 
h stacking in the case of the ZnS $tacking variants (left hand drawing on the upper part of 
Figure I - 5). The drawing on the .right hand side of Figure XI - 3 shows a double slab with 
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intergrown iso-oriented unrotated slabs. This kind of stacking was labelled c stacking in 
Figure I - 5. 

<=> 
<=> 

h stacking c stacking 
Figure XI - 3 : The two ways how the slabs found in CrB - FeB stacking variants can be 
intergrown, i.e. h stacking (left) with the slabs rotated in respect to each other or c stacking 
(right) with iso-oriented slabs. Open circles are large atoms and shaded circles small atoms. 
For each kind the larger circles are at height 112 and the smaller ones at height 0. 

We shall use the term h and c stacking also for the CrB - FeB stacking variants, although 
the base structures are not anymore hexagonal or cubic. In the orthorhombic FeB structure 
all slabs are h stacked and in the equally orthorhombic CrB structure c stacked. The 
essentail point behind the new interpretation of the Jagodzinski - Wyckoff stacking letters h 
and c is whether or not the next slab is rotated or not With this new interpretation it becomes 
possible to treat stacking variants with straight and buckled interface planes in the same way. 
The redefined term hexagonality mean now the ratio of the number of interface planes 
(buckled or not) where the intergrown upper and lower slabs are rotated in respect to each 
other to the total number of interface planes. 

Sixteen CrB - FeB stacking variants are known of which a selection is presented in Figure XI -
4. They are arranged according to increasing hexagonality. 

CrB 
C 

0 %  

(Gd_55Dy_45)Ni 
hzei 
50 % 

TbNi HT 0 

(hcc}2 
33.3 % 

(Gd.1Y.3)Ni 
hzc 

66.7 % 

(Gd.1sY .25)Ni 
hzea 

40 % 

TbNi LT 
h.� 

66.7 o/o 

(Gd.4 Tb.e)Ni 
hz�hzCa 
44.4 % 

FeB 
(h)2 

1 00 %  

Figure XI - 4 : Examples of CrB - Fe8 stacking variants. Open circles oorrespond to lsrge atoms 
and filled circles to small atoms. Larger circles of each kind are 1 /2 in height above the small ones. 
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In Figure XI -4 the drawings have been rotated in such a way that the intergrown slabs are 
horizontal. Thus it becomes possible to "read" vertically in the drawings the sequence of 
Jagodzinski - Wyckoff stacking letters for each stacking variant. For each variant is given in the 
last line the hexagonality value. 
All CrB - FeB stacking variants have monoclinic or orthorhombic unit cells of different 
dimensions and originally the geometrical relationship between them was not seen immediatly. 
There are a number of systems where several CrB - FeB stacking variants occur. The 
hexagonality of the CrB - FeB stacking variants is found to be an ordering parameter for the 
sequence of these phases. As example we present in Table XI - 1 the different CrB - FeB 
stacking variants which occur in the pseudobinary Gd1_x R 'x Ni systems. 

TABLE XI - 1 : HOMOGENEITY RANGES OF THE CAB - FEB STACKING VARIANTS IN Go1_x R 'x NI AT 1 070°K. XI - 4) 

GdNI CrB t�ee O % l 44 %  I 50 % 67 % le:zJ TbNI 

GdNi CrB tyee O % (so%1 67 % FeB �ee 1 00 % DyNi 

GdNI CrB tyee O % 67 o/o FeB tyee 1 00 % II HoNI 

GdNI CrB t e 0 % 40°/c 67 % FeB e 1 00 % ErNI 

GdNI CrB �ee 0 %  ls1°1�I FeB tyee 1 00 % ll ·� ErNI 

GdNI CrB type O % Ill FeB type 1 00 % II LuNI 

The numbers inscribed in Table XI - 1 are the hexagonality values of the stacking variants. 
These values can be used to find the drawings of the stacking variants in Figure XI -4. To 
distinguish between the two different structures with 66. 7 % hexagonality one of them will be 
underlined, i.e. fil. will be assigned to the TbNi L Ttype with stacking h4�. 

The hexagonality of all the stacking variants in Table XI - 1 increases within one row from left to 
the right. This is an useful observation for which a theoretical explanation is missing. The 
number of the intermediate phases and their homogeneity ranges vary with the rare-earth 
partners of the Gd element. Intermediate stackings between CrB and FeB may be even 
completely missing as it is in the case of Gd1_x Lux Ni. The hexagonality depends, however, 
also 6n temperature as can be seen in Figure XI -4 by the hexagonality difference between 
TbNi LT (fil %) and TbNi HT (33 %). 

Linear inhomogeneous structure series 

The efforts undertaken In the last 10 to 1 5  years to reinterpret many of the older already known 
crystal structures as well as the new ones as intergrowth structures were quite successful any 
many new linear inhomogeneous structure series have been found. For an overview see 
Volume 1 of the TYPIX book (Reference Book list in Chapter on Bibliography). 
The recognition of the parent structures and determination of the Miller indices of their slab 
interfac� is not always as simple as it was for the Ruddlesden - Popper phases in Figure XI -
1 .  Depending on what kind of parent structures should be intergrown the slabs might have to 
be sliced in a different manner to have suitable interface planes. 

XI - 4) Klepp, K. & Parthe, E. (1982). J. Less-common Met. B6, 181 - 194. 
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For example in the Ruddlesden - Popper phases the NaCl-type slabs had (001 )Naci interface 
planes. If a NaCl-type slab is to be intergrown with a slab of a hexagonal structure for which 
the most common interface plane is the hexagonal bPc;e plane with a simple hexagonal mesh 
then the NaCl-type slab must be different, i.e. one needs a NaCl-type slab which is sliced 
parallel to (1 1 1  )Naa at x,y,z = 0 and x,y,z = 1/3. This slab has the thickness of one third 
of the cubic space diagonal. XI - SJ Examples for the intergrowth of these kinds of NaCl-type 
slabs with hexagonal parent structures are presented in Figure XI - 5. If it is not possible to 
find planes with identical atom arrangement in the two parent structures an intergrowth structure 
can not form. 

In Figure XI - 5 are shown the structures which can be interpreted as an intergrowth of NaCl­
type slabs with WC-type slabs (left) Xt - 6) and Cdl2-type slabs (right), respectively. In the 
drawings of Figure XI - 5 not all the atoms in the hexagonal unit cells can be seen, but only 
those which are positioned on the (1 1 20) planes of their hexagonal unit cells. By imaging the 
atoms which are before and behind the (1 1 20) plane the reader will find out readily that in the 

WC-type slab : atoms drawn with small open circles are trigonal prismatically coordinated, 
NaCl-type slab : atoms shown as small black circles are octahedrally coordinated, and 
Cdl2-type slab : atoms drawn represented by small open circles have a triangular non-

coplanar coordination. 
In one unit cell of the NiAs and Ti2CS structures there are two WC-type slabs which are 
rotated in respect to each other by 180 ° around an axis perpendicular to the interface which is 
the hexagonal base plane. 

S< 6< --:;­c9 o --------
TiS 

NiAsfepJ type 

--�--
( __ '!!£ __ 
--�-­

( • .!!'2 __ 
�...,.-� --�--

--�---------
--�--
--�-

TiC, Tac 
Nac�eoJ type 

Ta2CS2 
Ta2Cleo�311J type 

Sb Q --------

-�� �:: 
TaS2 

Cd.lJ3111 type 

Rgure XI - 5 : Linear inhomogeneous intergrowth structures based on slabs sliced from an 
hexagonal parent structure with we or Cdl2 type, respectively, and on slabs with NaCl type. 
The size ratio of the circles does not co"espond to the size ratio of the atoms. The dashed 
lines to the right of the drawings are the traces of the slab interface planes. The dotted lines 
inside the Cdl2-type slabs are the traces of horizontal cleavage planes which are not crossed 
by directed covalent bonds. 

XI - 5) If one starts wffh a NaCl-type structure described with its triP,.hexagonal oe/1 (see Problem 14 In Appen<lx BJ the 
interface pla1l6$ of the new NaCl-type slab are the hexagonal (00. 1) base planes at z = O and z = 113. 

XI - 6) The unit cells of the we and the Cd/2 (C6 type) structures contain only tv.o and lhlff atoms, respectively. The 
thickness of the we- and of the Cdl7typs slabs corresponds to the hel!/lt of their hexagonal cells. 
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In the chosen binary transition metal compounds the C atoms prefer an octahedral coordination 
and the S atom a trigonal prismatic coordination or - if there is a non-bonding electron pair 
attached to the S atom - a triangular non-coplanar coordination. In the ternary compounds 
these elements have the same <?<>Ordination, as the ternary structures are built up of intergrown 
slabs sliced from the corresponding binary structures. 

Linear intergrowth of binary and ternary Laves-type and CaCu5-type slabs. 
More than 30 (!) structure types exist with binary and ternary interrnetallic compounds having in 
part grotesque stoichiometries which can be "read" and understood as an intergrowth of 
Laves-type and CaCu5-type slabs. 
The Laves-type slabs correspond to those shown in Rgure I - 7 .  Their interface planes are 
parallel to (00. 1 )Mg2n2 and their thickness is c I 2 referred to hexagonal MgZn2 (or c I 3 
referred to the triple-hexagonal cell of MgCu2). The atom arrangement on the hexagonal base 
plane - different from the simple hexagonal mesh of WC and Cdl2 - has a so-called 
Kagome mesh, seen in Rgure XI -6. Kagome is originally the name of a three-way bamboo 
weave used in the Far East for making baskets (kago = basket and me = eye in Japanese). 
A Kagome mesh is the repetetive pattern obtained if points are placed where bamboo reeds 
cross each other. 

9- - - - <? 
l � O � I 

� - - - () 

Rgure XI - 6 : The atom arrangement with Kagome mesh at the interfaces of the Laves-type 
and CaCu5"type slabs (left) and the Kagome weave pattern (right). 

With the kind of binary and ternary rare-earth (R') - transition metal ( 7)  - main group (M = 
B, Ga, Si, Ge) compounds, which we want to discuss in more details, one finds not only 
binary Laves-type slabs with general formula � T4, but also ternary, substituted Laves-type 
slabs with formula � T3M, which can be compared with each other in the upper part of Figure 
XI -7. The interface planes are always occupied by Tatorns only, the substitution of T by M 
occurs inside the slab. 

simple Laves-type slab 
-
�

-- . --v;;;;;,--..-_--;----'Ql"fi" -

' '01 , -Q,�, ..... .._ . 
,_.,  

- - .fl . .J-:.-:: .. .Ja.. - - - - --

·,1·,-0-��-0
::;
--:::o·�- ', -\, / , _  ... ,,,,, ' / 

- - �-�:,_.fl_ - --
RT5 

substituted Laves-type slab 

Heigh! 

1/2 

1/4,3/4 
substituted CaCu5-type slab 
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0 
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Figure XI - 7 :  The simple binary and the substituted ternary Laves- and CaCu5"type slabs. 
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The compounds with hexagonal CaCu5-type structure have in the hexagonal base plane also a 
transition metal arrangement with Kagome mesh. We have to consider also here binary slabs 
of general formula RT5 and ternary, substituted slabs with general formula RT3�. both 
slabs being shown in the lower part of Rgure XI -7 .  The substituted slab is generally not as 
thick as the unsubstituted slab but this detail will be ignored for the further considerations. 
In Figure XI -8 is shown a ternary R - T - M diagram and in it, framed by heavy lines, the 
composition field where structures with intergrown Laves-type and/or CaCu5-type slabs occur. 
At the four comers of this frame are the formulae which correspond to the four kinds of slabs of 
Rgure XI -7 . Small symbols, i.e. rectangles and parallelograms have been added to these 
formulae. Instead of writing the slab formula we shall find it more convenient further on to 
identify the slabs by these small symbols which copy the slab outlines in Flgure XI -7 .  The 
symbols corresponding to ternary slabs have stripes inside, while symbols for binary slabs are 
without stripes. 

Figure XI - B :  The composition field of intergrowth structures with Laves-type and/or CaCu0 
type slabs in a R - T - M diagram. The very small numbers on the left refer to the horizontal 
lines and indicate the atom percentage of rare-earth element. 

The different structure series which can be fonned by an intergrowth of these four slabs can be 
divided into three groups according to the compositions of its members, i.e. 
1 )  - all members of the series have the same general formula 
2 )  - all members of the series have the same percentage of rare-earth element and 
3) - the members of the series have different formulae. 

1) Structure series where members have the same general formula 
These are linear homogeneous structure series with only one kind of slab. Successive slabs 
are intergrown with or without rotation by 180 ° around an axis perpendicular to the interface 
plane. Examples of rare-earth compounds with composition � T4 and � T3M, respectively, 
built with binary and ternary Laves-type slabs, respectively, are shown in Table XI - 2 .  
Different from the Laves-type slabs, both binary and ternary CaCu5-type slabs are invariant to 
a rotation by 180 °, Therefore a homogeneous structure series with these slabs is not possible. 

TABLE Xf - 2 : EXAMPLES OF MEMBERS OF THE HOMOGENEOUS � T4 AND � T3M STRUCTURE SERIES. 

� T4 structure series � T3M structure series 

B 
Ho0s2 (MgZn2 type) Pr0s2 (MgCu2 type) 
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2) Structure series where members have the same percentage of rare-earth element 
In these linear quasihornogeneous structure series is observed an intergrowth of binary and 
substituted ternary slabs of the same kind. The structure series with 16. 7 at.% R where there 
is an intergrowth of m binary RT5 slabs with n ternary RT3M2 slabs has Rm+n Tsm+3n�n 

as general formula. All the examples listed in Table XI - 3 are prototypes of individual 
structure types except for SmCo5 which crystallizes with CaCu5 type. Representatives for the 
second possible quasihornogeneous structure series with 33.3 at.% R where binary and ternary 
Laves-type slabs are intergrown have not yet been found. 

TABLE XI - 3 :  EXAMPLES OF MEMBERS OF THE QUASIHOMOGENEOUS Rm+n Tsm+3n�n STRUCTURE SERIES WITH 

1 6.7 AT.% R. 

n = O  m = 2, n =  1 m = 1 , n = 1 m = 2, n = 3  m =  1 ,  n = 2  m = 1 , n = 3  m = O  

t=i � � ; � � wiii1 
SmCo5 NdaNi1382 CeC048 Lu5Ni1986 Ce3Co1 184 Ce2Co,E3a CeCaaB2 

3) Structure series where members have different formulae 

In these linear inhomogeneous structure series there is an intergrowth of Laves-type and 
CaCu5-type slabs. Of the different possibilities which exist we want to discuss only two, i.e. all 
slabs are binary only or they are all ternary substituted slabs. The compositions of the 
members of the first and second series, respectively, are on the left and right border line, 
respectively, of the marked composition field in the R - T - M diagram in Figure XI -8. 
The structure series where one binary Laves-type slab � T4 is intergrown with n binary 
CaCu5-type slabs RT5 has the general formula �+n T 4+Sn· There exist two branches of this 
series, as seen in Table XI -4, which differ in respect to the rotation of successive Laves-type 
slabs, i.e. being rotated as _in MgZn2 or not rotated as in MgCu2. 

TABLE XI - 4 : EXAMPLES OF MEMBERS OF THE BINARY INHOMOGENEOUS �+n T4+5n STRUCTURE SERIES 

n = O  n = 1  n = 2  n = 3  n = oo  

Laves-type 

i 
slabs stacked 

� 

as in MgZn2 

E B CJ 
Ho0s2 CeNi3 Ce2Ni7 Sm5Co19 SmCOs 

Laves-type 
slabs stacked 
as in MgCu2 

C§ [q CJ 
Pr052 PuNi3 Gd2Co, Ce5C019 SmCOs 
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The structure series where one ternary substituted Laves-type slab � T3M is intergrown with 
n ternary CaCu5-type slabs RT3M2 has the general fonnula �.nT3+3,,Mi+2n· Again there 
are two branches depending on the rotation of the Laves-type slabs. The examples are 
presented in Table XI - 5. 

TABLE XI • 5 : EXAMPLES OF MEMBERS OF THE TERNARY INHOMOGENEOUS R2+n T3+3,,M1 +2n STRUCTURE SERIES 

n = O  

Laves-type 
slabs stacked 
as in MgZn2 

� /. 

Sc2C0:3Si 

Laves-type 
slabs stacked 
as in MgCu2 

Y2Ah3Ge 

n = 1 n = 2 n = 3 

CwiiJ 
CeC0:3E3:! 

Examples of intergrowth structures which are positioned inside the composition field of Figure 
XI -8 are treated in Appendix B. 

=>=>=> Problem 1 3  in Appendix B 

Ternary R, Tt Mm compounds with a linear lntergrowth of other kinds of slabs 
For many R - T - M systems there seems to exist a limited number of elementary, binary and 
ternary parent structures which have essentially a simple atom arrangement. lntennetallic 
compounds with a composition which is inbetween the compositions of the parent structures 
can often be interpreted as an intergrowth of segments of two or three parent structures. If the 
composition of the R, Tr Mm col'Jl)0und is outside the composition field in Figure XI • 8 then 

We consider the section of the 

---"-----"'---�------"'---�-.....i.!:...._�M 

Figure XI - 9 : Section of the R - T - M diagram with composition points of five ternary 
compounds (without frames) which can be interpreted as an intergrowth of slabs sliced from 
two or three parent structures (with framed type formulae). 
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As elemental parent structures serve the W, ex-Po and Cu types, as binary parent structure 
the AIB2 type and the ThCr2Si2 type as ternary parent structure. The structures and slabs 
sliced from them are shown in Figure XI - 1 o. 

0 0- - · w . - - ·  w 0 0- - -
0 8 0- - ·  Cu 

@ 0 0- -
Cu o e o- - -

O e 0 - - · 
a- Po 

o e o - - -
a- Po 

0 o 0 - - · 

W Cu a-Po AIB2 ThCr 2Si2 

Figure XI - 1 O : The five parent structures and the slabs sliced from them which are used for 
intergrowth in the structures shown in Figure XI - 1 1. 

Empty and filled circles in Figure XI - 1 o correspond to atoms which- differ in half of a 
translation period perpendicular to the plane of projection. Thus if in a drawing of a slab the 
originally filled circles are empty and vice vei'sa it simply means that this slab, as compared to 
the original one, is raised for half a translation period. In the ternary intergrowth structures 
presented in Figure XI - 1 1  the sites of the large circles are occupied by rare-earth elements 
(R). the medium circles by transition elements (1) and the small circles by the main group 
element silicon (M). 

There are two kinds of complications as cqmpared to the simpler case of intergrown Laves­
type and cacu5-type slabs. 
- Opposite Interface planes of the ternary ThCr2Si2-type slab have not the same atom 
arrangement. One allows, for example; an intergrowth with a W-type slab and the other an 
intergrowth with a Cu-type slab. However, if a double slab is formed the external interfaces 
are identical. Depending which slab interface plane is used to form the double slab one has a 
ThCr2Si2-type double slab which can be intergrown on both sides with Cu-type slabs (example 
is CeRe4Si2) or W-type slabs, respectively (example is CeFeSi). A normal ThCr2Si2-type 
slab cannot be intergrown with an ex-Po-type slab because there are no M atoms at the 
interface planes. However, an intergrowth is possible with an interchanged ThCr2Si2 slab, 
denoted by I - ThCr2Si2, which has the same composition, but where T and M elements 
have interchanged their sites (see ScNi2Si3 and ScNiSia). 
- The parent structure, which serves to describe the atom arrangement of an intergrown 
segment, is not always found in the same ternary diagram. The parent structure will, however, 
have a relation to the structure observed at the same composition in the diagram. It might 
correspond to a high tenl)erature modification, a high-pressure form or the structure of a 
homologue element or compound. For example, slabs consisting only of rare earth elements 
have an arrangement which corresponds to the W type, which is the structure of the high 
tenl)erature modification of the rare earth elements. Slabs consisting only of main group 
elements have the atom arrangement of the a-Po type, which is the uttrahigh pressure 
structure of the 5B elements. Slabs consisting of transition elements only are buitt as the Cu 
type. 
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The binary RM col1l)Ounds (not shown in Figure XI - 9) are on the composition line between 
R and R�. Parent structures exist for R and R�. Thus a possibility for the structure of a 
RM COfll)OUnd is the linear intergrowth of W-type slabs with Al�-type slabs. This is exactly 
the era type, as can be verified by a closer study of Figure XI - 2. The ere type is widely 
distributed with rare-earth monosilicides, gennanides and gallides. 
What has been demonstrated for ere is equally valid for the five ternary intermetallic 
col1l)Ounds of Figure XI - 9. Ternary COfll)OUnds with a composition on the line between the 
compositions of two parent structures can be interpreted as an intergrowth of slabs of these two 
parent structures. ScNiSi3 is located in a field between three parent structures and it can be 
interpreted as an intergrowth of slabs of these three parent structures. In Figure XI - 1 1  are 
presented drawings of these five intergrowth structures with the used slabs indicated on the 
right hand side of the drawings. 
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Figure XI - 1 1  : The linear intergrowth structures of CeRe4Siz, CeFeSi 
CeNiSiz, ScNizSi3 and ScNiSi3 and the slabs used for their oonstruction. 
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(PbCIF antitype), 

In a two-dimensional inhomogeneous structure series we find intergrown columns of different 
diameters. We take as an example the Rrt+3n+2 T rt • n+2Mrt+n structure series. As seen in 
Figure XI - 1 2  this structure series is characterized by infinite triangular columns with (ternary) 
AIB2 type, infinite hexagonal columns with NiAs type (at the origin of the hexagonal cells) and 
infinite rhombic columns with W type (inbetween the triangular columns). Within the structure 
series the diameter of the triangular column increases, expresses by the parameter n which 
corresponds to the number of joined trigonal prisms along one of the basal edges of the 
triangular columns. Due to the quadratic structure series formula the compositions of the 
members of this structure series are not on a straight line but on a curve, which can be seen in 
Figure XI - 1 3. 
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Height R T M 
z =3/4 0 o o  

z :  1/4 
, - ,  , - ,  ,-

I \ I .._, 
- /  

-
z = - 0,1/2 0 

Ce6Ni2Si3 Ce5Ni2Si3 Pr 15Ni�i10 
Figure XI - 12 : The crystal structures ot Ce�i;rSis, Cet!tJi:Pis and Pr11Ji.,Si1o, members of 
the Rn2+3n+2 T n2 . n+.!'n2+n structure series with n = 2, 3 and 4. 

The particular order of the Ni and Si atoms on the prism center sites and, related with it, the 
composition of the ordered compounds can be derived by means of the prism waist contact 
restriction rule. XJ - 7J The Ni and Si atom ordering shown in Figure XI - 12 for Pr15Ni�i10 
(originally published as Pr15Ni4Si13) was derived by this rule and later verified experimentally. 
The composition published for n = 2 is Ce6Ni2Si3, but Ce2NiSi instead of Ce5Nl2Si3 for n 

= 3. The here proposed changed composition and order of Si and Ni atoms should be tested. 

R 

T 
Figure XI - 13 : Composition curve for the 
R - T - M phase diagram. 

M 
Rn2+3n+2 T n2 • n+2'vf n2+n structure series in a 

XI • 7) The experimental prism waist contact restriction rule applies to ternary R · Ni . Sl(Ge) compounds with Ni· and 
Si(Ge)- cen"8d elongated lrigonal prisms of R atoms. It refers to the waist contact of a NI atom at the prism centre, 
I.e. the contact that this atom makes at bonang distance with another atom In the central plBM ,,.,,,.ndcular to the 
prism axis. The rule states that NI • R and Ni • Ni waist contacts are to be excluded. This rule hBs been used 
successfully to preclct the compositions for a perfect order of compounds for which a random distribution of prism· 
centre sites by NI and Si(Ge) atoms has been repor1Bd. For detail$, see Parthd, E. & Hovestreydt. E. (1985). 
J.Le•Common Metals 110, 307 • 313. 



APPENDIX A : UNIT CELL TRANSFORMATIONS 

General transformation formulae 
To elucidate geometrical relationships between structures which are not described with the 
same kind of unit cell it is useful to perform unit cell transformations. 
We assume a unit cell characterized by the cell vectors a, b, c and having a volume V. The 
cell volume V can be calculated in a general way from the Nlggll matrix N which contains as 
elements the scalar products of the cell vectors. 

( 
a•a a•b a•c 

) N = bea beb bee 
C•8 C•b C•C 

The square root of the determinant of the Niggli matrix is equal to the unit cell volume, i.e. 
V = I N  1 1'2 

Example : Calculation of the volume of a monoclinic unit cell with 13 * 90°. 

N -- (o
a2 �� 

0
ac-cos 13 

) V u- thus = abc-sin 13 
ac-cos p O cl 

(A · 1 ) 

(A · 2) 

(A · 3) 

If the given unit cell has to be transformed to a new unit cell with the new cell vectors a', b', c' 
and having volume V', the following relations apply : 
a' = s1 1a + s12b + s13C 

b' = s21a + s22b + S23C 
C' = s31a + s32b + S33C 

( a') ( a) 
(

S1 1  S12 S13

) or simply b: = S b with S = s21 s22 s23 
C C S31 S32 S33 

(A · 4) 

The determinant of the transformation matrix S is equal to the quotient of the unit cell volumes. 
V' I V = I S  I (A · 5) 

Transformation of a triclinic cell into another triclinic cell (can be used for other systems as welO 
a'•a' = (a')2 = (s11  a)2 + (s1�)2 + (s13c)2 + 2s1 1s12ab-cos "( + 2s1 1s13ac-cos 13 + 2s1�1J,c-cos a 
b'•b' = (b')2 = (S21a)2 + (s22b)2 + (S23c)2 + 2S21S22ab-cos 'Y + 2s21S23SC·COS 13 + 2S22S�·COS a 
c'•c' = (c')2 = (S31a)2 + (s�)2 + (S33c)2 + 2s31S32ab-cos 'Y + 2S31S33SC·COS 13 + 2Sdaabo·COS a (A . 6) 

cos a' = [S21S31a2 + S22S� + 823833& + (S21S32 + S22S31)ab-cos 'Y + (S21S33 + S23831)ac-cos 13 + 
+ (S22S33 + S23832)bC·COS a] / (b'·c') 

cos w = [S1 1S31a2 + S12S� + S1a833d2 + (s, 1S32 + S1�31)ab-cos 'Y + (S1 1S33 + S1a8a1)SC•COS 13 + 
+ (S12S33 + S1aS32)bc·COS a) / (a'·c') 

cos y = [S1 1S21a2 + S1�� + S1a823d2 + (S11S22 + S12S21)ab-cos 'Y + (S1 1S23 + S13S21)ac-cos 13 + 
+ (S12S23 + S1a822)bc•COS a] / (a'·b') (A · 7) 

1 1 7  
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To transform the positional atom coordinates one needs the inverse transformation matrix T. 
a = t1 18' + t12b' + t13c' 
b = t21 81 + t

22b' + t23c' 
C = t318' + t32b' + t33c' 

or simply 

In analogy to (A - 5) one finds that 
VI V' = I T I 

The elements of T can be obtained as follows 

(
(S22S33 • S23S32) / I $ I (S13S32 • S12S33) / I $  I 

T = (S23S31 " S21S33) / I $  I (S1 1S33 " S13S31 ) / I $  I 
(s21 S32 - S22S31) / I S  I (S1 2S31 - S1 1S32) / I S I 

As final test serves the multiplication of S with T which must result in the unity matrix. 

(
1 0 0

) T • S  = 0 1 0 
0 0 1 

(A - 8) 

(A - 9) 

(A - 1 0) 

(A - 1 1 ) 

According to a formalism presented in Volume I of the 19 52 edition of the International Tables 
for X - Ray Crystallography the transformation coefficients are placed into two complementary 
square matrices. The arrow originates from the cell (primed or unprimed) for which one wants 
to find new unit cell vectors or positional atom coordinates. The arrow points to the cell in which 
terms these parameters are expressed. For an exercise identify (A -4) and (A -8) in (A - 1 2 )  . 

.J,� X y z .J,� x' y' z' 

t� a b C t� a' b' c' 

x' a' S1 1  S12 S1 3 X a t1 1  
y' b' 621 S22 S23 y b (A - 1 2) 
z c' s z C 

Examples : b' = s218 + s22b + s23c y' = t1� + t22y + t322" Z =  s1r" + S� + SaaZ 

The same matrices can be used to transform Miller indices hkl (direction of the arrows as for 8, b, c), 
zone axes u v w and reciprocal lattice vectors 8*, b*, c• (direction of the arrows as for x, y, z). 

Detenninant of a 3 x 3 matrix and multiplication of a matrix wilh a column vector or another matrix. 

I a d 

9 I ( a d g 

) ( 

A 
) (a-A + d·B + g-C 

) 
b e � = aei + dhc + gbf - (ahf + dbi + gee) b e � • B • b·A + e-B + �-C 
c f I C f I C C·A + f·B + l·C 

(: : � ) • ( � : � ) = ( ::: : ::� : �:: c i G H I C·A + f·D + i·G 

a-B + d·E + g-H 
b·B + e·E + h·H 
c·B + f·E + i ·H 

a-C + d·F + g·l

) 
b·C + e·F + h·l 
c-C + f·F + H  
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It is important to be aware, that for certain space groups the rotation or inversion of the 
coordinate system requires a translation component. A - 1) An example for space group lmma 
is found in Table I - 1 where it is shown that an interchange of the a and b axes of the KHg2 
structure requires an origin shift of the unit cell by 1/4 3/4 3/4. 

Transformations frequently used in crystal chemical studies 
From the quotient of the unit cell volumes one can calculate the number of atoms contained in a 
new cell. This number should be used to check if one has found all the atoms when 
transforming unit cells. When using the transfonnation matrices to calculate the positional atom 
coordinates in a new cell one inserts as input the atom coordinates referred to the old cell. To 
obtain all the positional coordinates within the new cell it might be necessary - depending on 
the size and orientation of the new cell - to use as input also atom coordinates which are 
outside the original unit cell limits, i.e. x, y, z � 1 and/or < 0 .  

a) Rhombohedral cell (r) � 
X y z + [O O O] 
a, = (aui I 3)·[(Ca, / citt.)2 + 3] 112 
sin (a / 2 )  = 3 / {2 ·[(Ca, / aui)2 + 3]112} 

th 
+1 
0 
+1 

Triple-hexagonal cell (th) with Vth = 3 V, 
X y z + [0 0 0, 1/3 2/3 2/3, 2/3 1/3 1/3] 
aui = 2 a, sin (a / 2 )  
ea, = (3) 112 a, (1 + 2 cos a) 112 
Ca,f aui = ((3) 112.(1  + 2 cos a) 112] / (2 sin (a /  2 )] 

r 

-1 
+1 
+1 

0 
-1 
+1 

r 

th 

+2/3 + 1/3 + 1/3 
.1/3 +1/3 +1/3 
.1/3 .2/3 + 1/3 

(A - 1 3) 

Figure A - 1 : Rhombohedral and fts corresponding triple-hexagonal unft cell. 

b) Cubic face-centred cell (cF) � Triple-hexagonal cell (th) with V111 = 3/4 VcF 
X y z + [0 0 0, 1/3 2/3 2/3, 2/3 1/3 1/3] X y z + [0 0 0, 0 1/2 1/2, 1/2 0 1/2, 1/2 1/2 0] 

8cF = (2 ) 112 citt. = (3) 112 Ca, I 3 aui = (2 ) 1/2 8cF / 2 
Ca, = (3) 1/2 8cF 
Ca, I aui = (6) 1,z = 2 .449 (a, = 60°) 

th 

cF 

-1/2 +1/2 0 
0 -1/2 + 1/2 
+1 +1 +1 

th 
.4/3 -2/3 + 1/3 

cF +2/3 -2/3 + 1/3 (A - 1 4) 
+2/3 +4/3 + 1/3 

Figure A - 2 : Face-centred cubic and fts co"esponding triple-hexagonal unft cell. 

A - 1) For details see Table 6 in PartM, E. & Gelato, LM. (1984). Acta Cryst. MO, 169- 183. 
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c) Cub ic p rim it ive ce ll (cP) 
xyz + (0 O O] 

� T riple -hexagona l ce ll (th) with V111 = 3 VcP 
X y Z + [0 0 0, 1/3 2/3 2/3, 2/3 1/3 1/3] 

8c:P = (2) 112 a.t/ 2 = (3) 112 Cu, / 3 8th = (2) 112 8c:P 
Cu, = (3) 112 8c:P 
Cu, I 8tt. = (6) 112 12 = 1 .225 (ex, = 90°) 

cP 

0 +1 -1 

th -1 0 +1 
+1 +1 +1 

th 
.1/3 .2/3 + 1/3 

cP +2/3 + 1/3 + 1/3 (A -15) 
.1/3 +1/3 +1/3 

d) Cubic body-cent red cell (cl) � Tr iple-hexagonal cel l (th) with V111 = 3/2 Ve, 
X y Z + [0 0 0, 1/3 2/3 2/a, 2/3 1/3 1/3] X y Z + (0 0 0, 1/2 1J2 1/2] 

8ct = (2) 112 8tt. / 2 = 2·(3) 112 Cu, / 3 8th = (2) 112 8ct 

e) Hexagona l cel l (h) 
xy z +  (0 o O] 

th 

Cu, = (3) lf2 8c, / 2 
Cu, I au. = (6)112 / 4 = 0.612 (ex, = 1 09.47°) 

cl 

0 +1 -1 

-1 0 +1 

+1/2 +1/2 +1/2 

cl 

th 
.1/3 -2/a +2/a 

+2/3 + 1/3 +2/3 
.1/3 + 1/3 +2/3 

(A - 1 6) 

� Orthohexagona l ce ll (oh) with Vo11 = 2 Vh 
x y Z + [0 0 0, 1/2 1/2 0] 

Bti "' i>ti = (3)1 12  8ati / 3 = bo11 

c,. = coh 
8ah = (3) 1f2 Bti 
boh = Bti 
co11 = c,. 

h 

+2 +1 

oh O +1 
0 

0 
0 0 +1 

h 

oh 

+1/2 .. 1/2 0 

0 +1 0 

0 0 +1 

Figure A - 3 : Hexagonal and its corresponding orthohexagonal unit cell. 

��� Problem 14 in Appendix B 

(A - 1 7) 
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Solutions to these problems as well as comments can be found in the second part of Appendix B. 

Problem 1 (Chapter I) : a) In the following list the stacking of the ZnS polytypes is denoted by 
Jagodzinski - Wyckoff stacking symbols . Write down the corresponding Zhdanov stacking 
symbols and calculate, using (I - 2 b), the hexagonality of the polytypes. 

hc4hC3hChC2 
[hc6hc2hChc3(hc2hb 
hC15hC3hChc2 
(hc8Mhc4)2 
C3 

Zhdanov notation 

b) Find the ABC stacking sequence for polytype ZnS 14 T with the Jagodzinski - Wyckoff 
stacking symbol hc4hc3hc�. 

Problem 2 (Chapter IV) : Calculate the bond strength sums for the normal valence compound 
Si5P6025 with crystal chemical formula Sii6ol Sii4tJ P6[4tJ or2s;1 02i1 Si, 1 PJ and find out if the 
P04 tetrahedra are distorted. The connectivity table of Si5P6025 has already been prepared 
here . For its construction the following crystal chemical formula has been used : 

Si(i)Co,o.s,o,oJ Si(ii)i°·3,o,o,3J Si(iii)i1 ·o,o,3,0J p e1°· 1, 1 , 1, 11 O(i)lo,0,2,oJ O(ii)e1°· 1 ,0, 11 O(iii)a'1 •o,o,1J O(iv)e1°·0,1 ,1J O(v)e1°·1 ,o,11 

Connectivity table of Si5P6025 : 

O(i) 6 O(i i) 6 O(iii) 6 O(iv) 6 OM 
Si(i) - - 6 - -

2 Si(ii} - 6 - - 6 
2 Si(iii) 2 - - 6 -

6 P  - 6 6 6 6 

121 
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Problem 3 (Chapter V) : For the following fourteen polychalcogenides the generalized 8 - N 
rule is applicable. Calculate VECA AA, [;OJ/1: 1 1 or N'AIM and formulate simple crystal 
chemical formulae. If 7 � VECA > 6, i.e. 1 s AA < 2 then (V -9 )  (or the table on the 
inside cover) can be used to obtain NANi values. If 8 > VECA > 7 ,  i.e. O < AA < 1 both 
isolated anions and anion dumb-bells are present and one has to use (V -7 )  with i = O to 
obtain a value for Af;OJ / A{;1J. The results for KsSe3 LT have already been filled in. 

l<sSe3 LT KS 
VECA = 7 .67 VECA = 
AA = 1/3 AA = 

,\{:OJ/,\{;1] = 2 N'A/M = 2 
l<sS82[:oJsel;1J 
K10Se4{Se2] 

Ba2S3 ZnS2 

VECA = VECA = 

AA =  AA =  

BaS3 

VECA = 

AA =  

CsS3 CsTe4 

eas, La3+S2 Th4+2S5 .zr4+Se3 

VECA = VECA = VECA = VECA = 

AA =  AA = AA = AA = 

Problem 4 (Chapter V) : Of the five ternary two-anion compounds, formed with Cd, an anion 
of group 58 such as P or As, and a halogen element such as Cl or I, one is a normal 
valence compound and the four others polyanionic valence compounds. In the polyanionic 
valence compounds, bonds between halogen atoms can be excluded (the resulting neutral 
halogen dumb-bells would not be bonded to the remaining atoms of the compound). The 
experimental evidence s · 1 J indicates that anion-anion bonds never occur between 58 and 
78 elements but only between group 58 elements. Considering this experimental rule 
construct simple crystal chemical formulae for the four polyanionic valence compounds. The 
data for the normal valence compound Cd3AsCl3 have already been filled in . 

VECA = B 
AA = O 
Cd3 As(;OJ Cl3(;0J 

VECA = 
AA = 

VECA = 

AA =  

B • 1) Rebbah, H. & Rebbah, A (1994). J. Solid State Chem. 113, 1 • 8. 

VECA = 

AA = 
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Problem 5 (Chapter V) : Find the compositions of binary polyanionic valence oof11)0unds 
CmAn with 1 s: ec s: 4, 4 s: eA s: 7 and ec < eA which have an equal number of 
isolated anions and anion dumb-bells. Give your results in the form of numerical formulae 
where the elements are denoted by numerals which correspond to their number of valence 
electrons. Note that solutions for eA = 7 are of no interest because this would mean that two 
thirds of the halogen atoms would be present as neutral dumb-bells without any bonding 
connection to the remaining atoms of the compound. 

eA 
m ln 4 5 

1 
ec 2 

3 
4 

6 7 formula 4 
1 

ec 2 
3 
4 

7 

Problem 6 (Chapter VI) : Which of the following equiatomic compounds could possibly 
crystallize with a tetrahedral structure ? Propose a simple possible crystal chemical formula. 

CdSb 
SCI 

BePo 
SiAs 
CF 
Ass 

VEC AA cc Crystal chemical formula 

Problem 7 (Chapter VI) : Formulate simple possible crystal chemical formulae for valence 
compounds of general composition CA.! (ec s; eA). 

eA =4 eA = S eA =6 eA =7 
VEC = 3  VECA a: 4.5 VEC = 3.87 VECA = S.S VEC = 4.33 VEC

A
= 8.S VEC = S  VECA = 1.5 

ec =  1 
VEC = 3.33 VECA = S VEC = 4  VEC

A
= 6  VEC = 4.87 VECA

= 1 VEC = S.33 VEC
A

= 6 

ec = 2  
VEC = 3.87 VEC

A
: 5.5 VEC = 4.33 VEC

A
= 8.S VEC = 5 VECA = 7.5 VEC = S.87 VEC

A
= 8.S 

ec =3 
VEC = 4.87 VECA : 7 VEC = S.33 VEC

A
: 6  VEC = 6  VECA = 9 

ec =4 -
VEC = S.87 VEC

A
= 8.5 IIEC = 8.33 1/ECA = 9.5 

ec = 5  - -
IIEC = 6  VECA = 9 VEC = 6.61 1/ECA = 10 

ec =6 - -
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Problem 8 (Chapter VII) : Calculate the possible numerical formulae tor ternary defect 
adamantane structure compounds with two kinds of cations where ec < ec• � 4, eA � 5 and 
where one of four cation sites is unoccupied. Using q3/4)nx C'0(3/4)n(1-X) D(1t4)n An as general 
composition calculate first possible solutions for x / (1-x) and then insert the numerical formulae 
into the second table. 

X / ( 1•X) 
ec= 1 
ec= 2 
ec= 3 

formulae 
ec= 1 
ec = 2  
ec= 3 

ec· = 2  

-
-

ec• = 2 

eA = 5 
0c· = 3  ec· = 4  ec• = 2  

-
- -

ec· = 4  

8A = 6 eA = 7 
ec· = 3 ec· = 4 ec· = 2  ec· = 3 8c• = 4  

-
- - -

ec·= 2 ec· = 4 

Problem 9 (Chapter VIII) : Find the most probable base tetrahedra which can be used to 
construct the anionic tetrahedron complexes of the following nine normal valence compounds. 
For simplicity denote the base tetrahedra by their codes [- - T7]. Which of these anionic 
tetrahedron complexes can be non-cyclic molecular ? 

comoound complex VEG ' n l m '  TT N(TT)1 / N(TT)2 base tetrahedra 
Ag10Si3S 1 1 
K5VS+a010 
Na4SC2Ge4013 
Sr2Ps011 
HoP5014 
CaP401 1 
Rb6Si10023 LT 
Na3P6N 1 1  
CaGa6Te10 

Problem 10 (Chapter IX) : Determine the (anionic) tetrahedron complex� of the following 
(cation -) sulphur (selenium) - oxygen compounds. The most simple solution is found in all 
compounds with the exception of Se205 (tor which the experimentally observed tetrahedron 
complex consisting of two different kinds of base tetrahedra has already been inserted in the 
following table). Note, that for Se02 exist two equally probable solutions due to the existence 
of two different base tetrahedra with the same BEN value. Find out where a non-cycllc 
molecular tetrahedron complex can occur and determine N 'A!M , i.e. the number of its atoms 
using (VII I - 6). 
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Compound VECt TT N 1T/M NA-A, C'C' BEN IT+Nc·.c graph drawing of complex VEG' N'AN 
(VII I ·  I) (\1111 · 7al (VJll - 1 1) (IX · 6 and 7) (VIII · 8) (IX · 24) base tetrahedra in Figure IX - 2 (VIII - 3) (VIII · 6) 

KS04 

persulphate 

K2S04 
sulphate 

�S201 
pyrosulphate 

�S501 6  
pentasulphate 

S03 
trioxide 

KS03 
dithionate 

Se205 82/5 C'C' = 1  [ii] 2 * not observed 6 -
pentoxide 

[!i] + � 
� 

observed 
(1 02j 

Na2S03 
sulphite 

ZnSe205 

pyroselenite 

Se02 

dioxide 

NaS02 

dithionite 
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Problem 1 1  (Chapter IX) : The four compounds Ba4Ga2S7, Li2Cu2+3Se4014• Cs4Sn2Te7 
and Na2B2Se7 with the same anion to central atom ratio n I m '  = 7/2 have different anionic 
tetrahedron complexes. Find out which one of the five· different tetrahedron complexes <D to 
�. shown in Figure B - 1 ,  should be assigned to which compound. Determine first what 
VEGA value a compound must have to form one of the shown tetrahedron complexes and 
compare the results with the VEGA values calculated for the compounds. Note, that for one 
of the compounds a drawing of its anionic tetrahedron complex is missing. 

Complex <D Complex @ 

Complex (3) * Complex @ 

Complex � oi-o + + 

Figure B - 1 : Graph drawings of five different anionic tetrahedron complexes with n Im ' =  l/2. 

Calculations for shown complexes Calculations for listed compounds 
base tetrahedra BENval� <BEN> VEGA complex VEGA NA-A, G'C' BEN 

<D 8a4Ga2S1 

@ Li2Cu2+ 
3Se4014 

(3) Cs4Sn2Te7 
@ Na2B2Se7 

� 

Problem 12 (Chapter X) : Derive the equations for the three space filling curve branches of 
the cubic Cal8cblF2

14tl type (Figure IV - 2 )  and calculate the values of the two critical radius 
ratios (e = r ea / r F) where the branches intersect. 
General equation for CaF2 type cl> = 

Ca - Ca contact, therefore Sc = 
Ca - F contact, therefore Sc = 
F - F contact, therefore Sc = 

Intersection of cl>F-F curve with cl>ea-F curve at 
Intersection of <l>ea-ea curve with cl>ea-F curve at 

«l>ca-ca = 

«l>ca-F = 
«l>F-F = 

e = 
£ = 

Problem 13 (Chapter XI) : The four compounds Ce3Co8Si, Dy3Ni7B2, Ce2Co5B2 and 
Ca5Ni15B4 are inside the composition field in Figure XI -8 where structures with intergrown 
binary and/or ternary Laves-type and CaCu5-type slabs are formed. Determine for each 
compound the most simple ratios of the four kinds of slabs : � T4, � T3M, RT5 and RT3�. 
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Problem 14  (Appendix A) : The NaCl structure is conventionally described with a face­
centered cubic unit cell with length 8c having four formula units (Z = 4), i.e. 4 Na in OOO + 

[F] and 4 Cl in 1/2 112 1/2 + [F] (where [F] = [O O O, O 1/2 1/2, 1/2 O 1/2, 1/2 1/2 OJ). The 
structure - by intentionally ignoring some of the symmetry elements inherent in this atom 
arrangement - can be described with a triple-hexagonal cell, a rhombohedral cell or a base­
centered orthohexagonal cell. For these three unit cells find the number of formula units per 
unit cell (Z), the volume of the new cell (expressed in terms of Ve), the cell parameters 
(expressed in terms of Be) and the new positional atom coordinates using (A - 14), (A - 13) 
and (A - 1 7), respectively. To shorten your list of new x y z values make use of the Bravais 
lattice vectors [R] and [C], respectively. 

Cubic cell 
Z =4, Ve = 8c3 

8c 

4 Na in O O O + [F] 

4 Cl in 1/2 1/2 1/2 + [F] 

[FJ = [O O 0, O 112 112, 
112 0 112, 112 1/2 O] 

Triple-hexagonal cell Rhombohedral cell 
Z =  vth = Z = vr = 
aui = a, = 

Cui = CXr = 

Na in + [R] Na in 

Cl in + [RJ Cl in 

[RJ = [O O 0, 113 213 213, [P] = [O O OJ 
213 113 1131 

+ [P] 

+ [PJ 

Orthohexagonal cell 
Z =  voh = 
Boh = 
boh = 

Coh = 
Na in 

+ [CJ 
Cl in 

+ [CJ 
[C] = [O O 0, 112 112 OJ 
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Solutions to the problems 

Problem 1 a) : The Zhdanov notation and the hexagonality of ZnS polytypes. 

Jagodzinski - Wvckoff Zhdanov notation hexaQonalitv 
h2 1 2 100 · 111 = 100 
(hc)2 2 2 100 · 1/2 = 50 
(h�)2 32 100 · 1/3 = 'sS.3 
[hc5(hc)a]3 (6 2 a)3 100 · 4112 = 33.3 
hc4hc3hc� 54 2 3  100 · 4114  = 28.6 
[hc6hc2hchc3(hc2)2b (7 3 2 4 �)3 100 · 6/-zi. = 27 .3 
hc15hc3hChc2 17 4 2 3 100 · 4/26 = 1 5.4 
(hcaMhc4)2 92 52 100 · 4/28 = 14.3 
C3 003 100 · 1/C<> = 0 

1b) : ABCABCBACBCACB (equally correct with letters B and C interchanged). 

Problem 2 :  Distortions of P04 tetrahedra in Si5P6025 (Ge5P6025 structure type). 

Connectivity table extended with bond strength values (in italics) and their sums : 
O(i) 6 O(ii) 6 O(iii) 6 O(iv) 6 O(v) 

Si(i) - - 6·% - - r = 4 = 8si 
2 Si(ii) - 6·% 

-
- 6·416 r = 8 = 2891 

2 Si(iii) 2·4/4 - - 6·414 - 1: =  8 = 2891 

6 P  - 6·514 6·514 6·514 6·514 :r = 30 = 6ep 

:E = 2  :r = 1 1 .5<1 2 I: =  1 1 .5<12  r = 1 3.5>12 l: = 1 1 .5<1 2 
2 = 1 (8-e0) 1 2  = 6(8-e0) 12  = 6(8-e0) 1 2  = 6(8-e0) 1 2  = 6(8-e0) 

According to the differences between calculated bond strength sums and the oxygen ion 
charges one can conclude that all P04 tetrahedra are distorted in the same way with one 
distance, i.e. dp.Q(iv) being longer than the other three P - 0 distances. 

In the following connectivity table the bond strength values have been substituted with bond valence 
values, calculated by O'Keeffe. IV ·  3> Using (IV - 8), Rsi-0 = 1 .62 A and Rp.o = 1 .60 A he obtained 
for 4-o(U)• 4-o(III)• 4-o(lv) and 4-o(v) the values 1 .50, 1 .50, 1 .60 and 1 .50 A, respectively. The 
experimentally determined distances in Si5P 6025 are 1 .52, 1 .51 , 1 .58 and 1 .50 A, respectively. 

Connectivity table extended with bond valence values (in bold-face type) and their sums : 

O(i) 6 O(iil 6 O{iii) 6 O(iv) 6 O(v) 
Si(i) - - 6·2/3 - - II: = 4 

2 Si(ii) - 6·2/3 -
-

6·2/3 il: = 8 
2 Si(iii) 2·1 . - 6·1 - ll: =  8 

6 P  - 6·4/3 6·4/3 6·1 6·4/3 ll: = 30 

l: =  2 I: =  1 2  l: =  1 2  I: =  1 2  I: = 1 2  
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Problem 3 : Crystal chemical formulae for binary polychalcogenides. 

KsSe3 LT KS �S3 NaS2 �Ss CsS3 CsTe4 

VECA = 7 .67 VECA = 7 .0 VECA = 6.67 VECA = 6.5 VECA = 6.4 VECA = 6.33 VECA = 6.25 
AA =  1/3 AA = 1 AA = 4/3 AA = 3/2 AA = 8/5 AA = % AA =  7/4 
M:OJ/,\f;1) = 2 N'AIM = 2 Nw = 3 N'AIM =4 N'AIM = 5 N'AIM = 6 N'AIM = 8 
K5Sel0l5ef;1 J � � [S2] � S [S� Na2 � [S,J � � [Ss] C� � [Ss] C52 ; [Tes] 
K10Se4[Se2] �[S2J �[S:J N82[SJ �[SsJ CsiSaJ CsifeaJ 

Ba2S3 ZnS2 BaS3 BaS4 La3+S2 Th4+2S5 Zr4+Se3 

VECA = 7 .33 VECA = 7 .0 VECA = 6.67 VECA = 6.5 VECA =7 .5 VECA =7 .6 VECA = 7 .33 
AA =  2/3 AA =  1 AA =  4/3 AA =  3/2 AA = 1/2 AA =  2/5 AA =  2/3 

,\{:OJ/.-.,:;1) = 1/2 N'AIM = 2 N'AIM =3 N'AIM = 4 i\f:O)ll'tt;1J = 1 M:01/,',{;1] = 3/2 ,\{:OJ/M;1) = 1/2 
�5[;0)�[;1] Zn � [S2] Ba S [S� Ba � [S,J LaS[;OJ5l;1 1 T�Si0�[;1J ZrSe(;OJs92[;1J 
B82S[S2J Zn[S2] Ba[S:J Ba[SJ L82S2[S2J 1Th2S:JS2J ZrSe[Se2] 

These crystal chemical formulae agree with the observed structural features. 

Problem 4 : Crystal chemical formulae for ternary polyanionic halogen pnictides. 

Cd3AsCl3 Cd4As2l3 Cd�Cl2 Cd7P4Cl6 Cd�31 
VECA = B VECA =7 .BO VECA =7 .67 VECA = 7 .60 VECA = 6.5 
AA = O  AA =  1/5 AA = 1/3 AA =  2/5 AA =  3/2 
Cd3 As[;O) Clio) Cd4As[;O)As[;1) 13(;0) Cd2 As(;1) CllOJ Cd7 P pl Cl6(;0) Cd2 Asl2) l(;O) 

Cd8 Asi01 [Aspq Is Cd4 [Asi1q Cl4 

Cd3 As Cl3 Cd8 As2 [As2] Is Cd4 [As2] Cl4 

Cci.r [P pq2 Cls 
Cci.r [P 212 Cls 

Cd2( ..!. Asi21) I 
1 Cd2( - As3) I 

These crystal chemical formulae agree with the observed structural features. 

Problem 5 : Compounds with an equal number of isolated anions and anion dumb-bells. 
An equal number of isolated anions Af;OJ and anion dumb-bells [�1;1� implies that the 
compound has a composition C,nAn for which AA =  2/3 and, according to 01 • 4), VECA = 
22/3. From (IV -2) one obtains 

m l n  = (22/3 - eA) / ec (B - 1 )  
for which solutions are given below in the table on the left. To these solutions correspond the 
numerical formulae in the table on the right. Numerical formulae for which examples are known 
{Sr5Si3, Ba2S3, Zr4+Se� have been framed. 

eA 
m ln 4 5 6 7 formula 4 5 6 7 

1 10/3 1/3 413 1 1104:3 17� 146.3 -
ec 2 5/3 1/6 2/3 2 � 215s [!.6] -

3 10/9 1/9 4/9 3 310'49 3,Sg 346g -
4 7/12 1/a 4 . �512 � -
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Problem 6 : Equiatomic tetrahedral structure compositions 

VEC NNBO NAIM VECA AA cc Crystal chemical formula 
CdSb 3.5 - - 7 1 0 Cd Sbl:1 1 No tetrahedral str. 
SCI 6.5 5/2 4 13 0 5 � �[(1;1 )nlgll] 

BePo 4 0 - 8 0 0 Bel4t;J Po[4t;J 
SiAs 4.5 1/2 - 9 0 1 Sif(3; 1 )tJ ,Aa[3n;J 
CF 5.5 3/2 - 1 1  0 3 Cl(1;3)t) fl1 J  or _Q[(2;1 )n) ,E[2n;J 
Ass 5.5 3/2 - 1 1  0 3 �((2;1)nJ �12n;J or AsH1 ; 3)tJ §111 

Problem 7 : Crystal chemical formulae of valence compounds with general composition CA:2. 
To the right and below the upper double-line border the formation of tetrahedral structures is 
possible in principle ( VEC � 4). Below the lower double-line border one finds non-cyclic 
molecular tetrahedral structures ( VEC > 6). 

eA =4 eA = 5  eA =6 eA =7 
VEC = 3  VECA = 4.5 VEC = 3.67 VEC,. = 5.5 VEC = 4.33 VECA = 6.5 VEC = 5  VEC,. = 7.5 

ec =  1 c A£;3JA(;4J C A[;2JA£;3J C2 � [A.J C2 �[�) 
? CuP? NaS2 Not possible 1) 

VEC = 3.33 VEC,. = 5  VEC = 4  VECA = 6  VEC= 4.67 VEC,. = 7  VEC = 5.33 VEC,. = 8  

ec = 2  C �[;3J C �[;2J C [�] C(;OJ �[;OJ 
CaSb ZnP? BaS2 BeF? 

VEC = 3.67 VECA : 5.5 VE'C = 4.33 VECA = 6.5 VEC = 5  VEC,. = 7.5 VEC = 5.67 VECA = 8.5 

ec =3 C Ali2JA[;3J C2 1 [A.J C2 �[�] C(;1J � 
? LaAs? LaS? ? 

VEC =4.67 VEC,. = 7  VEC = 5.33 VEC,. = 8  VEC = 6  VECA = 9 

ec =4 - C [�] C(;OJ �[;OJ C(;2J� or _Q;OJ� 
(GeAs2) 2) Si02 Sil2 

3J 
VEC = 5.67 VEC,. = 6.5 VEC = 6.33 VEC,. = 9.5 

ec = 5  - - C(;1J � �[;1J  A.J 
(PO?) 4J PI? 

VEC = 6  VEC,. = 9 VEC = 6.67 VEC,. = 10 

ec =6 - - C(;2J� or _Q;OJ� �;OJ �] 
Se02 

5J SCl2 

1) The crystal chemical formula indicates that haff of the halogens would be present in the form of neutral dumb-bells. 
2) The crystal chem� formula of the obseNed structure is Ge Asf;OJ .! Asf;2J (see Figure V - 4). 
3) ObseNed crystal structure corresponds to the first crystal chemical formula. 
4) The crystal chemical formula of the obseNed structure is O[Pf.';OJ E_f.3;0J OaJ. 
5) ObseNed crystal structure corresponds to the second crystal chemical formula. 

Problem 8 : Compositions of ternary defect adamantane structures with u I n  = 1/4. 
The general composition of these compounds is C(3/4)nx C"'( 3t4)n(1-x) D(1t4)n An, These 
compounds are normal valence compounds, thus 

(3/4)·X·ec + (3/4)·(1 - x)·ec• = 8 - eA (B - 2) 
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This equation can be used to derive an expression for the ratio x / (1 . x) : 
x / (1 . x) = [3ec· - 4·(8 - eA)] / [4·(8 - eA) - 3ec]. 
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(B • 3) 
Solutions of x / (1 - xJ for different values of ec, ec· and eA are given below in the upper 
table. To these solutions correspond the numerical formulae in the lower table. Numerical 
formulae for which examples are known (Agln5Se8, CdAl2S4, Hg2SnSe4, �-Ag2Hgl_J have 
been framed. 

eA = 5 
8A = 6 eA = 7 X / (1 · X) ec· = 2  ec· =3 ec· =4 ec• = 2  ec· =3 8c• =4 ec· = 2  ec· =3 ec· =4 

ec =  1 <0 <0 0 <0 1/5 4/5 211 5f1 Bf1 

ec = 2 - <0 0 - 1/2 4/2 - <0 <0 
ec=3 - - 0 - - <0 - - <0 

eA =6 eA =7 
formulae ec• = 2  ec· =3 ec· =4 ec· = 2  ec· =3 ec· =4 

ec =  1 135026s I 14"4s03612 1220 74 1530278 15403 712 

ec = 2 2�064 1 1  �4064 

ec =3 

Problem 9 : Base tetrahedra for anionic complexes of normal valence compounds. 
To obtain the TT values one applies (VII I  -7 a) for the first seven compounds, but (VII I  -7 b) 
for the last two. If TT is not an integer one uses (VIII - 1 Ob). The first three anionic 
tetrahedron complexes are molecular because VEC ' >  6 (equation (VIII -6)). The anionic 
tetrahedron complex of the first compound should consist of one isolated tetrahedron and one 
double tetrahedron (< TT> = 2/3). For the anionic complexes of the second and third 
compound we expect from (VI II - 1 1 )  finite chains of three and four corner-linked tetrahedra, 
respectively . For all compounds mentioned there is an agreement between expected and 
experimentally observed structural features. 

compound complex VEC ' n / m '  TT N(TT)1 / N(TT)2 base tetrahedra 
Ag10Si3S 1 1  (Si3S1 1 )1

o- 62/7 32/3 2/3 N(TT=<l)/N(TT=1 ) = 1/2 1 X [· • 0) + 2 X [· • 1 )  
K5V5+

3010 (V5+ 
3010)5- 62/13 31/3 1 1/3 N(TT=1 )/N(TT=2) = 2f1 2 X (· • 1) + 1 X [· • 2) 

Na4Sc2Ge4013 (Ge4013)1
0- 62/11 31/4 11/2 N(TT=1 )/N(TT=2) = 1f1 1 X [· • 1 ) + 1 X [· • 2) 

Sr2P5011 (P5017)4- <6 25/6 21/3 N(TT =2)/ N(TT =3) = 2f1 2 X [· • 2) + 1 X [· • 3) 
HoP501 4  (P501 4)3- < 6  �/5 22/5 N(TT =2)/ N(TT =3) = 3/2 3 X (· • 2) + 2 X [· • 3) 
CaP401 1  (P401 1 )2

· <6 23/4 21/2 N(TT =2)/ N(TT =3) = 1 /1 1 X [· • 2) + 1 X [· • 3) 
Rb5Si10023 L1 (Si 10023)&- <6 2 3/10 32/5 N(TT=3)/N(TT=4) = 3/2 3 X [· • 3) + 2 X [· • 4) 
Na3P5N 1 1  (P5N1 1 )3- <6 1 5/6 5 [· . 5) 
CaGa6Te10 (Ga3Tes)1 · <6 1 2/3 6 [· - 6) 
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Problem 10 : Tetrahedron complexes in (cation - } sulphur (selenium} - oxygen compounds. 

Compound VEGA TT N 'TIM NA-A, C'C' BEN 7T+Nc·.c graph drawina of complex VEG 1 N 'a,., 
(VIII · 1) (VIII · (VIII • (IX - 6 and 7) (Vll l - 8) (IX - 24) base tetrahedra in Figure IX · 2 (VIII · 3) (VIII · 6) 

KS04 7 3/4 NA-A =  1 [!!] 0 ++ 61/5 10 
persulphate 

K2S04 8 0 1 0 � 0 + 62/5 5 
sulphate 

K2S201 8 1 2 0 � 1 
� 

62/s 9 
pyrosulphate 

�S501s 8 8/5 5 0 3 x
� 

8/5 
*H-+ 

62/21 21 
pentasulphate + 2 28 

S03 8 2 00 0 � 2 + 6 -
trioxide 

KS03 81/3 C'C' = 1 � 1 
� 

61/4 8 
dithionate 

Se205 82/s C'C' = 1 � 2 * not observed 6 -
pentoxide 

� + �  
� 

observed 
(1 0 2] 

Na2S03 82/3 C'C'=2 � 0 
� 

61/2 

sulphite 

ZnSe205 84/5 C'C' =2 � 1 
� 

B2h 
pyroselenite 

Se02 9 C'C' =2 � 2 
� 

observed 6 -
dioxide (1 0 2] 

� cro not observed 
(0 2 0] 

NaS02 91/2 C'C' = 3  � 1 
� 

61/3 6 
dithionite 
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Problem 1 1  : Anionic tetrahedron complexes for compounds with n Im' = 1/2. 
Ba4Ga2S7, Li2Cu2+ 3Se4014 and Cs4Sn2 Te7 have anionic tetrahedron complexes <3>, � 
and CD, respectively. The drawing for the anionic tetrahedron complex of Na2B2Se7 is 
missing. According to BEN = 2 5  one expects that its complex is built up of (- 3 1 )  base 
tetrahedra in full agreement with the experimentally determined crystal structure. The anionic 
tetrahedron complex is in construction similar to complex <D, but with each of the four 
endstanding anions also participating on one Se - Se bond. 

Calculations tor shown complexes Calculations for listed compounds 
base tetrahedra BEN values <BEN> VEGA complex VEGA NA.A, C'C' 

<D [- 1 1) � 27 5417 Ba4Ga2� (Ga2S7)s- 56/7 0 

� [- - 1) + [- 1 1 )  � + �  27 1/2 5517 Li2Cu2+ 3Se4014 (Se207)4- 5817 C'C' = 1  

(3) [- - 1) � 28 5617 Cs4Sn2Te7 (Sn2 T67)4- 5417 NA·A = 1 

@) (0 1 OJ + (- - 0) � + � 281/2 fill7 Na282Se7 (�Se7)2· &J17 NA·A = 3 

� (1 0 OJ + [- - 0) � + �  29 5817 

Problem 12 : Space filling curves for the Cal8cblF214tJ type. 
General equation for CaF 2 type 

Ca - Ca contact, therefore clc = 2 · (2)112 • rca 
Ca - F contact, therefore clc = 4 · (rca + rF) / (3)112 

F - F contact, therefore clc = 4 rF 

Intersection of 'PF-F curve with C?ea-F curve at 
Intersection of 'Pea-ea curve with C?ea-F curve at 

4> = [4 · (47t / 3) • (rea3 + 2 rF3>J /  c1c3 

4>ca-ca = [n I (3 · (2) 112)] • [(e3 + 2) / e3)] 
4>ca-F = [(3) 112 7t / 4) · [(E3 + 2) / (E + 1 )3)) 
4>F-F = [7t / 1 2] · [E3 + 2) 

E = (3)112 . 1 = 0 .732 
E = 2 + (6)112 = 4.449 

Problem 1 3  : lntergrown slabs in Ce3Co8Si, Dy3Ni7B2, Ce2Co5B2 and Ca5Ni15B4. 

BEN 

� 

� 

[!?] 
� 

For a compound of composition R, Tt Mm the ratio of L, the number of (binary and/or 
ternary) Laves-type slabs �(T,M)4, to C, the number of (binary and/or ternary) CaCu5-type 
slabs R(T,M)5, can be calculated from the known rl (t + m) ratio with 

L / C  = {5 [r/ (t + m)] - 1 } I {2 -4 [r/ (t + m)] } (8 - 4) 
If one wants to distinguish also between binary and ternary slabs one can write : 

R, Tt Mm = x L·(R2 T J + (1 -x) L·(F\ T3M) + y C·(RT s) + (1 -y) C·(RT3�) (8 - 5) 
For each compound is known the value of the ratio m I t  which may be expressed by 

m I t  = [(1 -x) L + (2-2 .Y) C] / [4x L + (3-3x) L + Sy C + (3-3.Y) C] (8 - 6) 
Using (B -4) it is possible to derive a linear relation between x and y for each compound 
(fifth column of the following table). For each relation exist different solutions depending on the 
chosen x and y values. Of interest is a solution with the minimum number of slabs. From 
the calculated L I C values one concludes that all four compounds contain in the most simple 
case only one Laves-type slab. Thus only solutions of the linear equations with x = 0 or x 
= 1 are of interest. Solutions of the linear equations with these two x values are presented in 
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columns 6 and 7 .  Those in the last column require in one unit cell twice the number of slabs 
as compared to the solutions in the last but one column. We expect thus for these compounds 
an intergrowth of binary and/or ternary Laves- and CaCu5-type slabs as presented 
schematically in the sixth column. 

solutions with the mininum solutions with 
r I (t + m L / C  m / t  x -y relation number of slabs more slabs 

Ce3Co8Si 3 / 9  1 : 1 1 / a  2 = X + 2y X = O, y = 1 £zz} X =  1 ,  Y =  112 

Dy3Ni7B2 3 / 9  1 : 1 2 / 7 1 = X + 2y X =  1 ,  Y =  0 � X =  0, Y =  112 

Ce2Co5B2 
2 1 7  1 : 2 2 / 5 1 = X + 4y X = 1 , y = 0  � 

I X =  0, Y =  1/4 

Ca5Ni15B4 
6 / 19 1 : 3 4 / 16 3 = X + 6y X =  1 ,  Y =  1/3 � X = O, y : 1/2 

I 

The experimentally observed crystal structures agree with these predictions on the number and 
kind of slabs. It is, however, not possible to predict whether successive (binary and/or ternary) 
Laves-type slabs are rotated as in Mg2n2 or are not rotated as in MgCu2. All four compounds 
have, as seen in Figure B - 2 ,  a stacking of Laves-type slabs as in MgZn2. 

� 
� 

Ce3Co8Si Dy3Ni7B2 Ce2Co582 Ca5Ni1684 
Figure B - 2 :  Schematic drawings of the obse,ved crystal structures of Ce3Cos8i, Dy:!Ji.,Sz, 
Ce2Co/J2 and Ca�i1sf34 , characterized by an intergrowth of (binary and/or ternary) Laves­
and CaCu0type slabs. The meaning of the rectangles and parallelograms is the same as in 
Figure XI - B. 

Problem 14 : The NaCl structure described with four different unit cells. 
Cubic cell Triple-hexagonal cell Rhombohedral cell 

Z=4, Ve = Elc3 Z= 3, V111 = 3/4 Ve Z= 1 ,  V, = 1/4 Ve 
Elc � = (2 )112 Elc / 2 a, = (2 ) 112 Elc / 2 

cth = (3) 112 Elc CXr = 600 

4 Na in O O O + [F] 3 Na in O O 0 + [R] 1 Na in O O 0 + [P] 

4 Cl in 112 112 112 + [F] 3 Cl in O O 112 + [RJ 1 Cl in 112 112 112 + [P] 

Orthohexagonal cell 
Z= 6, Voh = 3/2 Ve 
aoh = (6)112 ac 1 2 
boil = (2 ) 112 Elc I 2 
Coh = (3) 112 Elc 
6 Na in O O 0, 1/6 112 213, 

113 0 113 + [CJ 
6 Cl in O O 1/2, 1/6 1/2 1/s, 

1/3 0 5/6 + [CJ 



APPENDIX C : PC PROGRAM 
1 1
VEC

1 1 
TO DEDUCE 

POSSIBLE STRUCTURAL FEATURES 

Purpose and structure of program 
"VEC" is a personal computer program to deduce possible structural features of inorganic valence 
compounds from the chemical composition. It is based on considerations developed in this book for 
normal, polyanionic or polycationic valence compounds, for normal and defect tetrahedral and 
adamantane structures and structures with anionic tetrahedron complexes. Together they constitute 
about one fifth of all known inorganic compounds. 
The general characteristics of this program can be summarized as follows 
• The "VEC" program is simple to use. One has only to type-in the chemical formula. There is no 

need to remember all the notations used in the book. 
• The results are obtained in a fraction of a second. 
• The conclusions are in text form and/or in the form of schematic drawings. The parameters used 

in the book are listed as well. 
• The output can be seen on the screen but it is also recorded on the file VEC . OUT. 
This program is the result of a collaboration between Dr. Karin Cenzual and the author. In a pocket in the 
cover of this book can be found a floppy disk which contains the "VEC" program (together with a 
database of data sets representative of structure types) .  Technical details and installation are discussed 
in Appendix D. 

The "VEC" program consists of three subprograms which we shall label : .Input , crystal 
chemical parameters and Simple structure proposal in agreement with the heading on 
the corresponding output screens. 

1 )  The Input subprogram produces on the screen from the typed-in chemical formula a table of the 
elements in the compound where 

+ default values are attributed to the elements for the number of contributing valence electrons 
• a proposal is made concerning the roles which the elements play in the compound, i.e. as 

cations ( CJ, central atoms (C')  or anions (A). 
The program user has to check these attributions which he can modify if he so desires. 

2) The Crystal chemi cal parameters subprogram uses the (modified) data of the Input 
screen to calculate different (average) crystal chemical parameters such as < VEGA>, < VEG> or 
< VEG'> or <BEN> which appear on the screen in  form of a list. 

3) The Simple s tructure proposal subprogram evaluates the crystal chemical parameters 
and writes a possible simple crystal chemical formula under the assumption that the 

generalized 8 - N rule is applicable and under the assumption that all or the specified atoms 

are sp3 hybridized. For a structure with an anionic tetrahedron complex a schematic graph 
drawing of the possible base tetrahedron(a) Involved will be seen on the screen. In the latter case 

135 
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the user is asked by the computer if he would like to see further (more complicated and less 
probable) combinations of base tetrahedra. A positive response leads to a new screen with the 
heading : Further possible combination of base tetrahedra where new graph 
drawings are presented. The procedure can be repeated up to the point where no more new 
combinations are found which respect the criteria defined by the program. 

The program is written in FORTRAN and only ASCII characters appear on the screen. This means that 
many of the special print features used in the text for the notation of crystal chemical parameters and 
formulae cannot be reproduced on the screen in the same way. For example, italics, bold-faced 
characters, superscripts and subscripts are all transformed on the screen to normal-print (lower and 
upper-case) characters of same size and all are on the base line. Since it is impossible to underline a 
character on the screen a lone-electron pair in the crystal chemical formula will now be presented 
differently, i. e. by a colon (:) before the element symbol. For technical reasons the single prime (') is 
replaced by a de1.1ble prime ("). On the Crystal chemical parameters screen a brief 
explanation of the parameters has been added to avoid possible misinterpretations. 

Input of chemical formula and attribution of the valence electron numbers 
Activate the program by typing VEC. Upon request, a chemical formula is to be entered from the 
keyboard. Inorganic compounds containing at least one non-metal element (group 38 - 88 in the 
Periodic Table of Elements), but not simultaneously C and H, are accepted as input. The following 
conditions must be respected : 

+ Upper- and lower-case characters have to be used as customary for the symbols of the chemical 
elements. 

+ Integer or decimal numbers can be used, but no fractions. 
+ Not more than 1 O chemical elements. The order of the elements is irrelevant. Spaces, 

parentheses and brackets are ignored by the program. 
+ (OH)" or (NH4)+ groups are recognized as univalent negative or positive elemental units, 

respectively, if they are inserted as OH and NH4. 
• Free text (including e.g. solvent molecules) may be added after a comma. 
+ Atoms of the same chemical element which are expected to play a different role in the structural 

analysis, i. e. cation, central atom, anion (see below), must be separated in the input formula. 

Input examples : 
NH4Al2Br7 Na3 [ P308]  , 14H20 K2 ( P030H) Cull . 5Zn23Ga7 . 5Ge8Asl6Se3 0Br4 

The program makes a preliminary analysis of the chemical formula. On the screen is shown a line for 
each element with the (stoichiometry) number, i.e. how often it appears in the formula of the compound 
(copied from the input), the presumed role of the element in the structure as cation, central atom and 
anion (attributed l:.y default), the number of contributing valence electrons (attributed by default) and the 
electronegativity value of the element. The top screen in Table C - 1 is an example with default values for 
the contributing electrons and for the role of the elements. On entering a digit corresponding to the 
number of the line, the user has the possibi lity to modify the number of contributing valence electrons 
and/or the role that the element should play in the structure. After each modification an updated table 
appears on the screen which can be further modified by the same procedure. 
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For the majority of the non-metals, as well as for alkal ine, alkaline-earth, most rare-earth and a few 
transition elements, the number of contributing valence electrons can be attributed by default without 
difficulties. However, for elements which commonly adopt different oxidation states, the program will ask 
for the number of valence electrons to be considered. Positive integer and decimal numbers are 
accepted, fractions are not. The help option (question mark) will list common valences for the chemical 
element under consideration, starting from the most frequently observed. 

TABLE C - 1 : UNMODIFIED AND TWO MODIFIED INPUT SCREENS FOR AL2SI05. THE SECOND AND THE THIRD INPUT 
SCREEN LEAD TO OUTPUTS WHICH CORRESPOND TO TWO KNOWN MODIFICATIONS OF AL2SI05. 

Input for Al2Si05 , Default values for electrons and role of the elements 
line nbr . element role nbr . valence el . electroneg . 

1 2 .  Al C "  3 .  1 .  5 
2 1 .  Si C "  4 .  1 .  8 
3 5 .  0 A 6 .  3 . 5 

Input for AlA1Si05 , sillimanite modi fication 
line nbr . element role nbr . valence el . electroneg . 

1 1 .  Al C 3 .  1 .  5 
2 1 .  Al C "  3 .  1 .  5 
3 1 .  Si C '' 4 .  1 .  8 
4 5 .  0 A 6 .  3 . 5 

Input for Al2 Si04 0 ,  kyanite modification 
line nbr . element role nbr . valence el . electroneg . 

1 
2 
3 
4 

2 .  
1 .  
4 .  
1 .  

Al 
Si 
0 
0 

C 
C "  
A 
y 

3 .  
4 .  
6 .  
6 .  

1 .  5 
1 .  8 
3 .  5 
3 . 5  

For a comment on the corresponding outputs see page C - 153. 

Attribution of the role of an element and the different compound categories 
Based on the positions of the different elements of a compound in the periodic table, their relative 
electronegativity, their tendency to form sp'3 hybridization together with the number of available valence 
electrons, a role will be attributed to each element. At the default stage only three different roles are 
foreseen : cation C, central atom C' and anion A which are written in the program as c, c "  and 
A, respectively. 

c Cation without sp3 hybridization which in the ionic bonding state is assumed to transfer to the 
other atoms part or, in particular if a c "  atom is present, the total number of valence electrons 
defined on the input screen.  

c "  Central atom in sp3 hybridization, bonded to A atoms and possibly to other c "  atoms. 
A Anion which completes its electron octet, eventually also by forming covalent bonds with other A 

atoms. If c "  atoms are present, each A atom must have a covalent bond to a c "  atom. 

In order to define their most probable role they play in the structure, the chemical elements have, based 
on experimental evidence, been classified into three classes : 

(1 ) sp'3 hybridization presumed : group 38 - 88 elements but not Sn2+, Pb2+, TI+ 

(2) sp3 hybridization possible : LI, Be, Na, Mg, V5+ , cr6+, Fe, Cu+, Zn, Ag, Cd, Hg 
(3) sp3 hybridization not probable : All group A and T elements except those mentioned under 

class 2. A sp'3 hybridization is also unlikely for TI+ , Sn2+ 

and Pb2+. 
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The elements In the chemical formula are first grouped by the program according to their class, and, 
within each class, ordered according to decreasing electronegativity. The total number of valence 
electrons of the compound is then distributed among the elements, first all electrons are given to only one 
element and then progressively distributed over more and more elements, starting from the most 
electronegative element of class 1 .  The first element (the most electronegative element of class 1 )  is 
always considered as A. The following elements are considered as : 

A if the above defined valence electron sum � 8 .lll 
if the difference in electronegativity with other anions is none 

c "  if the element is expected to form a sp3 hybridization (class 1 or 2) .§.D..d 
the valence electron number per atom � 4 .§.D..d 
the difference in electronegativity with A � 2 for non-metals, � 1 for metals 

c if none of the conditions listed above are fulfilled. 

All anions in compounds with a tetrahedron complex are assumed to be bonded to at least one c "  atom. 
However, this may not be true for part of them. The introduction of a fourth role, Y, makes it possible to 
subdivide the anions into two subcategories. The Y anions are assumed to be purely ionic and will in 
valence compounds not be taken into consideration for possible anion - anion bonds. For compounds 
with a tetrahedron complex, Y anions do not form bonds with the c "  or I and A atoms. 

Y Anion which completes its electron octet. It has no covalent bonds to c "  atoms or other A 
atoms. 

The program user can influence the calculation of the crystal chemical parameters as well as the structure 
proposals derived from these values by relabelling c "  atoms as c atoms or vice versa and/or by 
denoting-some of the A atoms as Y atoms. 

As example serve the two modified Input screens for Al2Si05, shown in the middle and lower half of 
Table C - 1 .  The values which will appear on the Crystal chemical parameters screen will be 
different and consequently also the base tetrahedron graphs on the simple structure proposal 
screen which correspond to kyanite and sillimanite, respectively (see page VI I I  - 74). Note, that in the 
typed-in chemical formula the chemical elements of same kind, which play a different role in the 
structure, must be separated (Al atoms in sillimanite and O atoms in kyanite). 

According to the different possible combinations of the element roles the compounds are subdivided into 
seven categories l isted in Table C - 2. 

TABLE C - 2 : THE SEVEN CATEGORIES OF COMPOUNDS ACCORDING TO THE ROLE OF THE PARTICIPATING ELEMENTS. 

General valence compounds (without c• element, sp3 hybridization is not considered) 

Category A1 I c - A - I General valence compound C,nAn 

Category A2 I c - A Y I General valence compound C,nAnYn " with isolated Y (5 - ey)- anions 

Category A3 I - - A - I Element which obeys the Hume-Rothery 8 - N rule (degenerated case) 

Compounds with a tetrahedron complex (with sp3 hybridized cu element) 

Category B1 I - c• A - I Tetrahedral structure compound c " m•An with a neutral tetrahedron complex 

Category e2 ! c c• A - I Compound CmC " m•An with a charged tetrahedron complex (c " m•-An) (m · ec)­

Category ea ! c  c• A Y ! Corrpound CmC ' m•AnYn• with acharged corrplex (C ' m •An) lm - ec · n ' . (8 · ey)J-

and isolated Y <8 • ey)· anions which are neither bonded to c "  nor to A 
Category B4 I c c• - - I Compound CmC " m• with a degenerated charged complex (c " m•) (m · ec)-
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There are two main categories of compounds labelled as A and B which differ in the following way : 
+ Category A compounds containing at least one A but no c "  element are considered only as 

possible general valence compounds· and are Investigated for the presence of homonuclear bonds using 
the generalized 8 - N rule. The type 9f hybridization of the atoms does not enter in consideration. The 
only key parameter calculated is <VEC/ A>. No graph drawings will be seen on the third screen. 

+ Category 8 compounds containing at least one c" element will be tested with the generalized 
8 - N rule but also with the tetrahedral structure equation for the presence of non-bonding orbitals. Two 
key parameters are evaluated : <VEC /A> and <VEC> or <VEC "> .  In the Simple structure 

proposal screen will normally appear graph drawings of base tetrahedra. 
No distinction will be made between different chemical elements with the same role. It may be noted that 
a binary compound may be entered for an analysis of the possible anion - anion bonds as : 

+ Crrf\n (neither one is sp3 hybrized, category A1 ) ,  
+ cmc " m· (only c "  is sp'3 hybrized, category 84 with A - A bonds labelled here c "  - c " )  
+ c "  m-An (both elements adopt sp3 hybridization, category 81 ) .  

The kinds of crystal chemical parameters calculated depend on the chosen category for the combination 
of element roles as c ,  c "  , A and Y. In the following we shall present commented examples for 
five of the seven categories of Tables C - 2 together with a summary of the equations used for the 
calculations. Each equation will be labelled in two ways, i.e. by a running index number (preceded by 
the letter C) in the order the equation appears in Appendix C and, secondly, by the number the 
equation is marked in the main text. This will permit the reader to go back to the text and inform himself 
on the background of each equation. 

Crystal chemical parameters and structure proposals for compounds of category A 

The key parameter for compounds of category A Is <VEC/A> which is calculated for the three 
subcategories as follows : 
For A1 <VEC /A> = (m · ec + n ·  eA) / n 
For A2 <VEC /A> = [m · ec +  n · eA - n"· (B - ey)] l n  
For A3 <VEC /A> = eA 

for C,nAn 

for C,nAnYn• 
for A 

In compounds of category A1 and A2 the average number of homonuclear bonds (and/or lone-pair 
electrons on the cation) is determined with the generalized 8 - N rule : 

<VEC /A> = 8 + <CC> I (n I m) - <AA> for C,nAn and C,nAnYn (C - 2) = (V • 3) 

On the Crystal chemical parameters screen is found the label of the kind of valence compound 
(according to the value calculated for <VEC/A> ) ,  the <VEC /A> and the <AA> or <CC> value, 
respectively. The last two parameters are calculated using 

<AA> = 8 - <VEC/A> for C,nAn and C,nAnYn 

and <CC> = (n / m) · (<VEC /A> - 8) for CmAn and C,nAnYn 

(C - 3) = (V - 4) 
(C - 4) = (V - 1 2) 

On the simple structure proposal screen can be seen a crystal chemical formula where 
homonuclear bonds are distributed in agreement with the obtained <AA> or <CC> value. However, in 
the trivial case of a normal valence compound alone the remark single anions is found. 

For polyanionlc valence compounds the values for <AA> obtained with (C - 3) are interpreted on the 
Simple structure proposal screen as follows : 
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If <AA> = 0 =} single anions 
If 0 < <AA> < 1 =} single anions and anion dumb-bells 
If <AA> = 1 =} anion dumb-bells 
If 1 < <AA> < 2 =} finite non-cyclic anion chains 
If <AA> = 2 =} infinite anion chains or rings. 

For an average of less than one homonuclear bond per anion, the ratio of single anions and anion durnb­
bells is calculated by means of an equation derived from (V - 7) with i = O : 

(\(;OJ / ( 1/2 . 1\(,1]) = 2 · [(1 / <AA>) - 1 )  ( C  - 5) 
If the number of homonuclear bonds per anion is between 1 and 2, the average number of atoms per 
non-cyclic unit is calculated using 

N'A/M = 2 I (2 • <AA>) (C - 6) = (V - 9a) 

For fractional values of N' AIM is proposed a ratio of anion chains, the lengths of which differ by 1 atom. 
The results appear on the last line of the Simple structure proposal screen in verbatim form. 

For polycationic valence compounds it is important to recall that <CC> calculated with (C - 4) 
corresponds to the sum of the C - C bonds per cation (Ne-cl plus the sum of the electrons which remain 
in lone-electron pairs on the cations. Using the parameter N1eptc, the average number of lone-electron 
pairs on the cation, the parameter <CC> can be expressed in analogy to (IX - 4) by 

<CC> = 2 N1eptc + Nc-c (C - 7) 

For the simple structure proposal it is assumed that the highest possible integer number of electrons 
remains in lone-electron pairs on the cation. This means in more detail : 

If O < <CC> < 1 then N1eptc = 0, O < Nc.c < 1 =} single cation and cation dumb-bell 
If <CC> = 1 then Niep/C = O and Nc.c = 1 =} cation dumb-bell 
If 1 < <CC> < 2 then N1ep/C = 0, 1 < Nc.c < 2 =} finite cation chain with an average of N 'A/M atoms 

If <CC> = 2 
If <CC> = 3 
If <CC> = 2n 

If <CC> = 2n+1 

then Nieptc = 1 and Nc.c = O 
then N1eptc = 1 and Nc.c = 1 
then Nieptc = n and Nc-c = O 
then Niep/C = n and Nc-c = 1 

=} 

=} 

=} 

=} 

per non-cyclic unit, where Nm = 2 I (2 · <CC>) 

single cation with one lone-electron pair 
cation dumb-bell with one lone-electron pair / cation 
single cation with n lone-electron pairs / cation 
cation dumb-bell with n lone-electron pairs / cation 

The N1ep/C, Nc.c and N'A!M values do not appear on the screen. The results are Indicated in the crystal 
chemical formula (colons represent lone-electron pairs) and are also expressed on the screen by short 
phrases similar to those shown to the right of the arrows. 
The number of lone-electron pairs on the cations may be larger than calculated if at the input the 
electrons used for the lone-electron pairs on the cations are already substracted, as for example by 
specifying that the cations n+ or .5n.2+ provide only one or two electrons, respectively. 

The program does not consider the rare case of a mixed polyanionic - polycationlc valence compound. 
Depending on whether the <VEC / A> value is calculated to be smaller or larger than eight the 
compound is treated by the program as normal polyanionic or polycationic valence compound, 
respectively. The <AA> or <CC> values seen on the screen are therefore smaller than those 
derived from the observed crystal structure. Correct <AA> or <CC> values can be obtained if one 
subtracts at the input the electrons used for the extra C - C or A - A bonds, respectively. A 
demonstration of this procedure is given on page V - 40 for the "polyanionic" valence compound Hg9P5 16 

where Hg - Hg dumb-bells are observed in addition to the homonuclear P - P bonds. 
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Category A1 I c - A - ! General valence compound C,nAn 

In Tables C - 3a and 3b are presented as examples the screens for a polyanlonlc (<VEC/A> < 8, <AA> 

> 0) and a polycationic valence compound (<VEC /A> > 8, <CC> > O). 

TABLE C - 3A : SCREENS FOR THE POLYANIONIC VALENCE COMPOUND CA14Sl19. 

Input for Ca14Si19 
line nbr . element role nbr . valence el . electroneg . 

1 
2 

1 4 . 
1 9 . 

Ca 
Si 

C 
A 

2 .  
4 .  

Crystal chemi cal parameters for Cal4 Sil9 

Polyanionic valence compound . 
Average number of 

<VEC/A> 5 . 4 74  valence electrons per A 
<AA> 2 . 52 6  ( 4 8 / 1 9 )  anion-anion bonds per A 

Simpl e  structure proposal for Cal4Si19 

Crystal chem . formula Cl4 A10 [ ; 3 ] A9 [ ; 2 ]  

1 .  0 
1 .  8 

Ca14 Si19 : Currao, A., Wengert S., Nesper, R., Curda, J. & Hilleb/'9cht, H. (1996). Z anorg. a/lg. Chem. 622, 501 - 508. 

TABLE C - 3B : SCREENS FOR THE POLYCATIONIC VALENCE COMPOUND SN. 

Input for SN 
line nbr . element role nbr . valence el . electroneg . 

1 
2 

1 .  
1 .  

s 
N 

C 
A 

Crystal chemical parameters for SN 

Polycationic valence compound . 

6 .  
5 .  

Average number of : 
<VEC/A> = 11 . 000  valence electrons per A 

2 . 5  
3 . 0 

<CC> 3 . 000  C-C bonds or non-bonding electrons on C 

Simple structure proposal for SN 

Crystal chem . formula : C [ ; l ]  A 
Cation dumb-bells . 
1 lone-eleccron pair ( s )  per cation . 

Jn SN the S atom Is by default a cation. This is different for rea/gar AsS, shown in Figure V - B. 

Category A2 ! c - A Y I General valence compound C,nAnYn" with isolated Y (B • ey)· anions 

The extra Y anions take up valence electrons from the valence e lectron pool to complete their octets and 
thus become separate structural units which do not enter in the calculation of <VEC/A>. 

Examples for category A2 are the ternary halogen pnictides treated in Problem 4 of Appendix B. In Table 
C - 4 are presented the screens for polyanionic Cd4As213. The I atoms remain Isolated, not forming any 
bonds with the As anions which themselves are (partially) linked by homonuclear bonds. 

TABLE C - 4: SCREENS FOR THE POL YAN IONIC VALENCE COMPOUND CD4AS2l3 WITH EXTRA Y ANIONS. 

Input for Cd4As2I3 
line nbr . element 

1 
2 
3 

4 .  
2 .  
3 .  

Cd 
As 
I 

role nbr . valence el . electroneg . 

C 
A 
y 

2 . 
5 .  
7 .  

1 . 7  
2 . 0  
2 . 5  
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Crystal chemical parameters for Cd4As2I3 

Polyanionic valence compound. 
Anions Y are not considered for calculation of  anion-anion bonds . 

Average number of 
<VEC/A> 7 . 500 valence electrons per A 
<AA> = . S OO  ( 1 / 2  ) anion-anion bonds per A 

Simple structure proposal for Cd4As2I3 

Crystal chem . formula C4 A [ ; l ]  A [ ; O ] Y3 [ ; 0 ] 
2 single anion ( s )  for 1 anion dumb-bell ( s ) . 

Category A3 ! - - A - ! Element which obeys the Hume-Rothery 8 - N rule 

For completeness is mentioned this trivial case of a degenerate polyanionic valence compound without 
cations, i. e. an element which obeys the Hume-Rothery 8 - N rule (see 1 1 1  - 1 9  and V - 37). 

Crystal chemical parameters and structure proposals for compounds of category B 
The two key parameters for compounds of category B are <VEC/A> and <VEC> or <VEC " >. 
are calculated by the program as follows : 

They 

For B1 <VEC/A> = (m" · ec• +  n · eA) l n  
For B2 <VEC /A> = (m · ec + m" · ec• + n · eA) l n  
For B3 <VEC /A> = [m · ec + m" · ec• + n · eA - n" · (8 - ey)] l n  
For B4 <VEC /A> is not defined (no A atoms) 
and 
For B1 <VEC> = (m" • ec• + n · eA) I (m" + n) 
For B2 <VEC " > = (m · ec +  m"· ec• +  n - eA) / (m"+ n) 
For B3 <VEC " >  = [m · ec + m" · ec• +  n · eA - n "· (8 - ey)] I (m"+n) 
For B4 <VEC " > = (m · ec +  m" · ec•) t m• 

for C "m•An 

for CmC "m•An 

for CmC "m• 

for C "m•An 

for CmC "m-An 

for CmC "m•AnYn• 
for CmC "m• 

(C - 81) :a ( IV - 2) 
(C - 82) = (VI I I  - 1 )  

(C - 83) 

(C - 91) = (VI - 2) 
(C - 92) = (VI I I  - 3) 

(C - 93) 

(C - 94) 

Parameters derived from the first key parameter <VEC/A> which appear on the Crystal chemical 
parameters screen are : 

<AA> : average number of anion - anion bonds per anion (only when <VEC /A> < 8), calculated with 
(C - 3). The parameter <AA> is not defined for a compound of category B4. 

<N (A---A) > : average number of anion - anion bonds per tetrahedron (only when <VEC/A> < 8), 
derived from <AA> according to 

<N (A-A) > = <AA> · <n/m " >  ( C  - 1 0) = (IX - 2) 

<C " c "  > : average number of c "  - c "  bonds per c "  atom and/or the average number of valence 
electrons per c "  atom which rest inactively with the c "  atom in lone-electron pairs (only when 
<VEC/A> > 8), calculated for C " m•An, CmC " m•An and CmC " m•AnYn• with 

<C " C " >  = <n/m" > · (<VEC/A> - 8) (C - 1 1) = ( IX - 7) 
< C "  c "  > has for a compound of category B4 the same value as <VEC " >. 

Screen parameters derived from the second key parameter <VEC> ( or <VEC " >) are : 

<N (NBO) > (or <N" (NBOJ > l  : average number of non-bonding orbitals per atom of the neutral (or 
charged) tetrahedron complex, obtained with 
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<N (NBO } >  = <VEC> - 4 
or 

(C - 1 21 ) = (VI - 4) 
(C • 1 22) = (VII I  - 5) 

<N (A/Ml > (or <N " (A/Ml > )  : average number of atoms per non-cyclic unit of the neutral (or charged) 
tetrahedron complex [applicable only If <N (NBO } > (or <N" (NBO ) >) > 2], calculated with 

or 
<N ( A/M} > = 2 / [<VEC> • 6] 

<N" ( A/M) > = 2 / (<VEC " >  • 6] 

(C - 1 31) = (VI - 1 0) 
(C · 1 32) = (VI I I  - 6) 

<TI'> : average number of c "  -A- c "  l inks per tetrahedron, calculated for normal and polyanionic 
valence compounds from the n Im" ratio with (VI I I  -7a), (VI I I  - 7b) and (VI I I  - 7c), respectively. 
In the case of polycationic valence compounds with tetrahedron complexes Is the calculation of 
<TI'> more complicated. The program computes the limiting values <TI'min> and <TTmax>. 

<Tl'Inin> : average number of c "  -A-C " l inks per tetrahedron for a maximum number of c "  -c " bonds 
and a minimum number of lone-electron pairs on the c "  atoms. 

<Tl'max> : average number of c "  -A-C " links per tetrahedron for a minimum number of c "  -c " bonds 
and a maximum number of lone-electron pairs on the c "  atoms. 
The <Tl'min> and <TTmax>. values can be obtained using (IX - 21 ) and (IX - 23) by inserting 
Nc·-c· = <C"  c "  > and Nc·-c· = 0, respectively. There exist limiting conditions such as that 
<TI'> cannot have negative values or that the sum of the number of c "  and A neighbours of a 
c "  atom and the number of lone-electron pairs attached to it cannot exceed four. This can lead in 
certain cases to the result that there is a smaller or even no difference between <TI'min> and 
<Tl'max>. One example is Li2Cu2+

3Se4014 (Figures IX - 6 and 7). 

<BEN> : average number of valence electrons per neutral or charged base tetrahedron, calculated with 
<BEN> = <VEC /A> . <n/m " >  (C - 1 4) = (Vl l l - 8) 

For a compound of category 84 the value of the parameter <BEN> is equal to <VEC " >. 

In the first sentence on the crystal chemical parameters screen is given a description of the 
structure as normal, polyanionlc or polycationic valence compound depending on the value of the first 
key parameter <VEC/A>. Further, there is found a phrase that a tetrahedron complex is considered, 
provided the following condition is satisfied 

4 - 4 <n/m " >  S: [<n/m " >  · (<VEC/A> - 8)] S: 8 - 2 <n/m " >  and O S:  <n/m " > S: 4 (C - 1 5) 

This range where a tetrahedron complex can occur is larger as the one shown in Figure IX - 2 and 
Table VI I I  - 2, because in the program are considered 1 52 theoretically possible kinds of base tetrahedra 
where equipartition is respected (see below). 

On the Simple structure propos al screen one finds a possible crystal chemical formula and a 
graph drawing of the base tetrahedron(a) which may be used for the construction of the anionic 
tetrahedron complex. 

For the derivation of the crystal chemical formula the following considerations are made : 
For normal and polyanlonic valence compounds each c " atom is bonded to tour A atoms forming a 
tetrahedron. For polycatlonic compounds the number of anions bonded to c • depends on the relative 
partition of the electrons used for homonuclear c "  - c "  bonds and the electrons in lone-electron pairs 
on c " .  Whenever Nc·-c· and N1ep are within the permitted limits (as defined by <Trrnin> and 
<Tl'max>) a number of electrons corresponding to the maximum even integer lower than or equal to 
<C " c "  > is placed into lone-electron pairs, the remaining electrons into c "  - c "  bonds. The number of 
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anion - central atom bonds is distributed among the anions so that the numbers of neighbours do not 
differ by more than one (equipartition principle). For polyanionic valence compounds the number of 
homonuclear bonds are distributed so that the number of anion-anion bonds for the different atoms do not 
differ by more than unity. Homonuclear bonds are added first to the anions with less A - C" bonds. 

For the derivation of the base tetrahedron(a) of a structure with a tetrahedron complex the following 
considerations are made : 
Only base tetrahedra are considered which obey an extended equipartition principle, i. e. the number of 
bonded neighbours (anions or c "  atoms) of the A atoms do not differ by more than unity. The program 
will search for a possible combination involving a minimum number of base tetrahedra. Based on the 
value of <n /m " >  and <C " C " >  or <N ( A-A) > per tetrahedron, a systematic scan is undertaken, 
searching first for solutions with one single base tetrahedron and then for solutions combining two base 
tetrahedra. In the large majority of cases one single base tetrahedron corresponds to a particular 
combination of <n/m " >  and <C " C " >  or <N (A-A l > per tetrahedron. However, at eight points in the 
extended base tetrahedron gallery used by the program occur base tetrahedron pairs (four of them 
shown in Figure IX - 2). They have the following codes : (1 02) � (020), (1 03] � [021],  [1 06] � [022], [1 1 2] 

� [030], [1 16] � [031], [202) � [1 20], [206] � [1 21], [1 08] � [023]. Whenever a solution with a single base 
tetrahedron is possible, the base tetrahedron on the left hand side of each pair is used for the derivation 
of the crystal chemical formula. A combination of two base tetrahedra, for which TT differs by unity, will 
be proposed for normal valence compounds with <n/m" > < 2. For valence compounds where anions 
are unshared and/or are shared between two tetrahedra a graph table corresponding to Figure IX - 2 is 
scanned, starting with horizontal lines (constant value of <C " c "  > or <N ( A-A) > ), then vertical lines 
(constant n/m" ratio) and then diagonal lines with different slopes. The method of finding base 
tetrahedron pairs and the lever rule used to find their proportion are summarized on pages IX - 85. No 
base tetrahedron combinations are presented if the solution would require more than two base tetrahedra. 
Due to the different selection criteria for the formulation of a crystal chemical formula and for the choice of 
the minimum possible number of base tetrahedra, the base tetrahedra presented on the screen may not 
always correspond to the crystal chemical formula. 
The program makes a special distinction between different kinds of central atoms which plays a role for 
the structural analysis of polycationic valence compounds. The c "  atoms are divided by the program in 
two subcategories, i.e. those which may carry lone-electron pairs (non-metallic elements) and those 
where lone-electron pairs are not expected. If there are present two kinds of central atoms of the first 
subcategory the program will consider as first answer only solutions without c "  - c "  bonds. If central 
atoms of both subcategories are present the program will provide solutions where the percentage of base 
tetrahedra without lone-electron pairs and without C" - C" bonds is equal or higher as the ratio of the 
number of central atoms of the second subcategory to the total number of central atoms. As example 
serve the screens for Ca3Col411�[3nlo12 presented in Table C - 6d. 

There might exist different geometrical possibilities of combining base tetrahedra which result in the same 
average <BEN> and <n/m" > values. Answering with Y(es) to the program request if you want to see 
Further possible combinations of base tetrahedra a new screen with such a title will 
appear showing graphs of other possible base tetrahedron combinations. The above mentioned 
constraints concerning the choice of possible base tetrahedra are now removed. It you want to find other 
base tetrahedron combinations in addition to those proposed on the screen by the program one can refer 
to the base tetrahedron gallery in Figure IX - 2. To plot a compound point on the (n I m, · ( VEGA - 8) 
versus n l  m' grid one can conveniently use the <C " C " >  or <N (A-A) > and <n/m " >  parameters 
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listed on the Crys tal chemical parameters screen. The procedure to be used to find the base 
tetrahedron pairs in Figure IX - 2 is described on page IX - 85. Note, that not all these geometrical 
solutions are equally probable from a crystal chemical point of view. 

In the graph drawings of the base tetrahedra an unshared anion is represented on the screen by a 
grouping of 1 3  A characters assembled in form of a (deformed) filled circle and a central atom by a 
similar arrangement of 1 3  c and " characters. The c "  - A links are shown by ---- and 
I characters arranged in a row or a column, respectively. The symbol x is used to represent lone­
electron pairs, homonuclear c "  - C" and A - A bonds and indicates also the separation line in 
anions which are shared with one, two or three other tetrahedra. Anions shared between two 
tetrahedra have the (approximate) shape of half-circles, those shared between three tetrahedra a 
triangular shape and those shared between four the shape of a square (or rectangle). Each drawing on 
the screen is identified by its <BEN> number in the rectangular l ine box to the upper right and its base 
tetrahedron code within square brackets on the lower right. 

Category B1 I - c• A - I Tetrahedral structure compound c " m•An with a neutral tetrahedron complex 

In tetrahedral structure compounds all atoms are sp3 hybridized. In the program the composition is 
denoted, differently from the text in chapters VI and VII ,  as C "m•An, i. e. the c atoms carry a double 
prime. In  this way the program recognizes that these atoms are central atoms of a (neutral) tetrahedron 
complex. For compounds of category 81 the program makes an extra test whether or not the valence 
e lectron rules for an adamantane structure are satisfied, i. e. 

4 � <VEC> � 4.923 and <VEC /A> = 8 (C - 1 6) = (VI I - 7) 

and a corresponding remark is made. In the particular case of a defect adamantane structure the 
percentage of unoccupied c "  sites in ZnS will be calculated and indicated on the screen. 
The screens for a defect adamantane structure compound (<VEC /A> = 8) are shown in Table C - 5a. 
Here is presented for demonstration purposes also the optional fourth screen with the title Further 
pos s ible combination of base tetrahedra where are found graphs of other possible base 
tetrahedra. In Table C - Sb are shown the screens for a polycationic defect tetrahedral structure 
compound and In Table C - 5c the screens for a polyanionic valence compound for which in a test 
calculation a defect tetrahedral structure is assumed. 

TABLE C - 5A : SCREENS FOR THE DEFECT ADAMANTANE STRUCTURE COMPOUND AGIN5SE5. 

Input for Agin5Se8 
line nbr . element role nbr . valence el . electroneg . 

1 
2 
3 

1 .  
5 .  
8 .  

Ag 
In 
Se 

c •  
c •  
A 

1 .  
3 .  
6 .  

Crystal chemical parameters for Agin5Se8 

Normal valence corrpound . 
Defect tetrahedral structure corrpound . 

1 .  9 
1 . 7  
2 . 4 

Neutral tetrahedron complex considered with <n/m" > 1 .  3 3 3 . 

<VEC/A> 
<VEC> 
<N (NBO) > = 
<TI'> 
<BEN> 

8 . 00 0  
4 . 571  

. 571  
8 . 000  

10 -. e67  

Average number of 
valence electrons per A 
valence electrons per atom 

( 4 /7 ) non-bonding orbitals per atom 
C " -A-C "  links per tetrahedron 
val . electrons per neutral (bas e )  t etrahedron 
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Simple structure proposal for Agin5Se8 

Crystal chem . formula C " [ 4 ; 0 ] C " 5 [ 4 ; 0 ] : A8 [ 3 ; 0 ] 
One kind of base tetrahedron [ - - 8 ] . 
Defect adamantane structure with 1 / 4  voids on cation sites of  ZnS . 

X . . . . . . . . . .  
XAAAX 10 2 /3 

XAAAAAAAX o O I O o o o o o o 

I 
X I X 

XAAA C " C  AAAX 
XAAAAAA c • c " C " C  AAAAAAX 

XAAA C " C  AAAX 
X I X 

I 
XAAAAAAAX 

XAAAX 
X [ - - 8 ]  

Further possible combination o f  bas e tetrahedra for Agin5Se8 

Two kinds of base tetrahedron 1 [ - - 7] + 2 [- - 9 ] . 
Defect adamantane structure with 1 / 4  voids on cation sites of  zns . 

One 

X 
XAAA 

XAAAAAA 
XAAA 

X 

for two 

X 
XAAA 

XAAAAAA 
XAAA 

X 

xxxxxxx 
AAA 

I 
I 

c • c  
C 11 C " C u c 

C " C  
I 
I 

XAAAAAAAX 
XAAAX 

X 

X 
XAAAX 

XAAAAAAAX 
I 
I 

C " C  
C ° C 11 C 11 C 

C " C  
I 
I 

XAAAAAAAX 
XAAAX 

X 

. 12 . 

X 
AAAX 
AAAAAAX 
AAAX 
X 

[ - - 7 ]  

. 1 0  

xxxxxx 
AAAAAX 
xxxxxx 

[ - - 9 ]  

The structure of Agln5Se8 can be constructed with the single base tetrahedron on the third screen. 

TABLE C - 5B : SCREENS FOR THE POL YCATIONIC DEFECT TETRAHEDRAL �TRUCTURE COMPOUND Sl2 TE3. 

Input for Si2Te3 
line nbr . element role nbr . valence el . electroneg . 

1 
2 

2 .  
3 .  

Si 
Te 

C "  
A 

4 .  
6 .  

Crystal chemi cal parameters for Si2Te3 

Polycationi c valence compound . 
Defect tetrahedral structure compound . 
Neutral tetrahedron complex considered with <n/m" > 

<VEC/A> 
Average number of 
valence electrons per A 

1 .  8 
2 . 1 

1 .  500 . 

<C 11 C 11 > 
<VEC> 
<N (NBO) > 
<TTmin> 

8 . 667 
1 .  OOO  
5 . 2 0 0  
1 . 2 0 0  
3 . 0 00  

C " -C "  bonds or non-bonding electrons on C "  
valence electrons per atom 

( 6 / 5  ) non-bonding orbitals per atom 
C " -A-C "  links per tetrahedron for 1 . 0 0 0  C " -C '  
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<BEN> 
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5 . 0 00 

13 . OOO  

bond ( s )  and no  lone-electron pair on  C "  
C ' -A-C "  links per tetrahedron for no C " -C "  
bond and . 500  lone-electron pair fs ) on C "  
val . electrons per neutral (base )  tetrahedron 

Simple structure proposal for Si2Te3 

Crystal chem . formula C " 2 [ 3 ; 1 ] : : A3 [2 ; 0 ]  
One kind o f  base  tetrahedron [ 0  1 3 ] . 

13  
X 
X 

XA C " C  AX 
XAAA c • c • c • c  AAAX 
XA C " C  AX 

I 
I 

AAA 
xxxxxxx [ 0  1 3 ]  

The proposed base tetrahedron agrees with the experimental data (see Figure VI - 5). 
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TABLE C - 5c : SCREENS FOR POL YAN IONIC ZNS2 ASSUMING A DEFECT TETRAHEDRAL STRUCTURE . 

Input for ZnS2 
l ine nbr . element role nbr . valence el . electroneg . 

1 
2 

2 .  
7 .  

Zn 
s 

C "  
A 

Crystal chemical parameters for ZnS2 

Polyanionic valence compound .  

2 .  
6 .  

Defect tetrahedral structure compound . 

1 .  6 
2 . 5  

Neutral tetrahedron complex considered with <n/m " >  2 . 000 . 

<VEC/A> 
<AA> 
<N ( A-A) > 
<VEC> 
<N ( NBO) > 
<TT> 
<BEN> 

7 . 0 00 
1 .  OOO  
2 . 0 00 
4 . 6 67 

. 667 
4 . 0 00  

14 . 000  

Average number of 
valence electrons per A 
anion-anion bonds per A 
anion-anion bonds per tetrahedron 
valence electrons per atom 

( 2 /3 ) non-bonding orbitals per atom 
C " -A-C " links per tetrahedron 
val . electrons per neutral (base }  

Simpl e  structure proposal for ZnS2 

Crystal chem . formula C " [ 4 ; 0 ] : A2 [2 ; 1 )  
One kind o f  bas e  tetrahedron [ - 2 4 ]  . 

XA 
XAAA 
XA 

xxxxxxx xxxx 
AAA 

I 
I 

C " C  
c · c · c •c  

C " C  
I 
I 

AAA 
xxxx xxxxxxx 

. 14  

AX 
AAAX 

AX 
X 
X 

[ - 2 4 ]  

tetrahedron 

The base tetrahedron graph with BEN = 1 4, code [- 2 4] and n I m· = 2 cannot be found In the 

simplified base tetrahedron gallery in Table VII I - 2 and Figure IX - 2. Each of the anions is shared 
I 

between two tetrahedra and each anion extends one anion - anion bond to another tetrahedron. This 

means, however, that each of these anion - anion bonds, shared between two tetrahedra, counts only 

as half a bond per anion. Thus <N (A-A) > = 2. 
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The assumption of Table C - Sc that both Zn and S are sp3 hybridized is not verified. ZnS2 crystallizes 
in the pyrite Fel6°Js2H3;1 )tl type where only the anions are sp3 hybridized. The base tetrahedron shown 
in Table C - Sc is used for the construction of a complex in the ternary compound KGa1411Sbi2;1 l. This 
result is not unexpected because (352)1• is isoelectronic with (262)±o. 

Category e2 ! c c• A - I Compound CmC "  m•An with a charged tetrahedron complex (c " m "Anl (m · ec)· 

In a compound with a charged anionic tetrahedron complex the number of valence electrons, defined in 
the input screen, of the cations c outside the complex are all added to the electron pool. The 
parameters which refer alone to the atoms of the charged complex (not to all the atoms of the 
compound) carry a double prime, i. e. <VEC " >, <N" (NBO) > and <N" (AIM) > .  

In Tables C - 6 are presented five screen examples of  normal, polycationic and polyanionic valence 
compounds with anionic tetrahedron complexes. Of the three examples for polycationic compounds the 
first (Table C - 6b) presents a not yet described complex consisting of an isolated 'I' - tetrahedron and a 
corner-linked 'I' - tetrahedron pair. The second (Table C - 6c) has as solution a pair of base tetrahedra 
with same <BEN> and <n/m " >  value and the third (Table C - 6d) has two kinds of C "  atoms, one 
being a metal and the second a main-group element. 

TABLE C - 6A : SCREENS FOR 'THE NORMAL VALENCE COMPOUND NA8A3ND3Sl5020 WrrH lElRAHEDRON COMPLEX. 

Input for NaBa3Nd3Si602 0  
line nbr . element role nbr . valence el . electroneg . 

1 3 .  Ba C 2 .  
2 3 .  Nd C 3 .  
3 1 .  Na C 1 . 
4 6 .  Si c ·  4 .  
5 2 0 .  0 A 6 .  

Crystal chemical parameters for NaBa3Nd3Si602 0  

Normal valence compound . 
Anionic tetrahedron complex considereq with <n/m " >  
Cations C are not included in the complex . 

<VEC/A> 
Average number of 
valence electrons per A 

. 9 
1 . 2 

. 9 
1 .  8 
3 . 5  

3 . 3 3 3 . 

<VEC " >  
<N" (NBO ) >= 
<N" (A/M ) > =  
<'IT> 

8 . 000 
6 . 1 54 
2 . 1 54 

13 . 0 0 0  
1 . 3 3 3  

2 6 . 6 67 

val . electrons per atom in charged complex 
( 2 8 /13 ) non-bonding orb . per atom in charged complex 

atoms per non-cyclic charged complex 
( 4 /3 ) C " -A-C ' links per tetrahedron 

<BEN> val . electrons per charged (bas e )  tetrahedron 
Simple structure proposal for NaBa3Nd3 Si602 0 

Crystal chem . formula C7 C " 6 [ 4 ; 0 ) A4 [ 2 ; 0 ) Al6 [ 1 ; 0 ]  
Non-cyclic units containing 3 tetrahedra . 
Two kinds of bas e tetrahedron 2 [ - - 1) + 1 [ - - 2 1 . 
Finite chains of corner-linked C "A4 tetrahedra . 

Two 

AAA 
AAAAAAA 

AAA 

AAA 
AAAAAAA 

AAA 
I 
I 

C " C  
c 11 c 11 c 11 c 

C " C  
I 
I 

AAA 
AAAAAAA 

AAA 

. 2 8  

AX 
AAAX 

AX 

[ - - 1 )  



for one 
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XA 
XAAA 
XA 

AAA 
AAAAAAA 

AAA 
I 
I 

C " C  
C " C " C " C  

C " C  
I 
I 

AAA 
AAAAAAA 

AAA 

. 2 4  

AX 
AAAX 

AX 

[ - - 2 ]  

C - 149 

The proposed solution for the anionic tetrahedron complex in Na8a3Nd3Si6020 is a finite non-cyclic 
chain of three corner-linked tetrahedra. As seen in Figure VI I I  - 8 the tetrahedron complex in 
Na8a3Nd3Si6020 consists of two kinds of fin ite chains with two and four tetrahedra, respectively. 
However, for this more complicated solution the average values of the crystal chemical parameters agree 
with the calculated values given in Table C - 6a. The simple finite three-tetrahedron chain is found as 
anionic tetrahedron complex in  isoelectronic N�C�Si3010, Na5P 3010 II and K2Cr3010. 

TABLE C • 6B : SCREENS FOR POLYCATIONIC FESE307(0H) Will-I ANIONIC TETRAHEDRON COMPLEX. 

Input for FeSe3 07 ( 0H}  
line nbr . element 

1 1 .  Fe 
2 3 .  Se 
3 7 .  0 
4 1 .  OH 

role nbr . valence el . electroneg . 

C 3 .  1 .  8 
C "  6 .  2 . 4 
A 6 .  3 . 5 
A 7 .  3 . 5 

Crystal chemical parameters for FeSe3 07 ( OH}  

Polycationic valence compound . 
Anionic  tetrahedron complex considered with <n/m" >  
Cations C are not included in the complex . 

2 . 667 . 

<VEC /A> 
<C II C II > 
<VEC " >  
<N" (NBO ) >= 
<N" (A/M} >= 
<'ITmin> 

8 . 7 5 0  
2 . 0 00 
6 . 3 64 
2 . 3 64 
5 . 5 0 0  

. O OO  

Average number of 
valence electrons per A 
C " -C "  bonds or non-bonding electrons on C "  
val . electrons per atom in charged complex 

( 2 6 /11 )  non-bonding orb . per atom in charged complex 
atoms per non-cyclic charged complex 
C " -A-C " links per tetrahedron for . 667 C " -C "  
bond ( s }  and . 6 67 lone- electron pair on C "  

<Tl'max> = . 6 67 ( 2 / 3  } C " -A-C "  links per tetrahedron for no C " -C "  

<BEN> 23 . 3 3 3  
bond and 1 . 000  lone-electron pair ( s }  on C "  
val . electrons per charged (base }  tetrahedron 

Simple structure proposal for FeSe307 (0H}  

Crystal chem . formula C C " 3 [ 3 ; 0 ] A [2 ; 0 ] A7 [ 1 ; 0 ]  
1 single tetrahedra ( on }  for 1 uni t ( s ) with two tetrahedra . 
Two kinds of base tetrahedron 1 [ 1  0 O] + 2 [ 1  0 l ] . 
Single C "A3 psi-tetrahedra and pairs of corner-linked psi-tetrahedra . 

One 

AAA 
AAAAAAA 

AAA 

. 26  

xxxxxxx 
C " C  

C " C " C " C  
C " C  

I 
I 

AAA 
AAAAAAA 

AAA 

AAA 
AAAAAAA 

AAA 

[ l  O O J  
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for two 

AAA 
AAAAAAA 

AAA 

xxxxxxx 
C"C 

C"C"C"C  
C"C 

I 
I 

AAA 
AAAAAAA 

AAA 

. 22  

AX 
AAAX 

AX 

[ 1  0 l J  

FeSe30.,(0H) : Muilu, H. & Valkonen, J. (1987). Acts Chem. Scand. A41, 1 83  - 189. 
Ca�e308 : Giester, G. & Lengauer, C.L. to be published. 

Same program output for 

TABLE C - 6c : SCREENS FOR THE POLYCATIONIC VALENCE COMPOUND CsP02 . AQUA. 

Input for CsP02 , aqua 
line nbr .  element 

1 
2 
3 

1 .  
1 .  
2 .  

Cs 
p 
0 

role nbr . valence el . electroneg.  

C 
C" 
A 

1 .  
5 .  
6 .  

• 7 
2 . 1  
3 . 5  

Crystal chemical parameters for CsP02 , aqua 

Polycationic valence compound . 
Anionic tetrahedron complex considered with <n/m" > 
Cations C are not included in the complex . 

2 . 0 0 0 . 

<VEC/A> 
<C"C"> 
<VEC" >  
<N" (NBO) >= 
<TTmin> 

<TTmax> 

<BEN> 

9 . 0 0 0  
2 . 00 0  
6 . 000  
2 . 000  

. O OO  

2 . 00 0  

18 . 000  

Average number of  
valence electrons per A 
C" -C"  bonds or non-bonding electrons on C"  
val . electrons per atom in charged complex 
non-bonding orb . per atom in charged complex 
C " -A-C" links per tetrahedron for 2 . 00 0  C " -C"  
bond ( s )  and no lone-electron pair  on  C "  
C" -A-C" links per tetrahedron for n o  C"-C"  
bond and 1 . 0 0 0  lone-electron pair ( s )  on C"  
val . electrons per charged (bas e )  tetrahedron 

Simpl e  structure proposal for CsP02 , aqua 

Crystal chem. formula C C" [ 3 ; 0 J  A [ 2 ; 0 J A [ l ; O J  
Infinite tetrahedron chains or rings . 
One kind of base tetrahedron [ 1  0 2 J / [ O 2 O J . 
Crystal chem. formula corresponds to the former . 

XA 
XAAA 
XA 

xxxxxxx 
C"C 

C"C"C"C 
C"C 

I 
I 

AAA 
AAAAAAA 

AAA 

AX 
AAAX 

AX 

[ 1  0 2 J  

. 1 8  . 

or 
AAA 

AAAAAAA 
AAA 

[ O  2 O J  

X 
X 

C"C 
C"C"C"C  XXXX 

C"C 
I 
I 

AAA 
AAAAAAA 

AAA 

For BEN = 18 exist two base tetrahedra which are equally probable. The tetrahedron complex in csp{2:2Jo2 • aqua is 
constructed of {O 2 OJ base tetrahedra, but in isoe/ectronic l(Ai3:01se2 of (1 D 2) tetrahedra. 

TABLE C - 60 : SCREENS FOR POL YCATIONIC CA3COSE4012 WITH ANIONIC TETRAHEDRON COMPLEX. 

Input for Ca3CoSe4012 
line nbr .  element 

1 
2 
3 
4 

3 .  
1 .  
4 .  

12 . 

Ca 
Co 
Se  
0 

role nbr . valence el . electrone g .  

C 
C "  
C "  
A 

2 .  
2 .  
6 .  
6 .  

1 .  0 
1 .  8 
2 . 4  
3 . 5  
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Crystal chemical parameters for Ca3 CoSe4012 

Polycationic valence compound . 
Anionic tetrahedron complex considered with <n/m " >  
Cations C are not included in the complex . 

2 . 4 00 . 

<VEC/A> 
<C " C 11 > 
<VEC " >  
<N" (NBO ) >= 
<N" (A/M) >= 
<'ITmin> 

8 . 667 
1 .  600  
6 . 118  
2 . 118 

17 . 000 
. O OO 

Average number of 
valence �lectrons per A 

( 8 / 5  ) C " -C "  bonds or non-bonding electrons on C "  
val . electrons per atom in charged complex 

( 3 6 / 1 7 )  non-bonding orb . per atom in charged complex 
Atoms per non-cyclic charged complex 
C " -A-C " links per tetrahedron for 1 . 600  C " -C "  
bond ( s )  and no lone-electron pair on C "  

<Tl'max> 1 . 6 00  ( 8 / 5  ) C " -A-C "  l inks per tetrahedron for no C " -C "  

<BEN> 2 0 . 8 00 
bond and . 800  lone-electron pair ( s )  on C "  
val . electrons per charged (bas e )  tetrahedron 

Simple structure proposal for Ca3 CoSe4012 

Crystal chem . formula C3 C " [ 4 ; 0 ] C " 4 [ 3 ; 0 ] A4 [2 ; 0 ] A8 [ 1 ; 0 ] 
Two kinds of base tetrahedron 1 [ - - 4 ]  + 4 [1 0 1 ] . 

One 

XA 
XAAA 
XA 

for four 

AAA 
AAAAAAA 

AAA 

xxxxxxx 
AAA 

I 
I 

c • c  
C " C " C •c  

C " C  
I 
I 

AAA 
xxxxxxx 

xxxxxxx 
C " C  

c • c • c • c  
c • c  

I 
I 

AAA 

AAAAAAA 

AAA 

. 16  

AX 

AAAX 

AX 

[ - - 4 ]  

. 22 

AX 

AAAX 

AX 

[ 1  0 1 1  
Ca3CoSe4012 : Wildner, M. (1996). J. Solid State Chem. 124, 143 - 150. 

TABLE C - 6E : SCREENS FOR POL YANIONIC NA3SISE4 WITH ANIONIC TETRAHEDRON COMPLEX. 

Input for Na3 SiSe4 
line nbr . element 

1 
2 

3 

3 .  
1 .  
4 .  

Na 
Si 
Se 

role nbr . valence el . electroneg . 

C 
C "  
A 

1 .  
4 .  
6 .  

. 9 
1 .  8 
2 . 4 

Crystal chemical parameters for Na3 SiSe4 

Polyanionic valence compound.  
Anionic t etrahedron compl ex considered with <n/m" >  
Cations c- are not included in the complex . 

4 . 000 . 

<VEC/A> 
<AA> 
<N (A-A) > 
<VEC " >  
<N" (NBO ) >= 
<N"  (A/M) >= 
<'IT> 
<BEN> 

7 . 7 5 0  
. 2 50 

1 . 000 
6 . 200  
2 . 2 00 

10 . 000 
. OOO 

3 1 . OOO  

( 1 / 4  

Average number of 
valence electrons per A 
anion-anion bonds per A 
anion-anion bonds per tetrahedron 
val . electrons per atom in charged complex 

( 11 / 5  ) non-bonding orb . per atom in charged complex 
atoms per non-cyclic charged complex 
c • -A-C "  l inks per tetrahedron 
val . electrons per charged (base )  tetrahedron 

C - 1 51 
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Simple structure proposal for Na3 SiSe4 

Crystal chem . formula C3 C" [ 4 ; 0 J  A [ l ; l J A3 [ l ; O J 
Single units containing two tetrahedra . 
One kind of  base tetrahedron [ - 1 O J . 
Units of two C "A4 tetrahedra linked by a A-A bond . 

X 
X 

AAA 
AAAAAAA 

AAA 
I 
I 

C " C  
C " C " C " C 

C " C  
I 
I 

AAA 
AAAAAAA 

AAA 

. 3 1  . 

AAA 
AAAAAAA 

AAA 

[ - 1 O J  

A molecular anionic tetrahedron complex consisting of ten atoms and constructed of two such base tetrahedra linked 
by a homonuc/ear Se - Se bond is found in the structure of Na3SiSe4. 

Category B3 ! c c• A Y ! CoITl)ound CmC "m•AnYn· with a charged COITl)lex (c "  m"An) [m · 8c ·  n" · (8 - 801-
and isolated y(a - eyj- anions which are neither bonded to c "  nor to A 

As in category A2 the extra Y anions take up electrons from the valence electron pool to complete their 

octets and thus become separate structural units. For the calculation of <VEC / A> and <VEC " > the 

program uses (C - 83) and (C - 93), respectively. As example are presented in Table C - 7 the screens 

for epidote. To obtain this result the default values in the input screen had to be modified as shown. 

TABLE C - 7 : SCREENS FOR THE NORMAL VALENCE COMPOUND EPIDOTE CA2AL2FE(OH)S13012· 

Input for Ca2Al2FeO (OH) Si30ll , epidote 
line nbr . element role nbr .valence el . electroneg . 

1 2 .  Ca C 2 .  1 .  0 
2 1 .  Fe C 3 .  1 .  8 
3 2 .  Al C 3 .  1 .  5 
4 3 .  Si C "  4 .  1 .  8 
5 1 1 . 0 A 6 .  3 . 5  
6 1 .  0 y 6 .  3 . 5  
7 1 .  OH y 7 .  3 .  5 

Crystal chemical parameters for Ca2Al2FeO (OH) Si30ll , epidote 

Normal valence compound . 
Anionic tetrahedron complex considered with <n/m ' >  3 . 667 . 
Cations C and anions Y are not included in the complex . 

<VEC/A> 
<VEC " >  
<N" (NBO ) >= 
<N" (A/M) >= 
<'IT> 
<BEN> 

8 . 0 00 
6 . 2 86  
2 . 2 86  
7 . 0 00 

. 667 
29 . 3 33  

( 16/7  

( 2 /3 

Average number of : 
valence electrons per A 
val . electrons per atom in charged corrplex 
non-bonding orb . per ato� in charged corrp'lex 
atoms per non-cyclic charged corrplex 
C " -A-C "  links per tetrahedron 
val . electrons per charged (base )  tetrahedron 

Simple structure proposal for Ca2Al2FeO (OH) Si30ll , epidote 

Crystal chem. formula CS C " 3 [ 4 ; 0 J A [2 ; 0 ) AlO [ l ; O J Y2 [ 0 ; 0 J 
1 single t etrahedra ( on )  for 1 unit ( s )  with two tetrahedra . 
Two kinds of base tetrahedron 1 [ - - O J  + 2 [ - - l J . 
Single C "A4 tetrahedra and pairs of corner-linked tetrahedra . 
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One 

for two 

AAA 
AAAAAAA 

AAA 

Category 84 1 c c• - - ! 

AAA 
AAAAAAA 

AAA 
I 
I 

c • c  
C " C " C " C  

C " C  
I 
I 

AAA 
AAAAAAA 

AAA 

AAA 
AAAAAAA 

AAA 
I 
I 

C " C  
C 11 C 11 C 11 c 

C " C  
I 
I 

AAA 
AAAAAAA 

AAA 

. 32 . 

AAA 
AAAAAAA 

AAA 

[ - - O J  

. 28  

AX 
AAAX 

AX 

[ - - 1 ]  

Compound CmC " m" with a charged degenerated complex (C " m•) (m · ec)-

For completeness there is mentioned category 84 where the anion partial structure of a polyanionic 
valence compound is analyzed under the assumption that the anions (here labelled c "  atoms) are sp'3 
hybridized. Only the five degenerated base tetrahedra with n I m" = 0 on the left edge of Figure IX - 2 
can occur. For this degenerated case only the key parameter <VEC " > ,  as defined by (C - 94),  is 
meaningful ,  which is here equal in numerical value to <BEN> and <C " c  "> .  Since there are no A 
anions present , the parameter <TI'> has no meaning and is left out from the list of crystal chemical 
parameters. By considering a compound of category A1 as belonging to 84 one obtains an equivalent 
result but in addition also graphs of the degenerated base tetrahedra. 

As a demonstration how the program can be used to test different hypothetical structure models we shall 
comment the outputs of different possible inputs for Al2Si05 given in Table C - 1 .  
• The first (unmodified) input screen in Table C - 1 corresponds to a defect tetrahedral structure with 

crystal chemical formula Al2[411Si141lo5 where according to ( I I  - 1 )  the five O atoms together 
extend twelve bonds, i.e. some of the anions would have three tetrahedral bonds which seems 
un likely for a sil icate. 

• If in the first input all Al atoms change function from c "  to c the anionic tetrahedron complex 
would have composition [Si141l05]6·. However, on the Crystal chemical parameters screen 
appears now a message that a tetrahedron complex cannot form when <n /m " > > 4. 

• If only half of the Al atoms change function from c "  to c (second input screen) then the 
anionic tetrahedron complex has composition (All4tJsi!4tlQ5)3•. With the base tetrahedron shown 
on the screen one can construct the anionic tetrahedron complex found in sill imanite. 

• I n  the model corresponding to the third input screen the Al atoms and one of the five O atoms do 
not participate on the tetrahedron complex which has formula [Si[41lo.J4". The isolated tetrahedron 
presented on the screen is the anionic tetrahedron complex in kyanite. 



APPENDIX D :  DATABASE CONTAINING DATA 

SETS REPRESENTATIVE FOR STRUCTURE TYPES 

To enab le th e reader to ver ify th e cry stal ch emical featur es wh ich h ave b een predicted for 
various compounds in th is b ook th er e h as b een included a datab ase lab ell ed "STYP" 
containing complete data sets representative of 386 structur e ty pes discussed h ere. Th e data 
sets contain th e structure ty pe formula and name, space g roup, Wy ckoff sequence, P ear son 
code, standardiz ed positional atom coordinates, litera ture references as wel l as r emarks on 
possib le errors, ch ang es of space g roup due to overl ooked sy mmetry elements, crystal 
ch emical parameters, structura l featur es and a reference to th e pag e( s) in th e b ook whe re th e 
ty pe is discussed. Th e data sets can b e  adressed wi th th e ty pe numb er, th e ty pe formula, th e 
mineral name and th e Strukturb erich t notation. Th e ty pe numb er, surrounded by square 

b rackets, can b e  looked- up in th e Structur e  Formula Index on pag es 159 ff. H elp screens wi th 
an ex planation of oth er search options ( ch emi cal elements, col loquial name, e.t.c. ) ar e 
ob tained by ty ping ? 1 .  H elp screens for th e ex planation of th e used codes can b e  accessed by 
ty ping ? 2 .  Th e output i s  on th e scr een and a lso on th e file STYP . OUT. 

Technical Data and Installation 
Th e datab ase "STYP" is found tog eth er with th e P C  prog ram "VE C" ,  treated in Appendix C, 
on a floppy disk 3.5" HD in a pocket in th e cover of thi s  b ook. Th e datab ase and th e P C  
prog ram occupy 1 112 M B  h ard disk space. Th e prog ram runs on a P C  using MS-DOS 6.xx. A 

386 processor or h igh er is required. 

To install datab ase and prog ram insert th e disk and ty pe INSTALL from th e floppy disk drive 
unit. Th e prog ram will ask for th e disk drive unit wh ere y ou want th e data b ase and th e prog ram 
to b e  installed (A, B, C, D, E or F, a sing le lett er and make no carriag e return) . Th e 
directory EISC ( after th e first letters of th e four key words in th e title of th is b ook) will b e  
created on th is unit. Th e compl ete installation procedure takes less th an 1 minute for a 486 
processor. 

U pon entering th e comma nd STYP or VEC from th e appropriate EISC directory th e 
title screen for th e "STYP" datab ase or th e "VE C" prog ram, respectively, will appear. A 
carriag e return l eads t o  a menu wh ich g ives furth er instructions h ow to proceed. 
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S T R U C T U R E  F O R M U L A INDEX 

Str uct ure fo rmulae print ed wit h  heavy t ype in dic at e  t hat t he fo rmul a ( al so n ame) of t hi s  
co mpo un d  i s  used as st ruct ure t ype label for t he co rr espon din g ato m  arr an gement. St ruct ure 
fo rmul ae print ed wit h  nor mal c har act ers ar e fol lo wed by t he st ruct ur e  t ype for rmul a  or n ame 
( bo ld f ac ed c haract er s  wit hin par ent heses). The str uct ur e  t ype fo rmula o r  n ame i s  l eft o ut i f  t he 
co mpo un d  has di fferent st ruct ure mo dific ation s an d no referenc e i s  made to a partic ul ar on e. 
A t ype n umber, surro un ded by sq uar e br ac ket s, i s  added to eac h t ype in t he str uct ur e  for mula 
in dex t able. D at a  set s r epresent ati ve for str uct ur e  t ypes c an be fo un d  in a dat abase on a flo ppy 
di sk in a poc ket in t he hard co ver o f  t hi s  boo k  wit h  t hi s  t ype n umber. For t ec hnic al det ail s see 

Appen di x D. If t her e are l i st ed mo re t han on e n umber t hi s  mean s t hat t here exi st diff er ent 
str uct ure mo di fic ation s of t he co mpo un d  fo r whic h all t he dat a ar e gi ven in t he dat abase. 

Ag3AsS3 [1], [2], [3] 88 
AgCI04 [4] 66 
AgGa3 Tes HP [5] 69 
Ag2H gl4 � (CdGa2S4 a) 51 , 55, 131  
Agl (ZnS sphalerite+wurtzite) 95 
AglnsSe8 [6] 51 , 52, 131 , 

145 
Ag3P1 1  [7] 
AgPS3 [8] 
Ag7P3S1 1  [9] 
Ag10Si4013 [1 OJ 
Ag10Si3S1 1  [11] 
AgZnPS4 [1 2] 

AIB2 [13] 
AIBr3 [14] 
Al203 corundum [15] 
Al2(0H)4Si20s kaolinite 
AIPS4 [1 7] 
Al2Si0s kyanlte [18] 
Al2Si0s silllmanlte [19] 
AIS1P3 [20] 
Al7 Te10 [21 ]  

Ar (Cu) 

45 
67 
72 
71 
124, 131  
51 

1 13, 1 1 4, 1 1 5 
67 
23 

[1 6] 73 
66 
74, 137, 1 53 
74, 137, 153 
86 
45 

19 

As [22] 
AsBr3 [23] 
As203 = As406 [24] 
AsS realgar [25] 
As2S3 [26] 

BAs (ZnS sphalerite) 
BN [27] 
B203 II [28] 

BaAl4S7 [29] 
Ba2As2Ses [30] 
·s aC2 (CaC2) 
BaGa2S4 [31 ]  
Ba4Ga2S7 [32] 
BaGe2 (BaSi2) 
Ba2Ge2 Tes [33] 
BasHf4S13 [34] 
Ba6Hf5S16 [35] 
BalaCuS3 [36] 
Ba3MoN4 [37] 
Ba02 (CaC2) 
BaP3 [38] 
Ba4P3 [39] 

1 59 

4, 19,  93 
88 
14  
39, 1 23, 130 
88 

22 
95 
69 

70 
87, 88 
5 
68, 69 
66, 1 26, 1 33 
99 
88 
1 04 
104 
67 
66 
5, 35 
34 
37 
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Ba3P4013 LT [40) 
BaS2 [41 )  
BaS3 [42] 
BaS4 • H20 [43] 
Ba2S3 [44] 
BaSi2 [45) 
Ba3Sl4 [46] 
Ba4S1As4 [47) 
BaSnS2 [48] 
Ba2Zn03 [49) 

Be3Al2Si6018 beryl [50] 
Be2C (anti - CaF2) 
BeF2 (Si02 quartz) 
BePo (ZnS sphalerite) 
BeS (ZnS sphalerite) 
BeS1N2 (NaFe02 f}) 
Be2Si04 phenakite [51 ) 

Bi (As) 
BiF3 [52) 

C diamond [53] 
C graphite [54) 
CCl3 or C2Cl6 [55) 
CF 
CF2 or C6F12 [56] 
C02 [57) 

Ca3AIAs3 [58) 
C82Al2Fe0(0H)Si3011 [59) 
Ca3Al2Ge3 [60) 
Ca3Al2Si3012 garnet [61 ] 
Ca2As3 [62) 
CaC2 [63) 
CaC03 aragonite [64) 
CaC03 calcite [65] 
CaCl2 [66) 
Ca3CoSe4012 
CaCu5 [67] 

71 
1 30 
1 22, 1 29 
1 22, 1 29 
1 22, 1 29 
34, 99 
34 
60, 62, 66 
88 
67 

73 
36 
1 30 
1 23, 1 30 
53 
26, 27, 54 
97 

1 9, 93 
5 

CaF2 fluorite [68) 

Ca5Ga2As6 [69) 
Ca5Ga2N4 [70) 
CaGa6 Te10 [71 ] 
Calr2 (MgCu2) 
Ca5Ni15B4 [72) 
Cao (NaCl) 
Ca2PN3 (Rb2 Ti03) 

CaP 401 1  [73) 
Ca3Pb 
Ca3Pb0 (anti - CaTi03) 

CaS04 [74] 
CaSb2 [75) 
Ca2Sb 
Ca4Sb20 (anti - K2NiF4) 
Ca2Se308 
CaSi (CrB) 
CaSi2 [76) 
Ca14Si19 

3, 5, 23, 94, 
95, 96, 1 26, 
1 33 
86, 90 
88 
1 24, 1 31 
1 0  
1 26, 1 33, 1 34 
95 
67 
1 24, 1 31 
40 
40 
66 
98, 99 
40 
40 
1 50 
34 
34, 99, 1 30 
1 41 

Ca3Si207 kilchoanite [77] 67 
1 9  Ca3Si207 rankinite [78) 67 

Ca5Sn2As6 [79) 90 
3, 4, 1 4, 93, 98 CaTi03 (GdFe03) 1 6  
1 4, 93 
39, 47, 88 
1 23, 1 30 
1 4  
4 

67 
74, 1 52 
69 
1 7, 73 
35, 37 
5, 36 
1 7, 97 
1 7, 97 

CaTi03 idealized [80) 

CdAl2S4 (CdGa2S4 a.) 
Cd2AsCl2 [81 ) 
Cd3AsCl3 [82] 
Cd2As31 [83) 
Cd4As213 [84) 
CdCl2 c stacking [85) 
CdGa2S4 a. thiogallate [86) 
CdGa2Se4 (CdGa2S4 a.) 
Cdl2 h stacking [87) 
Cdln2Se4 a. [88) 
CdP2 a. [89) 
Cd7P 4Cl6 [90) 

1 6, 83, 97, 1 03 

1 31 
1 22, 1 29 
1 22, 1 29 
1 22, 1 29 
1 22, 1 29, 1 41 
96 
51 , 55, 97 
51 , 52 
1 09, 1 1 0  
55 
32, 42 
1 22, 1 29 

96 CdS (ZnS sphalerite+wurtzite) 53, 95 
1 50 CdSb [91 ) 1 23, 1 30 
1 1 0, 1 1 1 , 1 1 2, CdTe (ZnS sphalerite+wurtzite) 95 
1 1 3 CdTe trigonal [92) 98 

Ce (Cu) 20, 101 
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CeAl2Ga2 [93] 
Ce5Co19 [94] 
CeCo3B2 (95] 
CeCo4B (96] 
Ce2Co5B2 (97] 
Ce2Co7B3 (98] 
Ce3Co1 1 .B4 [99] 
Ce3Co8Si [1 00] 
CeCu2 (KHg2) 

CeFeSi (PbCIF) 
CeNi3 [1 01] 
Ce2Ni7 [1 02] 
CeNiSi2 [1 03] 
Ce5Ni2Si3 (Ce2NiSi [1 04]) 
Ce6Ni2Si3 [1 05] 
CeRe4Si2 [1 06] 

Cl2 (12) 
Cl207 [1 07] 

3 
1 1 2 
1 1 2, 1 1 3 
1 1 2 
1 26, 1 33, 1 34 
1 1 2 
1 1 2 
1 26, 1 33, 1 34 
2, 3, 4  
1 1 4, 1 1 5 
1 1 2 
1 1 2 
1 1 4, 1 1 5 
1 1 6 
1 1 6 
1 1 4, 1 1 5  

1 9  
22, 66 

CoO LT [1 08](see LiFe02 LT�) 25 

Cu [1 26] 3, 4, 6, 7, 8, 
20, 93, 98, 
1 1 3, 1 1 4 

CuAIS2 (CuFeS2 ex) 52 
Cu3AsS4 enargite [1 27] 26, 27, 54 
CuFeS2 ex chalcopyrite [1 28] 54 
Cu2GeSe3 [1 29] 54 
Cu2Hgl4 � [1 30] 55 
Cu4NiSi2S7 [ 131]  
CuP2 (1 32] 
Cu2P7 [1 33] 

28, 51  
130 
45 

Cu3SbS4 famatinite [1 34] 54 
Cu2Sn1 _5Se4 57 
Cu2SnSe3 57 
Cu2SnSe4 57 
Cu1 1 .5Zn23Ga7.5Ge8As16Se30Br4 56, 57 
Cu2ZnGeS4 hhcc [1 35] 51 

Dy (Mg) 
Dy3Ni7B2 [1 36] 

20 
1 26, 1 33, 1 34 

CrB [1 09] 1 06, 1 07, 1 08, Er (Mg) 20 
68 

CsBeF3 � [1 1 OJ 
CsBe2F5 RT [1 1 1 ] 
CsBi2 (MgCu2) 
CsCI [1 1 2] 
CsF (NaCl) 
Cs3Fe2Cl9 [1 1 3] 
Cs4Ga2Se5 [1 1 4] 
Cs5Ga3Se7 [1 1 5] 
Cs5GeP3 (Cs5SiP3) 
Cs2GeSe4 [1 1 6] 
CsNbN2 [1 1 7] 
CsP02 aq [1 1 8] 
CsS3 [1 1 9] 

1 1 5  

67 
68 
10 
3, 5, 23, 94, 95 
95 
83 
68, 72, 75, 76 
72 
76 
86 
68 
88, 1 50 
1 4, 1 7, 37, 
1 22, 1 29 

Cs5SiP3 [1 20] (see Cs5GeP3) 76 
CsSiTe3 [1 2 1 ]  86 
CsSnCl3 RT [1 22] 88 
Cs4Sn2Te7 [1 23] 86, 1 26, 1 33 
CsTe4 [1 24] 1 22, 1 29 
Cs2Zn3S4 [1 25] 69 

ErAgSe2 [1 37] 

Eu5AS4 [1 38] 
EuGeS3 [1 39] 
EuO (NaCl) 

Fe 
FeB [1 40] 

37 
67 
95 

93, 94 
1 06,  1 07,  1 08 

FeGa2S4 ex [1 41 ] 65, 69 
Fe2N � [1 42] (see Pb02 ex) 96 
FeS2 pyrite [1 43] 1 ,  4, 1 7, 99 
FeSe307(0H) 1 49 

GaAs (ZnS sphalerite) 
Ga4GeSe8 (ZnS sphalerite) 
GaGeTe [1 44] 
GaP (ZnS sphalerite) 
Ga2S3 ex [1 45] 
Gase e 2H [1 46] 
Gase "I 3R [1 47] 
Gase 6 4H [1 48] 

1 
51 , 52 
44 
57 
51 
1 8, 38, 43 
43 
43 

Gase 6H hypothetic [1 49] 43 
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Gase 9R hypothetic 
Gase 12R hypothetic 
Ga2Se3 � [1 52] 
Gale (SiAs) 

Gd (Mg) 
Gd2Co7 [1 53] 
(Gd.55Dy.45)Ni [1 54] 
GdFe03 [1 55] 
(Gd.4 Tb.6)Ni [1 56] 
(Gd.75 Y,25)Ni [1 57] 
(Gd.7Y.3)Ni [1 58] 

Ge (C diamond) 
GeAs2 [1 59] 
Ge5P6025 [1 60] 
GeS [1 61 ]  

[1 50] 43 
[1 5 1 ]  43 

51  
38, 43 

20, 1 00 
1 1 2 
1 07 
1 6  
1 07 
1 07 
1 07 

1 9  
35, 36, 99, 1 30 
24, 1 28 
39 

GeS2 HT [1 62] (see GeSe2) 51  
GeSe2 (GeS2 H7) 51  
GeTe a [1 63] 39 

HgBr2 [1 64] 52 
HgCI calomel [1 65] 38 
HgCl2 [1 66] 52 
HgF2 (CaF2) 52 
Hgl2 orange [1 67] 52 
Hgl2 red [1 68] 50, 51 , 52, 96 
Hg51n2Se8 [1 69] 51 
Hg31n2Te6 (ZnS sphalerite) 51 
Hg9P516 [1 70] 40 
HgPS3 [1 71 ]  88 
Hg2P2S7 [1 72] 66 
HgS black metacinnabar 

(ZnS sphalerite) 53 
HgS red a cinnabar [1 73] 53 
HgSn6 [1 74] 98 
Hg2SnSe4 (CdGa2S4 a) 51 , 55, 1 31 

Ho (Mg) 
HoOs2 (MgZn2) 
HoP5014 [1 75], [1 76) 

12 [177) 

lnAs (ZnS sphalerite) 

20 
1 1 1 , 1 1 2  
1 24. 1 31 

1 4, 1 9  

95 

lnP (ZnS sphalerite) 
lnS [1 78) 
ln5S4 
lnSe HP [1 79] 
ln4SnS4 [1 80] 
lnTeCI [1 81 ]  

lrS2 (lrSe2) 
lrSe2 [1 82] 
lrSe3 [1 83) 

1 ,  52, 95 
43 
47 
43 
47 
44 

99, 1 00 
1 00 
32 

K2Agl3 [1 84] 67 
KAsSe2 [1 85) 88, 1 50 
K2AsTe2 [1 86] 88 
KBr (NaCl) 95 
K2CaC206 buetschliite [1 87] 90 
K2Cd2S3 [1 88) 69 
KCI (NaCl) 1 ,  95 
KCI03 
K2CoSe206 [1 89) 
K2Cr3010 [1 90] 
KF (NaCl) 
KGa2Cl7 (NH4Al2Br7) 
KGa02 [1 91)  
KGaSb2 [1 92) 
K2Ge1 1  (Kr4 . 23H20 [1 93]) 
K4Ge23 
KHg2 [1 94) 
Kl (NaCl) 
K31n2As3 [1 95) 
KNa2 (MgZn2) 
K2NiF 4 [1 96) 
K2P03F [1 97) 
KS (NaO) 
K2S3 [1 98) 
K2S5 (Tl2S5 red) 
KS03 [1 99] 
KS04 [200] 
K2S04 � [201 ) 
K2S205 [202] 
K2S207 [203) 
K2S5016 [204] 
K5Se3 LT [205) 
K3S1Te3 [206) 
K6Sn3As5 [207) 

88 
90 
71 , 1 49 
95 
66 
68 
1 48 
40 
40 
2, 3, 4 
95 
69 
1 0  
83, 1 04 
66 
1 22, 1 29 
1 22, 1 29 
1 22, 1 29 
88, 1 25, 1 32 
86, 1 25, 1 32 
66, 1 25, 1 32 
87, 88 
66, 1 25, 1 32 
71 , 1 25, 1 32 
1 22, 1 29 
77, 88 
86, 90 
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K4Sn3Se8 (208] 
K5V3010 (209] 
K2Zn02 (21 OJ 

Kr (Cu) 

LaAs2 
LaAs2 HT (LaP2) 
LaAs2 LT (NdAs2) 
LaGaS3 (21 1 J 
La203 phase A (21 2] 
LaP2 [21 3] 
LaS2 � [21 4] 

LiAICl4 [21 5] 
LIAs [21 6] 
Li3Bi (anti - BIF3) 
Li2Cu3Se4014 [21 7] 

72 
1 24, 1 31 
68 

1 9  

1 30 
35, 36 
36 
67 
5 
36 
1 00, 1 22, 1 29, 
1 30 

66 
34 
5 
84, 89, 1 26, 
1 33 

Life02 LT, stable 'Y [21 8] 25 
LiFe02 LT, unstable � (Coo L 7) 25 
LiGaBr3 [21 9] 88 
Li7Ge2 [220] 37 
UH (NaCl) 22 
Li7MnN4 [221 ]  (see Li7PN4) 66 
Ll5P2N5 [222] 1 4, 60, 68, 75 
Li7PN4 (Li7MnN4) 66 
Li2RbBe2F7 [223] 66 
LiSi2N3 [224] 26, 27, 28, 29, 

LiSiNO ex [225] 
Li2Si03 [226] 

Mg [229] 

MgAl204 spine! [230] 
Mg3As2 � (anti - La203 A) 
Mg2C3 [231 ] 
MgCu2 [232] 

30, 54, 69 
51 
26,  27,  28,  29, 
30, 54, 67 
28, 60, 62, 66 

1 1 2  

3, 4, 6, 7, 8, 
20, 93, 98, 1 01 
1 7, 97 
23 
36 
3, 1 0, 1 1 ,  12 ,  
1 1 0, 1 1 2, 1 34 

Mg2Cu3Si [233] 
MgNi2 [234] 
Mg2Ni3Si [235] 
Mg2P3 (anti - Mn203) 

1 1 1  
3, 1 0, 1 1 ,  1 2  
1 1 1  
5 

Mg3Sb2 ex (anti - La203 A) 5 
Mg2Si (anti - CaF2) 5 
MgSi03 enstatite [236] 
Mg2Si04 forsterite [237] 

73, 97 
59, 97 

MgZn2 [238] 

Mo2CoS4 [240] 
MoSi2 [241]  

Na3AIAs2 [243] 
Na14Al4013  [244] 
Na17Al5016 [245] 
Na7Al2Sb5 [246] 
NaA1Si308 fel(d)spar 
Na3AsS3 [248] 
Na2B2Se7 [249] 
Na8a3Nd3Si6020 [250] 
Na2Ba6Si4015 [251 ] 
Na2Bef 4 -y' [252] 
Na2Ca3Sl3010 [253] 
Na4Cd3Se5 [254] 
NaCl [255] 

NaCI02 
NaFe02 � [256] 
Na2Ga2Se3 [257] 
Na5GeP3 [258] 

Na2GeS3 [259] 
Na2GeS3 . 7H20 [260] 
Na2Ge2Se5 II [261 ] 
Na5lnS4 [262] 
Na7ln3Se8 [263] 

3, 1 0, 1 1 ,  1 2, 
1 1 0, 1 1 2, 1 34 

5 

97 
5 

60, 68, 69, 72 
71 
71 
86 

[247] 73, 74 
77 
86, 1 26, 1 33 
71 , 148, 1 49 
72 
66 
71 , 1 49 
69 
1 ,  3, 4, 5, 22, 
23, 23, 94, 95, 
98, 1 03, 1 09, 
1 27, 1 34 
88 
26, 27, 54 
88 
60, 67, 72, 75, 
76 
75 
75 
68, 75 
66 
70, 72 



'. 
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Na51n2 Te6 [264) 
Na3Mg2P5016 [265) 
Nao [266) 
Na3P6N1 1  [267) 
Na5P3010 II [268) 
Na5P308 . 14H20 [269) 
NaS2 [270) 

NaS02 [271 )  
Na2S03 [272] 
Na4Sc2Ge4013 [273) 
NaSi [274) 
Na3SiSe4 [275) 
Na2SnAs2 [276] 
NaSn2F5 [277) 
Na5SnSb3 [278) 
Na4Sn2Si5016 . H20 [279) 
Na6Zn04 [280) 

Nd ex [281 ) 

NdAs2 [282) 
Nd3Ni13B2 [283) 

Ne (Cu) 

NiAs [284] 

NiSbS ullmannite [285) 
NiSi2P3 [286) 
Ni 1 .saSio.aaP3 

P black [287) 
P HP (As) 
P HP (Po ex) 
P 4 white LT [288) 
Pl2 [289) 
P02 [290) 
P205 = P4010 [291 )  
PSe catena [292) 

87 
71 
35 
69, 1 24, 1 31 

PbCl2 [293) 96 
PbCl2 HP postcotunnite [294) 96 
Pb02 ex (Fe2N � antitype) 96 

70, 71 , ,1 49 Po ex [295) 
89 
36, 1 22, 1 29, Pr (ex - Nd) 
1 30 Pr15Ni4Si13 
88, 1 25, 1 32 Pr15Ni7Si10 [296) 
88, 1 25, 1 32 PrOs2 (MgCu2) 
1 24, 1 31 
1 4, 1 7, 34 PuNi3 [297) 
77, 86, 1 51 
68 
87, 88 
67, 75 
71 
66 

RbBr (NaCl) 
RbCI (NaCl) 
Rb2Cr4013 [298) 
RbF (NaCl) 
Rbl (NaCl) 

93, 1 1 3, 1 1 4 

20 
1 1 6 
1 1 6 
1 1 1 , 1 1 2 

1 1 2  

95 
23, 95 
71 
95 
95 

Rb31nS3 [299) 67 
1 0  Rb41n2S5 [300) 68, 75 

Rb6Si10023 LT [301 ] 1 24, 1 31 
6, 7, 8, 20, 98, Rb2 Ti03 [302) (see Ca2PN3) 67 
1 00 
36 
1 1 2  

1 9  

S6 [303) 
S8 [304), [305), [306), [307) 

Sb (As) 

1 4  
1 4, 1 9  

1 9  

3, 97, 98, 1 09, SCI [308) 
1 1 5  

1 4, 46, 48, 
1 23, 1 30 
88, 1 30 
66, 83 
39, 1 4 1  
67, 1 25, 1 32 

4 
54, 58 
58 

66 

1 02 
1 9  
1 02 
1 4  

SCl2 [309) 
SF6 HT [31 0) 
SN cage [31 1 )  
S03 y [312) 

Sc2Co3Si (Mg2Cu3Si) 1 1 1 ,  1 1 3 
ScNiSi3 [313) 1 1 4, 1 1 5 
ScNi2Si3 [31 4) 1 1 4, 1 1 5  
Sc2Si207 thortveitite [31 5) 73 

1 4, 46, 88, 1 30 Se trigonal [31 6) 1 4, 1 9  
1 30 Se02 [31 7) 
1 4, 68 
39 

84, 88, 1 25, 
1 30, 1 32 
1 25, 1 32 



Si (C diamond) 
Si XI [31 9) 
SiAs [320) 

SiAs2 (GeAs2) 
SiC 

STRUCTURE FORMULA INDEX 

1 9  
98 
38, 43, 1 23, 
1 30 
99 
2 ,  5, 22, 23, 

Sr3Si2As4 [346] 
SrTi03 (CaTi03 idealized) 
Sr2Ti04 (K2NiF4) 
Sr3 Ti207 [3471 
Sr 4 Ti3010 [348) 

1 65 

88 
1 03, 1 04 
1 03, 1 04 
83, 1 03, 1 04 
1 03, 1 04 

52, 1 05 
SiC 4H [321)  (see ZnS 4H) 9, 10 
SiC 6H [322) (see ZnS 6H) 9, 10 

Tac (NaCl) 
Ta2CS2 3s [349] 
TaS2 (Cdl2 h stacking) 

1 09 
1 09 
1 09 

SiC 33R [323) 8 
SiF4 [324] 
Sil2 [325) 
Si3N4 [326), [327] 
Si2N20 [328) 
SiO 
Si02 cristobalite � [329) 
Si02 fibrous (SiS2) 
Si02 quartz [330), [331 )  

SiPN3 (8203 II) 
Si5P6025 (Ge5P6025) 
SiS2 I [332) 
Si2 Te3 [333) 

Sm a [334) 

SmCo5 (CaCu5) 
Sm5Co19 [335) 

Sn � [336) 
Sn ex (C diamond) 
SnTe (NaCl) 
SnTe HP (GeS) 

Sr3As4 [337) 
SrBr2 [338) 
SrGa2Se4 [339) 
Srl2 [340) 
Sr0 (NaCl) 
SrP (NaO) 
Sr2P6017 [341)  
Sr2Sb3 [342) 
Sr2Sb2S5 . 1 5H20 [343) 
SrSi2 [344) 
Sr 5Si3 [345) 

66 
84, 88, 1 30 
69 
51 
39 
23 
72 
94, 95, 96, 
99,1 30 
51 
24, 1 21 , 128 
68 
38, 43, 88, 1 46 

4, 6, 7, 8, 20, 
1 00 
1 1 2 
1 1 2 

Tb (Mg) 
Tb HP [350) 
TbNi HT [351)  
TbNi LT [352) 

Te (Se) 

ThCr2Si2 (CeAl2Ga2) 
Th2S5 [353) 
ThSi2 a [354] 

Ti m [355) 
TiC (NaCl) 
Ti2CS (Ta3MnN4 [356)) 
TiFe03 ilmenite [357) 
Ti02 rutile [358) 

Ti2Pd (Zr2Cu) 
TiS (NiAs) 

20 
6, 7, 8, 1 00 
1 07, 1 08 
1 07, 1 08 

1 9, 93 

3, 1 1 3, 1 1 4  
37, 1 22, 1 29 
99 

1 02 
1 
1 09 
97 
23, 94, 95, 96, 
99 
5 
1 09 

93, 98 
1 9  
1 02 
1 02 

TIBS3 [359) 86 
Tl3B3S10 [360) 87 
Tl2S5 red [361]  (see K2S5) 1 22, 1 29 

36, 48 U ex [362) 
96 UF5 ex [363) 
69 
96 W [364) 
95, 1 03, 1 04 
35 we [365) 
1 24, 1 31 
37 
88 
34, 99 
37, 1 29 

Xe (Cu) 
XeF2 [366) 

y 

93, 1 01 
83 

3, 4, 20, 93, 
1 1 3, 1 1 4, 1 1 5 
1 09, 1 1 0  

1 9  
5 

1 00 
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V 41r9Si5 [367] 
Y 2Rh3Ge (Mg2Ni3Si) 
YRh2Si [368] 
V 4Rh9Si5 [369] 

Yb (Cu) 
YbSi2.x (AIB2 defect) 

Zn (Mg) 
ZnAs2 [370] 
ZnO (ZnS wurtzite) 
ZnP2 black (ZnAs2) 
ZnP2 red [371 ]  

Zn3P2 [372] 
Zn2P3S9 [373] 
ZnS 

ZnS 2H wurtzite [374] 
ZnS 3C sphalerite [375] 

ZnS 4H (SiC 4H) 
ZnS 6H (SiC 6H) 
ZnS 14 T [376] 
ZnS 26 T [377] 
ZnS 28 T [378] 
ZnS 36R [379] 
ZnS 66R [380] 

1 1 3 
1 1 1 , 1 1 3  
1 1 3 
1 1 3 

1 01 
1 1 4 

93 
32, 42 
95 
32 
1 4, 1 7, 33, 42, 
1 30 
23 
89 
2, 5, 8, 52, 53, 
94, 95, 1 05, 
1 06, 1 21 , 1 28 
3, 4, 9, 1 0  
1 ,  3 ,  4, 5 ,  9, 
1 0, 23, 98 
9, 1 0  
9, 1 0  
1 0, 1 21 
1 0  
1 0  
1 0  
1 0  

ZnS2 (FeS2 pyrite) 1 00, 1 22, 1 29, 
1 47 

ZnSe (ZnS sphalerite+wurtzite) 95 
ZnSe205 [381 ]  88, 1 25, 1 32 
ZnSiP2 (CuFeS2) 54 
ZnTe Ill [382] 98 

Zr m (Ti m) 1 02 
ZrAu2 (MoSi2) 5 
Zr2Cu [383] (see Ti2Pd) 5 
Zr02 baddeleyite [384] 96 
ZrPd2 (MoSi2) 5 
Zr 2Pd (Ti2Pd) 5 
ZrSe3 [385] 1 22, 1 29 
ZrSi04 [386] 66 
ZrZn2 (MgCu2) 1 0  
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AB C notat ion 5 Connect edness 75 
Adama nta ne st ruct ure eq uat ion 49 f. C onnect ivit y  ta ble 26 ff. 
Adama nta ne st ruct ure 49 ff. Conta ct rest ricti on ru le 116 
Am phibol e 73 f. Coordinat ion num ber check 17 
Anionic t etra hedron com plex 59 ff. ,77 ff. Coordinati on polyhedra ga llery 15 
Ant it ype 5 Coordinat ion polyhedra sym bol 15 
Ara gonit e. 17, 97 

Cri st oba lit e 23 
Ba ddeleyit e 96 Cross- subst it ut ion ta ble 52 
Ba se t et ra hedron 62 f. , Crystal chem ica l  form ula 13 ff. 

79 f. Crysta l i onic ra dii 24 
Ba se t et ra hedron code 79 Cyclosilicat e 73 
Ba se t et ra hedron ga llery 63, 80 
BEN numb er 63, 79 f. D efect a dama nta ne stru ct ure 49 f. 
B eryl 73 D efect t et ra hedral stru ct ure 41 f. 
B irefr ingence of Z nS pol yt ypes 8 ff. D egree of i onicit y 21 
B ond st rengt h  sum 26 Ci> eviat ion from VEC or VEGA va lues 57 
B ond va lence concept 29 f. D iamo nd 4, 1 4, 
B ond va lence pa ram et er 30 93 
B ond va lence sum 29 D ist hen 74 
B ra nch of a st ruct ure t ype 4 f. 
B ridging a nion 28 E ffect ive ioni c ra di i 24 
B rown' s eq ua l va lence rule 29 El ect ro negat ivit y  21 
B uet schliit e  90 E lect rostat ic bond st rengt h 25 
B utt er fly m olecule 34 E lect rostat ic va lence sum ru le 25 

E ll ipsoid pa cki ng 101 
Ca ge m olecule, definit ion 13 E na rgit e 54 
Ca lcit e 17, 97 E nstatit e 73, 97 
Ca lom el 38 E pidot e  74, 152 
Carb ide hydrolysis 36 Eq ua l  va lence rule 29 
Cha lcopyrit e  54 Eq uipa rtit ion of C' -A - C' bonds 65, 83 
Chat elier princi ple 91 
Chromat ogra phy & phosphat es 75 Famat init e 54 
Cinna ba r 53, 98 Felspa r 73, 74 
Clea va ge pla nes i n  pyrox enes, am phibo les Forst erit e  59, 97 

74 Fra nk-Ka sper polyhedron 15 
Close- pa cked elem ent st ruct ure 6 

1 67 
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Garnet 17 , 73 
General valence compound 31 ff., Nesosilicate 73 

98 f. Niggli matrix 1 17 
Generalized 8 - N rule 31 Normal adamantane structure 49 f. 
Graphite 14,93 Normal tetrahedral structure 41 f. 

Normal valence compound 22 
Halite 1 Notations for stacking variants 5 ff. 
Hexagonality 8 
Hexagonality with CrB-FeB stackings 107 Octahedron sharing coefficient 83 
Homogeneous structure series 10 5 Olivine 59, 73 
Hume-Rothery's 8 - N rule 19, 37 Omega-phase 102 
Hydrolysis of carbides 36 

Parent structure 103 
Ilmenite 97 Partheite iv 
Inhomogeneous structure series 105 Partial structure 14 
lnosilicate 73 Partial valence electron concentration 22 
lntergrowth structure 103 ff. Pauling rule, first 23,f. ,  
Inter-rare-earth alloy 20 95 
Ionic radii 24 Pauling rule, second 25 ff. 
Isomorphism 1 Pearson code 3 
lsopointal structure 4 Percentage of hexagonal stacking 8 
lsotypism 1 Perovskite, idealized 16,103 f. 

Phenakite 97 
Jagodzinski-Wyckoff notation 7 Phyllosilicate 73 

Polyanionic valence compound 32 ff. 
Kagome weave pattern 1 10 Polycationic valence compound 38 f. 
Kaolinite 73 Polyhedron sharing coefficient 83 
Kilchoanite 67 Polytype 5, 8, 9 ,  
Kyanite 74, 137, 1 1  

153 Postcotunnite type 96 
Pressure - coordination rule 96 

Laves phases 10 ff. Pressure - homologue rule 93 
Laves-type slabs 1 10 f. Prism waist contact restriction rule 116 
Le Chatelier principle 91 Psi - tetrahedron n 
Linear structure series 105 Pyrite 1 ,  4, 17 , 
"Line" compound 55 99 , 100 
Linkedness 7 5  Pyrophosphate 28 

Pyroxene 73, 74 
Master diagram for adamantane structures 

56 Quartz 73,99 
Mica 73 Quasi-homogeneous structure series 
Metacinnabar 53 10 5 
Molecular tetrahedral structure 46 f. 
Mooser & Pearson diagram 58 Ramsdell notation 10 
Mooser & Pearson rule 32 Rankinite 67 
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Rare-earth elements & pressure 1 00  f. Tetrahedron chain (comer-linked) 70 
Realgar 39 Tetrahedron chain (edge-linked) 7 2  
Ruddlesden - Popper phase 10 3 f. Tetrahedron complex 59 ff., 
Rutile 2 3,99 n tt. 

Tetrahedron sharing coefficient 64, 84 
Sillimanite 7 4, 1 37 ,  Thiogallate 55,97 

1 53  Thortveitite 7 3  
Simple hexagonal structure (SH) 97 ,98 Total valence electron concentration 41 
Single bond radius 30 Tremolite 7 3  
Sorosilicate 28, 7 3  
Space filling parameter 9 1  ff. Ullmannite 4 
Sphalerite 1 ,  4, 9 ,  Unit cell transformation 1 17 

10 , 54, 
55, 94 f. Valence compounds 2 1  ff. 

Spinel 17 ,97 Valence electron concentration 1 1 , 2 2 ,  
Standardization 2 41 
Stichovite 99 VEC limit for adamantane structures 50 
Structure separation plot 58 
Structure series 10 3 ft. Wurtzite 4, 9 ,  54, 
Structure type branch 4 94 f. 
Strukturbericht notation 3 Wyckoff sequence 4 

T ectosilicate 73 Zhdanov notation 7 
Tetrahedral anion partial structure 48 Zintl line 19 
Tetrahedral structure equation 42, 61 , Zintl phase 32 

79 Zintl - Klemm concept 32 
Tetrahedral structure 41 ff. 



P A R A METER I N DEX 

AA 31 , 32, 78 �BO 41 

BEN 63 N'Neo 48, 61 

C 7 N(.17) I N'J7> 71 

cc 31 , 38  N'T/M 70 

C'C' 78 N(. TT),/ N(. TT)/ 69 

e 94 00 83 

• 91 , 93, 94 p 21 

h 7 pp 83 

k 83 re/ 'A 23, 94 

L 75 s 75 

fl 58 s;; 25 

�;� /  �;J) 33 TT 64 

M� I Nf/J 45 TTmax .. 84 

NA-A 78 TTm1n 84 

NAIM 46 u/n 50 

N'AIM 35, 48, 62 v; 29 

Nc·-A 83 V; 29 

Nc·-c: 78 VEC 1 1 ,  41 , 42 

"4ep 78 VEC' 48, 61 

n /m' 64, 78 VECA 22, 61 

'°"'NBA 44 X 21 
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