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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 complicated 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 gulding
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 possible
atom iinkage in anionic tetrahedron complexes is demonstrated here for the first time. New
compound 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 nearty 400 of which a
tenth had been published since 1970. A database with data sets representative for these
structure types will be found on a floppy disk which is attached 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 the parameters used for the crystal chemical analysis of a valence compound 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, ie. on the screen will be seen a possible crystal
chemical formula together with graph drawings of the base tetrahedron(a) used for the
construction of the tetrahedral anion complex.

It is my pleasant obligation to thank Prof. Hans Schmid at the Département de Chimie Minérale,
Analytique et Appliquée, University of Geneva and Prof. Ekkehart Tillmanns at the Institut 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. |
would like to thank here Dr. Karin Cenzual, Département de Chimie Minérale, Analytique et
Appiiquée and Dr. Roman Gladyshevskii, Département de Physique de la Matidre Condensée,
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 Institut for the permission to reproduce excerpts of TYPIX 1995 Database.

Vienna, August 1996.
ERWIN PARTHE
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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 | 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 | received from Mrs. Christine Boffi, who
typed the manuscript and from Mrs. Birgitta Kiinzler, who prepared the drawings. Furthermore,
| would like to express my thanks for the technical assistance which was provided by the
University of Geneva and for the financial support which | received from the Alfred and Hilde
Freissler Fund.

Geneva, July 1990.

ERWIN PARTHE
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I. DEFINITION AND NOTATION OF
STRUCTURE TYPES

Definition

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, 2) and the same or similar values of the unit cell axial ratios (c/a,
ab, b/c) and cell angles (a, B, 7)./ 7

The space groups and their Wyckoff sites are listed in the International Tables for (X-Ray)
Crystallography. /-2 There are a few (unintended) differences between the 1952 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 Wyckofft site is
listed not only the Wyckoff letter but also all three positional atom coordinates. /- 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
KCl and TiC, however the two chlorides NaCl and KC! have a complete range of solid solubility. ! - 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. overapping of sp® hybridized orbitals). All isotypic
compounds (such as GaAs or InP) 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 (FeS,).

I-1) Lma-de-Faria, J., Hellner, E., Liebau, F., Makovicky, E. & Parthé, E. (1990). Acta Cryst. A48, 1-11.

1 - 2) Intemational Tables for X-Ray Crystallography (1952). Vol. I. Birmingham : Kynoch Press ; Intemations! Tables for
Crystallography (1983). Vol. A Dordrecht : Reldel.

I-3) Parthé, E, Gelato, LM.& Chabot, B. (1988). Acta Cryst. A44, 999 - 1002.

1-4) See, forexample, Figure 1 in Liu, L-G., Basselt, W.A & Liu, M.S. (1973). J. Phys. Chem. 77, 1695 - 1699.
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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(NH,), (urine in the original literature) then surprisingly NaCl octahedra
are formed. This had been reported already in 1783 by Romé de I Isle. /-® The explanation for this
change of crystal form is as follows : The {100} faces of a NaCl nucleus consist both of cations and
anions (centred square mesh), while any given (111) 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 {111} faces. In a pure salt solution a NaCl crystal nucleus grows thus faster along
the (111) directions than the (100) directions. This has as consequence that the {111} 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 {111} faces of the nucleus, hindering the
crystal growth along the (111) directions. The crystal now grows relatively faster along the (100)
directions, the {100} faces will eventually disappear with the final crystal form being an octahedron.

According to the TYPIX 1995 database there are known for inorganic compounds (excluding
oxides and halides) more than 3600 structure types. /-6) For example there exist
93 structure types for elements
210 types for binary equiatomic AB compounds (without SiC and ZnS polytypes)
235 types for binary AB, compounds.
The total number of known inorganic compounds is in a rough estimation about 10 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. /- 7) The standardization of crystal
structure data can be done by applying the STRUCTURE TIDY program. /-8

In Table | - 1 is shown an example where the isotypism of two compounds is not obvious from the
published structure data (andalso 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 CeCu, data are not changed during the standardization procedure, however, in the
case of KHg,, the a and b axes will be interchanged and the unit cell origin shifted by /4 34 %a.

1-5) Romé de I'Isle, J.B. (1783). ‘Cristallographie’. Second Edition. Vol.1, Footnote 277 on pages 377 and 379.
Paris : Imprimerie de Monsieur.

1-6) TYPIX 1995 Database of Inorganic Structure Types®. Distributed by Gmelin - Institut, Frankfurt. User's Guide by
K. Cenzual, R.E. Gladyshevskii & E. Parthé (1995).

1-7) Parthé, E., Cenzual, K. & Gladyshevskii, R.E. (1993). J. Alloys Comp. 197, 291 - 301.

1-8) Gelato, LM. & Parthé, E. (1967). J. Appl. Cryst. 20, 139 - 143.



DEFINTION AND NOTATION OF STRUCTURE TYPES 1-3

TABLE | - 1 : PUBLISHED AND STANDARDIZED STRUCTURE DATA OF CeCu,AND KHg, (SPACE GRouP /mma)

Published data Standardized data
CeCu, KHg, CeCu, KHg,

a=4426 b=7057,c=7475| a=8.10,b=5.16, c=8.77A | a=4.425, b=7.057,¢c=7475| a=5.16,b=8.10,c=8.77A

x y z x y z X y z X y z

Ceind(e) O 1/4 05377| Kind(e) O 1/4 0703 |Ceind(e) O 1/4 05377|Kind(e) O 14 0547
Cuin8(h) O 0051 0.1648| Hgin 8() 0.190 1/4 0087 |Cuin8(h) O 0051 0.1648|Hgin8(h) O 006 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 : ThCr,Si, type (in western hemisphere) = CeAl,Ga, type (in eastern hemisphere)
The two original structure determinations had been published independently at the same time.

2) Notation after Strukturbericht (supplementto Zeitschrift far 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 | - 2.

TABLE | - 2: EXAMPLES FOR THE STRUKTURBERICHT NOTATION OF STRUCTURE TYPES

Letter Composition Examples of Strukturbericht notation (chemical formula or colloquial name)
A element A1 (Cu), A2 (W), A3 (Mg), A4 (diamond)
B AB B1 (NaCl), B2 (CsCl), B3 (sphalerite), B4 (wurtzite), B8 (NiAs)
C AB, C1 (CaF,), C14 (MgZn,), C15 (MgCu,), C36 (MgNi,)

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, ¢ = cubic), a capital letter to denote the type of Bravais lattice (P, S (for A, Bor C),
R, 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—, ol-, tP—-, ti—, hP-, hR~, cP—, cF—-, cl—

Examples: Cu: cF4, o-Sm: hRS, W: c/2; ZnS (sphalerite): cF8;  ZnS (wurtzite) : hP4
Mg: hP2, As: hR6; C (diamond): cF8  NaCl: cF8, FeS, (pyrite) : cP12

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-Smand As) /-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 | - 1).

Examples : C (diamond) : cF8 (227) Fd3 m - a NiSbS (ullmannite) : cP12 (196) P2,3 -a
ZnS (sphalerite) : cF8(216) F4 3m-ca FeS, (pyrite): cP12 (205) Pa3 -ca
NaCl: cF8 (225) Fm3 m - ba CO,: cP12(205) Pa3 -ca

Isotypic structures treated in Table |- 1:CeCu, and KHg,: 0/12 (74) Imma - he

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

Example : As seen in the list above FeS, (pyrite) and CO, are isopointal. A study of the two structures
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 FeSg octahedra-and S - S dumb-bells
in pyrite (see Figure Il - 5), butisolated linear O =C = O molecules in CO,. The two structures are
thus not isotypic but only isopointal.

Structure type branches

The definition-ef 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.

1-9) Trigonal space groups where all axes are either normal rotation axes (3 or 3 ) or screw axes (3, or 3 are P
groups for which only a primitive hexagonal cell is used. In the R spacegroups 3 or 3 axes alternate with 3, or 3,
axes. One finds in the Intemational Tables both a description corresponding to the small primitive rhombohedral unit
cell as well as one corresponding to the triple-hexagonal cell with a volume three times as lasge.
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Example : CaC,, MoSi,, Ti,Pd and XeF,, shown in Figure | - 1, are isopointal : composition AB,,
space group /4/mmm, 2Ain 2(a): 000 + ['/2'/2 2] and 4Bin 4(e) : + 00z + ['/2 V/2 '/2). XeF, and
CaC,-type compounds have characteristic structural features, ie. linear B - 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 MoSi, branch differs from the Ti,Pd branch in.
respect to the value of the c/a ratio and the size ratio between minority (A) and majority (B) 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 Zr,Pd (Ti,Pd branch) and a second with composition ZrPd, (MoSi, branch).

CaC, MoSi, TiPd (PdTip) XeF,
c/a = 1.65 c/a = 245 c/a =325 c/a= 162
z = 040 Z =033 z =034 z = 0.28
Pd
o
M
Jo ° 0 om e 0_1r
A
Si @ F O @
) Blo e
o] Q
© (-]
] Jil
Dumb-bells No dumb-bells No dumb-bells Linear molecule
of Batoms ra > Ig Ta <Tfg F-Xe-F
BaC,, BaO, ZrPd,, ZrAu, PdZr,, AuZr,

Figure | -1 : Drawings of four branches of a tetragonal AB, type with space group I4/mmm,
2Ain 2(a): 000 and 4B in 4(e): + 00z.

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, CsCl or ZnS (sphalerite) where cation and anion
partial structures, with the exception of a shift, are identical.

Examples : Twe |  Bif CaF, Mn 0O,
| LigBi Mg,Si Mg,P,

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 (B, 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 | - 2a. There are three different stacking positions, denoted in Figure | - 2b by
A, Band C. Ina close-packed structure, where each atom has 12 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)

Figure | - 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 structuresis d;, = a- (2/3)12, which corresponds to
the height of a regular tetrahedron with base length a. The ideal hexagonal ¢/ a ratio for the different

stacking variants is then given by
c/a = n-d/a =n-(/3)" = n-0.8165 (-1
where n indicates the number of stacked close-packed hexagonal layers in one (triple-)hexagonal unit cell.

Mg, hP2 Cu, cF4 a-Nd, hP4 Tb HP, hP6 a-Sm, hR9
AB ABC ABAC ABCACB ABABCBCAC
c/a: 2(2/3)'2=1.63 3:(23)12 =245 4:(2/3)2=327 62/3)12=490 9.(2/3)12=7.36

Figure | - 3 : The five known close-packed element structure types, ordered according to
increasing n, the number of close-packed hexagonal layers in the (triple-)hexagonal unit cell,
and their ideal hexagonal c/ 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 | - 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/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 | - 3 and they are rotated to
permit the recognition of comresponding 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 : /- 70 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, hand ¢, 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.

¢ 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 hand 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: o-Sm A BABCBCAC ABC notation for a-Sm
chhchhchh = (hhe); Jagodzinski- Wyckoff notation

The Jagodzinski-Wyckoff stacking notation for the five close-packed element structure types :
Mg: h, Cu: ¢, a-Nd: (he), Tb HP: (hec), o-Sm: (hhe),

For an alternative interpretation of the h and ¢ stacking based not on different side-wise
displacements of the slabs but on their rotation for 180° or the lack of it, see Chapter 11.

3) Zhdanov Notation : /- 77 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, « for stacking ¢). 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.

1-10) Jagodzinski, H. (1954), Acta Cryst. 7, 17 -25 and Neues Jb. Mineral. 10, 49 - 65.
I- 11) Zhdanov, G.S. (1945). C.R. Acad. Sc. USSR 48, 39 - 42.
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Example: SiC 33R (hcc hcchccho, Jagodzinski - Wyckoff notation
/171 \\\ /[ 1 \\ =(3;2), 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, Cu: oo a-Nd: 2, Tb HP: 3, o-Sm: (21),

=== 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%

|To HP, (hca),| aNd, (he), | osm, (o), | Mg (),

It will be seen in later chapters that the order of the element structure types based 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 IlI - 1).

2) Increase of the birefringence A, (difference between extreme values of the refractive
index) with an increase of the hexagonality of a ZnS polytype.

The 196 properly identified ZnS polytypes /- 72) 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.

st e e

I-12) Mardix, S. (1986). Phys. Rev. B33, 8677 - 8684,
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In Figure | - 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, Band C.

wurtzite, hP4 sphalerite, cF8 ZnS 4H, hP8 ZnS 6H, hP12
B4 type B3 type BS type B6 type
AB, h, ABC, ¢, ABAC, (ho), ABCACB, (hcc),
Figure | -4 : The basic double layer foundin ZnS polytypes and four polytypes formed by
stacking this double layer. The structure types are identified by the Pearson classificakon 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 altemative approach for the description of the ZnS polytypes, one can identify the
different slabs presented in Figure | - 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 theé following
intergrown slab by 180° around an axis through an atom in the interface. An infinite sequence
of non-rotated intergrown slabs corresponds to the sphalerite structure with ¢ stacking. An
infinite sequence of successivly rotated intergrown slabs cormesponds to the wurtzite structure
with h stacking.

wurtzile sphalerite ZnS4H ZnS 6H
Figure | - 5 : Atom arrangement in the (1120) planes of the same four 2ZnS poltypes, now
interpreted as an intergrowth of a common slab. In the upper left are shown the two
possibilities how two ZnS slabs can be Intergrown, leading eithertoa h stacking (leff) orto a
¢ 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 /-73) which consists of a number comresponding 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 | - 6 the birefringence value of a polytype increases linearly with its hexagonality.

x103 "

294 Ramsdell Jagodszinski - Wyckoff hexagonality
s ZJ 2H h, 100
;{ ] 4H (hc), 50
s 6H (hc,), 33.3
g e 36R  [hcg(he)y), 33.3
£ ] 14T he,hczhehe, 28.6
T 66R  [hcghc,hchey(hey) la 27.3
2 Doar 26T  hc,ghcshche, 15.4

ol“, AE—— — 28T  (hcy),(hc,), 143

20 40 60 80 100 3c ¢ 0

% hexogonal stacking

Figure | - 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 !- 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 (> 250) of binary or pseudobinary intermetallic
compounds of general composition AB, where the A component is on the average about 20 %
larger than the B component. They are not valence compounds and they are found with all
except the very electronegative elements. Laves phases are known for example with KNa,
(A-A), Calr, (A-T), CsBi, (A-B), NbCr, LT (T-T) or ZrZn, (T-B). 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 (MgZn,) type with stacking (h),, the C36 (MgNi,) type with
stacking (hc), and the C15 (MgCu,) type with cubic stacking are shown in Figure | - 7. The

cubic C15 type is presented with a triple-hexagonal unit cell to simplify its comparison with the
other two types.

1-13) Ramsdell, LS. (1947). Amer. Mineral. 32, 64 - 82.
1-14) Brafman, O. & Stelnberger, |.T. (1966). Phys. Rev. 143, 501 - 505.
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o --C- O3
Mm O O U ro.-O"O
- 0450}~
‘ O Q-0

-bOvOQ

‘\f' ‘O O 1"
0 O-0 -0

: Q o O

Yokt Yol

C15 type

MgCu,, cF24

h, stacking (hc), stacking ¢, stacking

Figure | - 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, ie. rotated or non-rotated in
respect to each other, for each slabin C14 and C36 in Figure | - 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 C15 type, where all atoms in the unit cell are shown. The slabs in C15 are not
rotated in respect to each other, i.e. all slab outlines in the drawing are ‘left-leaning® parallelograms.

In the pseudotermnary system MgZn, - MgCu, - MgNi, different Laves phase stacking variants
occur. Their homogeneity limits can be correlated with the so-called valence electron
concentration VEC which for a temnary alloy A(B;.xB'y)2 is defined by

(I-3)
For metallic Laves phases one hasto use for e4: ey, = 2 andfor egor eg.: ez, =2 or
ecy =1 or ey =0, ie. only electrons outside the d shell are taken into consideration.

Examples : alloy | MgNi, MgCu, MgNiZn MgZn,
vec | o067 1.33 1.33 2.0

In Figure | - 8 is shown the pseudotemary phase diagram MgNi, - MgCu, - MgZn, and the
most probable homogeneity ranges of three Laves phase types, ie. the C14 (MgZn,), C36
(MgNi,) and C15 (MgCu,) types Experimental data on various pseudobinary sections by
Laves & Witte /- 75 and others have been used for the construction. The base line of the
phase diagram triangle can serve here also as a linear VEC scale from 0.67 for MgNi, up to
2.0 for MgZn,. One notes that each type occurs within a particular VEC range, but the C36
(MgNi,) type has two separate ranges :

VEC range | 0.67-1.0 105 -170  1.80-1.90 1.97 - 2.0
Structure type |

-------------------

1-15) Laves, F. & Witte, H. (1936). Metaliwirtschaft 15, 840 - 842.
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Figure | - 8 : Simplified version of the
pseudoternary system MgZn, - MgCu, -
MgNi, 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.

- 1 | | ) VEC
0.67 L0 133 1.67 20

Using (I - 3) one can calculate that the phase limit of the C15 type in the pseudobinary system MgCu,
- MgZn, should be close to Mg(Cu 45Zngg), and in the pseudobinary system MgNij - MgCu, near to
Mg(Cu s75Ni 425)2-

According to the more detailed studies of Komura & Kitano /- 6) there exist many other Laves
phase polytypes, mostly with very small homogeneity ranges. As shown in Figure | - 9,
starting from the MgZn, type with VEC =2 and 100% hexagonality, the hexagonality and
the VEC parameter both decrease in steps until VEC = 1.70 and 0% hexagonality.
However, for VEC <1 one observes again an increase in hexagonality.

Stacking sequence in

Jagodzinski - Wyckoff Percentage of
notation hexagonal stacking
h 1
hhhe ] o175
hhchhhc | b1
hehhhe. (hhe)y - -gg
hhchhche 4 s 162
Mobe =t hehcher 3 S 5790
¢ Se— == 50
hee- - 33
o . 10 «vec
0-67 1-00 1-33 1.6 2.00

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

1-16) Komura, Y. & Kitano, Y. (1977). Acta Cryst. B33, 2496 - 2501.



II. CRYSTAL CHEMICAL FORMULAE

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 been
adopted and recommended for use by a commission of the International Union of
Crystallography. /- 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, ie. :

for a three-dimensionally linked structure (often omitted)

for a layer structure

for a fiber structure

for 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 mimber of atoms of the molecule.

8o 8= 8m 8o

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 :

” [--] fora chain molecule of finite length

O[--] for a cyclic molecule

@[] foracage 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 for 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.

Il- 1) Lima-de-Faria, J., Hellner, E., Liebau, F., Makovicky, E. & Parthé E. (1990). Acta Cryst. A46, 1 - 11.

13
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TaBLE Il - 1 : EXAMPLES FOR CRYSTAL CHEMICAL FORMULAE OF MOLECULAR STRUCTURES

Structures without side chains Structures with side chains
2[S,Cl,] see Figure VI -7 ?[qu see Figure VI - 8
®[S¢) cyclohexasulphur ®[CgF;,] perfluorocyclohexane
®[As,O,] same as [P,O,,] butwithoutthe  |®[P,O,,] same as the anionic tetrahedron
four endstanding O atoms complex in LigP,Ns (Figure VIII - 2)
&C, diamond cF8 ozoc, graphite JoSe, fibrous selenium hP3

4y

®[S,] cyclooctasulphur O[P,], white phosphorus
Figure Il - 1 : Drawings and crystal chemical formulae of selected element structures. The
Pearson classification code is given only when a complete unit cellis 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 formula in front of
the element's symbol. Examples are presented in Figure Il - 2.

oo w7 | =
O O ¥ i
7 ©
RS \
a) Na, ©[Si,], mS32 b) Cs, &6[Sgl aP16 c) Zn=P, red, tP24

Figure Il - 2 : Three structures with different anion partial structures : a) NaSi with isolated
anion tetrahedra, b) CsS, with finite chains of six anions and c) red ZnP, with infinite anion
chains. In the projection of NaSi are shown only haif the atoms contained in one unit cell.
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2 2n 3 3n
&
o—e—O D=0 (ﬂ?___“‘\ D) 0’23—0
two atoms, two atoms, triangle, triangle,
collinear with A non-collinear with A ooplanar with A non-coplanar with A
4s 4n
[
g
square, square, triangular pyramid with A

coplanar with A

non-coplanar with A

5l

pentagon

5y

tetragonal pyramid

at the centre of the base

pentagonal bi-pyramid

octahedron
(trigonal antiprism)

trigonal prism

monocapped,
trigonal prism

bicapped,
trigonal prism

tricapped,
trigonal prism

8cb 8ap
cube square antiprism monocapped, bicapped,
(tetragonal prism) (tetragonal antiprism) square antiprism square antiprism hexagonal bi-pyramid
12co 12aco 12p
cuboctahedron anticuboctahedron Ilcosahedron hexagonal prism
L
14-vertex 15-vertex 16-vertex
Frank-Kasper polyhedron Frank-Kasper polyhedron Frank-Kasper polyhedron

Figure Il - 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 Il - 3, has been proposed. /- 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 homonuclear
neighbours. If there are no homonuclear neighbours the semi-colon is often left out.

In the case of temary (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_B,C,, the coordination of atom A is written as A*Y:al 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 B is then written as B*'.¥:%] where x', y’and b denote the numbers of
atoms A, Cand Baround B, respectively, etc..

As first example we consider a temary crystal structure without homonuclear bonds, ie. the
idealized cubic perovskite CaTiO,4, /-2 shown in Figure Il - 4, together with a complete
crystal chemical formula and simpler versions of it.

& CalBeb,1200,0] Tjl8cb,60:0] O 5l40.210]
Cal8.12c0] Til8,60] O 3[4'13.211
Cal 1200l Til.60] 0,142]

Cal'20} Tjl60l O, (only coordination by O atoms)

Figure Il - 4 : The crystal structure of idealized cubic perovskite CaTiOg, cP5 and its crystal
chemical formula with various degrees of simplifications.

B

Il -2) A structure redetermination has shown that the compound CaTiO, ltself-does not crystallize with the cubic
perovsidle type. It adopts instead the GdFeO, type, oP20, one of the deformation varants.
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As second example we consider a structure with homonuclear bonds, i.e. the cubic pyrite
FeS, with its characteristic S - S dumb-bells, shown in Figure Il - 5. Each S atom is
surrounded by a tetrahedron consisting of three Fe and one S atom.

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

3 Fel60:0] 2[S, )
Felsol g J@

Fel®ol St (only coordination by S atoms)

In Figure Il - 2 were shown three structures with polyanions. Their crystal chemical formulae,
given on page 14, 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) Na, ©[Si,[?]) b) Cs, &[S1s,2) c) Zn P2

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 // - 3. They can be found mostly in mineralogy texts and apply to normal valence
compounds where there are no homonuclear bonds (see chapter [V). Examples for four common
minerals are :

Calcite Cal%1CI*10,, Aragonite Cal?lCI*10,, Spinel Mgi*l ALI®?10,, Garnet Caj®l ALl®ISi 410,

Check of heteronuclear coordination numbers

There is a simple method to check if the heteronuclear coordination numbers agree with each
other. For a structure of composition A fxy:al B .y’ C [x’y’c] the total number of bonds,
which radiate from all A and extend to the B atoms, must be equal to the total number of
bonds which radiate from all B 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=nx and m-y=o0-x" and ny'=o-y" for A xvalp (xyb] C 'yl (t-1)
One notes that self-coordination numbers do not appear in these formulae.

As a simple example for the application of (Il - 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, ie.two Ca, one Aland one Siatom.

Il - 3) Machatechid, F. (1947). Monatsh. Chem. 77, 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 y-tetrahedra (chapter 1X) it is possible to calculate the number of non-
bonding orbitals per formula 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 formula 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 Il - 6 the 2H stacking variant of GaSe, a layer structure
with a very pronounced cleavage character. / - 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 Il - 6 : Crystal structure of ¢ - GaSe 2H, hP8 and
its crystal chemical formula in two versions.

& (2[Ga,l@: 1] Se,l3n0)
Z Gal(@:11 gelan

General comments : Overloaded crystal chemical formulae 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 formula.
Particularty 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. /-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 centers
alone are not sufficient for determining the number of coordinating neighbour atoms.

L —

Il - 4) At least six different kinds of stacking vaniants are known for GaSe, all based on the same kind of siab (see
Figure Vi-2). The code 2H is the Ramsdell stacking symbol, explained in Chapter |.

I-5) Brunner, G.O. & Schwarzenbach, D. (1971). Z Kristallogr. 139, 127 - 133.
Brunner, G.O. (1977). Acta Cryst. A33, 226 - 227.
O'Keeffe, M. (1978). Acta Cryst. A3S, 772 - 775.
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The Hume - Rothery 8 - Nrule

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 atomis 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 lll - 1, are
separated from the elements on the right with structures which do, by a heavy line often
referred to as Zintl line. As shown by (V - 11), the Hume - Rothery 8 - N rule is a special
case of the generalized 8 - Nrule.

1A 2A 38 4B 58 68 P 88
Elements which | Li |Be BICIN[O| FiNe| Elements which
do not obey the |Na|Mg| 3T 41 sT 6T 7T 8T 9T 101] 1B 28| A Si| P | S |CI| Ar do obey the
8 - N rule K |Ca|Sc| Ti| V | Cr|Mn|Fe|Co| Ni [Cu| Zn|Ga||Ge| As| Se| Br | Kr 8 - N rule

Rb|Sr| Y | 2r |Nb[Mo| Tc|Ru|Rh|Pd| Ag|Cd| In [Sn|Sb|Te| | [Xe

Cs|Ba| L*|Hf| Ta| W|Re|Os| Ir | Pt| Au{Hg| Tl |Pb] Bi {Poj At|Rn

Fr|Ra| A°|Rf|Ha

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

Structures of elements which obey the 8 - Nrule

In Figure Ill - 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 N=7 N=8
only van der Waals'
interactions

ol & Aslon) 20,M [Nel°}) (Cu type)
Si, Ge, a.-Sn P HP, Sb, Bi Cl,, Br, Ar, Kr, Xe
Figure lll - 2 : A selection of element structures which obey the 8 - N nle.
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Structures of elements which do not obey the 8 - Nrule

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 Il -
3. The distribution of these three types (at normal pressures and temperatures) can be studied
in Figure Il - 4 where only the left hand side of the Periodic Table is given.

A1 type or
Cu type, cF4

A A2type or A3 type or
W type, cl2 Mg type, hP2

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

Figure lll - 4 : The distribution of the A1, 1A _2A 8
A2 and A3 structure types for elements in A2!A3 8 |
the left hand part of the Periodic Table A2|A3| 3T 4T ST 6T 7T 8T 9T 10718 28|A1
(see the inside cover of this book). An A2(A1|A3|A3[|A2[|A2(mMn[A2|A3]| A1]|AT]|A3|Ga
inscribed chemical symbol indicates that A2|A1|A3|A3|A2| A2| A3|A3|A1[A1|A1]|A3] In
this element has a different structure. A2|A2| L*| A3|A2|A2| A3| A3]| A1) A1 | AT | Hg| A3 A1I

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

Most of the pure rare-earth elements crystallize with one of four close-packed structure types
presented in Figure | - 3. /- 1) As shown in the upper part of Table Ill - 1 the hexagonality of
the structures increases successively from the early (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. /- 2) |n Table 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 lll - 1 : STRUCTURES OF RARE-EARTH ELEMENTS AND BINARY INTER-RARE-EARTH ALLOYS

Cu type 0% a-Ndtype 50% | a-Smtype 67% | Mgtype  100%

Pure elements Ce Pr, Nd Sm Gd, Tb, Dy, Ho, Er

Ce - Gd 00000 V2122222 2/32/32/3%323%5 11111

Ce - Sm 00000 1221221212 232324

Ce-Pr boooo ' I

Nd - Gd (2212 2322326223 11111

Nd - Sm (V21212 25252/

Pr-Nd 11212222 |

Sm- Gd Bre2azs 11111

Gd-Tb [11111111114]

Hl-1) The Tb HP type with 33 % haxagonaty has not yet been found with other rare-earth elements or alioys.
ll-2) Gschneldner, KA. (1985). J. Less-Common Met. 114, 29 - 42.
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Stabllity of filled shells

In general in valence compounds all atoms either accept or provide and/or share valence
electrons to obtain a stable octet configuration ns2ngh, i.e. all sand 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 1s? shell, but much 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 6V FORTHE ELEMENTS OF THE SECOND PERIOD.

| L 1] v v Vi Vi viil
5.390| 75.619 122.420
9.320 18.206 | 153.850 217.657
8.296 25.149 37.920]259.298 340.127
11.264 24.376 47.864 64.476|391.986 489.84
1454 29.605 47.426 77.450 97.863)551.925 666.83
13.614 35.146 54.934 77.394 113.873 138.080]739.114 871.12
17.418 3498 62.646 87.23 114.214 157.117 185.139 | 953.60

mozoowPC

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 lonicity of an iono-covalent bond

Most valence compounds are loho-covalent compounds with a bonding intermediate 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 'V - 1) the degree of lonicity of a bond, denoted by p, can be related to the
magnitude of the electronegativity difference between the atoms, labelled |Ax |, as shown
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. Ithaka : Comell University Press.
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p Examples
lax| p
HCI 09 20%
NaCl 21 68%
SitC" 0.7 13%
BAs 0 0%
LitH" 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 |Ax | 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 (1916) applies only to normal valence
compounds (which are the topic of this chapter).

- The more general concept due to Mooser & Pearson (1956) and Pearson (1964) can also
be applied to polyanlonic and polycationic valence compounds (which shall be discussed
in chapter V).

A compound C,A, 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

mec = N8-ey, for Cp,A, (IV-1)
where eg (e,) 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 VEC, and defined as

VECA = (mec + nep)/n for CpAn (V-2
then equation (IV - 1) obtains the very simple form

VEC, = 8 (v-3)

which is the valence electron equation for normal valence compounds.

Compositions

The possible compositions of normal valence compounds can be obtained from (IV - 1) by
inserting different numerical values for e;and e,. For the sake of simplicity we shall at first
only consider the Aand B 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 e4 2 4. If the electronegativity difference is large, ie. X4 - Xc >> 0, the
formation of a binary normal valence compound with this composition is probable. The special
case of Cl,0, (7,6,) where the anion is from a lower group is discussed in Chapter VIlI.
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TABLE |V - 2 : NINETEEN NUMERICAL FORMULAE OF BINARY NORMAL VALENCE COMPOUNDS.

e =4 6,=5 6,=6 8,=7
ec=1 1,4 1,5 1,6 17 Examples :
ec=2 2,4 2,5, 26 27, 17: NaCl, RbF
ec=3 3,4, 35 3,6, 37, 44: SiC
ec=4 44 4,5, 46, 47, 3,6;: AlLO,, Ga,S,
ec=5 5,65 57 2,5,: ZngP,, MgjAs,
ec=6 67,

Structural features

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

CA: 17, 26, 35, 44

Cslecdlcjlecd] cp2 Naléol Clise), cFg Znkgiv, cFg
sphalerite
Cale®IF 4, cF12 Tieol 0,1, tP6 sS40, cP24
rutile cristobalite

Figure IV - 2 : Selected simple structure types for binary normal valence compounds with
composition CA and CA,.

First 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 formulated in (IV - 4), for
each of the four coordination figures a minimum critical radius ratio g/ 7.

CA, : 16/ 1 2 0.155 [C4IA, : 15/ 1 20.225 |CIAG : 1o/ 1y 2 0.414lc8IAg : 1/ 1y 2 o.732j
(IV-4)
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The actual radius ratio 7/ ry has to be bigger than the minimum critical value in order that a
particular coordination figure can occur in the structure of a nomnal 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, arange of r/ ry 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 nommal valence compound should allow one to
predict the atom coordinations and the structure type. However, only about 50 % of the
structures are predicted comectly. 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 - O, Al - O,
Si - O tetrahedra, octahedra and cubes in a structure.

Experimental evidence shows that Mg, Al, Si - O tetrahedra and octahedra are common, but AIOa and
SiOg4 cubes do not occur. This is in agreement with predictions based on the first Pauling rule according
to which cubes are possible only with MgO,. For the calculation of the radius ratios it is necessary to
use the crystal lonic radll (normalizedto rg2- = 1.26 A) and not the traditional effective lonic radil
1.40 A). V-2  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 compiled in Table IV - 4. The values calculated for MgO, and SiO, are
smaller that the minimum critical 7c/ r value of 0.732, as givenin (IV - 4).

MgOg4 and SiOg cubes in a structure is not expected.

(normalized to rq2- =

Thus the formation of

TABLE IV - 3: SELECTED CRYSTAL IONIC TABLEIV - 4: RADIUS RATIOS I/ 7, FOR DIFFERENT Mg,

RADII NORMALIZEDTO g2 = 1.26 A

AL, AND Si - O POLYHEDRA

d%lo, | delo, | dslo,

| cv=4| cn=6| cN=8 Minimum ro/ry | 225 414 732
71A | 86A [ 1.03A C=Mg |.57 MgO, |.68 MgO, |.83 MgO,
53A | 675A | (79A) C=Al |42 AIO, .54 AIO, .63 no!
40A | 54A | (65A) C=Si [.32 SiO, [.43 SiOy [.53 no!

It might perhaps appear surprising for a few readers that according to Table IV - 4 SiO,4 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  SigP¢O,5 (GegPgO,s structure type) with crystal
chemical formula  Si 41 Si[%] P 410128110, [18L1P] For more details on the structure, see Problem 2
in Appendix B.

IV-2) Compared to the traditonal effective ionic radii the values of the anion radii in the list of crystal lonic radil are
0.14 A smaller and those of the cations 0.14 A larger. Using either one of the two radius sets the sum of cation and
anjon radil has the same numerical value (thus either set can be used to derfve Interatomic distances), but the
numerical result is diffarent If a radius ratio Is calculated. Correct results are obtained only when crystal lonic radi are
used. For a kst of numerical values of both sets of radil, see Shannon, R.D. (1976). Acta Cryst AS2, 751 - 767.



NORMAL VALENCE COMPOUNDS IV-25

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 nhumber 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 e, and the number of its
anion neighbours M(A—C), according to

s = ec/ N(ASC)  for C,MA-OI4 NIC-A) (vV-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 A; which corresponds to
8-e,.

1sj=8-e, (v-6)
i

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 LiFe"*Oz.

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.

O—Fe (0}
7 o
W e Li l
0—Fe—0
I 'e I fe
Figure IV - 3 : The unstable (left) and the R 0 :0'-' Feo I
stable (right) low temperature modification of NH—FR—0 -’6.)“ -Lip--0
LiFeO. Fe 1 O e | ‘ FE. o fe l
z — Fe — 0--2Li----0’
9 L o L L o) U
0 Li | 0 l o: Fe |0 l
L .0 Li i 0 Li
H-- -Fe| - -0 D=~ -Fe|- -0
| Fe 0 Fe | Li o |\
0—Fe——0’ 0—F—0

LIFeO, L7, 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: 72212, 0012 Fe: /200, 02 0 0:000, V212 0, 022, /2 0 V2
Lileol Fel6o] o(j)l2.4%] Oyji)l(4.2)0] For O(i) 2-(Ve)+4-(¥e) = 233 # 8-6
For O(ii) 4-e)+2-(%e) = 1.67 # 8-6
LIFeO, L7, stable: Ordered tetragonal (c/a = 2) substitution variant of the NaCl type having double
the cell volume of the pseudocubic LiFeO, LT. A study of the drawing in Figure IV - 3 reveals that all
O atoms have here the same first coordination octahedron consisting of 3 Li and 3 Fe atoms.

Lileol Fel6ol O, l(3:3)0] ForO 3-(Ye)+3-(%) =2 =8-6
(LL,Fe)O HT: Cubic NaCltype with Li and Fe atoms distributed at random on Na sites.
(Li, Fe): 2212, 00?2 200, 020 0:000, 220, 0'2Y2, 202

Crystal chemical formula : (Li'* Fe3+)e] Olé] For O 6.{l1+3)/2l/¢} = 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 cormespond 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 LiFeO, LT) the possibility to
strengthen and to weaken individual ionic Coulomb interactions by changing individual cation -
anion distances. |f the anion charge is undercompensated by the bond strength sum the
comresponding 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 properly
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 compounds 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 corresponding interatomic distances are shortened and vice versa, V-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 VI - 2,
are found with B-NaFe**O,, BeSiN, (drawing on the left), Li,SiO,, Si,LiN, (middle) and orthorhombic
Cu,AsS, (right). The second Pauling rule can be satisfied with the first two compounds and Cu,AsS,,
but not with Li,SiO4and Si,LiN,.

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 rule can be satisfied. The bond strength values are in Malics. 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 variations in distances are expectsd but not found experimentally this might be an indication that the chosen
unitcellis notthe\comrect one and that the derfved Interatomic distances comrespond only to sverage values.
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TABLE IV - 5: CRYSTAL CHEMICAL FORMULAE, SIMPLE (UPPER TABLES) AND EXTENDED (LOWER TABLES)
CONNECTIVITY TABLES WITH BOND STRENGTHSUMSFOR fi-NAFEO,, BESIN, AND CU4ASS,.

Nal4tl Fel4t) 02[2,21 Bel4l Si4UN 2[2.2] Cu 3[-ﬂl Asl4l s 4l:i.1l
48
3Cu 12
As 4
20 2N 4S
Na| 4% [Z=1=¢y, Be| 4% [L=2=¢p, 3Cu| 12/ |[r=3=3eg,
Foe| 4% [L=3=¢f Si | 4% [=4=0g As | 4% [p=5=e,,
y=4 £=6 =8
4=2(8-e,) 8=4(8-8g)

in Table IV - 6 is presented the same for Li,SiOzand Si,LiNg 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
differ in the ratio of the two cations which make up the tetrahedral coordination polyhedron. Anions (i)
have three majority and one minority cation neighbours, but anions (ii) two majority and two minority
cation neighbours.

Figure IV - 4 : The idealized structure of Li,SiOy4
and SipliN; 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 inscnbed into
anion circles which correspond to anions (i), while

the anions (ii) are presented by unmarked circles.

TABLE IV - 6 : CRYSTAL CHEMICAL FORMULAE (IN THE SECOND LINE SIMPLIFIED), SIMPLE CONNECTIVITY TABLES AND
EXTENDED VERSIONS WITH BOND STRENGTH SUMS FOR L1,S105 AND Si,LIN,.

Li2[30(i).10(ii)] Si(ZO(i),ZO(iD] o(i)2[3U.1Si] O(ii)[ZLi.ZSi]
Lif211 5if221 (i), 2.1 O jiy2:2]

20() | O
2Li| 6 2
Si 2 2
20() | ofii)
2Li| 674 2% [E=2=2¢
Si 24/ 24 [E=4= eg

X =3.5<4|X =2.5>2

4=2(8-e0) 2=1(8-e,)

Si 3N, INGD] | #2N@.2NGT N (j) 1381 1L ji)i2Si.2L
Si, {31 Lif2:21 N(i) 13 TIN(ii)f2-21

2N() | N(ii)
2si| 6 2
Li 2 2
2N() | Ni)
2Si| 644 244 [£=8=26g
U| 2% | 2 [p=1= o
X =6.5>6|L =2.5<3
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For both Li,SiO; and Si,LiN, 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

Li,SiO, : LiO, tetrahedra with three short (Li- O(i)) and one long bond (Li - Ofii))

Si,LiNg : SiN, tetrahedra with three long (Si - N(i)) and one shortbond (Si - N(ii)).
This has been verified experimentally. As 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 [V - 4.

Example for the construction of a connectivity table and the calculation of bond strength sums in the case
of a structure with more (crystallographically different) atom sites :

The normal valence compound Cu,Ni?*Si,S, with crystal chemical formula Cu 4! Nil4l Si (4!l g [41]
crystallizes with an ordered substitutuion derivative of the sphalerite type. There are two different Cu
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 FORMULA AND EXTENDED CONNECTIVITY TABLEWITH HORIZONTAL AND VERTICAL
BOND STRENGTH SUMS FOR Cu,NISI,S;. BOND STRENGTH VALUES ARE PRINTED IN (TALICS.

cu(i)2[2.1,1.0] cu(ii)2[0.2.1.1] Nil2.0.2,0] Si2[1,1.1,1] S(i)2[2.0.1.1] S(ii)al‘ 20,1] S(iii)ah"""] S(iv)[o,z,o.zx

2 i) 2 (i) 2 S S(iv)
2cu()| 4 2 21 - = 2=2eq,
2 Cu(ii) . 4. 2.1 24 [E=2= Zec_:
Ni 2%/ - 22/ - T=2= e
2 Si 24/4 24/4 24/4 244 [t=8= 2e§_
=4 Y =3.5<4 I=4 T =2.552

4=2(8-65) 4=2(8-65) 4=2(8-65) 2=1(8-0g)

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 Cu,NiSi,S, the Siand S atoms form a (Si,S;)® anionic tetrahedron complex (as shown e.g. in
Figure VIl - 2 for LigSi,O, in a planar graph presentation) consisting of two SiS, tetrahedra which
share one anion, the so-called bridging anlon. 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 sulfates occur the same kind of anionic double-
tetrahedron complexes, ie. (Si,0,)%, (P,0,)* and (S,0,)%. 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. /V-4)

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

v-7)

where V= e, forcation C; or V; = 8- e, foranion A. The summation leads over all the
J anion neighbours of cation C; or jcation neighbours of anion A; which are considered as
being bonded to it (irespeciive of variations in distance).

Different from Pauling's bond strength values, the individual bond valences vj 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 v; are numerically identical with
the bond strength values Sj » defined by (IV - 5). In the general case where the second
Pauling rule is not satisfied, one can obtain the Vi values of the bonds as follows :

One multiplies in a connectivity table the connectivity values with the (yet unknown) bond valences,
denoted by a, B, Y etc., and formulates all vertical and horizontal bond valence sums as linear
equations of a, B, y etc.. According to IV - 7 the value of each bond valence sum is known by
defintion. Under certain simplifying conditions, ie. that Brown's equal valence rule V - 5) ig
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 Li,SiO, and Si,LiN,.

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 - B = y - §, 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 : CONNECTIVITY-TABLESFOR L1,SI0;AND Si,LIN; EXTENDED WITH SYMBOLIC (UPPER TABLES) AND
NUMERICAL (LOWER TABLES) BOND VALENCE VALUES . THE LATTER ARE PRINTED WITH BOLD-FACED CHARACTERS.

N - O(ii) | . N(ii)
2Lij 6 2s
L
| ——= ==
4=2(8-6,)
2 O(i) Olii) 2 N(i) N(ii)
2L| 630 210 [E=2 2Si 6920 280 [£=8
Si 2.1/10 2910 =4 Li 2320 2720 [F=1
T=4 y=2 rT=6 ¥=3

IV - 4) OKeelfe, M. (1992). In ‘Modem Perspectives in Inorganic Crystal Chemistry’. E. Parthé, editor. NATO ASI/
Series C382, pages 163 - 175. Dordrecht: Kluwer. O'Keeffe, M. (1989). Structure and Bonding 71, 161 - 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 g of a bond between atom i and one of its bonding
neighbours j is related in first approximation to its bond valence Vi
(IV-8)

where Ry is the "bond valenceparameter*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 Ay for given pairs of atoms
have been tabulated. /V-6) In Figure IV - 5 can be read directly the numerical value of - bln v
which has to be added to A to obtainthe interatomic distance for a known value of v.

-b-lny
+oa| I
' The smaller the value of the
bond valence the larger is
the interatomic distance and
vice versa.

+0.2

Figure IV - 5 : The numerical values of the additive factor - b-In 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. 'V - 7 However, the method will account correctly for the presence of iregular
coordination polyhedra.

Example : Calculation of the tetrahedron distortions in Li,SiO, and Si,LiN,.

In the lower part of Table IV - 8 had been listed the calculated bond valences for Li,SiO4 and Si,LiN, for
which the corresponding values of - bin 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 Fy. These
parameters are, however, not needed, ie. 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 Li,SiO, and Si,LiN; are as
follows :

dy.og - du-o = -bIn( V10) - [ - bin( 310)] = +0.40 A (experimentally + 0.244, + 0.233, + 0.220A)
dsi-Ng) - Fsi-N = - bIn(Bf20) - [ - bin(*9/20)] = - 0.07 A (experimentally - 0.056, - 0.059, - 0.068A)

The signs of all distortions and the numerical values for the SiN, tetrahedron are predicted correctly.
However, the observed distance differences in the case of the LiO, 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.

L T T ——

IV-6) Brown, 1.D. & Altermatt, D. (1985). Acta Cryst. B41, 244 - 247.
IV-7) Brown, 1.D. (1992). Acta Cryst. B48, 553 - 572.



V. POLYANIONIC AND POLYCATIONIC
VALENCE COMPOUNDS

Definition and valence electron rule for general valence compounds

General valence compounds are valence compounds where either the cations don't 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't need as many electrons from
the cations to complete their octet shells. For a compound of composition CpA,

m - (ec- ecc) = n-(8-ea-eaq) V-1)
number of electrons the mcations  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
eas is the average number of valence electrons per anion which the anions acquire by
sharing covalent bonds with other anions.

The ecc and e4q 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 egq 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 anion - 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 VEC,, which had
been defined before in (IV - 2), equation (V - 2) can be rewritten as

VECA = 8 + CC/(n/m) - AA| for CnA (V-3)

This formula 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 - Nrule and its variations are also known under the name
Mooser - Pearson rule or Zintl - Klemm concept. V-7 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 1973. V-3

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

If VECp = 8: Normal valence compound with CC = AA = 0

If VECa < 8: Polyanionic valence compound with AA > 0

If VECp > 8: Polycationic valence compound with CC > 0.
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 = 0 (which is nearly always the
case). Then

AA = 8 - VEC, (V-4)

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

n/im=ec/(8-AA-ey) (V-5)
TABLE V - 1: NUMERICAL FORMULAE

FOR POSSIBLE POLYANIONIC VALENCE
COMPOUNDSWITH AA =1.

In Table V - 1 are listed the numerical formulae for

ea possible polyanionic valence compounds with AA =

= g 7 1 and e4 =5 which have been calculated with

1| 1,5 : (V - 5. A numerical formula is framed if a
ec 2 @ @ ) polyanionic valence compound with this composition
is known. Examples for 16, 25 26, and 45,

3| 35 | 36, I compounds are discussed below in the text. An
le f 36 nd is Ir3+Se,.
4 @ 46, example fora 36, compou 3

V- 1) Pearson, W.B. (1964). Acta Cryst. 17, 1- 16; Hulliger, F. & Mooser, E. (1965). Progr. Solid State Chem. 2, 330 -
377, Schdfer, H., Elsenmann, B. & Muller, W. (1973). Angew. Chem. Int. Edit. Engl. 12, 694 - 712; von Schnening,
H.G. (1981). Angew. Chem. Int. Edt. Engl. 20, 33 - 51; Hulliger, F. (1981) In "Structure and Bonding in Crystals".
Editors M. O'Keeffe & A. Navrotsky. Vol. 2, chapter 26, pages 297 - 352. New York : Academic Press. -

V-2) According to H. Schéfer (Annu. Rev. Mater. Sci. 15, 1 - 41 and J. Solid State Chem. 57, 97 -111 (1985)) the term
“Zintl phase® should be applied today to semimetallic or even metallic compounds where the underfying iono-
covalent bonds play such an important role that chemically based valence rules, normally reserved for semi- or
nonconducting compounds, can'be used to account for the stoichiometry and the observed structural features.

V- 3) Parthé, E. (1973). Acta Cryst. B29, 2808 - 2815.
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The simplest geometrical interpretations for different AA values are as follows :
If AA = 0: isolated anions (i.e. a normal valence compound with VEC, = 8)
0 < AA < 1: isolated anions and anion dumb-bells are both present

If AA = 1: anion dumb-bells = CnAd'l ie. ConlAgly
1 £ AA < 2: finite anion chains
if AA = 2: infinite anion chains or rings = CmAJ? ie. Cp A, of CrOlA]]

2 < AA < 3: anions with two and with three homonuclear bonds
If AA = 3: each anion with three homonuclear bonds = Cp,A,/°!

If AAis 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. Fora compound with crystal chemical formula  Cp, Axrfi'] Ay +1)] the
AA parameter corresponds to

AA = x-i+ (1-X)-(+1) =i+1-x (V-6)
The ratio of the number of anions with i homonuclear bonds to the number of anions with / + 1
bonds, here labelled M1/ m(i+1)], is given by

Ml M+t = X1 -x) = [(i+ 1) - AA)]/ (AA - i) for CmAxtl Ao+ (V-7)
or more general for anions with / and j homonuclear bonds

M1/ M) = X1 o) = (j- AA)/ (AA- ) for CmAut Al (V-7a)
Using (V -7 or 7a) 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 VEC,, 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 isoelectronic compounds (same stoichiometry and same VEC, (and AA) value but
elements exchanged for others with different ec and e4 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 > VEC, > 5 and 2 < AA < 3.
Equation (V - 7), after inserting /=2, becomes here M2/ M;3) = (3 - AA)/ (AA-2).

Red ZnP, : VECA=6, thus AA=2 (if CC =0)
The structure of red ZnP,, shown in Figure Il - 2b, is characterized by infinite P - P chains.
Infinite anion - anion chains are found also in the structures of compounds formed with
homologous elements, suchas o-CdP, or ZnAs, (Figure VI - 1), however, the mutual
orientations of these chains are different. Black ZnP, is isotypic with ZnAs,,.



V-34 ELEMENTS OF INORGANIC STRUCTURAL CHEMISTRY

LiAs (15) : VEC,=6, thus AA=2 (if CC=0) = Li wAst? or Li,O[As,]

CaSi (24): same as LiAs = CaoSi2l or Ca,O[Siy
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.

BaP, : VEC, =5.667, thus AA="/3 (if CC=0), M2l/Ng) = 2 = BaP,2IpPld
The P atom partial structure, presented in Figure V - 1, consists of an infinite chain formed of
Pg 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 oo (P42 AS)

Ba,Si,: VEC, =55, thus AA=5/2 (if CC=0), M2/n3) = 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 Siatomsin Bay[Sif?lSif?]

NaSi: VEC, =5, thus AA=3 (if CC=0) = NaSil?l
The structure of NaSi was shown in Figure Il - 2a. A Si, tetrahedron is formed here with each
Si atom having three homonuclear bonds. The crystal chemical formula of the observed structure
is thus Na,®(Si,).

CaSi,, SrSi, BaSi,: VEC,=5, thus AA=3 (if CC=0) = CSi,l?
In 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 o%Sizlial, Sro?oSizli"l and Ba,®[Si 3.

Examples for polyanionic valence compounds with 7 > VEC, > 6 and 1 < AA < 2.
If 1 < AA < 2the anion partial structure consists in the most simple case of a finite non-cyclic
chain. The number of atoms in this chain, labelled N’‘ap, can be related with AA (or VEC)),
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 whichthere are N'ap - 2 in number, have two homonuclear bonds. Thus the AA
value for a chain of N’py atomsis

AA = [1 + 2(N'am-2) + 1]/ Nam (V-8)
which can be rewritten as '

N'am = 2/(2- AA) for 1 < AA<2 (V-9a)
or, using (V-4), as -

Nam = 2/(VECa - 6) for 6 < VECA <7 (V-9b)
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N ‘amq stands for pumber of atoms in the non-cyclic molecule formed by the anions.
The letter Nis 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 Nppy which relates then to all the atoms of a non-cylcic molecular structure.

chain type N'ama AA
Figure V - 3 : The relation between the O (1 (0
number of anions in the chain, labelled N'sp, o 2 1
and the value of AA for different simple oo 3 4
f::'::,'uelzf jc'e case of an unbranched chain O D N o
'am corresponds to the length of
the chain. N'am  2(N'am-1)/N'am

(=) @

Since AA is the same for a branched or unbranched chain (provided the total number of atoms
in the molecule is the same), (V - 9) applies also to branched chains (which can occur only
when N ‘apm 2 4). Equation (V -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 GeAs;, (see below).

Simple solutions of (V - 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'aAsM, THE NUMBER OF ATOMS IN THE
FINITE ANION CHAIN, WITHTHE AA AND VECp VALUES OF A COMPOUND.
VECa (8) 7 /3 W Ryg 193 4y 2By By 3 ()
AA (0) 1 43 32 85 553 27 T4 g 95 (2
Nam (1) 2 3 4 5 6 7 8 9 10 (o)

The following examples include also cases where less simple solutions are realized of which
there are two kinds :

1) If AA s 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 GeAs,.
2) If N'an is calculated to be an integer the simple solution consists of one kind of anion
chain. However, the calculated N'an may correspond to an average <N'an> of two integers.
Two kinds of finite anion chains are found with the structures of LaAs, HT and CajAs,.

NaO (16): VECA=7, thus AA=1 (if CC=0), Napy = 2

StP (25): same as NaO
Anion dumb-bells (= finite chains of two atoms) are observed in the two isoelectronic compounds
which even adopt the same Na,[O,] structure type.

BaO, (26,): VECA=7, thus AA=1 (if CC=0), Nay = 2
GeAs, (45,): same as BaO,
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BaO, crystallizes with the CaC, type (left hand side of Figure | - 1), characterized by anion -
anion dumb-bells. V-4

The structure of isoelectronic GeAs, 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, ie. (0+2)/2=1 isinagreement with the calculated AA value.

Figure V - 4 : The crystal structure of
Ge A0 bASI2], oP24,

SryAs,: VECA=65, thus AA=3/2 (if CC=0), Nay = 4 = Sry 2[As,]
The predicted features, i.e. chains of four As atoms, are observed in the crystal structure.

NaS, (16,): VECA=6.5, thus AA=32 (if CC=0), Nay = 4 = Naz?[SJ

La®*As, (35,): same as NaS, = La, 4[As ]
The structures of NaS, and of the low temperature modification of isoelectronic LaAs, (NdAs,
type) have the expected finite anion chain consisting of four atoms. However, the high
temperature modification of LaAs, (LaP, 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, ie. (343 +5%8/5)/8 = 2, is in agreement with the
calculated AA value.

,o/? __\_g_‘\,o/?

323l

NEREVE
Laz?[As‘] LT (NdAs, type) La,,a[Ass] s[ASS] HT (LaP, type)

Figure V -5 : The crystal structures of the low and high temperature modification of LaAs,

V- 4) The type defining compound CaC, itself does not agree with the generalized 8 - N rule because the bond
between the C atoms is not a single but a C=C triple bond. A comparative study of the carbides with group 2A cations
shows that also Mg,C4 with its finite linear chain of three carbon atoms does not agree with the 8- N rule because of
the double bonds between the C atoms. There is, however, agreement in the case of Be,C, a nomal valence
compound, which crystallizes with the anti - CaF, type and where there are isolated C atoms. The formula of the
gaseous hydrolysis products, ie. acetylen HC=CH for CaC, 17% propadiene H,C=C=CH, and 83% propyne
H,C-C=CH for Mg,Cy and finally methane CH, for Be,C, 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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CsS; : VECA=6.333, thus AA=53 (f CC=0), Nay = 6
As seen in Figure Il - 2b, finite chains of six S atoms occur in the structure.

Sr,Sby : VECa =6.333, thus AA=5/3 (f CC=0), Napy = 6 = Sr, Q[Sbe]

Ca,As; : same as Sr,Sb, = Ca4€[Ass]
A chain of six anions is found in Sr,Sb,. In Ca,As, two kinds of finite chains occur, ie. one
with four and the other with eight As atoms. The average number of anion - anion links per
anion, i.e. (4-%2+87/4)/12 = 5/3, is in agreement with the calculated AA value.
The crystal chemical formula corresponding to the observed structure is Caa? [As,] G[Ase].

Examples for polyanionic valence compounds with 8 > VECp, > 7 and 0 < AA < 1
One should find here both isolated anions and anion dumb-bells. Equation (V - 7), after
inserting i= 0, becomes MO/ am;1] = (1 - AA)/ AA. For the compounds listed below the
observed structural features correspond to the predicted ones.

Ba,Py: VECA=767, thus AA="3 (if CC=0), MO/ M1 =2 = BagP,[P,]

SrgSiy: VECA= 7.33, thus AA=23 (it CC=0), MO/am1) = 2 = SrSiSiy)

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, ie. m = 0 and equation (IV - 2) simplifiesto VECa = e4. Inserting this value into
(V - 4) one obtains

AA = 8 - ez (V-10)
Since e4 corresponds to the group number N of the element in the Periodic Table one can
write

AA =8 -N (vV-11)

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 atomis 8 - N where Nis 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 assumedthat AA= 0 (which is nearly always
the case). Then

CC = (n/m)-(VEC,4-8) for CmAn Vv -12)

In analogy to (V - 5) one can derive (V - 13) which can be used to calculate the possible
formulae for all binary polycationic compounds Cp,A, with specified CC value if one inserts all
possible numerical values of ec and e4.
n/m = (ec- CC)/ (8 -ep) (V-13)
TABLE V - 3: NUMERICAL FORMULAE

FOR POSSIBLE POLYCATIONIC VALENCE
COMPOUNDS WITH CC =1.

€ea
5 6 7

In Table V - 3 are listed the numerical formulae for
possible polycationic valence compounds with CC =
- = 1 and e4 > 5 which have been calculated with
ec 2 25 2,6 v -1 3) A numerical formu!a is' framed |f a
polycationic valence compound with this composition

3| 335 E 37, is known (see examples below).

| S| BTN | A

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

VECa = 8)
If CC = 1: cation dumb-bells = CNA, ie. [ClnAzn
If CC = 2: infinite cations chains or = CpldA, ie. (5Cm)A,
one lone pair on each cation = CYA,
If CC = 3: three cation - cation bonds per cation or = C,RA,
only one bond and one lone pair = CA,

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.

HgCl (27): VECA=9, thus CC=1 (if AA=0) = [Hg,]Cl,
GaSe (36): same as HgCl = [Ga,]Se,
SiAs (45): same as HgCl = [Si,)As,

All three structures are characterized by cation dumb-bells. In Hg,Cl,, known as calomel,
linear Cl-Hg-Hg-Cl molecules are formed. The other compounds have tetrahedral structures.
Drawings of € - GaSe 2H can be found in Figures Il - 6 and VI - 2. Monoclinic GaTe is isotypic
with isoelectronic SiAs for which a drawing of the atom linkage can b\e found in Figure Vi - 4.

Si,Te; : VECA=8.67, thus CC=1 (if AA=0)
The original proposal for the atom linkage in Si,Te, 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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VEC, =8.33, thus CC=1 (f AA=0)
There is a single two-electron C-C bond in hexachloroethane CI,C-CCl,.

VECA =10, thus CC=2 (it AA=0) = Gel?ls or Gel®ls

The orthorhombic GeS structure, shown in Figure V - 6, and the trigonal o - 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 lone-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 (|Axges| = 0.7, but lAxgo | = 1.7). In Figure V - 7 is
presented a model of a possible atom linkage in SiO, characterized by an infinite Si atom
chain.

PN LAY
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‘o,/ \\ol ‘o,/ \o (/ \p,'
Figure V - 6 : Atom linkage in & Gg 1215 Figure V- 7: Model for a possible atom
linkage in (Jo Silz2) o2

-

VEC, =11, thus CC =3 (if AA=0) = Pl3ISe or PllSe

Two simple possibilities exist here, expressed by the two crystal chemical formulae. In PSe and
homologous AsS the second formula is realized, ie. each group 5B element has one lone-
electron pair and one homonuclear bond. In the *catena® modification of PSe one finds infinite
chains of 7-atom cages linked by Se atom bridges according to 010(0[&[2;1] Se,l? Sel?). The
chains can close on themselves to form the 8-atom cage molecule, shown in Figure V - 8,
which is observed with realgar ®[As,[>"1g,[2].

A cage molecule as in realgar is observed also )

in the homologous compound NS, but r,;,g;ler:u)c/a- ’:: reTa,;Z:ra ge C >
according to the electronegativity values the c[&!2i1l§f21]

cation is now the S atom and the anion the N

atom (xps=2.0, Xs =2.5 and xy =3.0). Thus

the lone electron pair and the homonuclear bond is now found on the S atom and the
corresponding crystal chemical formula is  ©[S,21 N, 2.

The generalized 8 - Nrule 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- Nrule.
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"Ca,Pb' : VEC, =10, thus a polycationic valence compound with CC = /3. 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 CazPbO. This formula corresponds to a normal valence compound with two
kinds of anions (CaO + Ca,Pb = Ca,PbO) with VEC, =8 and CC=0. The structure of the
ternary compound is of the anti - CaTil®lO, or anti - perovskite type (see Figure Il - 4).

"Ca,Sb" : VEC, =9, thus a polycationic valence compound with CC'= /2. However, as above, there
are neither Ca - Ca bonds nor lone-electron pairs on the Ca atoms. The correct composition is
Ca,Sb,0 V- 6) which also corresponds to a normal valence compound with two kinds of anions
(CaO + CazSb, = Ca,Sb,0) with VEC, =8 and CC =0. The atom arrangement of the
ternary compound is known as the anti- K2Ni[°°1F4 structure type (see Figure XI - 1).

"K4Ge,," 1 VEC, = 4.174, thus a polyanionic valence compound with AA =9/23 < 4. The structure of
*K,Ge,," 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 K,Ge,,00 = K,Ge,; one
calculates that VEC, = 4.182 and AA = “?/11. The corresponding crystal chemical formula is
then K,Ge[P"0OGe, 4l = K,Ge,[*"Ge, ! 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 - Nrule in the form of (V - 3).

As an example we consider the structure of the “polyanionic* valence compound HggPglg.

HggPsls : For this two-anion compound with VEC =7.727 = /11 one obtains, when using (V - 4),
the result that AA = %11. For the derivation of (V - 4) it had been assumed that CC = 0 which
is not the case here. The AA value in HggPglg is larger than 3/11, i.e. AA = %11 ascan be
concluded from Hgli'l Hggli® PL1IPLO) |0, the crystal chemical formula derived from the
experimentally determined crystal structure. Writing the generalized 8 - N rule in the form given
by (V-3)

AA =8 - VEC, + CC/(n/m) for CnA, (V-14)
and inserting a non-zero value for CC, thatis CC = 1/ in agreement with the crystal chemical
formula, one finds that the generalized 8 - N rule is satisfied for this compound :

411 = 311+ (Ye)/ (1Vs) (V-15)

V-5) Widera, A. & Schéfer, H. (1980). J. Less-Common Met. 77, 29 - 36.
V-6) Eisenmann, B, Limartha, H., Schéfer, H. & Graf, H.A. (1980). Z. Nalurforschung 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, ie equation (V - 3), discussed in the
previous chapter. The valence electron parameter used is the partial valence electron
concentration in respect to the anion VECpa, 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® hybrid orbitals,
occupied by one electron each, which then overlap with the sp? 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 + neag = 4-(m+ n) + (M + n)-Nngo for CmAn (VI-1)

where Niygo is a new parameter which expresses the average pumber of pon-bonding

aorbitals or lone-electron pairs per atom.

The (m + n) atoms in one formula unit need 4-(m + n) electrons to occupy their sp> hybrid orbitals.

Since Nygo is normalized to one atom, the number of extra electrons needed for all the lone-elctron

pairs in one formula unit is (m + n)-Nngo.

It 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)/ (m+ n) for CnAn (VI-2)

41
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The parameter VEC is closely related to VECa according to

VEC = VECa - n/(m+n) for CmAn (VI-3)
but both will be used below since they refer to different structural features.
Making use of (VI -2) itis possible torewrite (VI-1) as

VEC = 4 + Myso (VI-4)

which is the tetrahedral structure equation. v/ 1)
Calculation of the VEC value of a compound allows its classification as normal or defect
tetrahedral structure compound.

If VEC < 4: Tetrahedral structure is not possible due to lack of valence electrons

If VEC = 4 : Normal tetrahedral structure compound with Nngo = O

If VEC > 4: Defect tetrahedral structure compound with Nngo > O

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, ie. VEC and VECh,
and the values derived from them, i.e. Nnpo 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 : [41, Bl [20] gng [1)
(see Figure Il - 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.

ZnP,:  VEC = 4, thus Nygo = 0 = Znl4d &P 220
VECh = 6, thus AA= 2 (if CC = 0) or Zn HIO[P, (@2
The structures of red ZnP, 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 red ZnP,
and of homologous compounds with the common
crystal chemical formula  C#ooA, (22},

a-CdP, ZnAs, red ZnP,
parallel anion chains anti-parallel anion chains perpendicular anion chains
VI - 1) Parthé, E. (1963). Z Knstallogr. 119, 204 - 225.  Parthé, E. (1972). “Cristallochimie des Structures
Té¥aédriques®. Paris : Gordon & Breach.
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GaSe (36) : VEC = 4.5, thus Nygo = 2
VECA = 9, thus CC = 1 (if AA = 0)
SiAs (45): same as GaSe = [Si, eI Ag N
With Nygo = "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 (1120 ) 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 (1120) plane of the &
- GaSe structure given here can be
compared with Figure Il - 6 where two
complete hexagonal unit cells with all the
atoms in perspective are shown.

Cf r\f height In S,Se

’

% O o O !/ ™
v\ =
O '\\\O 2 (@) O

flbf )

€-GaSe y-GaSe §-GaSe 6H 9R 12R

Figure VI - 3: Projections of InS, oP8 (left) Figure VI-4: Atom linkage in
and inSe HP, mS8 (right). SiAs and isotypic GaTe.
VEC = 5.2, thus Mygo = ®s
VEC, = 8.67, thus CC = 1 (if AA = 0)

With Nngo = /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 Si,Te;, shown
in Figure VI - 5. This model was subsequently verified by a crystal structure determination. ¥/-2)

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

VI-2) Ploog, K., Stetter, W, Nowilzki, A. & Schénherr, E. (1976). Mal.Res. Bull. 11, 1147 - 1154,
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InTeCi:  VEC = 533, thus Nygo = ¥/3 = Inl22)1) Tel2n] gji2n]

VEC, = 8, thus AA = CC = 0 or Inl(3.1 Tel3n Cji1]
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 Clatoms have three lone-electron pairs is more probable and it is this second
formula which corresponds to the observed crystal structure.

GaGeTe: VEC = 4.33, thus Nygo = /3 = Gal(1.3)]) Gel(1:3M Tgldn]
VECa = 6.5, thus AA = %2 (if CC = 0) or Gal@2l] Gel(2:21] Tgl(2:1n]
or Gal@n Gel(@M IQ[(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 three 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 Il). The observed crystal structure is a layer structure with features which correspond to
the first crystal chemical formula. In Figure VI - 6 is shown a two-dimensional slab, about 10 A
thick, which can be recognized as a segment of the diamond structure.

Figure VI - 6 : A slab of the layer structure of
2 Gal(1310] Ge [(1.0:30] Tg [3.00.0] 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. V!~ 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 pon-ponding orbitals par anion, labelled Nyga, is relatedto Mygo as

Nnea = Nnso-(m+n)/n for CmAn (VI-5)

VI-3) Fenske, D. & von Schnering, H.G. (1983). Angew. Chem. Int. Ed. Engl. 22, 407 - 408.
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If Nnpa is calculated to have a value between two integers, say between i and i+ 1, then
one should find in the structure two kinds of anions, i.e. one kind with i non-bonding orbitals,
denoted here by A¢i), and the other with i + 1 non-bonding orbitals, denoted by A{i+1}. Fora
compound with crystal chemical formula Cm Altyn Al#k1-yn the Mypa parameter
corresponds to

Nuga = Y-i+ (1-0)-(+1) =i+1-y (VI-86)
The ratio of the number of anions with inon-bonding orbitals to the number of anions with i+ 1
non-bonding orbitals, labelled M/}/mi+1}, is then given by

MiYmivy = Y1 (1-y) = [(i+1) - Mygal / (MuBa-i)  for CmAlilyn Ali+tkapn (VI-7)
Using (VI - 7) it will be possible to formulate a crystal chemical formula for any Anga value.
The derivation of the crystal chemical formula of Al;Te,, serves as example.

Al;Teyo:  VEC =4.765, Nugo =%17. Muga = "%10, MMz} =7/3 = Al 141 AllG3:1N Tg,3n] Tg [2n]
VEC, = 8.1, thus CC = /7 (it AA = 0)
Since Myga = '¥10 it follows that i=1 and thus equation (VI - 7) has as solution MMz} = 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 = /7 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
MOY/p1y and MiZ/y;a).

AgsP.,: VEC = 4.142, Nypo =214, Nnga = 211, MO M1y =92 = Ag 4l Pl p [:3n] p [(1:3)]
VEC, = 5.273, AA=3%%1 (f CC=0), M2Vn:3 =¥ or Agsl“‘lE[(’-’2)"|P2[(2¢2)'IB[¢3"1P7((1v’3)'1

or Agalﬁl 22[(1 i2)n] pl2:2)1] p (13N
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 Ag;P,, agrees with the first crystal chemical formula.

VEC = 4.111, Nypo = '/o, Nga = /7, MI/M1) =81 = Cu,[4 P[22 plian] p [(1:3)]

VEC, = 5.286, AA =97 (if CC=0), M2Una =25 or Cu, ! pl(1:2n] pl2:2) p [(1:31)

Or derived from (V - 7a) and Myna = /e = Cu, 4 pln] p [(1:3)]
The difference between the two crystal chemical formulae is in the number of the homonuclear
bonds of the single P atom which cafries the non-bonding orbital. The experimentally observed
crystal structure of Cu,P, agrees with the first crystal chemical formula.
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Molecular tetrahedral structures with VEC > 6

Compounds with VEC > 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 = 8 - VEC + Nnso (Vi -8)
total number of number of bonding number of non-bonding
orbitals per atom orbitals per atom orbitals per atom

If VEC > 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. Nam, the average
number of gtoms in the non-cyclic molecule, can be calculated from the VEC value. For
a molecule with Napy atoms one has Npp - 1 bonds between the atoms. The ratio of the
number of bonds to the number of atoms can have the values 91, /2, 2/3 ... or in general
(Nam - 1)/ Napy. Because each bond is formed by the overlapping of two orbitals, the average
number of bonding orbitals per atom is the double, ie. 2:(Nam - 1)/ Nam. Thus

8- VEC = 2-(Nam - 1)/ Nam V-9

or Nam = 2/ (VEC - 6) if VEC>6 (M - 10)

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

TasLE VI - 1: THE SIMPLE NUMERICAL SOLUTIONS OF (VI - 10), RELATING Nam, THE NUMBER OF ATOMS IN
THE MOLECULE, WITHTHE VEC VALUE OF THE TETRAHEDRAL STRUCTURE COMPOUND.
VEC 8) 7 6.667 65 6.4 6333 6286 625 6222 6.2 (6)
Nneo 4) 3 8 S s T3 7 94 N N (2
Nam 1) 2 3 4 5 6 7 8 9 10 (c0)

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 Il - 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 Nygo = %2 and Nay = 4 = Lgmmign
VECp = 13, thus CC = 5 (if AA = 0)

Figure VI - 7 : Structure of the [S,Cl,] molecule.

Pl,: VEC = 6.33, thus Nygo = /3 and Nay = 6
VEC, = 9.5, thus CC = 3 (if AA = 0)

Figure VI - 8 : Structure of the [P2l4] molecule.
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VEC = 6.25, thus Mygo = %4 and Napy = 8
VECA = 8.33, thus CcC =1 (lf AA = 0)

Figure VI - 9: Structure of the hexachloroethane [C,Clg) molecule.

Problems 6 and 7 in Appendix B

The tetrahedral structure equation as a guide for checking experimental data

For th

e 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.

IngS," :

Vi-4)
VI-5)

The reported crystal structure V!4 corresponds to a defect tetrahedral structure for which the
structural features can be summarized by the crystal chemical formula :  In (G |nl4t g fan],
There are four lone-electron pairs in one formula unit consisting of nine atoms; thus Anpo = 4/s.
Further, the five In atoms have together eight homonuclear bonds; thus CC = 85 However,
one obtains different values for these two parameters if one calculates them based on the
reported composition :

“IngS," : VEC = 4.333, thus Mygo = /3

VECA = 9.75, thus CC = /s (if AA = 0)

Since the ‘In.S," 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 In,SnS, 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
In,SnS, one calculates Mygo and CC values which agree with those derived from the reported
crystal structure :

In,SnS,: VEC = 4.444, thus Nngo = 4/9

VECs = 10, thus CC = %s (if AA = 0) for a two-cation compound

More than 10 years passed before the *In;S," puzzle was finally solved. According to a new
synthesis and structure determination, Y- %) a binary compound IngS, does not exist. The atom
sites in the crystal structure are correct, but the composition is In,SnS, with one former In site
occupied by a Sn atom. If one considers Sn here as an anion, then In,[1$n3] gpléin] g [3in] =
In [0-31 Sl g 1307 might be classified also as a normal valence compound with two kinds
of anions where VEC, =8 and CC=AA=0.

IngSnS, : VEC = 4.444, thus Nngo = /e

VECA = 8, thus CC = AA =0 for a two-anion compound

Waasten, T., Amberg, L & Berg, J.E. (1980). Acta Cryst. B36, 2220 - 2223.
Deiseroth, H.J. & Pteifer, H. (1991). Z. Kristallogr. 196, 197 - 205.
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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. V/-6) To
indicate that VEC, Nnpo., and also Nan, do not apply to the total structure but only to the
(negatively charged) anion partial structure we shall use primed parameters, ie. VEC', N '\go
and N'am.

In analogy to (VI - 2) one defines VEC' by

VEC' = (mec+nep) / n for CnAnp (VI-11)
The tetrahedral structure equation (VI - 4) becomes :

VEC' = 4 + N'Neo (VI-12)
where N ‘NBo is the average number of non-bonding orbitals per atom of the charged anion
partial structure.

If VEC' > 6 one finds in analogy to (VI - 10)
N'am = 2/ (VEC' - 6) if VEC'>6 (VI-13)
where Nam is the number of atoms-in the non-cyclic molecular anion partial structure.

As an example we consider the structure of Sr;As, which had already been treated in chapter V under
the aspect of the generalized 8 - Nrule.

SrgAs,: VEC =287 < 4

VEC'= 65 > 6 thus N\go = 52 and Nay = 4

VECA = 6.5 > 6 thus AA = 92 and Nay = 4
Since VEC <- 4 atetrahedral structure involving all atoms is not possible for SryAs,. However,
for the charged anion partial structure (As,)® one calculates that VEC' = 6.5 which indicates
that a non-cyclic molecular partial structure of four anions is possible. [As4]°' is isoelectronic with
[SZCI2] and both molecules are built in the same way, i.e. a chain of four atoms, as shown for
[S,Cl,) in Figure VI - 7. For SrgzAs, the same result had been obtained before using (V - 9).

In the particular case of binary polyanionic valence compounds the equations (VI - 11 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 VIl and IX.

VI-6) Parthé, E. (1989). Z Knistallogr. 189, 101 - 107.



VIl. ADAMANTANE STRUCTURE
COMPOUNDS

Definition

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 | - 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. V//- 1)

One distinguishes between

- normal adamantane structures with composition CpA, VEC =4 and VECh =8 where all
Zn and S sites are fully occupied and

- defect adamantane structures with compositon C,. ,0,4, VEC >4 and VEC4 =8
where all S sites are occupied but some Zn sites are not. The symbol 0O 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 + Nygo (VI- 4).

We assume as a starting composition C, . ,0,4, 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 Oona Zn site corresponds to four non-bonding orbitals, one on each of the four
tetrahedrally coordinated anion neighbours of the unoccupied Zn site, thus

Nnpo = 4u/ (m-u + n) (Vi -1)
With (VI - 4) one obtains
(m-u)-ec + n-ey = 4(m-u + n) + 4u (VIl-2)
and with (IV-1)
(m-u)-ec+ n-eqy = 8n (VIl - 3)

Vil - 1) In earlier literature also denoted as adamantine structure.
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Combining (VII - 2) with (VIi - 3) leads to
4(m+n) = 8n or m=n Vil - 4)

Since the result is the same regardless of the value of u, the compositions of normal and
defect adamantane structure compounds are CpA, and Cp-yO,A,, respectively.
The proper equation for Nnpo is thus

Nyeo = 4u/(2n-uy) (VI - 5)
which with (VI - 4) leads to

VEC = 8n/(2n-u). (VIl- 6)

Rearranging (VII - 6) results inthe adamantane structure equation V/-2):

[usn = 2 - 8/vEC] for C,., 04, (VII-7)

where u/n- 100 is the percentage of unoccupied Zn sites. Adamantane structures are
however stable only within the limits 4 < VEC < 4923 or 0 < u/n < 3.

Example : Defect adamantane structure compounds where /s of the Zn sites are unoccupied can
occur only when VEC = 8/(2 - /4) = 32/7 = 4571 (with VEC, = 8 as precondition). Some
known examples with VEC = 4.571 are o-CdGa,0S,, B-Ag,HgOl, or Hg,SndSe, (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 sp? hybrid orbitals. But there is also
an upper VEC limit. Experimental evidence indicates that adamantane structures can exist
only up to a limit where three out of eight cation positions are not occupied, ie. CgOsAg with
u/n = 38 to which corresponds VEC = 4.923 and Nygo = '%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 Hgl, (VEC = 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 V//-3): "The ratio of the total number of available valence electrons
divided by the total number of sites (occupied plus unoccupied cation sites and anion
sites) must be four." Occasionally this was also expressed by stating that the "valence
electron concentration” 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
concentration” for this ratio should be avoided. It is defined differently from the conventional
VEC parameter we use throughout this book and it has been the source of some confusion in
the literature.

Vil - 2) Parthé, E. (1995). In ‘Intermelallic Compounds, Principles and Practice*. Eds. J.H. Westbrook and A.L.
Fleischer. Chapter 14, pages 343 - 362. Chichester (England) : John Wiley.  Parthé, E. (1987). In ‘Ternary and
Mufkinary Compounds*. Edit. S.K. Deband A. Zunger. Pages 3 - 17. Pittsburgh : Materials Research Sociely.

Vil - 3) Pamplin, B.R. (1960). Nature 168, 136 - 137.
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Rearranging the adamantane structure equation (VI - 7) as

[(2n-u)- VEC]/2n = 4. (VII- 8)
and replacing VEC by
VEC = [(n-u)ec+ neap/(2n-u) (Vil-9)
yields an altemative formulation of the adamantane structure equation for C, O A, :
[((n-u)ec+ul0+ney/[(n-u) + u+n = 4 for 0 < u/n <38 (Vii-10)
l i &
occupied ¢ sites
Zn sites
unoccupied Zn
sites
Examples ; Ga,0s, : (23+10+36)/(2+1+3) =4
CdGa,0s, : 12+23+10+46)/(1+2+1+4) =4

In Table VII - 1 are listed selected examples of adamantane structure compounds arranged
according to increasing VEC and u/n values. The fomula (Ga,GeOj)Seg on the second
to last line, where ¢/ nand VEC have the highest possible values for an adamantane
structure, corresponds to the composition of the upper solubility limit of GeSe, (VEC = 5.33;
a defect tetrahedral but not adamantane structure compound) in Ga,O0Se; (VEC = 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 VIl - 1. GENERAL FORMULAE FOR ADAMANTANE STRUCTURE COMPOSITIONS, CORRESPONDING U/ N AND
VEC VALUES AND EXAMPLES OF KNOWN COMPOUNDS WITH NUMERICAL FORMULAE WITHIN CURLY BRACKETS

Formula u/n VEC Examples
CA, 0 4.000 ZnS {26}, CuyZnGeS, {1,246,}, CuNiSL,S; {1,24,6,}, LISINO {1456}
C,0A, Ve 4.267 Hg.In,Sey {253,065}

CsOA, e 4.364 Hg,ln,Teg {253,065}

C,0A, Vs 4571 CdGa,Se, {23,006}, AgZnPS, {12506,}, AginsSe, {1350,6,}
COA, 4.800 Ga,Se, {3,065}, SiN,O {4,056}, (SPIN, {(450)5,)
CsOs4A, %6 4923 (Ga,Ge)Seg {(3,40,)6,)

COA, 2 5.333 Impossible

Figure VIl - 1 : Structure of red &Hgll] ,12] tPé6.
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 Hgl, is shown. This normal
valence compound with VEC = 5.333 > 4.923 has too many non-bonding orbitals, i.e.
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Nyso = %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 Hgl,
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 HgX, compounds crystallize in five different structure

types which can be subdivided into three groups according to the coordination of the Hg atoms :

1) HgX, tetrahedra (where Hgis sp® hybridized) occurin red Hgl,, tP6 and orange Hgl,, t/48.

2) Linear X-Hg-X groups (where Hg is sp hybridized) are found with HgCl,, oP72 and HgBr,,
0S12. The latter type is found also with the third modification of Hgl,.

3) HgX;, cubes are encountered in essentially ionic HgF, ( [ax| = 2.1) which crystallizes with the
CaF, type, cF12 (drawingin 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 V¥ - 4 the compositions can be derived
from the 44 starting composition (which corresponds to SiC) by the repeated application of a
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 example of a cross-
substitution table. All formulae in Table VII - 2 obtained by cross-substitution correspond to
compositions of normal valence compounds with VEC, = 8.

TaBLE VIl - 2: CROSS-SUBSTITUTION TABLE FOR THE DERIVATION OF ADAMANTANE STRUCTURE COMPOSITIONS

0 1 2 3 4 5 6 7 VEC wn known examples
494, 40 0 SiC
"4 3
3 5 40 0 InP
« ]
2y 6y 40 0 ZnS
i« 3 ¥
1, 3, 6, 40 0 CuAlS,
«© 3 v v
0, 2, 3, 6 4.571 Va CdGa,0Se,
v © |V ¥
0, 1 3 6y 4.571 a Aging0,Se,
Vv« L v
a, 3, 4 6y 4923 /8 (Ga,Gell,)Se,

...................

Vil - 4) Grimm, H.G. & Sommerteld, A. (1926). Z. Physik 36, 36 - 89.
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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 VIl - 2. An element
with zero valence electrons can be considered as equivalent to a cation site vacancy 0O 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 for 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 VIl - 3 these formulae are taken up again but ordered according to
increasing VEC value within the limits 2.67 < VEC < 5.33. The six numerical formulae
possible for binary adamantane structure compounds for which 4 < VEC < 4.923 are:

17 26 35 44 3,06, 405, (VI - 11)

TasLE VIl - 3: NUMERICAL FORMULAE FOR BINARY NORMAL VALENCE COMPOUNDS ARRANGED ACCORDING TO
INCREASING VEC VALUE. FORMULAE OF POSSIBLE ADAMANTANE STRUCTURE COMPOUNDS ARE FRAMED.

6,=4 6,=5 6,=6 o,=7
2.67 2,4 - 1,6

32 ST
3.43

3443 -
VEC 4 IZAEAE K
457 - [as] - i
48 g - [a8] -

5.33 - - 46, 27,

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, ie. red HgS (cinnabar) where the Hg atoms are (instead of sp°)
now sp hybridized, leadingto 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 Cy, C*(1.xn Ay must be normal valence compounds. Thus
xec + (1-X)ece = 8 - ex (VI - 12)
which can be reformulated as
X/(-x = [ece- (B-ed]l / [(8-eq) - ec] (VI -13)
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The solutions of X /(1-x) for different values of es, ec-and ec (with ec« > ec) are given in
Table VII - 4. Of significance are, however, only the five solutions where 0 < X/(1-x) < oo.

TABLE VIl - 4 : SoLUTIONS OF EQUATION (VII - 13) FOR CATIONS AND ANIONS WITH DIFFERENT NUMBERS OF
VALENCE ELECTRONS. THE FIVE SIGNIFICANT SOLUTIONS OF X /(1-x) ARE FRAMED.

6a=4 es=5 e,=86 ea=7
BC-=2 60.:3 ec.=2 90.:3 GC-=4 |ec-=2 60-:3 90'=4 60-:5 |

ec=1 <0 <0 <0 0 | 1/2] 0 I 1 ][ 2 " 3 l 00
ec=2 <0 0 | 1 ] o oo oo <0

ec=3 <0 <0 <0

To these five values of X /(1-x) correspond five possible numerical formulae for temary normal
adamantane structure compounds with two kinds of cations :

136, 245, 1,46, 14,5, 1,56, (VII - 14)

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 VI| - 2.

1556,

Structures
related to
wurtzite

wurtzite

Structures

related to O O—L) e e

sphalerite -"Jl
o, B :
WAL AY o m = -

CuFeS, (chalcopyrite), ZnSiP,  Cu,GeSe;, NiSi,P, sphalerite  Cu,SbS, (famatinite)

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

Li,SiO; and Si,LiN, (also Cu,GeSe; and Si,NiP;) 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 C,C*0IA,
As can be proven by solving problem 8 in Appendix B, there are three possible numerical
formulae for defect adamantane structures with v/ n = 1/a, general composition C,CTA,

and ec < ec- < eyx:
] (VII - 15)

The sphalerite-related structure types of the C,C*T0A, 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 CdIn,Se, and two sites each in the unit cells of the two other structure types.

Cdin,Se, o- Cd(;a,‘,% (:ihi:)gallate) B - CuyHgl,
- AgoNgaly
Hg,SnSe,

Figure VII - 3 : Three ternary ordered adamantane structure types with composition C,C*LA,
which are vacancy and substitution derivatives of the sphalerite structure. Cations are
presented by small circles of which /3 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 VEC, = 8 and also lines correspondingto VEC =4 and VEC = 4.923,
respectively. Adamantane structures are found on the line for VEC, = 8 between the limits 4
< VEC <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 VII - 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 VEC, =8, VEC
=4 and VEC = 4923, respectively. The compositions C,A;., on the binary sides of the ternary
diagrams which correspond to these parameters have been calculated using (VI - 16, 17 and 18):

XI(1-0 = (8-04)/ oc for VEC, = 8 (VII -~ 16)
X/(1-0 = (64-4)/(4 -ec) for VEC = 4 (Vil-17)
X/[(1-x0 = (e4-4.923)/(4.923 - e¢) for VEC = 4923 (Vil - 18)

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 136, and
3,06; butinthe 2 -3 -6 diagram on the long line between 26 and 3,006;. Ordered defect
adamantane structures have been reported for compositions 23,006, and 3,006;.
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1
Figure VIl - 4 : Three schematic ternary diagrams where the possible composition ranges of the line
compounds with adamantane structure are indicated with heavy lines (orin 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. VIl - 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 VECA = 8 correspond to possible binary normal
valence compounds and those on the line for VEC = 4 to possible binary normal tetrahedral structure
compounds. Adamantane structure compounds are found on the heavy short line for which VEC, =8
and 4 < VEC<4.923.

lo

& L
Figure Vil - 5 : Master diagram to localize the possible homogenely ranges of adamantane
structure compounds in binary and ternary phase diagrams.

Structure of the normal adamantane structure compound Cu,, .Zn,,Ga, ;GegAs,sSe,Br,.
This compound was synthesized with the intention to test the validity of the valence electron rules. -8 The
proportion of the seven elements with 1to 7 valence electrons (') was chosen so that VEC4,=8 and VEC =4.

Vil - 5) Parthé, E. & Paufier, P. (1991). Acta Cryst. B47, 886 - 891.
Vil - 6) Parthé, E. (1972). “Cristallochimie des Structures Tétraédriques”. Paris : Gordon & Breach.
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After three months in the furnace to assure a complete reaction, the Debye-Scherrer diagram of the
reaction product, shown in Figure VII - 6, is virtually identical to that of Ge.

[

Figure VIl - 6 : Debye-Scherrer X-ray

diffraction diagram of Ge and
Cuyy 52np5Ga7 5G8GAS 1656305

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 VECh
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
Avec/ VEC = 104 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 35compound, extends at 1000°C between Ga goqeP 4099 (VEC =
3.9998) and Ga P, (VEC=4) and, close tothe melting point, between Ga gyoP 4908 (VEC =
3.9996) and GagPg YW 7 Thus Avgc/ VEC = 0.5-10% or 1.0-10%, respectively, which lies in
the tolerated range for a VEC deviation of an adamantane structure compound.

In the case of larger deviations from the expected VEC and VECj 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.

"Cu,SnSe," : 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 2Zn sites. Y - 6
Based on the reported composition one calculates that VEC = 4.286 and VEC, =7.5. However,
the valence electron rules for adamantane structures require that VEC, = 8. According to Figure
VIl - 5 adamantane structures can occur in the system 1 -4 - 6 on the composition line from
1,465 to 46, upto VEC =4.923 (1, 434,¢,0,6,). Possible compositions close to *Cu,SnSe "
are, for example, Cu,SnSe, (VEC =4, VECh=8) V-9 or Cu,Sn,¢0,5Se, (VEC = 4.267
with u/n=1s, VECs=8) or in between the two.

Vil - 7) Jordan, A.S., von Neida, AR., Caruso, R. & Kim, C.K. (1974). J. Electrochem.Soc. 121, 153 - 158.

Vil - 8) Bok, LD.C, & de Wit, J.H. (1963). Z. anory. allg. Chem. 324, 162 - 167.

Vil - 9) Forcomposition 1,463 exist two sphalerite super structure types : Cu,GeSe; and new Cu,SnS3 (Chalbaud de
Mogollon, L., Diaz de Delgado, G., Cenzual, K. & Delgado, JM.; to be publishedin Mater. Res. Bull.)
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*Ni, ¢6Sip 000 44P3" : For this compound, which was reported with a sphalerite-related defect
adamantane structure, ¥/~ 19 one calculates either VEC, = 6.733 (assuming Ni'*) or 7.293
(with Ni2*), neither of these being in agreement with the expected value of 8. A recent
redetermination Y- ) has shown that the correct composition is Ni*Si,P, (with VEC=4 and
VEC, = 8) and that the crystal structure (except for a different deformation of the tetrahedra) is
the same as that of Cu,GeSe,, a normal adamantane structure, shown in Figure VI - 2.

Structure separation plots for adamantane structure compounds

The valence electron rules are a necessary, but not sufficient condition for the occurrence of
an adamantane 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
adamantane 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. Y/ - 12) They
use as ordinate f, the average principal quantum number of the participating atoms, and as
abscissa |Ax|, 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. V- 13)

' . ] . 6 o ee Non - odomontone
Figure Vil - 7 : Structural separation plots 0 N5e o0 o © structures

for binary equiatomic normal valence sl oo owse eee o

compounds according to Mooser & Pearson. O A®'Dee o o® ceom ©
; i al oomgg‘é)o 000 000 00 © ¢
Points comresponding to normal adamantane DR Lo
o . ) 000 8’8* Be com o ‘
structures are indicated with open circles, | o KL eemom © i
those of non-tetrahedral structures with filled o o o (L °
circles. 2} o °
Adomantone
ik structures
Examples : finacy =3, |AX|naci=2.1
See inside cover for Periodic Table and | x|

electronegativity values of the elements.

The shape of the structure separation line in Figure VIl - 7 makes it evident that the tendency to
form directional bonds, characteristic of tetrahedral structures, decreases with

- an increase of i : With elements of higher periods a "dehybridisation” or "metallisation”
occurs. The dand forbitals have an energy which is comparable with that of the sand p
orbitals and the first two may form non-tetrahedral combinations with the s and p orbitals.

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

Vil - 10) Ifnitskaya, O.N., Zavalii, P.Yu. & Kuzma, Yu.B. (1989). Dopov. Akad. Nauk Ukr. RSR Ser. B, 8, 38 - 40.

Vil - 11) Wallinda, J. & Jeitschko, W. (1995). J. Solid State Chem. 114, 476 - 480.

Vil - 12) Mooser, E. & Pearson, W.B. (1959). Acta Cryst. 12, 1015 - 1022.

Vil - 13) Pettifor, D.G. (1995). In ‘Intermetallic Compounds, Principles and Practice”. Edits. J.H. Westbrook & RA.L.
Fleischer. Volume 1. Chapter 18. Pages 419 - 438. Chichester: John Wiley & Sons.



ViIl. NORMAL VALENCE COMPOUNDS WITH
ANIONIC TETRAHEDRON COMPLEXES

Definition

More than one sixth of the known inorganic compounds have anionic tetrahedron complexes.
As most simple general formula serves Cp, C - A, where the anionic partial structure, ie. 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 VECA =8 and general valence compounds where VECh # 8. The latter ones shall be
discussed in chapter IX.

An example for a normal valence compounds with an anionic tetrahedron complex is forsterite Mg,SiO,,
the Mg end member of the olivine series, shown in Figure VIII - 1. In olivines, as in all other
nesosilicates, the anionic tetrahedron complex consists of an isolated centred tetrahedron.

Height 0 ~1/4 1/2 ~3/4
Mg () O

Face of AN Q
tetrahedron e

Figure VIl - 1 : Projection along the short ¢ axis of orthorhombic forsterite Mg,SiO,, charactenzed by
isolated [SiO,* tetrahedra.

An isolated tetrahedron is the most simple anionic tetrahedron complex. In Figure VI - 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. V//-1)

Vill - 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 VIII - 2, we calculate
values for the total valence electron concentration VEC 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 VEC' 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 VEC'
values).

With the exception of o'o(AlAsz)a' in NagAlAs,, all presented anionic tetrahedron complexes
are molecular and their formulae are therefore placed within square brackets.

Ba,SiAs, LigSi,0, Na;GeP, LigP,Ng NajAlAs,
VEC=%/9<4 VEC=%/15<4 VEC=%/g<4 VEC=%2<4 VEC="%/6 <4
[SiAs, & [Si,0,]¢ ®[Ge P!> O[P,N, o™ o (AlAs,)>
VEC'=%/5=6.4 VEC'=%pg=622 VEC'=?4/3=6 VEC'=%p =5.71 VEC'= %3 =533

q;
ofe  ofeke  ehs fIT bed

Figure VIl - 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 VIl - 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 LigSi,0,
and LigP,Ng the tetrahedra are corner-linked, whereas in NagGeP5 and NayAlAs, they are
edge-linked. Note that a pair of edge-linked tetrahedra, as in NagGeP, 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 VIl - 2, a tetrahedral structure
involving all atoms is not possible because VEC < 4. We shall encounter below also
compounds with anionic tetrahedron complexes where VEC > 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, ie. the
generalized 8 - Nrule (V - 3) and the tetrahedral structure equation (VI - 4) can also be
applied to normal valence compounds with anionic tetrahedron complexes.

- Generalized 8 - Nrule

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',,. An)('"'eci'.

One calculates first the partial valence electron concentration in respect to the anion, VEC,,
which, inanalogy to (IV - 2), is defined as

VECA = (mec+m'ec+ney / n for (C'p: A)me: (VIll - 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

(VIIl - 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'\so and N’‘am refer to the charged anionic tetrahedron
complex. In analogy to (VI - 11) we define VEC' by

VEC' = (mec+ m'ec: +nep / (m'+ n)| for (C'p A)med- (Vill-3)

The parameters VEC' and VEC, are closely related and in analogy to (VI - 3)
VEC' = VECp - nl(m’'+n) for (C'pr A)med: (VI - 4)

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

VEC' = 4 + N'\so for (C'p: Ay)med- (ViIl - 5)

where N ‘ngo is the average pumber of npon-bonding orbitals per atom of the charged
anionic tetrahedron complex.
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If VEC' > 6 one finds, correspondingto (VI-13), that

N'am = 2/ (VEC' - 6) if VEC'>6 (Vill - §)

where N ‘onq is the average number of atoms in the non-cyclic molecular anionic
tetrahedron complex.

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

TasLE VIII - 1: THE SIMPLE NUMERICAL SOLUTIONS OF (VIII - 6), RELATING N'apy, THE NUMBER OF ATOMS IN
THE NON-CYCLIC MOLECULAR ANIONIC TETRAHEDRON COMPLEX, WITH THE VEC' VALUE OF THE COMPOUND.
VEC' (8) 7 6.667 65 64 6333 6286 625 6222 6.2 (6)

N 'NBO 4) 3 8/3 S2 125 73 67 94 Jyg N5 (2)
N'am 1) 2 3 4 5 6 7 8 9 10 ()

To test these rules on practical examples we study the two structures in Figure VIII - 2 with non-cyclic
molecular tetrahedron complexes : Ba,SiAs, and LisSi,O,. Counting all the lone electron pairs on the
anions (not shown in the drawings) we find 12 for [SiAs,]* and 20 for [Si,0,]®. These values
agree with the N \go values calculated with (VIII - 5). Using (VIII - 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 Vill -2 have VEC' < 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 base tetrahedra, consisting each of one central atom C' sumrounded 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‘A, to C'A are shown in Table VIl - 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‘A,, which by itself represents
an anionic tetrahedron complex. The other base tetrahedra in Table VIl - 2 with general
formula C'A_, 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 VIII - 2 : DRAWINGS OF THE 12 POSSIBLE BASE TETRAHEDRA FOR ANIONIC TETRAHEDRON COMPLEXES IN
NORMAL VALENCE COMPOUNDS AND THE THREE TT VERSUS n/m ' EQUATIONS.

Unshared anlons and/or anlons shared between two tetrahedra

Formula of complex C'A, C! A5 C‘Aa C’2A7 C'A4
[ 2<n/m's 4 | 2
Base tetrahedra @
[--4] -2 [--11 [--0)

I TT = 8 - 2(n/m") (VIll - 7a)

Anlons shared between two and/or three tetrahedra
Formula of complex C%3 A, C%hA; CH A Ce A C'A,
| 43< n/m'<s 2| 1.333 1.5 1.667 1.833 2

Base tetrahedra [102) @ @ 18249

<§D<§><§>°§>D§q

[--8] -7 [-- -8 [--4
TT = 2(8 - 3-(n/m')] ] (VIIl - 7b)
Anlons shared between three and/or four tetrahedra
Formula of complex C'A C'2A43 CsA, C'y Ag C3A,
[ 1< n/m's 43 | 1 1083 1. 167 125 1.333
Base tetrahedra | o%l
[--12] [--11] [--10] [--9] [--¢8]
TT = 3[8 - 4(n/m")] (VIIl - 7¢)

BEN value and base tetrahedron code used for identifying base tetrahedra
The BEN value, the base tetrahedron electron 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 = 22/3 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 VECj 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/m' = (mec+ m'ec:+nes) / m'| for (C'p. A)med- (vl - 8)

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

BEN = 8- n/m"' for (C'p A)(med- (Viil - 9)

Starting from the chemical composition of a compound and using (VIIl - 9) or (VIIl - 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, ie. <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 comresponding 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 TT. V/-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 0 and 12, depends on the n/m’ value, ie. the ratio of
the number of anions to the number of central atoms. The three different 7T versus n/m’
equations (VIIIl - 7a, 7b and 7c), listed in Table VIl - 2, apply to three different n/m’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 (VIIl - 7) with (VIIl - 9). Which BEN value corresponds to which TT value can be
read directly in Table VIl - 2.

Base tetrahedra with and without equipartition ofthe C'-A-C' bonds

Equipartition ofthe 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.

LT T ———

Vill - 2) Parthé, E. & Engel, N. (1986). Acta Cryst. B42, 538 - 544.
The tetrahedron sharing coefficient used here is, not the same but, related to the one introduced by T. Zoltal
(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 (half circle) together with
anions shared by four tetrahedra (square). All the base tetrahedra shown in Table VIIl - 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 (VIIl - 7a to 7¢) to calculate 7T from the n/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 ofthe 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?*Ga,S,. The base tetrahedron drawing can be found in
Figure VIIl - 6. With n/ m'=2 one might have expected the presence of a base tetrahedron with
equipartition where BEN =16 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 TT value 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 (VIIl - 7a, 7b or 7c) 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 TT value 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/ m' ratio of a tetrahedron complex which is constructed with only one kind of base
tetrahedron is evidently identical with the n/ 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 ecr 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 VIIl - 3 to 7 are listed the possible numerical formulae and charges of tetrahedron
complexes built up of [32], [28], [24], and base tetrahedra, respeciively. Herewe 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 AgClO, and OsO, in Table VIl -3 or CI,O; in Table VIII - 4. Vii-3)

- C'A4 tetrahedron complex : In Table VIII - 3 are listed the general numerical formulae of
complexes consisting of isolated tetrahedra, the only possibility for n/m'=4 (and VECh = 8).

TABLE VIII - 3: GENERAL NUMERICAL AND CHEMICAL PORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC
TETRAHEDRON COMPLEXES C'A4 CONSISTING OF ISOLATED BASE TETRAHEDRA WITH CODE [- - 0] ARE FOUND.

c“‘ eA=4 BA=5 0A=6 0A=7
ec' = 1
ec' = (26,)%  NagznO, [(274)>  Na,BeF, v
ec =3 (364)> Nagins, [(37,)"  LaAic,
ec =4 (45,)®  Ba,SiAs, |(46,)+ zisio,  [(47,)¥*° - siF,
ec' = (5547 Li;PN,  [(564)%  AIPS, not  possible
ec' =6 (654  BagMo®+N,|(664)>  CaSO, not  possible
ec' = (764)"  AgClO, not  possible
ec =8 (864)¥° - 0s8+0, not  possible

There exist more general numerical formulae which can be derived from those in Table VIl - 3
by a partial anion substitution with other anions having different e4 value. One example is
(5647)% derived from (66,)>. Such an anionic tetrahedron complex is known to occur in the
compound K,PO4F, an ordered anion substitution derivative of orthorhombic K,SO,.

- C'2A7 tetrahedron complex : With n/ 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 LigSi,O, and shown in Figure VIIl - 2. In Table VIl - 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 - 4 : GENERALNUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC
TETRAHEDRONCOMPLEXES C'; A7 CONSTRUCTED WITH BASE TETRAHEDRA HAVING CODE [- - 1] ARE FOUND.

ChLA7 ea=4 e4=5 e4=6 ea=7

ec’' =

ec' =2 (2277)%>  Li,RbBe,F;,
ec' = (326, Ba,Ga,S; [(3:7)" KGa,Cl,
ec' = (4267)%  LigSi,O7 not  possible
ec: = (52670  Hg.P,S; not  possible
ec' = (6267)2- K2S,07 not possible
ec: =7 (%6720 - ClLO, not  possible

ST —

Vill - 3) Accoraing to Table IV - 2 the numerical formula of the normal valence compound with 68 and 7B elements is
67 for which the stable SFg HT (isolated SF, octahedra) serves as example. However, if the element 68 is more
electronegative than element 7B the formula changes to 7,6, for which G,0, is an example. It is certainly
unrealistic to assume here that the atoms which function as cations shed all their valence elactrons to complete the
octets of the anions. All atoms, i.e. cations and anions have here filled shells, but the atoms which function formally
as cations have more shared-electron pairs and the anions more lone-electron pairs.
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Double tetrahedra are not the only possibilty if one allows more than one kind of base
tetrahedron. We consider Ca;Si,O, which has two modifications : rankinite and kilchoanite.
As shown in Figure VIIlI - 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 Ca,Si,0, kilchoanite
[Si,0,])% VEC' = %6/ = 6.22 [SIOJ* + [SiyO,0l*
TT =1, Nppy=9 <TT> =1, <Npy> =9

ofo afipele

1 x@+2 x+1 x

Figure VIl - 3 : The anionic tetrahedron complexes of the two modifications of CazSi0; :
rankinite and kilchoanite and the base tetrahedra used for their construction.

- C'A; tetrahedron complex In Table VIII - 5 are listed general numerical formulae of anionic
tetrahedron complexes C'A; and known examples. One expects that the complexes are built
up with base tetrahedra. The first three drawings in Figure VIl - 4 show different posshbilities
of constructing anionic tetrahedron complexes with these base tetrahedra. In NasGeP, they
are edge-linked, but in Eu?*GeS; and NagSnSb, comer-linked. The fourth drawing in Figure
VIIl - 4 represents the tetrahedron complex of La3+GaS, with a less simple solution consisting
of a mixture of three different base tetrahedra, but <BEN> = 24 and <TT> = 2,

TaBLE VIII - 5 : GENERAL NUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC
TETRAHEDRON COMPLEXES C' Ay CONSTRUCTED WITH @ BASE TETRAHEDRA HAVING CODE (- - 2] ARE FOUND.

C'A; epa=4 eq=5 6,4=6 ea=7
ec: =1 (165)%  BalaCuS; |(173)>  KqAgls
ec'=2 (26,)% BaZnO; |[(275)"  CsBeFg
ec'=3 (355)%  CasAlAs, [(363)> RbginS; [(373)*° - AlBrg
ec'=4 (45)>  NagGeP; |(463)%  Li;SiO, not  possible
ec'=5 (55)* Ca,PN; [(565)"  AgPSs not  possible
ec'=6 (6651 - SO5 7 not  possible
ec' =7 not  possible not  possible

Na,GeP, Eu®*GeS, NaSnSbg La>*GaS,

®[Ge,P,]!* ®[Ge,S,l* ob(SnSby)> o (GaS,)*
VEC'=%/4=6 VEC'=%/4=6 VEC'=%/4=6 VEC'=%/4=6

=5 o oo
[24] (3] (28] +[28]+[22]

Figure Vil - 4 : Examples of anionic tetrahedron complexes observed with normal valence
compounds where n/m' = 3, BEN or <BEN> = 24 and TT or <TT> = 2.
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- C'2As 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 VIIl - 5 show three possibilities for
an assembly, ie. the molecular complex of LisP,Ng, the one-dimensional tetrahedron
complex of Rb,In,Sg and the two-dimensional complex of Na,Ge,Segs. The fourth
tetrahedron complex found with Cs,Ga,Se; corresponds to a less simple solution with two
kinds of base tetrahedra, but <BEN> = 20 and <775 = 3.

TABLE VIl - 6 : GENERAL NUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC
TETRAHEDRON COMPLEXES C' A5 CONSTRUCTED WITH BASE TETRAHEDRA HAVING CODE [- - 3] ARE FOUND.

C2As ea=4 ea=5 e4=6 es=7
ec =1
ec=2 (2275)"  CsBe,Fg AT
ec'=3 (3265)"  Rb,In,Ss not  possible
ec'=4 (4265)> Na,Ge,Ses| not  possible
ec'=5 (5255)% LisPaNs  [(5265)° - P,Og not  possible
ec'=6 not  possible not  possible
ec=7 not  possible not  possible
LigP,Ng Rb,In,Sg Na,Ge,Seg Cs,Ga,Seg
O[P,N,,]'" o (In,Sg)* &(Ge,Se,)> [Ga,Se,]*
VEC'=%t =571 VEC'=%r =57 VEC'=%1 =571 VEC'=%nr =511

ST W oo

2x [16] +2x[24]
Figure VIll - 5 : Examples of anionic tetrahedron wmplexes observed with normal valence
compounds where n/m' = %2, BEN or <BEN> = 20 and TT or <TT> = 3

- C'A; tetrahedron complex : The general numerical formulae of anionic tetrahedron complexes
built up with base tetrahedra having four half-shared anions are listed in Table VI - 7.

TABLE VIII - 7 : GENERAL NUMERICAL AND CHEMICAL FORMULAE OF COMPOUND EXAMPLES WHERE ANIONIC
TETRAHEDRON COMPLEXES C' A, CONSTRUCTED WITH BASE TETRAHEDRA HAVING CODE [- - 4] ARE FOUND.

CA; es=4 e4=5 64=6 es=7
e

ec' =1 (16> ErAgSe,

ec =2 (262)*  Ke2nO, |(27,)*° - Hgl; red
ec' =3 (35)%  NazAlAs, [(365)"  KGaO, not  possble
ec =4 (45202  NagSnAs, [(46,)*° - sis, | not  possible
ec-=5 (555)""  CsNbSN, 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 BaGa,S, they are comer-linked,

in NagAlAs, edge-
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linked and in SrGa,Se, they are both. But the base tetrahedron used for the construction of
the complex of Fe2*Ga,S, 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.

BaGa,S, SrGa,Se, Na,jAlAs, Fe?*Ga,S,
(GaS,)" &(GaSe,)" oo (AlAs,)* &(Gas,)*
VEC'="%3=5.33 VEC'=1%n =533 VEC'=%13=533 VEC'= % =533

)t
L1 Peem el A
No equipartition

Figure VIl - 6 : Examples of anionic tetrahedron complexes observed with normal valence
compounds where n/m' = 2 and BEN = 16.

- C'¢Ay, C'3A; C'; Ajand C’'; A, tetrahedron complexes where the anions are
shared between two and three tetrahedra : The formulae of these complexes can be found
in Table VIl - 2. Thus it is possible to construct each complex with only one kind of base
tetrahedron, ie. the [--5), [--6], [--7] and [- - 8] base tetrahedron, respectively. In
Table VIIl - 8 are listed normal valence compounds for which these anionic tetrahedron
complexes have been reported.

TaBLE VIII - 8 : EXAMPLES OF NORMAL VALENCE COMPOUNDS WITH ANIONIC TETRAHEDRON COMPLEXES BUILT
UP ONLY OF [--5], [--6), [--7] AND [- - 8] BASE TETRAHEDRA, RESPECTIVELY.

CeArn Cahs CaA, C3A,
(--5] [-- 6] (--7] l--8]
NagPgN14 Na4Cd;Seg Ca3A|2693 CsyZn3Sy
AgGaaTes HP Kg'ﬂzASa - Si3N4

LiSi,Ns
K,Cd,Ss
- B0, I

Tetrahedron complexes with compositions different from that of a base tetrahedron
If the <BEN> value calculated with (VIIlI - 9) does not agree with one of the framed BEN
values in Table VIIl - 2 or, expressed differently, if the TT value, calculated with (VIIl - 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 determined by a lever rule as follows :
Assuming that <BEN> has a value between two allowed BEN values listed in Table VIl -2,

denoted by (BEN), and (BEN),, the ratio of their numbers is given by
MBEN) / MBEN), = [(BEN), - <BEN>] / [<BEN> - (BEN),] (VIII - 10a)

A corresponding lever rule equation can be formulated for <n/ m'>and <TT>. If <TT> has a
value between (7T),and (TT),, the ratio of their numbers can be expressed by
MTDy / MTT), = [(TT), - <TT] / [<TT> - (TT))]

The last equation is applicable only if the base tetrahedra are from the same row in Table VIII - 2.

(VIIl - 10b)
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In Figure VIII - 7 are given four examples for anionic tetrahedron complexes, built up of two kinds of
base tetrahedra, where (VIIl - 10b) can be applied. Note, that the <TT> values for the first three
compounds have been calculated with (VIII - 7a), but for the last compound, where n/m' <2, with
(VIII - 7b).

NagP,0,, I Amphiboles Na,In,Se, BaAl,S,
[P,0,.1% o5(Si,0,)% oo (IngSe,)”" & (Al,S,)%
<TT> = 1‘/3 <TT> = 2‘/2 <TT> = 2%3 <TT> = 52
MTT=1)TT=2) = MTT=2)/ T7=3) = MTT=2)\1T=3) = 12 MTT=S)N(TT=6) = /1
oo i &Y ?'%_g‘é ol

Vv
2x[--1]+1x[-- --2)+[-- 1x[--2]+2x[--3) [--5]1+[--6]

Figure Vil - 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 (VIIl - 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 corner-linked tetrahedra

For anionic tetrahedron complexes with 4> n/m' > 3 or 322 <BEN> > 24 or 0 < <TT>
< 2 there exists a different, more convenient, method to predict the possible linkage of the
tetrahedra. We know from above that TT = 1 cormresponds in the most simple case to a
double tetrahedron and TT = 2 to an infinite chain 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 Nty which is the average number of tetrahedra per molecule of the anionic
tetrahedron complex. Making the same reasoning which led to the derivation of (V - 9) one
can obtain a correlation between N'pq and 7T :

Nty =2/(2-TT7) for 0 < TT <2 (Vil-11a)
which with (VIII - 7a) can be rewritten as
Ny =1/[(n/m") - 3] for 3<n/m'<4 (VIl-11b)

or Nty = 2/[2(n/m*) - 6] | for 6<2.(n/m')<8 (Vill- 11c)

Simple solutions of (VIII - 11) are tabulated in Table VIII - 9. If, on the right hand side of (VIII -
11b), the parameter n/ m' is replaced by 2. (n/ m"’), then equation (VI - 11c) has
algebraically the same form as (V - 9b) for which solutions are printed on the inside cover of
this book.

TaBLE VIl - 9: THE SIMPLE NUMERICAL SOLUTIONS OF (VHI - 11) RELATING THE NUMBER OF CORNER-LINKED
TETRAHEDRA FORMING A FINITE CHAIN N'raq WITHTHE. TT AND N/ m' VALUE OF A COMPOUND.
n/m' 4 72 O3 134 165 195 2/, 255 B 3 (3
2.(n/m" | (8) 7 /3 B X5 193 44y; 25, S 35 ()
T (0) 1 43 32 Y5 53 12z Ty g Y5 (2
N'Ttm 1) 2 3 4 5 6 7 8 9 10 (<)
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If N'ra 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 'ty comer-linked base
tetrahedra. Short chains are unbranched but, when N ‘1 > 4, they can be also branched.
Less probable is a solution where the calculated value corresponds to an average <N ‘Ta>,
i.e. the tetrahedron complex consists of two kinds of tetrahedron chains, one shorter and one
longer than expected for the simple case.

Examples for anionic tetrahedron complexes consisting of finite tetrahedron chains with N Ty
= 3, 4 and 5 are shown in Figure VIl - 8. The general numerical formulae and examples for
N'tam =1and 2 canbe found in Tables VIIl - 3 and 4, respectively. A projection of one
complete unitcell of NazMg,Ps0, (N‘tm = 5) is presented in Figure VIII -9

NTm numerical formula of compounds formula of compound
formula with one kind of finite chains with two kinds of finite chains
3 (43610)% Na,CagSigOqo
(53610)% NagP3040 Il
(63610)% K2Cr®3040
Q O o
. - gw éo
4 (34613) " Na14Al4013
(44613)'* Ag10Si4043
(54619)% BagP4O43 LT
(64613)% Rb,Cr840y5
5 (3s616) "7 Nay7Al5046
(45616)'% Na,Sn,SigOy6 . H20
(55616)" NagMg2PsOq¢
(65616)% K2Ss016

i N N

Figure VIl - 8 : Examples of anionic tetrahedron complexes with N'tpy = 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 twio kinds of tetrahedron chains, one being a branched chain.

.%".o O}g

Figure VIl - 9 : Projection of the structure I o’)
N YO >
b
U O }/o

If the calculated value for N ‘rpy is not an integer, then it must correspond to an average, i.e.
<N'tam>. Ifthe value of <N'rp> 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 M/T) / M), is given by

MM/ M) = [j - <Na>] 1 (<Nt - i) (Vill - 12)
Examples of structures with anionic tetrahedron complexes consisting of two kinds of tetrahedron chains
are presented in Figure VIII - 10.
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Na,BagSi 0,5 Ag;P3Sy4
(SigOy9) " (P3S41)"
<TT>=2, <N'm> = ¥3 <TT> =2, <N'T/M> =3
MIT)/ m2T) = 2/1 MIT)/ M2y =
1x[--0] + 1x{--1] 1x[--0] + 2x[--1]

Figure VIl - 10 : Two examples for compounds with anionic tetrahedron complexes consisting
of two kinds of tetrahedron chains where <TT> and <N ‘Tas> are not integers.

Normal valence compounds with finite chains of edge-linked tetrahedra

Edge-linked tetrahedra are never found with silicates, phosphates or sulphates, ie.
compounds with oxygen anions. One exception is fibrous SiO,, a laboratory curiosity,
isotypic with SiS,, which forms an infinite straight chain of edge-linked tetrahedra isoster to the
anionic tetrahedron complex in NajAlAs,, 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 - 10b) changes to

MTT=2) | MTT=4) = (4 - <TT>) / (<TT> - 2) for2 < TT<4 (VIl-13)

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, 4and « can be found in Tables VIll -5, 6 and 7, respectively.

TaBLe VIl - 10 : 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'Agmeo [N/M'=24+2/m|TT=4(1-1/m)|l-2l/[--4]| compound ~ complex  Figure
2| [C2Ad 3 2 2/o NasGeP;  [GezPg)'® Vill - 4
3| [C'3 A 2.67 2.67 2/ K¢SnsSeg  [SnaSeel* Vili - 11
4| [C'4 A 25 3 74 CsqGa,Ses [GasSey)> V-5
5| [C's Al 2.4 3.2 24

6 | [C's Al 233 3.33 2 |CssGagSe; [GagSeid]'®  WMI-11
w kL (C' A) 2 4 o2 |NagAlAs, A (AlAS)®  VIll-2

The anionic tetrahedron complexes for m* = 3 and m'’ = 6 are presented in Figure VIII - 11.
It remains unexplained why K,Sn;Seg (m ‘' = 3) has only edge-linked tetrahedra, but
Na,IngSeg, shown in Figure Vill - 7, edge- and corner-linked base tetrahedra.

[SnySegl* in K,Sn;Se, [GagSe, ]! in Cs,Ga,Se,
Figure VIl - 11 : Finite linear chains of edge-linked tetrahedra in the anionic complexes of
KSnsSeg (m'= 3) and CsgGa,Se, (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, ie. the n/ 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 corner-linked. The base tetrahedra comresponding to
the simplest solutions of (VIIlI - 7a) and (VIII - 2) are, with few exceptions, the ones used to
construct the observed tetrahedron complex. In Table VIl - 11 a very simple version of a
silicate classification system is presented. Many more subdivisions can be made for silicates
with non-integer TT values.

TaBLE VIII - 11 : CLASSIFICATION OF SILICATES BASED ON THE TETRAHEDRON SHARING COEFFICIENT 7T.
THE LAST COLUMN REFERS TO TETRAHEDRON COMPLEXES FORMED BY EDGE-LINKED TETRAHEDRA; SUCH
TETRAHEDRON COMPLEXES DO NOT OCCUR WITH SILICATES.

TT =0 n/m'= 4 |NesosiLicATES with isolated tetrahedra
olivines
O%O garnet CajAl,[SiO,],
corner-linked edge-linked
T =1 n/m' = 7/ |SoRosiLICATES with double tetrahedra —
Og-t]
T = 2 n/m'=3 InosiLICATES with simple tetrahedron chains double tetra-
pyroxenes hedra
o--gﬂ enstatite Mg o‘o(SiOa) (Figure VI - 4)
CvcLosILucATES with tetrahedron rings
beryl BegAl,[SigO el
TT = 52 n/m' = /s |INosiucaTEs with double chains —
amphiboles
tremolite
T =3 n/m' = 52 |PHYLLOSILICATES with sheets (or ribbons or cages) chains of four
micas tetrahedra
O—E—G kaolinite Alz(OH)4§(Si205) (Figure VIIi - 5)
TT = 4 n/m'=2 TecTosiLiIcATES with three-dimensional frameworks | infinite chains
quartz SiO, (Figure VIl - 6)
I)i—(l felspar Na &(AISiSOa)
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Problems to classify the silicates based on their n/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 NaAlSi;Og). 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,Al,Fe3*O(OH) [SiO4] [Si,0,] ).

Examples are also the different aluminium silicates with same chemical formula Al,SiOg. In kyanite
(= disthen) AI2|610[SiO4] one oxygen atom per formula unit is outside the complex which consists of
isolated SiO, tetrahedra (77 = 0). But in sillimanite A|l°1o1o(AIl4ISi05) half of the Al atoms participate
on the one-dimensional tetrahedron chain, an anionic tetrahedron complex where TT = 3.

Examples of physical measurements which provide structural Information

1) Measurement of the angle between cleavage planes to distinguish between pyroxene and amphibole
infinite-chain silicates.

To distinguish between pyroxenes and amphiboles, both characterized by infinite chains but of different
width (see Figure VIII - 12a), one measures the angle between the pronounced cleavage planes. A
projection along the direction of the chains, as presented in Figure VIl - 12b, indicates the different
widths of the chain-outlining trapezoids. The pyroxenes and amphiboles 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 VIII - 12c, the (apparent) angle between possible cleavage planes is
about 87° in the pyroxenes, but about 124° in the amphiboles.

Pyroxenes
with
simple chains
(n/m* = 3)

| |
|
Amphiboles
with
double chains
(n/m* ="4), |

Figure Vill - 12a : Projection Figure VIll - 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 4 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, ie. [POJ* (N =1),
[P,O1* (N =2), [P3040> (M1 =3), e.t.c. viit - 4)

Subclassification 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, ie. Na,GeS, and
Na,GeS;-7H,0. From n/m'‘ = 3 one obtains BEN=24or 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 Na;SnSb,;, see
Figure ViiI - 4), while in the second they are edge-linked, forming a cyclic molecule [Gezsel“' (as in
NayGeP,, also Figure VIIl - 4). The water molecules occupy interstitial sites and do not contribute to the
valence electron pool, but they influence the linkage of the GeS, 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 V- 5) proposed for silicates (and other normal valence compounds) two
subclassification parameters, called L (linkedness) and s (connectedness), which are
defined as follows :
L = linkedness 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 Na,GeS; and Na,GeS,;-7H,0.
For a corner-linked base tetrahedron in an infinite chain : L = 1, 8 = 2.
For an edge-linked base tetrahedron in the cyclic molecule: L = 2, 8 = 1.
Following the recommendation of an IUCr commission Y//-6) the L and s values are written
within a pair of Japanese brackets (Japanese quotation marks) and separated by a semi-colon
[L; sl 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
L,, L, Vvalues, each one applying to one adjacent tetrahedron, have to be given. They will
be separated by commas: [L,, L,; sl.
Examples : The L and s values of the base tetrahedra used for the construction of the anionic
tetrahedron complexes of the four structures with 7T or <TT> = 3, presented in Figure VIlI - 5.
LigP,Nsg Rb,In,Sg Na,Ge,Se, Cs,Ga,Se,
M; aj M2,1; 2| M; 3J 2 1] + 72 2]

Vill - 4) Aurenge, J., Degeorges, M. & Normand, J. (1964). Bull. Soc. Chim. Fr. 1964, 508 - 511.
Vill - 5) Liebau, F. (1985). "Structural Chemistry of Silicates®. Berlin : Springer.
Vil - 6) Lima-de-Faria, J, Hellner, E, Liebau, F, Makovicky, E. & Parthé, E. (1990). Acta Cryst. A48, 1-11.
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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)
comesponds 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 - 14a) is
valid.

TT = <L> - 8 (Vill - 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]> (V11 - 14b)

As example we come back to the four structures shown in Figure VIIl - 5 with TT = 3 for which the L
and s values of the base tetrahedra have been given a few lines above. That the productof L and s
agrees with the 7T value can be verified for the first three structures by using (VIIl - 14a) and for
Cs,Ga,Se, by applying (VIil - 14b).

Limits for the use of the valence 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 [BO4]*, [CO4% or [NO4]'. 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 NagGeP, and CsgGeP, have
structures characterized by an anionic tetrahedron complex constructed with base tetrahedra having
code [- - 2]. This is the case for NasGeP, where one finds edge-linked double tetrahedra (see Figure
VIl - 4). Surprisingly, homologeous CsgGeP, has no tetrahedron complex, but a molecular anionic
triangle complex [Gela‘lP3]5', isoster to [CO4%. It is surprising that the hybridization of Ge changes
from sp® to sp? 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 Tl*, Sn2* and Pb2* (however Snh 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, 24 and 3T elements from the fourth period up are hardly ever sp?
hybridized and are thus outside the tetrahedron complex.



IX. GENERAL VALENCE COMPOUNDS WITH
ANIONIC TETRAHEDRON COMPLEXES

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 w (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.

Na,SiSe, K,SiTe, Na,AsS,
VEC=%s <4 VEC=%h<4 VEC=211 <4
[Si,Segl® [SiyTegl® [AsS,]*

VEC, =3, VEC'=3s VEC,=%h, VEC'=%N VEC, =%h, VEC'=%

ofooto oHo 030
ofo- 3 0%

Figure I1X - 1: Three examples of anionic tetrahedron complexes in general valence compounds and
the base tetrahedra needed for their construction. Central atoms are indicated by small black circles
and anions by open circles. A thick line represents the homonuclear bond between anions or
between central atoms or indicates the lone-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 VECh, defined by (VIIl - 1), and VEC', expressed by (VIII - 3).
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- Generalized 8 - Nrule

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 : /X- 1)

VECp = 8 +C°C' /(n/m’) - AA for (C'pe A)imed:  (IX - 1)

n/ 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 nhumber 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 C'C’ 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 Nj.a, the
average pumber of anion - anion bonds per tetrahedron, to be obtained from AA with

Naa = AA-(n/ m’) (1X-2)
The new formulation of the generalized 8 - N rule is now
VECA =8 + [1/(n/ m")]-[C'C" - Naal] for (C'p A)med: (X -3)

For our application it is necessary to decompose the C’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 Mgy and N
Nep is the average number of Jone-electron pairs on the central atom per tetrahedron.
Nc.c' is the average number of central atom - central atom bonds per tetrahedron.
These parameters are related with C'C' according to

CC = 2Mgp + Nec (X - 4)
The final version of the generalized 8 - N rule is thus

VECA = 8 + [1/(n/m")]-[2MNep + Noc' - Naal | for (C'p A )med- (x.5)

Based on the VECj value we distinguish, as before, between a polyanionic, normal and
polycationic valence compound.

If VECa < 8 : Polyanionic valence compound where
Na.a = (n/m’)-(8 - VECa) if Mgp=Ncwcr =0 (I1X-86)

If VECA=8: Normal valence compound where Mep = Ncc' = Naa = 0.

If VEC, > 8: Polycationic valence compound where

C'C' =2NMgp + Ncie = (n/m?)- (VECa - 8) if Na.a =0 (X-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) Parthé, E. & Chabot, B. (1990). Acta Cryst. B46, 7 - 23.
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- Tetrahedral structure equation

All what has been stated in Chapter VIII 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 VEC' values and (VIII - 6), that the non-cyclic molecular anionic tetrahedron complexes
consist of 10, 8 and 4 atoms, respectively. Note should be taken, that the lone-electron pair attached
to the central atom of a y-tetrahedron is included in the value calculated for N'ngo. Thus, in the case
of [AsS,]* (third drawing in Figure IX - 1), one obtains with (VIIl - 5) that N'ngo = %4, ie. there
are ten lone-electron pairs per isolated y-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 withan n/ m '
scale as abscissa and withan (n/ m ‘) - (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/ m )
-(VECp - 8 = 0, iie. VECp, = 8 are aligned the base tetrahedra for normal valence
compounds (which were shown before in the top part of Table VIll - 2). In the upper half of
Figure I1X - 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.p value and the n/ 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/ m' value although the base tetrahedra are different. One base tetrahedron drawing of
each pair is at the correct grid point /X-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/ 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 VI, 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.ao or CC' and n/ m"' grid points.

I1X-2) At n/m'=1with C'C' = 3 and 4, further at C'C' = 2 with n/m'= 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/ m'= 0), the
BEN values and the base tetrahedron codes. The positions of the filled circles (central atoms)
of the base tetrahedron drawings on the (n/m’). (VEC4-8)[= BEN-8(n/m)] versus
n/m' grid correspond to the parameter values of the base tetrahedra. Two base tetrahedra are
possiblefor BEN = 11, 12, 14 (at n/ m'= 1.5) and 18. For each pair the drawing on the lower
left should coincide with the one on the upper night 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/m’ ratio. This is necessary because there exist different base tetrahedra with same
BEN numbers but different n / 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/m' 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/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 VECa [= BEN/ (n/m')] = 8 :
BEN = 32 - 47T for TT < 4 (X - 8)

For a polyanionic valence compound with VECa [= BEN / (n/ m')] < 8 :
BEN = 32 - Npa - 47T for TT £ 4 - Naa (IX-9)

For a polycationic valence compound with VECA [= BEN / (n/ m')] > 8 :
BEN = 32 - 6 Mg, - 7Nc.cc - 4TT for TT < 4 - Ngp - Neor (IX-10)

The total number of lone-electron pairs of a base tetrahedron can be obtained from the BEN number :
Niugo-(n + m')/m' =BEN - 4:-[(n/m") +1) (IX-11)

Equations (IX - 8 to 10) are valid only for base tetrahedra with unshared anions and/or anions shared
between two tetrahedra, but (IX - 11) 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. /X-3) Three kinds of code versions have
to be considered, depending on the number of hyphens within the square brackets.

[-- TT] 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 VEC, = 8.

IX - 3) The notation of the base tetrahedra presented here differs from the notation used in the first edition of this book.
The new notation relates more directly to the features of a base tetrahedron.
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[ - Na.a TT] 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 7T
value. Base tetrahedra with these codes are found with polyanionic valence
vompounds where VECh < 8.

[Mep Nc-c' TT] represents the code for a base tetrahedron with a lone-electron pair and/or a
centralatom - 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 Mgp, Nc.cr and TTvalues. The C'C'
value of each base tetrahedron is determined by (1X - 4). Base tetrahedra carrying
the [Mep Nc.c' TT] code are found with polycationic valence compounds for which
VECA > 8.'X-4) TThas novalue in the five degenerated base tetrahedra with n/m’= 0.

Here follows a summary of the equations which can be used to derive the base tetrahedron codes from
known BENand n/ m* values (anions unshared and/or shared between two tetrahedra and equipartition).

For a base tetrahedron with code [-- TT] where VEC, = BEN/(n/m') = 8 :
TT =8 - BEN/4 for 0 < TT < 4 (IX-12)

For a base tetrahedron with code [- Na.a T7] where VECp =BEN/(n/m') < 8 :
Naa = 8(n/m') - BEN for 0 < Napa <4 - TT (X -13)
TT = 8 - (BEN + Npp)/ 4 for 0 < TT < 4 - Naa (X -14)

For abase tetrahedron with code [Mep Nc.c' TT]  where VECA =BEN/(n/m') > 8 :
MNep = [BEN - 8(n/m')]/2 when BEN - 8 (n/ m"') even (IX - 15a)
or Mep = [BEN - 8 (n/m')}/2 - /2 when BEN - 8(n/m') odd  (IX - 15b)
Ncc =BEN -8(n/m') - 2Ngy for 0 < Nog £ 4 - Ngp (IX-16)

TT =8 +6(n/m') - BEN - No.g for 0 < TT < 4- Mgy -Neg (X -17)

If Mep >0 the calculation of (IX -16) and (IX - 17) has to be repeated with a Mg, value
which is smaller by 1, then with Mg, smallerby 2, and further in steps of one down to
Niep = 0. Onlythose solutions can be accepted which are within the specified limits

Three examples for the calculation of the base tetrahedron codes :
1) BEN =18 and n/m*'=2: BEN/(n/m') = 9 > 8; Mg = 1.
Calculation with Mgp = 1 Calculation with Mg = 0
| Neo =0, TT=2 = 11021 | Npc =2 TT =0 = 020 |
In Figure IX - 2 the two base tetrahedraat BEN=18 and n/ m' =2 have the codes [102] and [020].

2) BEN =12 and n/m*'=1: BEN/(n/m"') = 12 > 8; Mg = 2.

Calculation with Ny = 2 Calculation with Mgy = 1 Calculation with N, = 0
| New =0; TT=2 =1202] | N =2 TT=0 =[120] |Ng.c =4; TT= -2 = Impossible|
The TT value calulated for Mg, = O is negative. Thus only [202] and (120] 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 correct to state that this is compound where the central atom keeps electrons
which are not used for bonding with the anions. The oniginal term should have been used when only [0 Ng.c: TT]
base letrahedra are involved.
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3) BEN =29 and n/m'= 35 : BEN/(n/m"') = 8%7 > 8; Ny = O.
Calculation with Mg, = 0
[Nc-_c- =1, TT= 1= Imposslblel

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 relatlon between a polyhedron sharing coefficlent and the n/m’ ratio of a complex
We consider an anion complex C'y,-A, built up of C'centered polyhedra of a not specified kind
(tetrahedra, prisms, octahedra etc.). We define as the polyhedron sharing coefficlent PP the
average numberof C'- A- C ' links which originate from the central atom of a polyhedron. The value
of PP depends on

- Nc.a: the average number of anion neighbours of a central atom and

- n/m': the ratio of the anions to the central atoms.
A relation between PP and n/m' is obtained by combining the following three equations : - )

Nowa = No + Ny + N + Ny + (X - 18)
n/m' = Ny + V2Ny + VaNy + Va-N, (IX-19)
PP = Ny + 2:N, + 3Ny + (IX - 20)

- N, is the mean number of *unshared" anions per polyhedron

- N, is the mean number of shared anions per polyhedron which participateon / 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 numberof 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 N, are not zero, ie. Ny (or Ng and Ni,). Combining (IX - 18 to 20) the N values
drop out and it results (IX - 21) which relates PP to n/m' for the case of equipartition.

PP = k-[2Ng.a - (k + 1) (n/m")] with k<[Ng.a/(n/m')] sk+1 (IX-21)

The parameter kcorresponds 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.

k=0 k=1 =1 k=2 k=2 k=3 k=3

Figure IX - 3 : Anion ligand combinations for the case of equipartition and the corresponding 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/m' (IX-21a)
k=1 PP=1-[2Ng.a - 2(n/m") for Nea 2 n/m* 2 Ngual2 (IX - 21b)
k=2 PP =2.[2:Ng.q - 3:(n/m")) for No.a/2 2 nim' 2 Ng.al 3 (IX - 21c)
k=3 PP =3-[2Nc.4 - 4(n/m")) for Nea/3 2 nim' 2 Noal 4 (IX-21d)

Depending on the numerical value inserted for Ng.4 one can formulate equations relating different
sharing coefficient to the n/ m* ratio of the compound. For the tetrahedron sharing coefficlent TT
one inserts N4 = 4 (see below), but N4 = 6 for the octahedron sharing coefficient 00, X-5)
IX -5) The equation for the octahedron sharing coefficient OO for k=1, using (IX-21b), Is OO = 12 - 2-n/m".

An example of a structure with isolated octahedrais - [SI%IFg) HT (OO =0) and with comer-linked octahedra :

- o (UIFy) alpha (00 = 2), 2 (Fe/%ICig)® intrigonal CsgFe,Cly (00 =3), 2 (NFSIF 2 in KNiFy (0O =4),

2,(Tif%I0,)f in S13Ti,0; (00 =5) and 3,(TAIOF" in CaTiO, (0O =6). For OO = 4, 5,6 see Figure Xi - 1.
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Equations for the tetrahedron sharing coefficient 7T

In normal and polyanionic valence compounds with anionic tetrahedron complexes each central atom has
four anion neighbours, thus Ng.4 = 4. Inserting this value into (IX - 21b to 21d) one obtains the three
TTversus n/ m' equations for normal valence compounds (VIil - 7a to 7c), presented in Table VIII - 2.
These equations are equally valid for polyanionic valence compounds because also here Ng.4 = 4.

In polycationic valence compounds, however, the value of Ng.4 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

Noa = 4 - Mgy - Newc (IX - 22)
The number of unknowns can be reduced from two to one by introducing C'C" in the form of (IX- 4):
Nea =4 - 2-(C'C' + Newe) (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 - 21b) results in

[77 + Newo = 8-2(n/m")- C'Clior 4- Y2(C'C4Ne-c) 2 0/ m" 2 V214 - 12(C'C'+Ne.)] (IX - 24)

The right hand side of (IX - 24) can be calculated from the composition of the compound, however,
there are different solutions for 7T, varying between 7T, and TTmax, depending on the value of Ng.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/ 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/ 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 haveone C'- C'bond, with C'C' =2 one lone-electron pair, with C'C'=3one 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/ m' equations without unknowns.

[ For C'C'=1 with Nep=0, No.co=1andn/m"' = 932, 2, 5/2, 3

7T=6-2-n/m'i (IX - 25a)
For C'C'=2 With Mgg =1, Ng.go=0and n/m' = 52, 3

( For C'C'=3 With Negp=1, No.co=1andn/m* = ¥z, 2
7T=4-2-n/m'i (IX - 25b)
For C'C'=4 with Ngy=2, No.c=0andn/m' = 372, 2

Two examples where (IX - 25a) cannot be used because n/ m"' is outside the permitted range :

- LiZCu2*3$e4O14 : C'C' =1, n/m' = 72 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.

- Sil,and SeO,: C'C' =2, n/m' =2 and BEN = 18. Asseen in Figure IX - 2 two different base
tetrahedra are possible for these values. Sil, is built up with [0 2 0] base tetrahedra, but
isoelectronic SeO, with [102] 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
VEC,, using (VIII-1) and with (VIII - 8) the value of BEN.
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If VEC5 = 8 then the compound is a normal valence compound. By means of (VIll - 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 VIl - 2. If no base tetrahedron is found in
the table which has the same 7T or BENvalues as the compound, then the calculated values
must be average values. The appropriate base tetrahedron mixture can be obtained with the
help of (VIIl - 10a) or (VI - 10b).

If VECA # 8 then the compound is a general valence compound. Depending on the value of
VEC, one calculates either Na.a with (IX-6) or C'C* with (IX-7). The Na.por C'C*
value corresponds in Figure IX - 2 to the ordinate and the n/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.

A1) 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/m' value, i.e at BEN = 11, 12, 14
(when n/m' =1.5) and 18, 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
IX - 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 - 10a).

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.

B1) 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 (VIII - 10a). 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.

B2) 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.

Calculation 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
dgtermine the ratio of the numbers of the base tetrahedra. The coordinates of a compound point in
Figure IX - 2 are expressed interms of <n/ m'> and <C‘C> or <Na.p> values for which additional
lever rules can be formulated. In analogy to (VIIl - 10a) one finds for the number ratios of base
tetrahedra with different n/ m', C'C' or Na.a values, the following equations :

Nin/mYy !/ N(n/ m*y = [(n/m*, - <n/ m*S) [/ [<n/ m'> - (nl m"),] (1X - 26)
and NC'C)/NC'C) = [(C'CH - <C'CS) I [<C'CS - (C'CH4] (IX - 27a)
or (IX - 27b)

Within the three different base tetrahedra there are always two which either have the same n/ 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 KgSngAss.

KgSngAss : VECA = 835, C'C' = 1, <n/m’> = 5/3, <BEN> = 14V3
Simple solution (not observed) with two kinds of base tetrahedra :
N(BEN=13) / N(BEN=17) = 2 from (Vill - 10a)
More complicated solution (observed) with three kinds of base tetrahedra, ie. BEN = 13, 14
and 16. The base tetrahedra with BEN = 13 and 14 have same n/ m"' value and those
with BEN =14 and 16 have an average of <C'C> = 1.
[N(BEN=13) + N(BEN=14)] / N(BEN=16) = 2 from (IX - 26)
N(BEN=14) / N(BEN=16) = 1 from (IX - 27a)

Thus MN(BEN=13) / N(BEN=14) / N(BEN=16) = 1 : 1 : 1

TABLE IX - 1 : POLYANIONIC VALENCE COMPOUNDS WHERE THE ANIONIC TETRAHEDRON COMPLEX IS CONSTRUCTED
OF ONLY ONE KIND OF BASE TETRAHEDRON.

n/im' =25 n/m'=3 n/m' =35 nim'=4
NM=1D20 (-13] @‘% (-12] @%Q [(-11] @)%O (-10]
(8,55)7" NajAl,Sbs (355 CagGayAsg (4,6,)* CsySn,Tey (46,)>  NagSise,
(46,)""  CsSiTe, (66,)" KsoO,
Naa=2 (22] g (-22] % (-20]
(455)*  ASiP, (46, Cs,GeSe,

(36,)"" T*BS,

Naa=3 @ E [-31]

(3,6,)> NagB;Se;
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Polyanionic tetrahedron complexes having unshared and/or half-shared anions

A1) The BEN value calculated from the composition of the compound agrees with a framed
BEN value in Figure IX - 2. ﬁ' 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 1X - 1. The only non-cyclic
molecular tetrahedron complex occurs with BEN = 31 and consists of 10 atoms (VEC' = 6.2).

B1) 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 Nagin,Teg and Ti*3B3S,,.

Nan =0 T -0 NasinzTeg Ti*3B3S+10
I I I (InzTeg)™ (B3S10)*
| e Nagln,Teg | VEC, = 756, Naa = 2 VECh = 7'5, Nap = 2%3
I | I <n /m S =3, <BEN> =232 <n/m S =33, <BEN> =24
Maa=1 [19F---{23}----127] x [2a] + 1 x(2q 1x [22] +2x[25]
| I [-12] [--2] [-22) [-31)
I | is
[ | D é—@-Qﬂ
Naa = 2 [22}- - - - 26|
“ | Observed complex Observed complex
T*3BsS1o | Only solution

| Two other solutions

[ ]
Npp =3 @ 1X.+1X.

--3] [-11]
n/m'= 25 3 35 1x - +1 x.
[-13]

Figure IX - 4 : Positions of compound points for NaslnzTe6 and TH4B3S;o onthe (n/m’) -
(VEC4 - 8) versus n/m' grid, the selection of possible base tetrahedron pairs using a lever
rule and the observed tetrahedron complexes. The twio other base tetrahedron pair solutions
for Nagin,Tegs, given in the lower part, differ only in the distribution of the anions shared
between two tetrahedra.

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

A1) The BEN value calculated from the composition of the compound agrees with a framed
BENvalue 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: [103] and [021] and
for BEN =18: [(102] and [ 20). Non-cyclic molecular tetrahedron complexes occur with
BEN = 25 (N'am=8), 26 (Nam=4), 22 (N'am=7), 19 (Nam=6), 20 (N'am=3)
and 16 (NINM= 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 = 22and n/m' = 5/2. The complex of NaSn,Fs is built up with only
one base tetrahedron, but for K;S,05 and BayAs,Seg two different ones are used.
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TABLE |X - 2 : POLYCATIONIC VALENCE COMPOUNDS WITH COMPLEXES BUILT UP WITH ONLY ONE KIND OF BASE
TETRAHEDRON. THE LETTER L OR R BEFORE THE CHEMICAL FORMULAE LISTED UNDER BEN = 14 AND 18
INDICATES THAT THE LEFT OR RIGHT BASE TETRAHEDRON IS USED FOR THE CONSTRUCTION OF THE COMPLEX.

n/m' =15 n/m' =2 n/m'=25 n/m'=3

b ox
cc'=4[1g [201] [200]

(76)1-  NaClO,
(67510 - sCl,

cc'=3[15) (111 OS- [110]
(565)2  KyAsTe,
(66,)"  NaSO,
(67,)0 - P,

ok 08 0810 og 030
cc'=2[14] o3 p21 noz (020  [22] [101] [100]

(326300 L- As,S;  (35)5 RcaGaN, (5,650 SiSbSsaq  (563)3  AgsAsS,

(46,)2 L Basns, (6,65)2°  ZnSe,O (663)2  Na,SO,
(56,1 PRcCsPO,aq  (427s)'"  NaSn,Fs (765)"°  KClO,

L KAsSe, (4731 CsSnCly
(66,)10 L. 560, (57580 . AsBr,

(47,10 R_ gj,

o4 80 o oo

cc'=1[13 013 012 [21] 11 [25] 010

(3:69)2  NajGasSe; (45)%  SrySiyAs, (4,65)4 Ba,Ge,Te; (469)%  KjSiTe,

(4265)0 - si,Te, (563)>  HgPs,
(665)"  KSO,

(37:)"  LGaBr,

(47380 - ccy

B1) 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

(VIIl - 10a), (IX - 26) and (IX - 27a).

NaSn2F5 K28205 332AS2895
(SngFg)t (S205)2 (As2Ses)4-
VECh = 845, C'C' =2 VECa = 84/s, <C'C'> =2 VEC, = 845, C'C' =2
n/m' = 82, BEN =22 <n/m'> = S/2, <BEN> =22  <n/m'> = S/2, <BEN> =22
@ 1x+1x@ 1x+1x
[1o01] M1o0] [010) [102) [100]

09 3 030
3o °8° °8
Figure IX - 5 : Graph drawings of the observed anionic tetrahedron complexes of three

compounds with BEN =22 and n/m' = 5z The simple solution with only one kind of base
tetrahedron occurs with NaSn,Fs (also ZnSe,O5 and SrySb,S; aq).
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Of the three examples shown in Figure IX - 6 the compound Li2Cu2*9Se4O1 4 is unusual because the
BEN value calculated from the composition is an integer, but for this BEN and n / m' value exists no
base tetrahedron in Figure IX - 2. There is only one possible solution which consists of two base
tetrahedra, ie. an isolated normal tetrahedron and a w-tetrahedron. The average number of atoms
per molecule is 4/2. This is also the value for N'an calculated from VEC' with (VIII - 6).

LizCU2*3564O14 Zn2P389 N85P305 aq
(Sez07)4 (P3Sg)*+ (P30e)*
VEC, = 82/7, <C'CS = VEC, = 819, <C'C'> = 1/3 VEC, = 8V2, <C'C'> = 4/3
<n/m’> = 72, <BEN> = 29 <n/m'> = 3, <BEN> =241/3 <n/m'> = 83, <BEN> =222/3

1x.+1x@ 2x+1x|§_§|- 1x+2x

[100] [--2] fo10] [102]orf020] [010]
Fo P
o

Observed complex OO Observed complex

Only solution ® 'H'O with [02 0] base tetrahedron
£
Observed complex Two other solutions
2x @ +1x @
One other solution o11) [100]

1x|§l+2x 2x@ +1x

012 [--1) [101] [--2)
Figure X - 6 : The possible base tetrahedron combinations for Li,Cu?*3Se40,4 2Zn,P3Sy and
NagP;O,. 14 H,O and graph drawings of the observed anionic tetrahedron complexes.

For Zn,P,S, and Na,P,O,. 14 H,O 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 Na P,O, . 14 H,O with BEN =18 and 25 there has to be made for BEN = 18 also a
choice between the [t 0 2] and the [0 2 0] base tetrahedron. The latter occurs in the observed
tetrahedron complex which is non-cyclic molecular and consists of 11 atoms in agreement with
VEC' = 62/11.

[ | |

| |N35P303ﬂ

[ [ |
conr -

[ | |

l | |

® Zn,P3Sy
l——--@--——l——-l——-@
n/m' = 25 35

Figure X - 7 : Positions of compound points for U20u2+3Se4O,4, Zn2P3$9 and NagP;O,4 .
14 H,0O onthe (n/m')- (VEC4 -8) versus n/m’ grid. This presentation is helpful for the
selection of possible base tetrahedron pairs by means of a lever rule.

=== Problems 10 and 11 in AppendixB
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B2) 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 KSnjAsg for which the calculations have already been done on page IX - 86.
KgSngAsg : VECp = 835, C'C' =1, <n/m’> = 5/3, <BEN> = 14V/3
According to Figure IX - 2 and (VIII - 10a) one expects as simple solution a mixture of base
tetrahedra with BEN = 13, code [0 13] and base tetrahedron with BEN = 17, code [0 12] in the
ratio 2to 1. Observed is, however, a complex built up of three kinds of base tetrahedra in
equal proportions, i.e. BEN = 13, code [013] and BEN = 14, code [103] and BEN = 16,
code [--4]. It had been shown above that this mixture agrees with (IX - 26) and (I1X - 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 VEC, 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 VECj, values.

TABLE X - 3 : DATAOF STRUCTURE PAIRS WHICH ON CASUAL INSPECTION APPEARTO BE ISOTYPIC BUT ARE NOT.

Compound CasGayAsg CagSn,Asg
Formula of complex (GaAs3)5 (SnAs3)5-

Space group, Wyckoff sequence (55) Pbam - h3g3a (55) Pbam - h3g3a
Unit cell parameters (in A) 11.357 13.224 4.138 11.830 13.643 4.121
VECA n/m' <BEN> 767 3 [ 8 3
Base tetrahedron code [-12) [--2)
Compound K2Co2+Se,0¢ K,CaC,0¢ (buetschliite)
Formula of complex (SeOg)2- (COgz)2-

Space group, Wyckoff sequence (166) R3 m - ho2a (166) R3 m - hc?a
Unit cell parameters (in A) 5516 5516 18.520 5.3822 53822 18.156
VECA, n/m' <BEN> 867 3 [26] 8 3 no
Base tetrahedron code [100] y-tetrahedron planar triangular group

CagSn,Asg is a normal valence compound, but CagGayAsg 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.

K,Ca(COj), (buetschliite) is a normal valence compound, but K,Co?*(SeO,), is polycationic.
There is a difference in the positional atom coordinates of C and of Se. The C atom is sp?
hybrized and is located in the centre of a (nearly) planar CO, group, while the SeO,
y-tetrahedron is non-planar with the Se atom above the plane of the oxygen atom triangle.
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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 Chatelier. 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 ¢, a geometrical factor which is independent of the volume of the atoms. It is
defined by

¢ = (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 13.4% 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 ¢ = 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) Ifin a system under equilibrium occurs a modfication 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
circlearea = r2n
cell surface area = (4r)2
¢ =n/4=0.785

Three variants of original structure with surface area decreased by 13.4%

a) b) c)
hexagonal arrangement of circles  square arrangement of circles  square arrangement of octagons
circle area = r2m circle area = (0.93r)2n octagon area = r2n
cell surface area = 4r+2 (3)"2r cell surface area = [4 (0.93 r)]2 cell surface area = [4 (0.93 r)]2
¢ =mn/[2(3)"? = 0907 =n/4=0.785 ¢ = 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) rearangement of the circles from a square to a hexagonal packing,
b) decrease of the circle size without changing the circle arangement and c) change of the circles
fo octagons with same surface area to increase space filling.

In conclusion, any change due fo pressure can be related to a volume decrease expressed by
-(AV/V) = (86/9¢) - (ZAVam/ Z Vatom) (X-2)
The volume decrease can be attributed to one or more of the following :
- 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)
- adecrease 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 ¢ 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 parameters of element structure types

Assuming the atoms to be rigid spheres which are in contact, the unit cell (and thus also the
unit cell volume) can be expressed in terms of the atomic radius. For this case one obtains
with (X - 1) a value for ¢ which is independent of the actual size and volume of the atoms. It
depends only on the arrangement of the atoms in the unit cell.

An example we calculate with the help of (X - 1) the space filling parameter of the cubic Cu (A1) type
and the hexagonal Mg (A3)type with ¢,/ a, = 2-(2/3)"2 (see Figures |-3 and Ill - 3). The resutt
is 0.74 for both structure types :

General equation for Cu type o = 4-(4nrg2/3) / asl (X-3)
Cu - Cu contact, therefore a, = 2 -212.rg, o cu-cu= n/(18)12 = 0.740 (X - 3a)
General equation for Mg type O =2-(4nrng/3) / [ap2- (V42 .cy) (X-4)
Mg - Mg contact, therefore a, = 2 ryq OMg-Mg = n/(18)V2 = 0.740 (X - 4a)

’

In Table X - 1 are presented the space filling values of a selection of common element
structures. As can be expected the close-packed element structures have the highest space
filling values. However, in the case of the non-cubic close-packed structures the maximum
possible value of ¢ = 0.740 is obtained only for the ideal c/a ratios (last line of Figure | - 3).

TABLE X - 1 : SPACE FILLING VALUES OF SELECTED ELEMENT STRUCTURES

element  type c/a [0 element  type c/a [}
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
B-Sn Sn 0.535 Cc diamond - 0.340
a-U U 0.534 Cc graphite 0.171

Examples of pressure-induced structure changes of 4B elements are given in Table X - 2.
The results can be expressed in an approximate manner by a simple "historic" rule :

Pressure - Homologue Rule : X-2) For the elements of group 48 to 7B and within
one column, the high-pressure structure corresponds to the normal-pressure structure of
a homologous element from a higher period.

TABLE X - 2: EXAMPLES FORPRESSURE - INDUCED Liquid
STRUCTURE CHANGES WITH 4B ELEMENTS WHERE THE .
SPACE FILLING INCREASES. ‘F‘[:] ) Fe
w X
structure type ) (@ Si Ge Sn y-Fe

cul type, 6=074
graphite CI¥1  0.17 l . Ui

diamond CHI 034 l l
B-tin Sni++21 054 |
tungsten WI&bl 068

X -2) Neuhaus, A. (1964). Chimica 18,93- 103. 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 ditferent 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~ 9 is identified by its crystal chemical formula and ¢ value. The line separating a - Fe
from y - 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 € =rg/ ra.
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 ¢ for the NaCl type in its more general form (X - 5) has
three special solutions, ie. (X -5a) valid for € (=rna/Tg ) > 2.414 when there are contacts between
the atoms on the Na sites, (X - 5b) for 0.414 <€ <2.414 when Na - Cl| contacts occur and finally
(X - 5c) for € <0.414 when only atoms on the Cl sites are in mutual contact. It possible to express the
lattice constant a; in (X - 5) in terms of the radii of the atoms which are in contact and one obtains
three equations for ¢ which depend only on the radius ratio € (always assuming spherical atoms).

General equation for NaCltype 6 =[4-(4n/3)- (N +1cd)] / &° (X-5)
Na - Na contact, therefore a, =2-(2)"2- na OnaNa = [/ (8-2"3)] [(e2+1)/€%)] (X-5a)
Na - Cl contact, therefore a; =2 - (fna + rg) dnac) = (2n/3) - [(2+1)/(e+1)%)] (X-5b)

Cl - Cl contact, therefore a, =2 (2)'2. rq derel [/ (3-2"3)]. (3 +1) (X - 5¢c)

In Figure X - 3 are shown space filling curves for simple AB and AB, types which occur with
normal valence compounds (in ¢ - & diagrams with a double-logarithmic scale). X-4)

Znl4tiglett
L
Cl-Cl > Na - Cl contact >< Na-Na

contact contact

0.225 0.414 0.732 1.366 2.414 444;1 0.225 0.414
0.1 : { " 1 1 { P T R = pu Lty T

02 1 s 02 [ s

[ €

Figwe X -3: log¢ -loge diagrams for AB and AB, types found with normal valence compounds.
Sphalerite and wurtzite type with c/a = (8/3)'2 = 1.633 have overiapping space filling curves.

X -3) No distinction is made in Figure X - 2 between ferromagnetic o. - Fe (below Curie temperature) and paramagnetic
B - Fe (above Curie point). Both have the same body-centred atom arrangement of the cubic W-type. However, if
also the spins and their orientations are considered then the true symmetry of o. - Fe is tetragonal.

X-4) Parthé, E. (1961). Z. Knistallogr. 115, 52 - 72.



STRUCTURE CHANGES UNDER PRESSURE X-95

According to the first Pauling rule an ionic structure type is stable only in the € 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 ¢ 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 ¢ limit ¢ < 1) corresponds to the critical radius ratio of the cation-centred anion
coordination figure and the upper one (¢ > 1) to the critical radius ratio for the anion-centred
cation coordination figure. From the crystal chemical formulae 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 ¢ values where space filling curve branches
intersect can be determined easily. If ¢ < 1 it has the same value as the one listed in (IV - 4)
and when e > 1 itis its reciprocal.

For the Ca[°°blF2[4l] type, as example, the & range of the space filing curve where Ca and F atoms
are in contact is 0.732 < g < 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 12 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 Znl4tgl4tl  _, NalbolC|i6ol _; Csl8eblCi8eb]
for AB, compounds  Sil4lQ 2 _, Til€olo 8 _; Cal8oblF, 41

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
BN type as first member of the above given high-pressure structure type series.

TaBLE X - 3: EXAMPLES OF PRESSURE-INDUCED STRUCTURE CHANGES OF EQUIATOMIC NORMAL VALENCE
COMPOUNDS WITH VEC, = 8 WHERE SPACE FILLING AND ATOM COORDINATION NUMBER INCREASE.

Compounds BIBINI type |Znl4tISl4t] type |NaléelCleol type|CalébiCiet! type
BN ——2
Agl, ZnO, ZnS, ZnSe, CdS, CdTe,
—
InP, InAs
KF, KCI, KBr, KI, RbF, RbCI, RbBr, sy
Rbl, CsF, CaO, SrO, Eu?*O

No distinction is made here between the sphalerite and the wurtzite type (ideal c/ 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 ¢ - € diagrams for the exact prediction of the structures of high-pressure phases is,
however, limited for the following reasons :

- The ¢ 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 € 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 12 types including also the three AB, types discussed above which were derived from
space filling considerations. Within the series the cation coordination increases from 4 to 10.
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 AB, composition.

TABLE X - 4 : STRUCTURE TYPE SEQUENCE WITH INCREASING PRESSURE FOR IONIC NORMAL VALENCE COMPOUNDS
WITH FORMULA AB,. X~5 THE TYPES ARE IDENTIFIED WITH PEARSON CODE AND WYCKOFF SEQUENCE.

Structure type sequence for dioxides and difluorides with small and rather incompressible anions
si4lo, - Tilo, - calficl, —o-Pbl+A0, ZdMO," - Cals®F, - PbUIC),
hPY, P3,21-ca tF6, Pdmnm-fa oP6, Pnnm - ga oP12, Pben - dc mP12, P2Jc-c° oF12, Fm3m-ca oP12, Pnma -

Structure type sequence for other dihalides with larger and more compressible anions
Hg¥ll, — cCd®lcl, or Cafic,, — ST, or SA™8Br, - PHllCl, — PHYICL, HP™
P8, Pézfnme - db hRS, R-3m-ca oP6, Panm- ga oP24, Pbca- &3 P30, P&n-gcbe oP12, Pnma-c® mP24, P2 Jo-&f

* This ZrO, modification is known as baddeleyite type. ** Also labelled postcotunnite type.

X-5) Léger, JM., Haines, J. & Abouf, A. (1996). J. Phys. Chem. Solids 57, 7 - 16. Haines, J., Léger, J.M. & Hoyau, S.
(1995). J. Phys. Chem. Solids 56, 965 - 973. Beck, H.P. (1979). Z anorg. allg. Chem. 459, 72 - 80. Seifert, K.F.
(1968). Fortschr. Miner. 45, 214 - 280. For ABj 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
between 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 normal valence compounds 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.
[cea] 533 6
Cd*lGa, IS, type Mgl“UaLle0lo, type
thiogallate, t/14 | spinel, cF56 |
t—> t—>  Mo,l®cd®ls, type
Be,UISi*lO, type ) Mg,[%ISil4l0, type ) mS14
phenakite, hAR126 forsterite oP28, olivine

5 6 9
Mgelsil“lo, type - TiSIFel®l0; type' 5 calr2oolTiisolo, type

enstatite oP40, pyroxene ilmenite, hA30 idealized perovskite, cP5
45 6
Cal®lci¥O, type — Calflci¥lo, 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 4B elements and 26 and 35 semiconductor compounds.
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 surounded 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, ie. for
example, the atom sites in the B-Sn, NiAs types and the simple hexagonal structure (SH)
while the c/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 Solids 56, 485 - 490.

X - 7) The reader can verily the proper assignment of the frames by referring to the Wyckoff sequence listed below each
fype formula in Table X - 6 and checking in the intemnational Tables for Crystallography for each Wyckof! site whether
or not the atoms have adjustable positional coordinates.
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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 CONTRIBUTION. THE
TYPES ARE IDENTIFIED WITH PEARSONCODE AND WYCKOFF SEQUENCE.

Structure type sequence for covalently bonded group 4B elements
cer o] psnea [, sive xi o|(sea o] Mg Jo| ondt@ Jo| cuta

¢F8, Fd-3m-a #4, |4/amd - b ol4, Imma-e hP1, P&/mmm-a hP2, Pégmmc-c hP4, P6gmmo - ca cF4, Fm3m-a

Structure tvbe sequence for 26 and 35 semiconductors with an ionic bonding contribution
Zis ||, CdTe trig.™ | NalSolCil®0] or[NilWlAslspl] or Zn(-#lTe IlI

oF8, F43m-ca hP6, P3,21-ba. cF8 Fm3m-ba hA4, FEfTYITE-ca 0S8, Cmem - 62

* (SH) stands for simple hexagonal structure (HgSne type) where each atom has 6 +2 neighbours.
** CdTe trig. is often called cinnabar type, butitis a cinnabar branch with ditferent atom coordination.

To the last category belong

- the Si Xl type in the upper part of Table X -6 between the B-Snand (SH)types and

- thetrigonal CdTe (‘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 Xl 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 amangement of the neighbouring lower pressure type to an amangement 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 - Nrule, as given by (V - 3),
provided the pressure is not excessive. X -8
In Table X - 7 are presented examples of pressure-induced structure changes of polyanionic
valence compounds of composition CA, with different VEC, 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 VEC,. That means, that the generalized
8 - Nrule is also valid for high-pressure modifications.

The in Table X - 7 mentioned pressure-induced transformation from the ZnP, type (see Figure
Vi- 1) tothe CaSb, type X-9 is a prediction which requires an experimental verification.
High-pressure experiments on the compound 2ZnAs, did not give the expected result.
Unexpectedly, the compound decomposes accordingto ZnAs, — ZnAs + As.

X- 8) Parthé, E. (1984). High Temp. - High Press. 16, 553 - 557.
X - 9) For more details on this type see the coresponding entry in the database which is described in Appendix D.
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TABLE X - 7 : EXAMPLES OF PRESSURE INDUCED STRUCTURE CHANGES OF POLYANIONIC VALENCE COMPOUNDS AND
ONE NORMAL VALENCE COMPOUND WITH COMPOSITION CAz.

crystal chemical crystal chemical
formula of low  structure formula of high structure
VEC, AA pressure form type pressure form type
8 0 sil4lg,lol Sio, — SilelQ,l:0l TiO,
isolated anions quartz stichovite rutile
7 1 SiHIASIOALI?l  GeAs, — Silélas 1] Fe[S,]
dumb-bells (simple solution) or pyrite
isolated anion and anion chains
6 2 ddaf2  zZn P, — d%AJ2  Ca %Sb,
infinite anion chains ?
5 3 Cal¥lsifdl  cadsi, —  Cal2lsil3  Th »Si,
each anion with 3 bonds to st-8lgif3l g 3si, —>  SAASA  Th &Si,
other anions Bal9Ge® Ba,®[Si] —> Bal'@Ge? Th &Si

In Figure X - 4 are shown the three different disilicide or digermanide structures, listed in the
lower part of Table X - 7, where each Sior Ge atom has three homonuclear bonds. All these
compounds transform under high pressure to the tetragonal ThSi, type which - as expected - |Is
also characterized by three anion - anion bonds per anion.

Caslz
—

Figure X - 4 : Structures of CaSi, SrSi, and BaGe, at normal pressure and the atom
arrangement of their isotypic high-pressure structures with ThSi, 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 IrS,.
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IrS, crystallizes under normal pressure with the IrSe, type characterized by the crystal chemical formula
Ifeolgenolgi@: and AA = V2. The Ir atom, a group 9T transition 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 (cf configuration). Under pressure is formed a pyrite type structure (see Figure Il - 5)
with crystal chemical formula 18IS, @MW HP where AA = 1. The increasing pressure provokes the
insertion of one extra electron in the dshell, ie. Ir changestoa & 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 IrS, under pressure corresponds to a
normally not found transformation from the La:’*S2 structure to the Zn2*S, 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 12 next-nearest neigbours and ¢ = 0.74 (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 :

Mgtype (h), — o-Smtype (hhc); — o-Ndtype (hc), — Cutype (€);
In Figure X - 5 are presented the p - T phase diagrams for Gd, Sm and Nd where pressure-
induced phase transformations are observed in agreement with the above given sequence. For
Y the complete structure type series has been reported, i.e. increasing pressure leads from
(h), to (hhc),, furtherto (he), and finally to (€),. X~ 79 It remains to be investigated if there
exists also an intermediate phase with the Tb HPtype (hcc), having 33% hexagonality.

¥ %
W type
\_T_¢= 0.68 w[a](ype sm
\ Gd . ¢=068 .
\ (2] o
a-Sm" “ type | aNg'® iype
M2l \  (hhe), m-Sm“é’\ (he),
), \ (hhe), |
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 ¢/ a ratios close to their
ideal values (listed in Figure | - 3) and the single adjustable positional atom parameter (2) 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, YK. & Holzapfel, W.B. (1982). J.Magn. Magn. Mat. 29, 262 - 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 for 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

seen two phases with Cul'2ltype. The one on the left has l Liquid

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 \ o-yl

separating these two phases ends at higher temperatures in “[‘7&: 21 ype | ype

a critical point. Above this point there is no difference tyo/ ¢=074

between these two Cu-type phases. p
Figure X-6: The p - T diagram of Ce.

T

At very high pressures Ce ['2] transforms to the orthorhombic o-U type, where each Ce has 4
close and 8 distant neighbours. This structure can be interpreted, as shown in Figure X - 7,
as a hexagonal close packing of irregular ellipsoids. X - 1) The Ce atoms are thus not
anymore spherical.

Mgitel a-Ul4+e]
hP2, P6,/mmc 0S4, Cmecm

Figure X - 7 : The packing of spheres in the Mg type structure and the o-U type structure
interpreted as a packing of irregular ellipsoids arranged as inthe 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 formed. There are only a few examples known.

' Yb with Cul'?type (¢ = 0.74) transforms under pressure, as
seen in the p - T phase diagram in Figure X - 8, into the WIel
type (¢ = 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.

Figure X - 8: The p - T diagram of Yb.
X - 11) The theoretical possibilities for the densest packing of regular ellipsoids have been studied by Matsumoto, T. &
Nowacki, W. (1966). Z. Kristallogr. 123, 401 - 421.
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Ti and Zr crystallize at normal pressure in the Mgl'2] type, the hexagonal close-packed
element structure type with ¢ = 0.74, supposedly the highest space filling value for an
element structure. As seen inthe p - T phase diagram for Ti in Figure X - 9, under pressure
a new phase is formed, the so-called -phase, which has an even higher space filling. The
structure of the o-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 AIB, type In the w-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 formula of the
w-phase is Til'2PITi [3+6], je. the average coordination number of the atoms is now smaller
than 12.

a-Ti l o-Ti
Mg 12 | ¢~ 077
¢=074 |

p
Figure X-9: The p - T diagram of Ti. Figure X - 10 : Structure of o - Ti (hP3, a=4.625A c=281A).
Inscnbed is the atom height above the projection plane.

SnTe supposedly changes under high pressure from the Nal®°ICI6°] type (Figure IV - 2) to the
Gel*nlgknl 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 360%, as
shown in Figure X - 11. 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. Snl6°ITel60] 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 Pol€°] type where ¢ =
0.523. SpPniTeldn 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 3
PPl where ¢ = 0.285. The structure change with increasing
pressure reported for SnTe is thus directly opposite to that known 20 w
for phosphorus. AUCH
Figure X - 11 : The unexpected
increase of the electrical resistance of
SnTe with increasing pressure.

60 type
GeS

Resistance

40

. type
NaCl

X - 12) Kafalas, J.A. & Mariano, ANN. (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.
Dordrecht : Reidel.



Xl. THE INTERGROWTH CONCEPT
AND ITS APPLICATIONS

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'- 1) were one of the first who recognized this kind of structural
relationship in the case of the ternary Sr titanites Sr,TiO,, SraTi,O, and Sr,Ti;O,, where
there is an intergrowth of slabs cut from SrO having NaCl-type with slabs cut from SrTiO, with
(idealized) CaTiO4-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 T, Cu oxide phases.

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

The Ruddlesden - Popper phases are ternary normal valence compounds with the general
fomula C,,,T,[8%A,,,, where one NaCl-type slab with formula CA is intergrown with n
perovskite-type slabs, each with formula CTA,. 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)Nacy plane at z = 0 and z = V2, respectively. The atom
arrangement on the interface can be described as a checkerboard arrangement of Cand 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 Il - 4, these interface planes correspond to the
(001)perovskite Planes at z = /2 and z = %2, respectively. The middle layer of the slab is
identical with the (001)perovskite Plane at z = 1. The NaCl- and CaTiO4-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.

X1- 1) Ruodlesden, S.N. & Popper, P.(1958). Acta Cryst. 11, 54 - 55,

109
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Parent structures

O=0=0:-

SSOLC NaCl
C)\ ‘!‘o'\ O -

0207035

- NaC!
Ol ,IO’\ O -

0=0=0--
n=0
SrO (NaCl-type)

NaC!
) CaTiOg
CaTiOq

= NaCl

-_’CTO
' '~-3‘;Ja'cl‘.j 0 I SRS (5 - CORTP
3 -
¥ Q00 T QHOR0D e
N =o h = n=2 n=

SrTIO, (CaTiO, type)| Sr,TIO, (K Ni2*F, type) Sr,T1,0, Sr, T30,

Figure XI - 1 : Schematic drawings of Ruddlesden - Popper phases C,,,T,18%A,, , with n =
1, 2 and 3 together with the two parent structures. Large circles represent Na, K, Sror 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, 3and . Other members of this structure series are BagHf,S,,
with n = 4 and BagHfsS;g 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 valueof n. X/-2)

Classification of intergrowth structures

Periodic Intergrowth structures are found not only with valence compounds but also with
intermetallic compounds. Intermetallic compounds have quite often not only complicated
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' - 3)

X1-2) The ideal structures belonging to this intergrowth structure senes with 0 <n < « have Pearson code 1i(10n + 4)
and space group l4/mmm. However, with certain compounds only pseudotelragonal symmetry Is observed . This Is
due to a tilting of the transition metal centred anion octahedra.

Xl -3) Grin', Yu.N., Yarmolyuk, Ya.P. & Gladyshevskii, E.I. (1982). Sov. Phys. Cryst. 27, 413- 417. Parthé, E., Chabot,
B. & Cenzual, K. (1985). CHIMIA 39, 164 - 174. Pani, M. & Fomasini, M.L. (1990). Z. Krstallogr. 190, 127 - 133.
Grin', YuN. (1992). In *Modem Perspectives in Inorganic Crystal Chemistry”. E. Parthé, editor. NATO ASI Serfes
€382, pages 77 - 96. Dordrecht : Kuwer.
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One distinguishes between

- linear, two-dimensional or three-dimensional structure series. In a linear structure series
the segments are infinite slabs which are stacked in one direction, ie. 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 three-dimensional
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.

Conceming 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 oompositio'n

- 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 formula of the structure series appear only linear relations.
The R, +nlsm +3nMb, 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, ie. in the subscripts of the general formula appear squares. As example serves the
R +an+2Tm-n+2Mp2 . n structure series ( Figure XI - 12).

As general rule interface planes are always selected in such a way that they contain atoms.
Each atom on the interface is sliced, one pan belonging formally to one slab and the other part
to the neighbouring slab.. During intergrowth both parts are then formally united to form 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 | - 3,

- the ZnS and SiC polytypes, presented in Figures|-4and 5, and

- the Laves phases in Figurel - 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 | - 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 | - 2). But for the Laves-phase polytypes this approach is not suited very well. It is
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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 | - 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 | - 7 have already been
indicated the intergrown slabs and their interfaces. This was not done in Figure | - 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 | -
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 Xl - 2 .give
no direct indication that these two structures might be considered as stacking variants.

L

FeB CcB
Figure Xl - 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, ie. 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 stacking variants (left hand drawing on the upper part of
Figure | - 5). The drawing on the right hand side of Figure X| - 3 shows a double slab with
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intergrown iso-oriented unrotated slabs. This kind of stacking was labelled ¢ stacking in
Figure | - 5.

g3

h stacking ¢ stacking
Figure Xl - 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 ¢ 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 /2 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.

cr8 TONi HT o (Gd7sY 26)Ni (Gd (Tb g)Ni
c (hee), hc, hacahyca
0% 333 % 40 % 44 .4 %
(Gd 55Dy 45)Ni (Gd ;Y o)Ni TONi LT FeB
hy¢, hyc heC2 (h)
50 % 66.7 % 66.7 % 100 %

Figure XI - 4 : Examples of CrB - FeB stacking variants. Open circles comespond o large atoms
and filled circles to small atomns. Larger circles of each kind are /2 in height above the small ones.
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In Figure Xl - 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 X| - 1 the different CrB - FeB
stacking variants which occur in the pseudobinary Gd, ,A', Ni systems.

TABLE XI - 1 : HOMOGENEITY RANGES OF THE CRB - FEB STACKING VARIANTS IN GD;_, AR', NI AT 1070°K. X/ - 4)

Gani | CrB type 0 % l44% | s0% | 67% o7 ToNI
GaNi | CrB type 0 % lso%| 67% [ FeBtype 100% | DyNi
GdNi | CrB type 0 % | 67 % | FeBtype 100% || HoNI
GdNi | CrBiype 0% |40 67 % [ FeB type 100 % | Erni
GdNi | CrB type 0 % l67%) FeB type 100 % [| - Erta
GdNi |  CrBtype 0% ||| FeB type 100 % [| LuNi

The numbers inscribed in Table X| - 1 are the hexagonality values of the stacking variants.
These values can be used to find the drawings of the stacking variants in Figure X| - 4. To
distinguish between the two different structures with 66.7 % hexagonality one of them will be
underlined, i.e. 67 will be assigned to the TbNi LTtype with stacking h,c..

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 Gd,., Lu, Ni. The hexagonality depends, however,
also 6n temperature as can be seen in Figure Xl - 4 by the hexagonality difference between
ToNi LT (67 %) and TbNi HT (33 %).

Linear inhomogeneous structure series

The efforts undertaken In the last 10 to 15 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
interfaces 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) Klopp, K. & Parthé, E. (1962). J. Less-Common Met. 65, 181 - 194.
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For example in the Ruddlesden - Popper phases the NaCl-type slabs had (001)nac 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 base plane with a simple hexagonal mesh
then the NaCl-type slab must be different, ie. one needs a NaCl-type slab which is sliced
parallel to (111)yacy at x,y,Zz = 0 and x,y,z = /3. This slab has the thickness of one third
of the cubic space diagonal. X’-% Examples for the intergrowth of these kinds of NaCl-type
slabs with hexagonal parent structures are presented in Figure X| - 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) X 6) and Cdl,-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 (1120) planes of their hexagonal unit cells. By imaging the
atoms which are before and behind the (1120) 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
Cdl,-type slab : atoms drawn represented by small open circles have a triangular non-
coplanar coordination.
In one unit cell of the NiAs and Ti,CS 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.

I we .NaCl_
TiS TiC, TaC Ta,CS, TaS,
NiAslP) type Nacli®o] type Ta,Cl6elg, [3n) type Cdl* type

Figure X1 - 5 : Linear inhomogeneous intergrowth structures based on slabs sliced from an
hexagonal parent structure with WC or Cdl, type, respectively, and on slabs with NaCl type.
The size ratio of the circles does not correspond 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 Cdl,-type slabs are the traces of horizontal cleavage planes which are not crossed
by directed covalent bonds.

interface planes of the new NaCktype slab are the haxagonal (00.1) baseplanesat z=0 and z = 1.
XI-6) The unit celis of the WC and the Cdl, (C6 type) structures contain only two and three atoms, respectively. The
thickness of the WC- and ofthe Cdl-type slabs comesponds to the helght of their haxagonal 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 coordination, 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 CaCug-type slabs.

More than 30 (!) structure types exist with binary and temary intermetallic compounds having in
part grotesque stoichiometries which can be "read” and understood as an intergrowth of
Laves-type and CaCug-type slabs.

The Laves-type slabs correspond to those shown in Figure | - 7. Their interface planes are
parallel to (00.1)mgzn, and their thickness is c/ 2 referred to hexagonal MgZn, (or ¢/3
referred to the triple-hexagonal cell of MgCu,). The atom arrangement on the hexagonal base
plane - different from the simple hexagonal mesh of WC and Cdl, - has a so-called
Kagomé mesh, seen in Figure XI - 6. Kagomé is originally the name of a three-way bamboo
weave used in the Far East for making baskets (kago = basket and mé = eye in Japanese).
A Kagomé mesh is the repetetive pattern obtained if points are placed where bamboo reeds
cross each other.

o _O
| O l

g2 2.4

Figure X1 - 6 : The atom arrangement with Kagomé mesh at the interfaces of the Laves-type
and CaCug-type slabs (left) and the Kagomé weave pattern (right).

With the kind of binary and ternary rare-earth (A) - transition metal (T) - 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 R,T,, butalso ternary, substituted Laves-type
slabs with formula R,T,M, which can be compared with each other in the upper part of Figure
Xl - 7. The interface planes are always occupied by T atoms only, the substitution of T by M
occurs inside the slab.

simple Laves-type slab substituted Laves-type slab

High R T M

oo We. S v ()OO o
1/4,3/4 O
substituted CaCu,-type slab -
NS 2 o a6
IO\ O\ )
DAL ,.f)\_.’__\_f\- >

Figure X1 - 7 : The simple binary and the substituted temary Laves- and CaCug-type slabs.
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The compounds with hexagonal CaCug-type structure have in the hexagonal base plane also a
transition metal arrangement with Kagomé mesh. We have to consider also here binary slabs
of general formula ATy and ternary, substituted slabs with general formula AT,M,, both
slabs being shown in the lower part of Figure 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 A - T - M diagram and in it, framed by heavy lines, the
composition field where structures with intergrown Laves-type and/or CaCug-type slabs occur.
At the four comers of this frame are the formulae which correspond to the four kinds of slabs of
Figure Xl -7. Small symbols, ie. 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 Figure XlI - 7. The
symbols comresponding to ternary slabs have stripes inside, while symbols for binary slabs are
without stripes.

Figure Xl - 8 : The composition field of intergrowth structures with Laves-type and/or CaCus-
type slabsina 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 formed 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 R,T, and R,T;M, respectively,
built with binary and ternary Laves-type slabs, respectively, are shown in Table Xl - 2.
Different from the Laves-type slabs, both binary and ternary CaCug-type slabs are invariant to
a rotation by 180°, Therefore a homogeneous structure series with these slabs is not possible.

TaBLE XI - 2 : EXAMPLES OF MEMBERS OF THE HOMOGENEOUS F,T, AND A,T;M STRUCTURE SERIES.

R, T, structure series R,TaM structure series
|

HoOs, (MgZn, type) PrOs, (MgCu, type)
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2) Structure series where members have the same percentage of rare-earth element

In these linear quasihomogeneous 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 Dbinary RT; slabs with n ternary AT,M, slabs has RmsnTsmeanMan
as general formula. All the examples listed in Table Xl - 3 are prototypes of individual
structure types except for SmCog which crystallizes with CaCug type. Representatives for the
second possible quasihomogeneous structure series with 33.3 at.% R where binary and ternary
Laves-type slabs are intergrown have not yet been found.

TABLE X| - 3: EXAMPLES OF MEMBERS OF THE QUASIHOMOGENEOUS Rm,nTsmyanMzn STRUCTURE SERIES WITH
16.7A1.% R.

n=0 m=2,n=1 m=1,n=1 m=2,n=3 m=1,n=2

g@@@@@m

SmCOS NdaNi1382 CeCo4B LU5Ni1QBs 063001134 09200733 CBCOsBz

3) Structure series where members have different formulae

In these linear inhomogeneous structure series there is an intergrowth of Laves-type and
CaCugtype 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 inthe R - T - M diagram in Figure XI- 8.

The structure series where one binary Laves-type slab R,T, is intergrown with n binary
CaCug-type slabs ATg has the general formula R, T,,s, There exist two branches of this
series, as seen in Table Xl - 4, which differ in respect to the rotation of successive Laves-type
slabs, i.e. being rotated as in MgZn, or not rotated as in MgCus,.

TABLE XI - 4 : EXAMPLES OF MEMBERS OF THE BINARY INHOMOGENEOUS Ao, 7445, STRUCTURE SERIES

n=0 n=1 n=2 n=3 N=oo

Laves-type
slabs stacked

asin MgZn, = % % _

HoOs, CeNig Ce,Niy SmsCoqg SmCos

Laves-type
slabs stacked

as in MgCu,

5
1

3
.
bt
«
‘

PrOs,

Gd,Coy CegCoqg SmCos
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The structure series where one ternary substituted Laves-type slab R,TaM is intergrown with
n ternary CaCug-type slabs RT;M, has the general formula R,,,T3,3,M;.2, Again there
are two branches depending on the rotation of the Laves-type slabs. The examples are
presented in Table Xl - 5.

TaBLE Xl - 5: EXAMPLES OF MEMBERS OF THE TERNARY INHOMOGENEOUS A2,,73,3naM1.2n STRUCTURE SERIES

n=0 n=1 n=2 n=3 N=ea
Laves-type
slabs stacked
asin MgZn, =\
Sc,CogSi
Laves-type
slabs stacked
as in MgCu,
iz17/ mm|
YthaG e CBC%BZ

Examples of intergrowth structures which are positioned inside the composition field of Figure
Xl - 8 are treated in Appendix B.

=== Problem13 in Appendix B

Ternary R, Ty M,, compounds with a linear Intergrowth of other kinds of slabs
Formany 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. Intermetallic
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, T; M, compound is outside the composition field in Figure Xl - 8 then
We consider the section of the

i) J . U v U WM
Figure X1 - 9 : Section of the R - T - M diagram with composition points of five temary
compounds (without frames) which can be interpreted as an intergrowth of slabs sliced from
twio or three parent structures (with framed type formulae).
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As elemental parent structures serve the W, a-Po and Cutypes, as binary parent structure
the AIB, type and the ThCr,Si, type as temary parent structure. The structures and slabs
sliced from them are shown in Figure X! - 10.

a-Po AB, ThCr,Si,
Figure XI - 10 : The five parent structures and the slabs sliced from them which are used for
intergrowth in the structures shown in Figure X|I - 11.

Empty and filled circles in Figure XI - 10 correspond to atoms which differ in half of a
translation period perpendicular to the plare of projection. Thus if in a drawing of a slab the
originally filled circles are empty and vice versa it simply means that this slab, as compared to
the original one, is raised for half a translation period. In the temary intergrowth structures
presented in Figure Xl - 11 the sites of the large circles are occupied by rare-earth elements
(A), the medium circles by transition elements (7) and the small circles by the main group
element silicon (M).

There are two kinds of complications as compared to the simpler case of intergrown Laves-
type and CaCus-type slabs.

- Opposite interface planes of the temary ThCr,Si,-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 extermnal interfaces
are identical. Depending which slab interface plane is used to form the double slab one has a
ThCr,Si,-type double slab which can be intergrown on both sides with Cu-type slabs (example
is CeRe,Si;) or W-type slabs, respectively (example is CeFeSi). A normal ThCr,Si,-type
slab cannot be intergrown with an a-Po-type slab because there are no M atoms at the
interface planes. However, an intergrowth is possible with an interchanged ThCr,Si, slab,
denoted by | - ThCr,Si,, which has the same composition, but where T and M elements
have interchanged their sites (see ScNi,Sizand ScNiSiy).

- 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 temperature 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
temperature modification of the rare earth elements. Slabs consisting only of main group
elements have the atom arrangement of the «-Po type, which is the ultrahigh pressure
structure of the 5B elements. Slabs consisting of transition elements only are built as the Cu
type.
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The binary AM compounds (not shown in Figure Xl - 9) are on the composition line between
R and RAM,. Parent structures exist for A and AM,. Thus a possibility for the structure of a
RM compound is the linear intergrowth of W-type slabs with AIB,-type slabs. This is exactly
the CrB type, as can be verified by a closer study of Figure Xl - 2. The CrB type is widely
distributed with rare-earth monosilicides, germanides and gallides.

What has been demonstrated for CrB is equally valid for the five temary intermetallic
compounds of Figure Xl - 9. Temary compounds 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. ScNiSij, 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 - 11 are
presented drawings of these five intergrowth structures with the used slabs indicated on the
right hand side of the drawings.

o 'ncv,sa,

@ o® '
oeo-~-1 O —-=-

CeRe,Si, CeFeSi CeNiSi, ScNi,Si, ScNiSi,
Figure X1 - 11 : The linear intergrowth stuctures of CeRe,Si, CeFeSi (PbCIF antitype),
CeNiSi,, ScNi,Si; and ScNiSiz and the slabs used for their construction.

Two-dimensional inhomogeneous structure series

In a two-dimensional inhomogeneous structure series we find intergrown columns of different
diameters. We take as an example the R,2,3,.07,2 . n.oM2,n Structure series. As seen in
Figure Xl - 12 this structure series is characterized by infinite triangular columns with (temary)
AIB, 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-13.
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Hegth R T M

2:3/4 O Oo

NN -

z2=V4 \’\ L VO

-

7:~0,1/2 O

CegNi,Si, Ce;Ni,Si, Pr,gNi;Siso
Figure X1- 12 : The crystal structures ot CegNi,Sis, CegNizSi; and PrsNi;Si;e, members of
the Ry2, 30,272 . ni2oMe2., 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. X'-7) The Ni and Si atom ordering shown in Figure XI - 12 for PrygNi;Si;o
(originally published as Pr,gNi,Si,3) was derived by this rule and later verified experimentally.
The composition published for n=2 is CegNi Sis, but Ce,NiSi instead of CegNi,Siy for n
= 3. The here proposed changed composition and order of Siand Niatoms should be tested.

R
i

T M
Figure X1 - 13 : Composition curve for the Rz, g, oTp2 . 0, My, Structure senies in a

R - T-M phase diagram.

X|-7) The axperimental prism waist contact restriction rule applies to temary R - Ni - Si(Ge) compounds with Ni- and
Si(Ge)- centred elongatied tigonal prisms of R atoms. It refers to the waist contact of a Ni atom at the prism centre,
le. the contact that this atom makes at bonding distance with another atom in the central ptane perpendicular to the
prism axis. The rule states that Ni- R and Ni - Ni waist contacts are to be excluded. This rule has been used
successflully to predict the compositions for a perfiect order of compounds for which a random distibution of prism-
centre sites by Ni and Si(Ge) atoms has been reported. For delails, see Pasthé, E. & Hovestreydt, E. (1985).
J.Less-Common Metals 110, 307 - 313.
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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, ¢ and having a volume V. The
cell volume V can be calculated in a general way from the Niggll matrix N which contains as
elements the scalar products of the cell vectors.

aea aeb aec

N = bea beb boc) (A-1)
Cea Ceb cec

The square root of the determinant of the Niggli matrix is equal to the unit cell volume, i.e.
vV = [N|2 (A-2)

Example : Calculation of the volume of a monoclinic unit cell with f # 90°.

& 0 accosP
N = (0 B 0 ) thus V = abc-sinB (A-3)
accosp 0 2

If the given unit cell has to be transformed to a new unit cell with the new cell vectors a', b', ¢'
and having volume V*, the following relations apply :

a'=s,,a+s,,b+s,5C a' a Sy1 Sq2 S13

b' = s,,a+5,,b +5,,C or simply ( b') =8 ( b) with S =(s21 Sp sz,) (A-4)

C'= 55,8+ 53,b +55,C c c S31 Sap Sag

The determinant of the transformation matrix S is equal to the quotient of the unit cell volumes.
vi/v=|s| (A-5)

Transformation of a triclinic cell into another triclinic cell (can be used for other systems as well)
a'ea’ = (a')2 = (5,,8)2 + (5,,D)? + (545C)2 + 25,,5,,8D-COS 7 + 25,,5,,8C-COS P + 25,,5,,bc:cOS @

b'eb' = (b')2 = (5,,8)% + (Spub)? + (S55C)2 + 25,,5,,@D-COS Y + 25,,5,38C-COS P + 25,,5,,5¢-COS Q.

C'eC’ = (C')2 = (S5,8)2 + (S5,D)? + (S35C)% + 255,55,2D-COS Y + 285,55,8C:COS B + 25,,85bc-cosa (A - 6)

COS O = [8748518 + SppSgpb? + SyS3aC2 + (851852 + S2541)D-COS ¥ + (SpS55 + SpS47)aCCOS P +
+ (85545 + Sp553,)be-cos a] / (b'-C)
COS B' = [5418518 + 84,855b7 + 813550C% + (8145, + 512551)2D-COS Y + (8,555 + S1354,)aC:COS B +
+ (812835 + S4385,)be-cos o} / (a'-C)
COS Y = [8115p18 + 125057 + 5135202 + (511505 + §,2551)@D-COS ¥ + (8,55 + S;45,4)ac-coS P +
+ (842555 + S135xp)bC-cos a] / (&-b) (A-7)

117
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To transform the positional atom coordinates one needs the inverse transformation matrix T.
a= t,a +t,b' +t,.¢

b= ty1a'+t,,b' +t,,¢"  or simply (A-8)
c= ta +1,.b" +1,,¢

In analogy to (A - 5) one finds that
v/v' = |TI (A-9)

The elements of T can be obtained as follows
(S22Sa = S55532) / IS (84584 - $12850) / S|
(20801 - S215aa) / IS| (844855 = S4384¢) / IS (A-10)
(521832 = 855531) / Isl (812841 = 51185,) / IS

As final test serves the multiplication of § with T which must result in the unity matrix.
100
TeS =(01 0) (A-11)
001

According to a formalism presented in Volume | of the 1952 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 - 12).

A X y z AN x y Zz
™ a b ¢ ™ a b ¢
x| a| sy S Sy x|alfty tp i
Y | b | s5y Sp Sy yl|b tﬂ t@ t (A-12)
zZ|c Sai__ Sz Saa Z | c ! 1] g u )
Examples : b'=s,,a +5,,b+5,,¢ Y =toXx+t,y+ 157 Z=8,5X + Spa)f + 5557

The same matrices can be used to transform Miller indices hki (direction of the arrows as for a, b, c),
zone axes u v w and reciprocal lattice vectors a*, b*, c* (direction of the arrows as for x, y, 2).

Determinantof a 3 x 3 matrix and multiplication of a matrix with a column vector or another matrix.
adg adg aA+dB+gC
Ib e h I=aei+dhc+gbf-(ahf+dbi+gec) (b e h) ( ) (bA+e-B+h~C)
c f i cA+fB +iC

adg ABC aA+dD+gG aB+dE+gH aC+dF+gl
(b e h) (D E F) = (b-A+e-D+h-G b-B+eE+hH b-C+e-F+h-l)

G HI cA+ftD+i-G cB+fE+iH c-C+tF +il
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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. 4-17) An example for space group /mma
is found in Table | - 1 where it is shown that an interchange of the a and b axes of the KHg,
structure requires an origin shift of the unit cell by /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 transforrmation 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, ie. x,y,z > 1 and/or < 0.

a) Rhombohedral cell (r) &  Triple-hexagonal cell (th) with V44, = 3V,
Xyz+ [000] Xyz+[000, /3232, 2/31/3/a]
g = (am/3)[(cy / am)? + 3]"? ay, = 23, sin (a/2)

sin (@ /2) = 3/{2:[(c/ am)? +3]'?) Gn = (3)"2a, (1 + 2cos )12
G/, = [(3)"2+(1 + 2cos @) 1?]/ [2 sin (a/ 2)]

r th
+ A 0 +23 +Y3 +a
thjf 0 +# A r |l -3 +/3 43 (A-13)
S IS S| -3 23 +1/3

Figure A - 1: Rhombohedral and its cofresponding triple-hexagonal unit cell.

b) Cubic face-centred cell (cF) &  Triple-hexagonal cell (th) with Vi, = 3/a V¢
Xyz+[000, 0212, 12012, 1220 Xyz+[000, Y/32/3%3, ?31/31/3
af = (2)"2ay, = (3)"2cy, /3 ap = (2)"2a,/2
n = (324,
G/ 8 = (6)12 = 2.449 (o = 60°)
cF th
-2 +2 0 A3 23+l
thf 0 -2 4+ cF | +%3 -2 +13| (A-14)
+1 o+ o+ +2/3 443 +/3

Figure A -2 : Face-centred cubic and its corresponding triple-hexagonal unit cell.

A- 1) For delails see Table 6 in Parthé, E. & Gelato, LM. (1984). Acta Cryst. A40, 169 - 183.
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c) Cubic primitive cell (cP) &  Triple-hexagonal cell (th) with Vi, =3 Vp
xyz+ [000] xXyz+[000, 3232/, 231/31/3]
ap = (2ay, /2= (3)"2¢y /3 ay, = (2)"2 3,
cn = (9" ap
Cn/ap = (6)2/2 = 1225 (o = 90°)
cP th
0 +1 - A3 23 +Vs
th | -1 0+ cPl+¥ +V3 +W3| (A-15)
+1 41+ 3 +Va +Vs
d) Cubic body-centred cell (cl) &  Triple-hexagonal cell (th) with Vy, = %2 V
xXyz+ [000, /212172 Xyz+[000, V32/323, %31/3 /3]
ay = QM ay /2 = 2:(9"2cy, /3 ay, = (2)"2 ay
Gn = (3)2a,/2
Cn/ 8y = (6)2/4 = 0612 (o = 109.47°)
cl th
0 + - A3 2fa 423
th | -1 0 +1 cl | +%/3 +V3 +2/3|| (A-16)
+12 +12 412 3 43 423
e) Hexagonal cell (h) &  Orthohexagonal cell (oh) with Vg, = 2 |,
xyz+ [000] Xyz+[000, 1212 0]
ay = by = (3)"28y,/3 = by, aon = (3)'2a,
Cnh = Con bon = &y,
Coh = Cn
h oh
+2  +1 0 412 -2 0
oh| O +1 0 h 0 +1 0 (A-17)
0 +1 0 0 +1

Figure A - 3: Hexagonal and its corresponding orthohexagonal unit cell.

=>=3=> Problem 14 in Appendix B



APPENDIX B : PROBLEMS IN
INORGANIC STRUCTURAL CHEMISTRY

Solutions to these problems as well as comments can be found in the second part of Appendix B.

Problem 1 (Chapter |) : 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 -2b), the hexagonality of the polytypes.

Zhdanov notation

he hcghche,
[hcghc,hchea(he)ols
hc,ghczhehe,
(hcg)o(hey),

C3

b) Find the ABC stacking sequence for polytype ZnS 14T with the Jagodzinski - Wyckoff
stacking symbol hc,hczhche,.

Problem 2 (Chapter IV) : Calculate the bond strength sums for the normal valence compound
SigPgO,5 With crystal chemical formula  Sigl6°! Si[4 P41 012511 0,,,[1$i.1F]  and find out if the
PO, tetrahedra are distorted. The connectivity table of SigP¢O,5 has already been prepared
here. For its construction the following crystal chemical formula has been used :

Si(i)[O,O.G.O.O] Si(ii)a[o‘s,o.o,sl Si(iii)2[1.0.0,3,0] p6[0,1,1 A1) o(i)[o,o,z,O] O(ii)slm 0,1] o(ii,-)s[t.o.on] O(N)G[O.OJ A} o(v)e[0.1 01]

Connectivity table of SigPgOs :

(i) 6 O(ii) 6 Of(ii) 6 Ofiv) 6 O(v)
Sii) . 5 6 - k
2 Si(ii) a 6 - 6
2 Siiii) 2 . . :
6P . 6 6 6
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Problem 3 (Chapter V) : For the following fourteen polychalcogenides the generalized 8 - N
rule is applicable. Calculate VEC, AA, [O1) or N'yy and formulate simple crystal
chemical formulae. If 7 > VEC, > 6, i.e. 1 < AA < 2 then (V-9) (orthe table on the
inside cover) can be used to obtain N'p,, values. If 8 > VEC, > 7, ie. 0 < AA < 1 both
isolated anions and anion dumb-bells are present and one has touse (V-7) with i=0 to
obtain a value for M:0l/ a1;1). The results for KsSe,; LT have already been filled in.

KsSe, LT KS CsS, CsTe,
VEC, =767 VEC, =
AA = 1I3 AA=
MOUMj=2 Niggy =2
K58e2l2°lSeI:11
K 0Se4[Se,)

Ba,S, ZnS, BaS, BaS, La"*S2 Th4+2ss Zr“"SO3

VEC, = VEC, = VEC, = VEC, = VEC, = VEC, = VEC, =
AA = = AA = AA = = AA = =

Problem 4 (Chapter V) : Of the five ternary two-anion compounds, formed with Cd, an anion
of group 58 suchas P or As, and a halogen element such as Cl or |, oneis 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 8- 7 indicates that anion-anion bonds never occur between 58 and
7B elements but only between group 5B elements. Considering this experimental rule
construct simple crystal chemical formulae for the four polyanionic valence compounds. The
data for the normal valence compound Cd;AsCl, have already been filled in.

VEC, =8 VEC, = VEC, = VEC, =
AA = 0 AA = AA = AA =
Cd, Asl0] Clal:ol

B-1) Rebbah, H. & Rebbah, A. (1994). J. Solid State Chem. 113, 1-8.
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Problem 5 (Chapter V) : Find the compositions of binary polyanionic valence compounds
CnAp with 1 < ec < 4, 4 < eq <7 and ec < e4 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 e4 = 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.

€A
m/n 4 5 6 7 formula| 4 7
1 - 1 -
ec 2 - ec 2 -
3 - 3 -
4 - - 4 - -

Problem 6 (Chapter VI) : Which of the following equiatomic compounds could possibly
crystallize with a tetrahedral structure ? Propose a simple possible crystal chemical formula.

VEC Nwpo Namu | VECA AA cc Crystal chemical formula

CdSb
SCl
BePo
SiAs
CF
AsS

Problem 7 (Chapter VI) : Formulate simple possible crystal chemical formulae for valence
compounds of general composition CA, (ec < eyp).

e,=4 ey=5 e,=6 ey=7
VEC=3 VEC, =45 |VEC=3.67 VEC,=55 |VEC=4.33 VEC,=65 |VEC=5 VEC, =75
ec=1
VEC=333 VEC,=5 [VEC=4 VEC,=6 [VEC=467 VEC,=7 [|VEC=533 VEC,=8
ec=2
VEC=367 VEC,=55 |VEC=433 VEC,=85 [VEC=5 VEC,=75 |VEC=5867 VEC,=65
ec=3
VEC=467 VEC,=7 |VEC=533 VEC,=8 |VEC=6 VEC,=9
ec=4 =
VEC=587 VEC,=65 |VEC=8.33 VEC,=95
ec=5 - -
VEC=6 VEC,=9 |VEC=667 VEC,=10
ec=6 - =
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Problem 8 (Chapter Vil) : Calculate the possible numerical formulae for ternary defect
adamantane structure compounds with two kinds of cations where ec < ec-< 4, e4 > 5 and
where one of four cation sites is unoccupied. Using  Ciaynx C*@a/a)n(1-x) D(1/a)n An @s general
composition calculate first possible solutions for X/ (1-x) and then insert the numerical formulae
into the second table.

es=5 es=6 ea=7
X/(1x) | ecr=2 ec-=3 ec-=4|ec-=2 ec-=3 ec=4|€c-=2 ec-=3 eoc=4

formulae €c-=2 ec-=4 ec=2 €c-=4
ec=1
ec=2 - -
ec=3 - - - -

Problem 9 (Chapter VIIl) : 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 [- - TT]. Which of these anionic
tetrahedron complexes can be non-cyclic molecular ?

compound complex |VEC'|n/m'| TT M1/ M), base tetrahedra
Ag10SiaS14
KsV>*3010
Na,Sc,Ge,0,,
SI’2P6017
HoP¢O,
CaP,0,,
RbgSiq0s5 LT
Na;PeN
CaGagTe;q

Problem 10 (Chapter IX) : Determine the (anionic) tetrahedron complexes of the following
(cation -) sulphur (selenium) - oxygen compounds. The most simple solution is found in all
compounds with the exception of Se,Og (for 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 SeO, exist two equally probable solutions due to the existence
of two different base tetrahedra with the same BEN value. Find out where a non-cyclic
molecular tetrahedron complex can occur and determine N'ay, i.e. the number of its atoms
using (VIIl - 6).



Compound

VEC,

T
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N'tad Naa.C'C

BEN

7T+NC'-C‘

graph drawing of complex
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VEC

Vil - 1)

(VI - 7a)

V- 11)

(IX-6and7)

(Vi - 8)

(IX - 24)

base tetrahedra in Figure IX -2

(vili - 3)

(Vili - 6)

KSO,
persulphate

K,SO,
sulphate

K>S$,0,
pyrosulphate

K2S5016

pentasulphate

SO,
trioxide

KSO3
dithionate

Se,Oq

pentoxide

Na,SO,
sulphite

ZnSe,O¢
pyroselenite

SeO,
dioxide

NaSO,
dithionite

82/s

cC=1

[18] + (24

(o2

not observed
g o
DQI O [ J observed
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Problem 11 (Chapter IX) : The four compounds Ba,Ga,S;, Li,Cu?*,Se 0,4 Cs,Sn,Te,
and Na,B,Se; with the same anion to central atom ratio n/m' = 7/2 have different anionic
tetrahedron complexes. Find out which one of the five different tetrahedron complexes ® to
®, shown in Figure B - 1, should be assigned to which compound. Determine first what
VECx value a compound must have to form one of the shown tetrahedron complexes and
compare the results with the VEC, values calculated for the compounds. Note, that for one
of the compounds a drawing of its anionic tetrahedron complex is missing.

Complex ® Complex @

Complex @ i g Complex @

Complex ® 30 . O%O
°3°

Figure B - 1 : Graph drawings of five different anionic tetrahedron complexes with n /m ' = 7/2.

Calculations for shown complexes Calculations for listed compounds
base tetrahedra |BEN valuesi< BEN>| VECh complex|VECa| Na-a, C'C'| BEN
O] Ba,Ga,S;
@ Li,Cu?*;Se,0,,
€) Cs,Sn,Te,
@ Na,B,Se,
®

Problem 12 (Chapter X) : Derive the equations for the three space filling curve branches of
the cubic Cal8<bIF 4l type (Figure IV - 2) and calculate the values of the two critical radius
ratios (e = rg,/ rg) where the branches intersect.

General equation for CaF, type o =
Ca - Cacontact, therefore a, = OCa-Ca =
Ca - F contact, therefore a, = OcaF =
F - F contact, therefore a, = Op.F =
Intersection of ¢r.p curve with ¢ca.f curve at £ =
Intersection of ¢ca-ca curve with ¢ca.f curve at € =

Problem 13 (Chapter Xl) : The four compounds Ce;CogSi, DysNi;B,, Ce,CogB, and
CagNi,sB, are inside the composition field in Figure XI - 8 where structures with intergrown
binary and/or termary Laves-type and CaCus-type slabs are formed. Determine for each
compound the most simple ratios of the four kinds of slabs : R,T,, R,T;M, ATy and AT M,.
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Problem 14 (Appendix A) : The NaCl structure is conventionally described with a face-
centered cubic unit cell with length a, having four formula units (Z=4), ie. 4 Nain 000 +
[Fland 4 Clin Y2212+ [F] (where [F] = [000, 022, 1202, V2120]). 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 (2), the volume of the new cell (expressed in terms of V), the cell parameters
(expressed in terms of &;) and the new positional atom coordinates using (A - 14), (A - 13)
and (A -17), respectively. To shorten your list of new x y z values make use of the Bravais
lattice vectors [R] and [C], respectively.

Cubic cell Triple-hexagonal cell| Rhombohedral cell | Orthohexagonal cell
Z=4, V.= al Z = Vin = Z= V, = Z= Vo =
& am = &= 4o =
Gh= 0 = bon =
Coh =
4Nain 000+ [F] Na in +[R]| Nain +[P]| Nain
+[C]
4Clin 21212+ [F]| Cl in +[R]| Clin +[P]1| Clin
+[C]
[F]=[000, 022, [R]=[000, a%3%s, [P] =[000] [C] =[000, V/220]

12012, 121/20) 2/3 /3 1/3)
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Problem 1a) : The Zhdanov notation and the hexagonality of ZnS polytypes.

Jagodzinski - Wvckoff Zhdanov notation hexagonality
h, 1, 100-'1 = 100
(he), 2, 100-12 = 50
(hecy), 3, 1003 = 333
[hes(he)sla (6 25)5 100 - 4/12= 333
hc he;hehe, 5423 100-414= 286
[heghc,hche,(hey)oly | (73243,), 100-%/2= 273
he,ghc;hche, 17423 100 - 4/26 = 15.4
(heg),(hey), 9,5, 100 - 4/28 = 143
C3 cog 100 Ve = 0
1b) : ABCABCBACBCACB (equally correct with letters B and C interchanged).

Problem 2 : Distortions of PO, tetrahedra in SigP¢O,5 (GesPgO,5 structure type).

Connectivity table extended with bond strength values (in italics) and their sums :

(i) 6 O(ii) 6 Ofiii) 6 O(iv) 6 O(v)

Si(i) : . 646 ; F T= 4= og)
2 Si(ii) - 6'Ys - - 64 [E= 8= 20|
2SiGii)| 244 - - 6-4/4 . T= 8=20g

6P - 6-5/4 6-5/4 65/4 65% |£=30= Ge:

$=2 |5=115<2|x=11.5¢12|5=135>12|x=11.5<12

2=1(8-65) 12=6(8-6,) 12 = 6(8-6,) 12 = 6(8-6) 12 = 6(8-8,)

According to the differences between calculated bond strength sums and the oxygen ion
charges one can conclude that all PO, tetrahedra are distorted in the same way with one

distance, ie. dp.qy) being longer than the other three P - O distances.

In the following connectivity table the bond strength values have been substituted with bond valence
values, calculated by O'Keeffe. V-3 Using (IV - 8), Ago=1.62A and Rpg=1.60A he obtained
for dp_o(“), dP-O(III)’ dP-O(N) and dp_o(v) the values 1.50, 1.50, 1.60 and 1.50 A, respectively. The

experimentally determined distances in Si;P,O,5 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 :

0(i) 6 O(ii) 6 Oiii) 6 O(iv) 6 O(v)

Si(i) - . 62/ 5 . r= 4
2 Si(ii) - 62/3 . - 623 [g= 8
2 Si(iii) 24 . - 6-1 - r= 8

6P - 64 64 61 643 [£=30

=2 =12 =12 =12 =12
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Problem 3 : Crystal chemical formulae for binary polychalcogenides.

KsSe, LT KS K;S, NaS, K,Sg CsS, CsTe,
VEC,=767 VEC,=70 VEC,=667 VEC,=65 VEC,=64 VEC,=6.33 VEC,=6.25
AA=1/, AA=1 AA =4, AA=3, AA =8/ AA=5/, AA=T/,
MOUM11=2 Ny =2  Nay =3  Nay =4 Ny =5 Nipy =6 Ny =8
KsSe lIselll Ky 2[5 Ky 3[S]  Nap §[S) Ko 5[Ss)  Cs, 8[Sgl  Cs, 8 (Tegl
KyoSeylSe,]  Ky[S,] K,(S.] Naj[S]  KiSq CsfSg]  Cs,lTeg]

Ba,S, ZnS, BaS, Ba$S, La*s, Th+,Sg 2r*Se,
VEC,=733 VEC,=70 VEC,=6.67 VEC,=65 |VEC,=75 |VEC,=76 VEC,=733
AA =2/, AA=1 AA =4, AA =3, AA=1/, AA =2/ AA =2/,
MOYp;1 =Yy N'ayg =2 Nay =3 'w =4 MO =1 [MOl/pgq) = 3, MOlng; 1) = 1/,
Ba SIS, Zn 3(S,]  Ba’[S;] Bal[S]  [LaSIOISiN  [Th,SyHOS i ZrSetolse
Ba,S[S,] Zn[s,) Ba[S,) Ba[S,] La,S,[S,] Th,SalS,] ZrSe|[Se,)]

These crystal chemical formulae agree with the observed structural features.

Problem 4 : Crystal chemical formulae for ternary polyanionic halogen pnictides.

Cd,AsCl, Cd,As,l, Cd,AsCl, Cd,P,Clg Cd,As,
VEC, =8 VEC, = 7.80 VEC, =7.67 VEC, =7.60 VEC,=6.5
AA =0 AA=1/s AA=1/3 AA=72s AA =3/

Cdg A0l Cll0l  Cd,AsiOIASE 1,00 Cd, At CLIO  Cd, P i CIgiol  Cd, Asglidl |10
Cdg Asl01[As,i M |g Cd,[AsEM Cl,  Cd, [PFFM,Cle  Cdy(sAsf?) |
ICd, As Cl, Cdg As,[As] lg  Cd,[As,] Cl, Cd,[P,),Clg Cdy(~As,) |

These crystal chemical formulae agree with the observed structural features.

Problem 5 : Compounds with an equal number of isolated anions and anion dumb-belis.
An equal number of isolated anions Al° and anion dumb-bells [A,L'l] implies that the

compound has a composition C_,A, for which AA =2/3 and, accordingto (V - 4),

2/3. From (IV - 2) one obtains

m/n = (2/3 - eg)/ ec
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
{SrgSis, Ba,S,;, Zr**Se,) have been framed.

€a
m/n 4 5 6 7
1 103 73 43 -
ec 2 5/3 /e /3 .
3 10/9 L) 49 -
4 - Tha -

VECh =

B-1)

€A
formula 4 5 6 7
1 Toda 175 146 -
c 2 |[24] 25 :
3 [3%h % 36 -
4 45 v
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Problem 6 : Equiatomic tetrahedral structure compositions

VEC Nnpo  Nam VECa AA cC Crystal chemical formula
Cdsb | 35 - - 7 1 0 |(Cd Sbl'l No tetrahedral str.
SCl 65 5/2 4 13 0 5 |3 (nnig )
BePo 4 0 - 8 0 0 [Bel4t] poldtl]
SiAs 45 1/2 - 9 0 1 Sil@NY Agldni]
CF 55 3/2 - 11 0 3 [CUIYEN] or Cl2)n] Elen)
AsS 55 32 - 1 0 3 |asi@nnl gl2nd or Asl(13 SU1)

Problem 7 : Crystal chemical formulae of valence compounds with general composition CA,.
To the right and below the upper double-line border the formation of tetrahedral structures is

possible in principle (VEC

2>

4).

molecular tetrahedral structures (VEC > 6).

Below the lower double-line border one finds non-cyclic

es=4 es=5 ea=6 ea=7
VEC=3 VEC,=45 |VEC=367 VEC,=55 |VEC=4.33 VEC,=65 |[VEC=5 VEC,=75
ec=1| CARIAL C AL21AL3] C,4[A] C, AfA)
? CuP, NaS, Not possible 7
VEC=8.33 VEC,=5 |[VEC=4 VEC,=6 [VEC=4.67 VEC,=7 |[VEC=5.33 VEC,=8
ec=2 (o] A,[;al (] A2I;2l ClA) cliol Az[:ol
CaSi, ZnP, BaS, BeF,
VEC=267 VEC,=55 |[VEC=433 VEC,=65 |VEC=5 VEC,=75 |VEC=567 VEC,=6.5
ec=3| CAWIALI CA[A] C; AlAy] i1l A,
? LaAs, LaS, ?
VEC=467 VEC,=7 |VEC=533 VEC,=8 |VEC=6 VEC,=9
ec=4 - ClA)] Cli0] A,[i0] di2la, or 014,
(GeAs,) 2 S0, Sil, 9
VEC =5.67 VEC,=6.5 [[VEC=6.33 VEC,=9.5
ec= 5 - - dﬂ] A2 [_Q2[;1] AJ
(PO,) 4 Pl,
VEC=6 VEC,=9 |[VEC=667 VEC,=10
ec=6 . . di2la,or gi0lA, | [4)
SeO, 5 SCl,

1) The crystal chemical formula indicates that half of the halogens would be present in the form of neutral dumb-bells.
2) The crystal chemical formula of the observed structure is Ge Ast0] ‘,l Asl2]  (see Figure V - 4).

3) Observied crystal structure corresponds to the first crystal chemical formula.

4) The crystal chemical formula of the observed structure is  ®fP40] P,I30] Og).
5) Observed crystal structure corresponds to the second crystal chemical formula.

Problem 8 : Compositions of ternary defect adamantane structures with u/n = a.
The general composition of these compounds is
compounds are normal valence compounds, thus

(¥a)-xec + (3a)(1- x)-ec-

Ciaaynx Camyn(1-x) O(11a)n An. These

8 - ey

B-2)
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This equation can be used to derive an expression for the ratio X/ (1-x):
X/(1-x) = [Becr - 4-(8-ep)] / [4:(8-ep) - 3ecl. (B-3)

Solutions of X/ (1-x) for different values of ec, ec- and e4 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 (AglngSeg, CdAlS,, Hg,SnSe,, B-Ag,Hgl,) have
been framed.

es=5 €s=6 es=7
x/(1_x) ec.=2 ec.=3 ec.=4 eca=2 eca=3 ec-=4 ec-=2 eC'=3 ec.=4
ec=1 <0 <0 0 <0 1/s 4s 2/ 5/1 8/
ec=2 - <0 0 - /2 42 - <0 <0
ec=3 . . 0 . . <0 : . <0
ep = 6 ejs= 7

formulae ec- =2 ec-=3 ec-=4 ec-=2 ec-=3 ec =4
ec=1 3 | 1350568 | 144503642 15307 154057
ec=2 - | 23,06, || 2406, | . : .
ec=3 - - - - - -

Problem 9 : Base tetrahedra for anionic complexes of normal valence compounds.

To obtain the TT values one applies (VIII - 7a) for the first seven compounds, but (VI - 7b)
for the last two. If TT is not an integer one uses (VIll - 10b). The first three anionic
tetrahedron complexes are molecular because VEC '> 6 (equation (VIIl - 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 (VIII - 11) 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 MTD): / M), base tetrahedra

Ag40Si3S11 (SigSy1)1* | 627 | 3%3 | 23 | MTT=O)MrT=1) = V2| 1x[-0 + 2x[-1]
KgV5*304 (V5*010)% | 6213 | 3Va | 1V/a | MTT=1)/MTT=2) = 21| 2x[--1] + 1x[--2]
Na,Sc,Ge,0,5| (Ges04a)'™> | 62/17 | BYa | 112 | MTT=/MTT=2) = V1| 1xf-1] + 1x[--2]
Sr,Pg047 (PO)* | <6 | 256 | 2V/a | MTT=2/MTT=3) = 2/1| 2x|-2] + 1x[--3]
HoPgO,, (PsO1)* | <6 | 245 | 2%s | MTT=2)/N1T=3) = 2| ax[--2] + 2x[--3]
CaP,0,; (P4O1)%> | <6 | 2%a | 2V2 | MTT=2/MT7=3) = V1| 1x[--2] + 1x[--3]
RbgSi1g0ss L7| (Si1g0x)® | <6 | 2%10 | 3%5 | MTT=3)MTT=4) = 32| 3x[--3] + 2x[--4]
NagPeN (PNqi)* | <6 | 156 | 5 -8l

CaGagTe;q (GagTeg)'" | <6 | 123 | 6 [--6l
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Problem 10 : Tetrahedron complexes in (cation -) sulphur (selenium) - oxygen compounds.

Compound (VEC,| TT N'ml Na.a,C'C’ BEN  |TT+Nc.c| graph drawing of complex | VEC' N'NM{
- (vi- | vit- (X -6 and 7) (Vi - 8) (IX - 24) base tetrahedra in Figure X - 2 vit-3)| (vin- 6)
KSO, 794 Naa=1| [31] | o Oioog.o 6's| 10
persulphate
K,SO, 8 |of1 0 [2 | o O%O 6%s| 5
sulphate
K,S,07 8| 1] 2 0 2] | 1 %O 62| 9
pyrosulphate
KSOw | 8 |%| 5| o |adea]s| ®s %M”%) /21| 21
pentasulphate + 2 1 o
SO, 82| o 2 D%(] 6| -
trioxide
KSO, 83 ce=1| [8 | 1 O%%O 6| 8
dithionate
Se,Og 82/s c'C'=1 @ 2 b Q! ! q notobserved| 6 | -
pentoxide
+ % observed
oz -
Na,SO, |82 cc=2| [26] | o = 62| 4
sulphite E;
ZnSe,0; | 84s cc'=2 1 oFoFo | 7
pyroselenite
SeO, 9 cC'=2 2 b -! a observed | 6 -
dioxide oz
% not observed
©20)
NaSO, |9l cc'=3 1 oy 6| 6
dithionite 5 6
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Problem 11 : Anionic tetrahedron complexes for compounds with n/m’' = 7/2.

Ba,Ga,S;, Li,Cu?,;Se,O,, and Cs,Sn,Te, have anionic tetrahedron complexes @, ®
and @, respectively. The drawing for the anionic tetrahedron complex of Na,B,Se, is
missing. According to BEN = 25 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 ®, but with each of the four
endstanding anions also participating on one Se - Se bond.

Calculations for shown complexes

Calculations for listed compounds

base tetrahedra | BEN values | <BEN>| VECp complex | VECa| Na.a, C'C' | BEN
® F11) 27 | %7 ||Ba,Ga,S,  |casye| 7| 0
@|F-1 + F11] @, @ 2712 | 57 || Li,Cu?*,Se 0,,| (Se,071+ | 587 | C'C'=
o [--1] 28 | %/7 || Cs,Sn,Te, (SnyTep+| 547 | Naa=
@ |[010] + [-0Q @ + 282 | 57/7 || Na,B,Se, (BoSez)2 | 30/7 [ Npa=3 @
® oo + [-0 @-& 29 | S8f7

Problem 12 : Space filling curves for the Cal8blF, 14! type.

¢ =[4-(4n/3)- (rca® + 2 19)]/ a°
dca-ca = [7/(3-(2)"?)]- [(® +2)/ 3)
dcar =[(3)"2n/4] - [(e3+2)/ (e + 1)%)]
OpF = [0/12]-[e%+2]

General equation for CaF, type
Ca - Ca contact, therefore a; =2-(2)"2- ¢,
Ca - F contact, therefore a. =4 - (rca+ )/ (3)'2
F - F contact, therefore a. =4 rg

Intersection of ¢p.Fp curve with ¢ca.F Curve at €
Intersection of ¢ca-ca curve with ¢ca-f curve at €

@)R-1 = 0.732
2+ (6)12 = 4.449

Problem 13 : Intergrown slabs in CeyCogSi, Dy,Ni;B,, Ce,CogB, and CagNi;sB,.

For a compound of composition R, T; M, the ratio of L, the number of (binary and/or
ternary) Laves-type slabs R, (T,M),, to C, the number of (binary and/or ternary) CaCug-type
slabs A(T,M)s, can be calculated from the known r/ (t + m) ratio with

L/C={5[r/(t+m)]-1}/ {2-4 [r/(t+m)]} (B-4)
If one wants to distinguish also between binary and ternary slabs one can write :
Ry TtMm = xL:(RTy) + (1-X) L(RaTaM) + y C-(RTg) + (1-y) C(RTyM,) (B-5)
For each compound is known the value of the ratio m/t which may be expressed by
m/t=[1-X)L + (22y) C] / [4xL + (33X)L + S5yC + (3-3y) C] (B-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 / 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 CaCugtype slabs as presented
schematically in the sixth column.

solutions with the mininum| solutions with

r/(t+m) L/C m/t X - y relation number of slabs more slabs

Ce3CogSi 379 1:1 /e |2 =x+2y| x=0, y=1 E x=1,y="

Dy3Ni;B, 3/9 1:1 2/7 |1 =x+2y|x=1y=0 x=0, y="2
o

CeCogBy |  2/7 1:2 2/s |1 =x+4y|x=1,y=0 /7 x=0, y=1/
m
v

CagNiygBy | 5719 1:3 4/15 |8 =x+6y|x=1,y=" [/ x=0, y=1

The experimentally observed crystal structures agree with these predictions on the number and
kind of slabs. Itis, however, not possible to predict whether successive (binary and/or temary)
Laves-type slabs are rotated as in MgZn, or are not rotated as in MgCu,. All four compounds
have, as seen in Figure B - 2, a stacking of Laves-type slabs as in MgZn,.

Ce,Co,Si Dy;Ni,B, Ce,CosB, CagNi; B,
Figure B - 2 : Schematic drawings of the observed crystal structures of CegCogSi, Dy3NiB,,
Ce,CosB, and CagNi,;B,, characterized by an intergrowth of (binary and/or ternary) Laves-
and CaCug-type slabs. The meaning of the rectangles and parallelograms is the same as in
Figure XI - 8.

Problem 14 : The NaCl structure described with four different unit cells.

~_ Cubic cell Triple-hexagonal cell| Rhombohedral cell | Orthohexagonal cell
Z=4, Vo=a?l Z=3, Vn=%%Ve |Z=1, Vy=1aV, Z=6, Voh=2V,
ac an = (2)'"%a/2 |ar=(2"a/2 aoh = (6)'2 ac/2
an = (3)"2 a or = 60° bon = (2)2 &ac/2
Coh = (3)"2 a
4Nain 000 +[F] 3Nain 000 +[R] [1Nain 000 +[P] | 6Nain 000, V223,
7301  +[C]
4Clin Y2%2%2+[F] | 3Clin 002 +[R] |1Clin Y212%2+[P] | 6Clin00 "2, Ve 112 Ve,
3056 +|[C)




APPENDIX C: PC PROGRAM "VEC" 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 : Imput, Crystal

chemical parameters and Simple structure proposal in agreement with the heading on
the corresponding output screens.

1) The 1Input 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, /ie. as
cations (C), central atoms (C') or anions (A).
The program user has to check these attributions which he can modify if he so desires.

2) The cCrystal chemical parameters subprogram uses the (modified) data of the Input
screen to calculate different (average) crystal chemical parameters such as <VEC,>, <VEC> or
<VEC’> or <BEN> which appear on the screen in form of a list.

3) The simple structure proposal subprogram evaluates the crystal chemical parameters
and writes a possible simple crystal chemical formula under the assumption that the
generalized 8 - Nrule is applicable and under the assumption that all or the specified atoms
are sp° 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 Wwhere 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 ASCIl 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, ie. by a colon (:) before the element symbol. For technical reasons the single prime (') is
replaced by a deuble 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 3B - 8B 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 10 chemical elements. The order of the elements is irrelevant. Spaces,
parentheses and brackets are ignored by the program.

¢ (OH) or (NH,)* groups are recognized as univalent negative or positive elemental units,
respectively, if they are insertedas OH and NH4.

¢ Freetext (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 :
NH4A12Br7 Na3 [P308] ,14H20 K2 (PO30H) Cull.5Zn23Ga7.5Ge8Asl6Se30Br4

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 ty 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 possibility 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 alkaline, 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 AL23I05. THE SECOND AND THE THIRD INPUT
SCREEN LEAD TO OUTPUTS WHICH CORRESPOND TO TWO KNOWN MODIFICATIONS OF AL,SIOg.

Input for Al2Si05, Default values for electrons and role of the elements

line nbr. element role nbr.valence el. electroneg.
1 2 Al M 3. 1.5

2 1 Ssi ca 4. 1.8

3 5 o A 6. 3.5
Input for AlAlSioO5, sillimanite modification

line nbr. element role nbr.valence el. electroneg.
1 1 Al c 3 1.5

2 18 Al c" 35 1.5

3 15, Si (e} 4. 1.8

4 5 (o] A 6. 3.5
Input for Al12Si040, kyanite modification

line nbr. element role nbr.valence el. electroneg.
1 2 Al C 3 1.5

2 1 Si Y 4 1.8

3 4 o] A 6 3.5

4 1 0 Y 6 3.5

For a comment on the corresponding oulputs 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® 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 programas ¢, c¢* and
A, respectively.

c Cation without sp?® hybridization which in the ionic bonding state is assumed to transfer to the
other atoms part or, in particularif a c* atom is present, the total number of valence electrons
defined on the input screen.

Gh Central atomin sp® hybridization, bondedto 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 covalentbondtoa 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? hybridization presumed : group 3B - 8B elements but not Sn2*, Pb2+, TI*
(2) sp? hybridization possible : Li, Be, Na, Mg, V5, Cr®*, Fe, Cu*, Zn, Ag, Cd, Hg
(8) spP hybridization not probable : All group A and T elements except those mentioned under

class 2. A sp® hybridization is also unlikely for TIi*, 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 gr
if the difference in electronegativity with other anions is none
c if the element is expected to form a sp® hybridization (class 1 or 2) and

the valence electron number per atom > 4 and
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 ¢ 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 notformbonds withthe c" or/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 ¢ atoms or vice versa and/or by
denotingsome of the A atomsas Y atoms.

As example serve the two modified Input screens for Al,SiOg, 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 VIII - 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 listed in Table C - 2.

TABLEC - 2 : THE SEVEN CATEGORIES OF COMPOUNDS ACCORDING TO THE ROLE OF THE PARTICIPATING ELEMENTS,

General valence compounds (without c* element, sp® hybridization is not considered)

Category A1 | C - A -| General valence compound CpmAp

Category A2 | c - Yl General valence compound CpAnYn» With isolated v ©°"" anions

A
Category A3| - - A - | Element which obeys the Hume-Rothery 8 - N rule (degenerated case)

Compounds with a tetrahedron complex (with sp® hybridized c* element)
Category B1 | - C"A - ITetrahedral structure compound C" <A, With a neutral tetrahedron complex
Category le C C"A - |Compound CmC " m*Ap With a charged tetrahedron complex (C* p,p) (M- ec)-

Category 53| C C" A Y]Conpound CmC" meRnYp» With acharged cormplex (C* p =ap) [Mm-ec-n"- (8- eyl
and isolated Y @ - ©¥) anions which are neither bonded to c* norto A

Category B4 | cct- - ] Compound C,,C ", With a degenerated charged complex (C* ., (M- ec)
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There are two main categories of compounds labelled as A and B which ditfer 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 of 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 B 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 :

¢ CA, (neither one is sp® hybrized, category A1),
¢ C,C'pe (only cris sp® hybrized, category B4 with A - A bonds labelled here c" -c*)
¢ c",a, (both elements adopt sp? hybridization, category BH1).

The kinds of crystal chemical parameters calculated depend on the chosen category for the combination
of elementrolesas ¢, c", A and Y. Inthe 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, ie. 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+ Nn-ex)/n for Cman

For A2 <VEC/A> = [m-ec+ n-es - n"-(8-ey)l/n for CmApY,»

For A3 <VEC/A>

e, 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 - Nrule :

<VEC/A> = 8 + <cc>/(n/m) - <an>  for CpA, and CpapY, (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> valuse,
respectively. The lasttwo parameters are calculated using

<AA> = 8 - <VEC/A> for Cpa, and CpA,Y, (C-8) = (vV-9)
and <CC> = (n/m)- (<VEC/A> - 8) for Ccpa, and CpApY, (C-4) = (V-12)

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 polyanionic 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 <<an> <1 = single anions and anion dumb-bells
If <an> =1 = anion dumb-bells

f 1 <<ana><2 = finite non-cyclic anion chains

If <an> =2 = infinite anion chains or rings.

For an average of less than one homonuclear bond per anion, the ratio of single anions and anion dumb-
bells is calculated by means of an equation derived from (V -7) with i =0:

MOl/ (2. M1]) = 2-[(1/<An>) - 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

Nam = 2/(2 - <an>) (C-6) = (V-9a)
For fractional values of N'apy 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 (Nc.c) plus the sum of the electrons which remain
in lone-electron pairs on the cations. Using the parameter Mep/c, the average number of lone-electron
pairs on the cation, the parameter <cc> can be expressed in analogy to (IX - 4) by

<cc> = 2 Mepic + Nec (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 0<<cc><1 then Mepic=0, 0<Nc.c<1 =  single cation and cation dumb-bell
If <cc> =1 then NIep/C =0 and Ngc=1
If 1 <<cc> <2 then NIep/C =0, 1<Ngc<2

cation dumb-bell

l

4

finite cation chain with an average of N'apy atoms
per non-cyclic unit, where Napy = 2/ (2 - <CcC>)
If <cc> =2 then NIep/C =1 and Ng.c=0
If <cc> =3  then Niepc=1 and Ne.c=1
2n  then Nigpc=n and Ng.c=0
If <cc>=2n+1 then Mepc=n and Ng.c=1

single cation with one lone-electron pair

cation dumb-bell with one lone-electron pair / cation
If <cc>

single cation with n lone-electron pairs / cation
cation dumb-bell with n lone-electron pairs / cation

| T

The Niepc. Nc.c and N'apy 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 TI* or Sn2*provide only one or two electrons, respectively.

The program does not consider the rare case of a mixed polyanionic - polycationic 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 HggPslg
where Hg - Hg dumb-bells are observed in addition to the homonuclear P - P bonds.
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Category A1[c - A —] General valence compound CpAp

In Tables C - 3a and 3b are presented as examples the screens for a polyanlonic (<VEC/A> <8, <AA>
> 0) and a polycationic valence compound (<VEC/A> > 8, <CC> > 0).

TABLE C - 3A: SCREENS FORTHE POLYANIONIC VALENCE COMPOUND CA14SI19.

Input for Cal4sil9

line nbr. element role nbr.valence el. electroneg.
1 14 Ca C 2 1.0
2 19 si A 4 1.8

Polyanionic valence compound.

Average number of :
5.474 valence electrons per A
2.526 (48/19) anion-anion bonds per A

<VEC/A>
<AA>

Simple structure proposal for Cal4sil9

Crystal chem. formula €14 A10[;3] A9[;2]
Caq4 Siyg : Cummao, A., Wengert, S., Nesper, R., Curda, J. & Hillebrecht, H. (1996). Z anorg. allg. 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 1 S C 6 2.5
2 1 N A 5 3.0

Polycationic valence compound.
Average number of
11.000 valence electrons per A
3.000 C-C bonds or non-bonding electrons on C

<VEC/A>
<CC>

i n

Simple structure proposal for SN
Crystal chem. formula :C[;1] A
Cation dumb-bells.

1l lone-electron pair(s) per cation.

In SN the S atomis by default a cation. This is different for realgar AsS, shownin Figure V - 8.

Category Az[c - A YI General valence compound CpApY,» With isolated ¥ © """ anions

The extra Y anions take up valence electrons from the valence electron pool to complete their octets and

thus become separate structural units which do not enter in the calculation of <VEC/aA>.
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 Cd4As,ls. The |atoms remain isolated, not forming any
bonds with the As anions which themselves are (partially) linked by homonuclear bonds.

TABLEC - 4: SCREENS FOR THE POLYANIONIC VALENCE COMPOUND CD4AS5l3 WITH EXTRA Y ANIONS.

Input for Cd4As2I3

line nbr. element role nbr.valence el. electroneg.
1 4. cd C 2 1.7
2 2. As A 5 2.0
3 3. I Y 7 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 :
7.500 valence electrons per A
.500 ( 1/2 ) anion-anion bonds per A

<VEC/A>
<AA>

Simple structure proposal for Cd4As2I3

Crystal chem. formula C4 A[;1] A[;0] Y¥Y3[;0]
2 single anion(s) for 1 anion dumb-bell(s).

CategoryA3| - - 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 obeysthe Hume-Rothery 8 - Nrule (see lll-19 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">. They
are calculated by the program as follows :

For B1 <VEC/A> = (m"-ec=+ n-ey)/n for C " =4, (C-84)=(IV-2)
For B2 <VEC/A> = (m-ec+ m"-ec=+ n-e,)/n for CmC" m*an (C-8,)=(Vill-1)
For B3 <VEC/A> = [Mm-ec+ m"-ec-+n-e,-n"-(8-ey)]/n (C-8,
For B4 <VEc/a> is not defined (no A atoms) for CmC" m»

and

For B1 <VEC> = (m"-ec=+ n-ea)/(m"+n) for C"m=an (C-94) = (MI-2)
For B2 <VEC">=(m-ec+ m"-ec=+ n-e4)/ (m“+ n) for CpC"man (C-9,)=(Vlll-3)
For B3 <VEC">=[m-ec+ m"-ec~+n-e4-n" (8 -ey)]/(m"+n) for Cp,C"m+an¥n= (C-9y)
For B4 <VEC">=(m-ec+ m"-ecs/m" for CpC" o (C-9,)

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 Ba4.

<N(A-2)> : average number of anion - anion bonds per tetrahedron (only when <VEC/a> < 8),
derived from <AA> accordingto
<N(A-A)> = <AA>"°<n/m"> (C-10) = (IX-2)

<Cc"Cc"> : average number of c* - c* bonds per c" atom and/or the average number of valence
electrons per Cc" atom which rest inactively with the c" atom in lone-electron pairs (only when
<VEC/A> > 8), calculated for C"psAp, CpC"mAp and CpC" meBpYp» With
<C"C"> = <n/m"> * (<VEC/A> - 8) (C-11) = (IX-7)
<c"c"> has for acompound of category B4 the same value as <VEC">.

Screen parameters derived from the second key parameter <VEC> (or <VEC">) are:

<N(NBO)> (or <N" (NBO)>) : 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 (C-124) = (VI-4)
or (C-125) = (VIll - 5)

<N(A/M)> (or <N"(A/M)>) : 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

<N(A/M)> = 2/[<VEC> - 6] (C-134)=(VI-10)

or <N" (A/M)> = 2/[<VEC"> - 6) (C-132)=(VIIi - 6)

<TT> : average number of c"-aA-c" links per tetrahedron, calculated for normal and polyanionic
valence compounds from the n/m" ratio with (VIIl -7a), (VIII- 7b) and (VIIl - 7c), respectively.
In the case of polycationic valence compounds with tetrahedron complexes |Is the calculation of
<TT> more complicated. The program computes the limiting values <TTmin> and <TTmax>.

<TTmin> : average number of C"-A-c" links per tetrahedron for a maximum number of c"-c" bonds
and a minimum number of lone-electron pairs on the C" atoms.

<TTmax> : 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 <TTmin> and <TTmax>. values can be obtained using (IX-21) and (IX - 23) by inserting
No.cc = <c"c"> and Ngo.cr = 0, respectively. There exist limiting conditions such as that
<TT> 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 <TTmin> and
<TTmax>. One example is Li,Cu2*;Se4O44 (Figures IX -6and?7).

<BEN> : average humber of valence electrons per neutral or charged base tetrahedron, calculated with
<BEN> = <VEC/A> * <n/m"> (C-14) = (VIi-8)
For a compound of category B4 the value of the parameter <BEN> is equalto <VEC">.

In the first sentence on the Crystal chemical parameters screen is given a description of the
structure as normal, polyanionic 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"> £ [<n/m"> - (<VEC/A> -8)] £ 8-2 <n/m"> and 0 £ <n/m">< 4 (C-15)

This range where a tetrahedron complex can occur is larger as the one shown in Figure IX -2 and
Table VIII - 2, because in the program are considered 152 theoretically possible kinds of base tetrahedra
where equipartition is respected (see below).

On the simple structure proposal 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 polyanionic valence compounds each c" atom is bonded to four 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 Mgy are within the permitted limits (as defined by <TTmin> and
<TTmax>) 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 electronsinto c* - c¢" bonds. The number of



C-144 ELEMENTS OF INORGANIC STRUCTURAL CHEMISTRY

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 equipattition 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)> per tetrahedron. However, ateight 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 : [102] < [020], [103] < [021], [106] < [022], [112]
4 [030], [116] < [031], [202] < [120], [206] < [121], [108] < [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 1X - 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, j.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 Ca,Col#lse,[®"0,, 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/ m’) - (VEC, - 8)
versus n/ m' grid one can conveniently use the <C"C"> or <N(A-A)> and <n/m"> parameters
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listed on the Crystal 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 13 A characters assembled in form of a (deformed) filled circle and a central atom by a
similar arrangement of 13 ¢ 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* - ¢* 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 line box to the upper right and its base
tetrahedron code within square brackets on the lower right.

Category B1 [- C* A -] Tetrahedral structure compound ¢ ,«A, With a neutral tetrahedron complex

In tetrahedral structure compounds all atoms are sp® hybridized. In the program the composition is
denoted, differently from the text in chapters VI and VII, as c",,-a, ie. 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 B1 the program makes an extra test whether or not the valence
electron rules for an adamantane structure are satisfied, i.e.

4 < <VEC> £ 4923 and <VEC/A> = 8 (C-16)=(VII-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 tite Further
possible combination of base tetrahedra where are found graphs of other possible base
tetrahedra. In Table C - 5b 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 AGINsSEg.

Input for AgIn5Se8

line nbr. element role nbr.valence el. electroneg.
1 1; Ag c* 1. 1.9
2 5 In (ol 3. 1.7
3 8 Se A 6. 2.4

Normal valence cormpound.
Defect tetrahedral structure compound.

Neutral tetrahedron complex considered with <n/m"> = 1.333.
Average number of :
<VEC/A> = 8.000 valence electrons per A
<VEC> = 4.571 valence electrons per atom
<N(NBO) > = .571 ( 4/7 ) non-bonding orbitals per atom
<TT> = 8.000 C"-A-C" links per tetrahedron
<BEN> = 10.667 val. electrons per neutral (base) tetrahedron
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Simple structure proposal for AgInS5Se8

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.

XAAAX 10 2/3
XAARAAAAX ...,
I
X I X
XAAA crc AAAX
XAAAAAA ————- crcrere —-me- AAAAAAX
XAAA c e AAAX
X I X
I
XAAAAAAAX
XAAAX
X [ - - 8]

Further possible combination of base tetrahedra for AgIn5Se8

Two kinds of base tetrahedron 1 [- - 7] + 2 [- - 9].
Defect adamantane structure with 1/4 voids on cation sites of ZnsS.
One  Yawaes
XXXXXXX .12
ARAA e
I
X I X
XAAR c*C AAAX
XAAAAAA —==-—= C"C"C"C ===== AAAAAAX
XAAA c'c AAAX
X I X
I
XAAAAAADX
XAAAX
X SR
for two
X  lwpwmes
XAARX 10
XAAAAAAAX i
I
X I
XAAA c'c XXXXXX
XAAADAD === c*Cc"C"C =---- AAAAAX
XAAA c'C XXXXXX
X I
I
XAAAAAADX
XAARX
X [ - - 9]

The structure of AginsSeg can be constructed with the single base tetrahedron on the third screen.

TABLE C - 5B : SCREENS FOR THE POLYCATIONIC DEFECT TETRAHEDRAL STRUCTURE COMPOUND Sy TE3.

Input for Si2Te3

line nbr. element role nbr.valence el. electroneg.
1 2 Si c 4. 1.8
2 3 Te A (3 2.1

Polycationic valence compound.
Defect tetrahedral structure compound.

Neutral tetrahedron complex considered with <n/m"> = 1.500.
Average number of

<VEC/A> = 8.667 valence electrons per A

<Cc"C"> = 1.000 C"-C" bonds or non-bonding electrons on C"

<VEC> = 5.200 valence electrons per atom

<N(NBO)> = 1.200 {( 6/5 ) non-bonding orbitals per atom

<TTmin> 3.000 C"-A-C" links per tetrahedron for 1.000 C"-C"
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bond(s) and no lone-electron pair on C"
<TTmax> = 5.000 C*-A-C" links per tetrahedron for no C*-C*

bond and .500 lone-electron pair(s) on C"
<BEN> = 13.000 val. electrons per neutral (base) tetrahedron

Simple structure proposal for Si2Te3

Crystal chem. formula C"2(3;1] ::A3[2;0]
One kind of base tetrahedron [0 1 3].

13
X Al
X
XA c"c AX
XAAA ----- C'"C"CHC o= AAAX
XA CHE AX
I
I
AAA
XXXXXXX [0 1 3]
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The proposed base tetrahedron agrees with the expenimental data (see Figure VI - 5).

TABLE C - 5C: SCREENS FOR POLYANIONIC ZNS, ASSUMING A DEFECT TETRAHEDRAL STRUCTURE .

Input for Zns2

line nbr. element role nbr.valence el. electroneg.
1 2 Zn c" 2 1.6
2 7 S A 6 2.5
Crystal chemical parameters for ZnS2
Polyanionic valence compound.
Defect tetrahedral structure compound.
Neutral tetrahedron complex considered with <n/m“> = 2.000
Average number of :

<VEC/A> = 7.000 valence electrons per A
<AA> = 1.000 anion-anion bonds per A
<N(A-A)> = 2.000 anion-anion bonds per tetrahedron
<VEC> = 4.667 valence electrons per atom
<N(NBO)> = .667 ( 2/3 ) non-bonding orbitals per atom
<TT> = 4.000 C"-A-C" links per tetrahedron
<BEN> = 14.000 val. electrons per neutral (base) tetrahedron
Simple structure proposal for ZnS2

Crystal chem. formula C*[4;0] :A2[2;1)})

One kind of base tetrahedron [- 2 4].

XXXXXXX XXXX . 14
ARAA 0 aaaaea
I
A I
XA (et(e AX
XAAA im=mme C*C"CHC et AARX
XA CRE AX
I X
I X
AAA

XXXX XXXXXXX
[- 2 4]

The base tetrahedron graph with BEN = 14, code [-2 4] and n/m"= 2 cannot be found in the
simplified ba\se tetrahedron gallery in Table Vil - 2 and Figure IX - 2. Each of the anions is shared
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 - 5¢ that both Zn and S are sp® hybridized is not verified. ZnS, crystallizes
in the pyrite Fel®0lS,[3)type where only the anions are sp? hybridized. The base tetrahedron shown
in Table C - 5¢ is used for the construction of a complex in the ternary compound ~KGal*ISb,1]. This
result is not unexpected because (352)" is isoelectronic with (262)i°.

Category B2 [ c c"A - ] Compound Cp,,C" p*A, With a charged tetrahedron complex (C " ) (M ec)-

In a compound with a charged anionic tetrahedron complex the number of valence electrons, defined in
the input screen, of the cations cC 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 adouble prime, ie. <VEC">, <N" (NBO)> and <N" (A/M)>.

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 notyet described complex consisting of an isolated v - tetrahedron and a
corner-linked v - 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 NABA3ND3SIgO00 WITH TETRAHEDRON COMPLEX.

Input for NaBa3Nd3Si6020

line nbr. element role nbr.valence el. electroneg.
1 3. Ba C 2. .9
2 3. Nd C 3 1.2
3 1k Na C 1y .9
4 6. Si ce 4. 1.8
5 20. o] A 6. 3.5

Normal valence compound.

Anionic tetrahedron complex considered with <n/m"> = 3,333
Cations C are not included in the complex.
Average number of
<VEC/A> = 8.000 valence electrons per A
<VEC"> = 6.154 val. electrons per atom in charged complex

<N" (NBO)>= 2.154 (28/13) non-bonding orb. per atom in charged complex
<N"(A/M)>= 13.000 . atoms per non-cyclic charged complex

<TT> = 1.333 ( 4/3 ) C"-A-C" links per tetrahedron

<BEN> = 26.667 val. electrons per charged (base) tetrahedron

Simple structure proposal for NaBa3Nd3Si6020

Crystal chem. formula C7 C"6[4;0] A4[2;0] A16[1;0]
Non-cyclic units containing 3 tetrahedra.

Two kinds of base tetrahedron 2 [- - 1] + 1 [~ - 2].
Finite chains of corner-linked C"A4 tetrahedra.

Two

[- = 1]
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for one

AAA IGS2]
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The proposed solution for the anionic tetrahedron complex in

NaBagNd;SigO,, is a finite non-cyclic

chain of three corner-linked tetrahedra. As seen in Figure VIII - 8 the tetrahedron complex in

NaBayNd;SigO,, consists of two kinds of finite 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 Na,Ca;Si;O,4, NagP;0,, I and K,CryOq,.

TABLE C - 6B : SCREENS FOR POLYCATIONIC FESE307(OH) WITH ANIONIC TETRAHEDRON COMPLEX.

Input for FeSe307 (OH)
line nbr. element
1 1 Fe
2 35 Se
3 T 0
4 1, OH

role nbr.valence el. electroneg.

(e 3 1.8
CH 6 2.4
A 6 SES
A 7 3.5

Polycationic valence conrpound.
Anionic tetrahedron complex considered with <n/m"> = 2.667.
Cations C are not included in the complex.

<VEC/A> = 8.750
<C"C"> = 2.000
<VEC"> = 6.364
<N" (NBO)>= 2.364
<N" (A/M)>= 5.500
<TToin> = .000
<TTmax> = .667
<BEN> = 23.333

(26/11)

(2/3)

Average number of

valence electrons per A

C"~C" bonds or non-bonding electrons on C"
val. electrons per atom in charged conplex
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 .667 lone-electron pair on C"
C"-A-C" links per tetrahedron for no C"-C"
bond and 1.000 lone-electron pair(s) on C*"
val. electrons per charged (base) tetrahedron

Simple structure proposal for FeSe307 (OH)

Crystal chem. formula
1l single tetrahedra(on) for 1 unit(s) with two tetrahedra.
Two kinds of base tetrahedron 1 [1 0 0] + 2 [1 0 17.

Single C"A3 psi-tetrahedra and pairs of corner-linked psi-tetrahedra.

One

C C"3(3;0] A[2;0) A7[1;0]

26
XXXXXXX
(&(e AAA
————— c°C"C"C ——--— AAAAAAA
c'C AARA
I
I
AAA
AAAAAAA

AAA [1 0 0]
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for two  eswews
22
XXXXXXX
AAA c"c AX
AAAAAAA —-—-—--— CYCV"CYC | msiammna AAAX
AAA c"c AX
I
I
AAA
AAAAAAA
ARAA [1 0 1]

FeSez0,(OH) : Muilu, H. & Valkonen, J. (1987). Acta Chem. Scand. A41, 183 - 189. = Same program output for
CaySe30q : Giester, G. & Lengauer, C.L. to be published.

TABLE C - 6¢C: SCREENS FOR THE POLYCATIONIC VALENCE COMPOUND CSPO, . AQUA.

Input for CsPO2, aqua

line nbr. element role nbr.valence el. electroneg.
1 1 Cs (of 1 &Y/
2 1 P (il 5 2.1
3 2 (¢} A 6 3195

Polycationic valence compound.
Anionic tetrahedron complex considered with <n/m"> = 2.000.
Cations C are not included in the complex.

Average number of :

<VEC/A> = 9.000 valence electrons per A
<c"c"> = 2.000 C"-C" bonds or non-bonding electrons on C"
<VEC"> = 6.000 val. electrons per atom in charged complex
<N" (NBO)>= 2.000 non-bonding orb. per atom in charged complex
<TTmin> = .000 C"-A-C" links per tetrahedron for 2.000 Cc"-C"
bond(s) and no lone-electron pair on C"
<TTmax> = 2.000 C"-A-C" links per tetrahedron for no C"-C"
bond and 1.000 lone-electron pair(s) on C"
<BEN> = 18.000 val. electrons per charged (base) tetrahedron

Simple structure proposal for CsP0O2, aqua

Crystal chem. formula C C"[3;0] A[2;0] A[1l;0]
Infinite tetrahedron chains or rings.

One kind of base tetrahedron [1 0 2]/[0 2 O0].
Crystal chem. formula corresponds to the former.

T L
...... X
XXXXXXX X
XA CHE AX c"c
XARA ---—- crenere —---- AAAX or  AAAAAAA ----- C"C"C"C XXXX
XA (e AX c"c
I I
I I
AAA ARA
ARAARAA ARAARAA
AAR [1 0 2] AAA

For BEN = 18 exist two base tetrahedra which are equally probable. The tetrahedron complex in CsP{zz]Oz . aqua_ is
constructed of [020]base tetrahedra, but in isoelectronic KAZ*%Se, of [1 02] tetrahedra.

TABLE C - 6D : SCREENS FOR POLYCATIONIC CA3COSE4O12 WITH ANIONIC TETRAHEDRON COMPLEX.

Input for Ca3CoSed012

electroneg.

line nbr. element role nbr.valence el.
3 Ca [of
1 Co c”
4 Se c”
12 o] A
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Crystal chemical parameters for Ca3CoSe4012
Polycationic valence compound.
Anionic tetrahedron complex considered with <n/m"> =
Cations C are not included in the complex.
Average number of

<VEC/A> = 8.667 valence electrons per A

<Cc"Cc"> = 1.600 ( 8/5 ) C"-C" bonds or non-bonding electrons on C"

<VEC"> = 6.118 val. electrons per atom in charged conplex

<N" (NBO)>= 2.118 (36/17) non-bonding orb. per atom in charged complex

<N" (A/M)>= 17.000 Atoms per non-cyclic charged complex

<TTmin> = .000 C"-A-C" links per tetrahedron for 1.600 C"-C"
bond(s) and no lone-electron pair on C"

<TTmax> = 1.600 ( 8/5 ) C"-A-C" links per tetrahedron for no C"-C"
bond and .800 lone-electron pair(s) on C"

<BEN> = 20.800 val. electrons per charged (base) tetrahedron

Simple structure proposal for Ca3CoSed4012

e O . o T e . . s . . . . . o . e e e

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 13].
One
XXXXXXX e
AAA 16
I  imisns
I
XA c"C AX
XAAA ===== C"C"C*C ===== AAAX
XA c"'c AX
I
I
AAA
XXX [- - 4]
for four
22
XXX
AARA c'c AX
AAAARAA ===== C'"C"C"C = AAAX
AAA c'c AX
I
I
ARAA
AAAARAAA
AAR [1 0 1]

C-151

CagCoSe401o :_Wildner, M. (1996). J. Solid State Chem. 124, 143 - 150.

TABLE C - 6E: SCREENS FORPOLYANIONIC NA3SISE4 WITH ANIONIC TETRAHEDRON COMPLEX.

Input for Na3SiSed4

line nbr. element role nbr.valence el. electroneg.
1 3 Na C 1w, .9
2 1 Si c* 4. 1.8
3 4 Se A 6. 2.4

Polyanionic valence compound.
Anionic tetrahedron complex considered with <n/m"> =
Cations C-are not included in the complex.

Average number of

<VEC/A> = 17.750 valence electrons per A

<AA> E .250 ( 1/4 ) anion-anion bonds per A

<N(A-A)> = 1.000 anion-anion bonds per tetrahedron

<VEC" > = 6.200 val. electrons per atom in charged complex
<N" (NBO)>= 2.200 (11/5 ) non-bonding orb. per atom in charged complex
<N"(A/M)>= 10.000 atoms per non-cyclic charged complex

<TT> = .000 C*-A-C" links per tetrahedron

<BEN> = 31.000 val. electrons per charged (base) tetrahedron
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Simple structure proposal for Na3SiSed

Crystal chem. formula C3 C"[4;0] A[1l;1] A3[1;0]
Single units containing two tetrahedra.

One kind of base tetrahedron [- 1 0].

Units of two C"A4 tetrahedra linked by a A-A bond.

AAA [~ 1 0]

A molecular anionic tetrahedron complex consisting of ten atoms and constructed of two such base tetrahedra linked

by a homonuclear Se - Se bond is found in the structure of Na,SiSe,.

Category Bal c c"A YI Compound Cp,C"m#BpY ,» With a charged complex (C* pa,) [M-ec- n" - (8 - eyl
and isolated Y(8-eY- anions which are neither bondedto 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 FORTHE NORMAL VALENCE COMPOUND EPIDOTE CA,AL,FE(OH)S1301,.

Input for Ca2Al2FeO(OH)Si30l11l, epidote

line nbr. element role nbr.valence el. electroneg.
1 2 Ca c 2 1.0
2 1 Fe Cc 1.
3 2 Al C 3 1.5
4 3 Si o 4 1.8
5 11 o] A 6 3.5
6 1 (e} Y 6 3.5
7 1 OH Y 7 3.5

Normal valence compound.

Anionic tetrahedron complex considered with <n/m"'> = 3.667.

Cations C and anions Y are not included in the complex.
Average number of

<VEC/A> = 8.000 valence electrons per A

<VEC"> = 6.286 val. electrons per atom in charged complex
<N" (NBO)>= 2.286 (16/7 ) non-bonding orb. per atom in charged complex
<N" (A/M)>= 7.000 atoms per non-cyclic charged complex

<TT> = .667 ( 2/3 ) C"-A-C" links per tetrahedron

<BEN> = 29.333 val. electrons per charged (base) tetrahedron

Simple structure proposal for Ca2Al2FeO(OH)Si301l1, epidote
Crystal chem. formula C5 C"3[4;0] A[2;0] A10[1;0] Y2[0;0]
1 single tetrahedra(on) for 1 unit(s) with two tetrahedra.
Two kinds of base tetrahedron 1 [- - 0] + 2 [- - 1].
Single C"A4 tetrahedra and pairs of corner-linked tetrahedra.
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One

for two

AAA

AAA

(- - 1]

Category B4 [ c cr - - ] Compound Cp,C* p« With a charged degenerated complex (C* s (M- ec)-

For completeness there is mentioned category B4 where the anion partial structure of a polyanionic
valence compound is analyzed under the assumption that the anions (here labelled c* atoms) are sp?
hybridized. Only the five degenerated base tetrahedra with n/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 <TT> has no meaning and is left out from the list of crystal chemical
parameters. By considering a compound of category A1 as belonging to B4 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 Al,SiOg given in Table C - 1.

. The first (unmodified) input screen in Table C - 1 corresponds to a defect tetrahedral structure with
crystal chemical formula ALIS{#IO, where according to (Il - 1) the five O atoms together
extend twelve bonds, i.e. some of the anions would have three tetrahedral bonds which seems
unlikely for a silicate.

. If in the first input all Al atoms change function from c" to c the anionic tetrahedron complex
would have composition [Sil*lOg]®. However, onthe 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 ¢ (second input screen) then the
anionic tetrahedron complex has composition (All4ISi#UO)3. With the base tetrahedron shown
on the screen one can construct the anionic tetrahedron complex found in sillimanite.

* In 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[4‘104]4'. 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 enable the reader to verify the crystal chemical features which have been predicted for
various compounds in this book there has been included a database labelled "STYP"
containing complete data sets representative of 386 structure types discussed here. The data
sets contain the structure type formula and name, space group, Wyckoff sequence, Pearson
code, standardized positional atom coordinates, literature references as well as remarks on
possible errors, changes of space group due to overlooked symmetry elements, crystal
chemical parameters, structural features and a reference to the page(s) in the book where the
type is discussed. The data sets can be adressed with the type number, the type formula, the
mineral name and the Strukturbericht notation. The type number, surrounded by square
brackets, can be looked-up in the Structure Formula Index on pages 159 ff. Help screens with
an explanation of other search options (chemical elements, colloquial name, e.tc.) are
obtained by typing ?1. Help screens for the explanation of the used codes can be accessed by
typing ?2. The output is on the screen and also on the file STYP.OUT.

Technical Data and Installation

The database "STYP" is found together with the PC program "VEC", treated in Appendix C,
on a floppy disk 3.5" HD in a pocket in the cover of this book. The database and the PC
program occupy 1/2 MB hard disk space. The program runs on a PC using MS-DOS 6.xx. A
386 processor or higher is required.

To install database and program insert the disk and type INSTALL from the floppy disk drive
unit. The program will ask for the disk drive unit where you want the data base and the program
to be installed (A, B, C, D, E or F, a single letter and make no carriage return). The
directory EISC (after the first letters of the four key words in the title of this book) will be
created on this unit. The complete installation procedure takes less than 1 minute for a 486
processor.

Upon entering the command STYP or VEC from the appropriate EISC directory the
title screen for the "STYP" database or the "VEC" program, respectively, will appear. A
carriage return leads to a menu which gives further instructions how to proceed.
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STRUCTURE FORMULA INDEX

Structure formulae printed with heavy type indicate that the formula (also name) of this
compound is used as structure type label for the corresponding atom arrangement. Structure
formulae printed with normal characters are followed by the structure type forrmula or name
(bold faced characters within parentheses). The structure type formula or name is left out if the
compound has different structure modifications and no reference is made to a particular one.

A type number, surrounded by square brackets, is added to each type in the structure formula
index table. Data sets representative for structure types can be found in a database on a floppy
disk in a pocket in the hard cover of this book with this type number. For technical details see
Appendix D. If there are listed more than one number this means that there exist different
structure modifications of the compound for which all the data are given in the database.

AgsAsS; [1],(2], [3] 88
AgClO, [4] 66 As [22] 4,19, 93
AgGayTe; HP [5) 69 AsBr; [23] 88
Ag,Hgl, B (CdGa,S, o) 51, 55, 131 As,05 = As 05 [24] 14
Agl (ZnS sphalerite+wurtzite) 95 AsS realgar [25] 39, 123, 130
AgingSey (6] 51, 52, 131, As,S; [26] 88
145

Ag;Pyy [7] 45 BAs (ZnS sphalerite) 22
AgPS; (8] 67 BN [27] 95
Ag,P;S4; [9] 72 B,O; Il [28] 69
Ag,(Siy045 [10) 71
Ag.SizSyy [11] 124, 131 BaAl;S; [29] 70
AgzZnPS, [12] 51 Ba,As,Se; [30] 87, 88

BaC, (CaC,) 5
AIB, [13] 113, 114, 115 BaGa,S, [31] 68, 69
AlBr; [14] 67 Ba,Ga,S, [32] 66, 126, 133
Al,0; corundum [15] 23 BaGe, (BaSi,) 99
Al,(OH),Si,O5 kaolinite [16]73 Ba,Ge,Teg [33] 88
AIPS, [17] 66 BagHf4S; [34] 104
Al,SiOg kyanite [18] 74,137,153  BagHfsS¢ [35] 104
Al,SiOg sillimanite [19] 74,137,153  BalLaCuS; (36] 67
AISiP; [20] 86 BagMoN, [37] 66
Al;Teqq [21] 45 BaO, (CaC,) 5,35

BaP; [38] 34
Ar (Cu) 19 BasP; [39] 37
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BayP,0,5 LT [40] 7 CaF, fluorite [68] 3, 5,23, 94,
BaS, [41] 130 95, 96, 126,
BaS; [42) 122, 129 133
BaS, . H,0 [43] 122, 129 CagGa,Asg [69] 86, 90
Ba,S; [44] 122, 129 CagGa,N, [70] 88
BaSi, [45] 34, 99 CaGagTe, [71] 124, 131
Ba,Sl, [46] 34 Calr, (MgCu,) 10
Ba,SiAs; [47] 60, 62, 66 CagNijsB, [72] 126, 133, 134
BaSnS, [48] 88 CaO (NaCl) 95
Ba,ZnO; [49] 67 Cay,PN; (Rb,TiO,) 67
CaP,0,, [73] 124, 131
Be;Al,SigO4g beryl [50] 73 CayPb 40
Be,C (anti - CaF,) 36 Ca,yPbO (anti - CaTiO,) 40
BeF, (SiO, quartz) 130 CasO, [74] 66
BePo (ZnS sphalerite) 123, 130 CaSb, [75] 98, 99
BeS (ZnS sphalerite) 53 Ca,Sb 40
BeSiN, (NaFeO, B) 26, 27, 54 Ca,Sb,0 (anti - K;NiF,) 40
Be,SiO, phenakite [51] 97 Ca,Se; 04 150
CaSi (CrB) 34
Bi (As) 19, 93 CaSi, [76] 34, 99, 130
BiF; [52] 5 Cay4Siyg 141
Ca,Si,0; kilchoanite [77] 67
19 CasSi,0; rankinite [78] 67
CagSnyAsg  [79] 90
C diamond [53] 3, 4,14, 93,98 CaTiO, (GdFeO,) 16
C graphite [54] 14, 93 CaTiO, idealized [80] 16, 83, 97, 103
CCl; or C,Clg [55] 39, 47, 88
CF 123, 130 CdAl,S, (CdGa,S, o) 131
CF, or CgFy, [56) 14 Cd,AsCl, [81] 122, 129
CO, [57] 4 Cd,;AsCl, [82] 122, 129
Cd,As;l  [83] 122, 129
CajAlAs; (58] 67 Cd,As,l; [84] 122, 129, 141
Ca,Al,FeO(OH)Si;04; [59] 74, 152 CdCl, cstacking [85] 96
CajzAl,Ge; [60] 69 CdGa,S, o thiogallate [86] 51, 55, 97
Ca,Al,Si;0,, garnet [61] 17,73 CdGa,Se, (CdGa,S,; o) 51, 52
Ca,As; [62] 35, 37 Cdl, hstacking [87] 109, 110
CaC, [63] 5, 36 Cdin,Se; o [88] 55
CaCO, aragonite [64] 17, 97 CdP, o [89] 32,42
CaCO, calcite [65] 17,97 Cd,P,Clg [90] 122, 129
CaCl, [66] 96 CdS (ZnS sphalerite+wurtzite) 53, 95
Ca;CoSe 04, 150 Cdsb [91] 123, 130
CaCug [67] 110, 111, 112, CdTe (ZnS sphalerite+wurtzite) 95
113 CdTe trigonal [92] 98

Ce (Cu) 20, 101
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CeAl,Ga, [93] 3
CesCoyq [94] 112 Cu [126) 3,4,6,7,8,
CeCo,B, [95] 112,113 20, 93, 98,
CeCo4B [96] 112 113, 114
Ce,CozB, [97] 126, 133,134 CuAlS, (CuFeS, o) 52
Ce,Co,B, (98] 112 CujzAsS, enargite [127] 26, 27, 54
Ce3Coy,B, [99) 112 CuFeS, o chalcopyrite [128] 54
Ce;CogSi  [100] 126, 133, 134 Cu,GeSe; [129] 54
CeCu, (KHg,) 2,3,4 Cu,Hgl, B [130] 55
CeFeSi (PbCIF) 114, 115 CuyNiSi,S; [131] 28, 51
CeNi; [101] 112 CuP, [132] 130
Ce,Ni; [102] 112 Cu,P; [133] 45
CeNiSi, [103] 114,115 Cu,;SbS, famatinite [134] 54
CegNiySiz (Ce,NiSi [104]) 116 Cu,Sn, 5Se, 57
CegNiySi; [105] 116 Cu,SnSeq 57
CeRe,Si, [106] 114, 115 Cu,SnSe, 57
Cuy1 5Znx3Gay sGegAsgSezqBr, 56, 57
Cly (Ip) 19 Cu,ZnGeS, hhcc [135] 51
Cl,0, [107] 22, 66
Dy (Mg) 20

CoO LT [108)(see LiFeO, LT ) 25 Dy;Ni;B, [136] 126, 133, 134
CrB [109] 106, 107, 108, Er (Mg) 20

115 ErAgSe, [137] 68
CsBeF,; § [110] 67 EugAs,; [138] 37
CsBe,Fg RT [111] 68 EuGeS; [139] 67
CsBi, (MgCu,) 10 EuO (NaCl) 95
CsCl [112] 3,5, 23,94, 95
CsF (NaCl) 95 Fe 93, 94
Cs;Fe,Clg [113] 83 FeB [140] 106, 107, 108
Cs,Ga,Se; [114] 68,72,75,76 FeGa,S; o [141] 65, 69
CsgGasSe; [115] 72 FeoN § [142] (see PbO, a) 96
CssGeP5 (CsgSiPy) 76 FeS, pyrite [143] 1,4,17,99
Cs,GeSe, [116] 86 FeSe;04(OH) 149
CsNbN, [117] 68
CsPO, aq [118] 88, 150 GaAs (ZnS sphalerite) 1
CsS; [119] 14,17, 37, GayGeSeg (ZnS sphalerite) 51, 52

122, 129 GaGeTe [144) 44
CssSiP; [120] (see Csg;GeP3) 76 GaP (ZnS sphalerite) 57
CsSiTe; [121] 86 GayS; o [145] 51
CsSnCly AT [122) 88 GaSe € 2H [146] 18, 38, 43
Cs,SnyTe; [123] 86,126,133 GaSe y 3R [147] 43
CsTe, [124] 122, 129 GaSe & 4H [148] 43
Cs,Zn, S, [125] 69 GaSe 6H hypothetic [149] 43
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GaSe 9R hypothetic
GaSe 12R hypothetic

GaySe; B [152]
GaTe (SiAs)

Gd (Mg)

Gd,Co, [153)

(Gd 55Dy 45)Ni  [154]
GdFeO, [155]
(Gd 4Tb g)Ni  [156]
(Gd 75Y ,5)Ni  [157)
(Gd ;Y 5)Ni [158]

Ge (C diamond)
GeAs, [159]
GesPgO,5 [160]
GeS [161)]

[150] 43
[151] 43

51
38, 43

20,100
112
107

16

107
107
107

19

35, 36, 99, 130
24,128

39

GeS, HT [162] (see GeSe,) 51

GeSe, (GeS, HT)
GeTe o [163]

HgBr, [164]

HgCl calomel [165]
HgCl, [166]

HgF, (CaF,)

Hgl, orange [167]
Hgl, red [168]
HgsIn,Seg [169]

Hggln,Teg (ZnS sphalerite)

HggPslg [170]
HgPS,; [171]
Hg,P,S; [172]

HgS black metacinnabar
(ZnS sphalerite)

HgS red a cinnabar
HgSng [174]

Hg,SnSe, (CdGa,S,; o)

Ho (Mg)
HoOs, (MgZn,)

HoPg0,, [175], [176]

I, [177]

InAs (ZnS sphalerite)

51
39

52
38
52
52
52
50, 51, 52, 96
51
51
40
88
66

53
53
98
51, 55, 131

20
111, 112
124. 131

14,19

95
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InP (ZnS sphalerite)
InS [178]

IngS,

InSe HP [179]
IngSnS,; [180]
InTeCl [181]

IrS, (IrSe,)
IrSe, [182]
IrSe; [183]

KyAgl; [184]
KAsSe, [185]
K,AsTe, [186]
KBr (NaCl)

1, 52, 95
43
47
43
47
44

99, 100
100
32

67
88, 150
88
95

K,CaC,0¢ buetschliite [187]90

K,Cd,S; [188]

KCl (NaCl)

KCIO;

K,CoSe,O¢ [189]
K,Cry049 [190]

KF (NaCl)

KGa,Cl; (NH4AlL,Br;)
KGaO, [191]
KGaSb, [192]

K2Ge11 (Kr4 . 23”20 [1 93])

K4Geps

KHg, [194]

Ki (NaCl)
K3lnAs;  [195]
KNa, (MgZn,)
K,NiF, [196]
K,POsF [197)
KS (NaO)

K,S, [198]
KySs (TI Sg red)
KSO; [199]
KSO, [200]
K;SO,4 B [201]
K;S,05 [202]
K,;S,0, [203]
K2S501¢ [204]
KsSey LT [205)
K;SiTe; [206]
KgSnzAsg [207]

69

1,95

88

90

71,149

95

66

68

148

40

40

2,34

95

69

10

83, 104

66

122, 129
122, 129
122,129
88, 125, 132
86, 125, 132
66, 125, 132
87, 88

66, 125, 132
71,125,132
122, 129
77,88

86, 90



K4Sny;Seg  [208]
KsV3049 [209]
K,ZnO, [210]

Kr (Cu)

LaAs,

LaAs, HT (LaP,)
LaAs, LT (NdAs,)
LaGaS; [211]

La,0; phase A [212]
LaP, [213]

LaS, B [214]

LiAICI, [215]
LiAs [216]

LizBi (anti - BiF5)
LioCu;Se 044 [217)

LiFeO, LT, stable y [218]
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72
124, 131
68

19

130

35, 36

36

67

5

36

100, 122, 129,
130

66

34

5

84, 89, 126,
133

25

LiFeO, LT, unstable B (CoO LT)25

LiGaBr; [219]
Li,Ge, [220]
LiH (NaCi)
Li;MnN,
LisP,Ns [222]

LizPN,4 (Li;MnN)
Li,RbBe,F, [223]
LiSi;N; [224)

LiSINO o [225)
Li,Si0, [226]

Mg [229)

MgAl,0, spinel [230]

MgsAs, B (anti-La,05 A)

Mg,C; [231]
MgCu, [232]

[221] (see Li;PN,)

88

37

22

66

14, 60, 68, 75
66

66

26, 27, 28, 29,
30, 54, 69

51

26,27,28, 29,
30, 54, 67

28, 60, 62, 66

112

3,4,6,7,8,
20, 93, 98, 101
17,97

23

36

3,10, 11, 12,
110, 112, 134

Mg,Cu,Si [233]
MgNi, [234]
Mg,Ni;Si [235]
Mg,P5 (anti - Mn,0,)

Mgasbz o (anti' L8203 A)

Mg,Si (anti - CaF,)
MgSiO; enstatite [236]

Mg,SiO, forsterite [237]

MgZn, [238]

Mo,CoS, [240]
MoSi, [241]

Na,AlAs, [243]
Naj4Al,0; [244]
Na,;Als0,5 [245]
Na,Al,Sbs  [246]

NaAlSi;Og fel(d)spar [247]

NajAsS,; [248]
Na,B,Se; [249]
NaBasNd;SigO,o [250]
Na,BagSi 0,5 [251]
Na,BeF, y' [252]
Na,Ca3Si;049 [253]
Na,Cd,;Se; [254]
NaCl [255]

NaClO,

NaFeO, B [256]
Na,Ga,Se; [257]
NasGeP; [258]

Na,GeS; [259]
Na,GeS; . 7H,0 [260]
Na,Ge,Seg Il [261)
NagInS, [262]
Na,In;Seg [263]
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3,10, 11,12

111

5

5

5

73,97

59, 97

3,10, 11, 12,
110, 112, 134

97

60, 68, 69, 72
71

71

86

73,74

77

86, 126, 133
71, 148, 149
72

66

71,149

69
1,3,4,5,22
23, 23, 94, 95,
98, 103, 109,
127, 134

88

26, 27, 54

88

60, 67,72, 75
76

75

75

68,75

66

70,72
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Nagin,Teg [264]
Na;Mg,Ps04¢ [265]
NaO [266]
NasPgNyy [267]
NagP;0,, I [268]
NagP;0g . 14H,0
NaS, [270]

[269]

NaSO, [271]
Na,SO; [272]
Na;Sc,Ge 045
NaSi [274]
Na,SiSe, [275]
Na,SnAs, [276]
NaSn,F5 [277]
NasSnSb; [278]
Na,Sn,Sis0,4¢ - H,0
NagZnO, [280]

[273]

[279]

Nd o [281]

NdAs, [282]
Nd,Ni,;B, [283]

Ne (Cu)
NiAs [284]
NiSbS ullmannite

NiSi,P, [286]
Niy ggSio.8sP3

[285]

0s0,

P black [287]

P HP (As)

P HP (Po o)

P, white LT [288]
Pl, [289)

PO, [290]

P205 = P40y [291]
PSe catena [292]

87
71

35

69, 124, 131
70, 71, 149
89

36, 122, 129
130

88, 125, 132
88, 125, 132
124, 131
14,17, 34
77, 86, 151
68

87, 88
67, 75

71

66

10

6,7, 8, 20, 98,
100

36

112

19

3, 97, 98, 109,
115

4

54, 58

58

66

102
19
102
14

14, 46, 88, 130

130
14,68
39

ELEMENTS OF INORGANIC STRUCTURAL CHEMISTRY

PbCl, [293]

96

PbCl, HP postcotunnite[294] 96

PbO, o (Fe,N ( antitype)
Po o [295]

Pr (o - Nd)
Pry5Ni,Siqa
PrysNi;Siyo [296]
PrOs, (MgCu,)

PuNi; [297]

RbBr (NaCl)
RbCI (NaCl)
Rb,Cr404,
RbF (NaCl)
Rbl (NaCl)
RbsInS; [299]
Rb4In,Sg  [300]
RbgSi g0y LT [301]
Rb,TiO,

[298]

Se [303]
Sg [304], [305], [306], [307]

Sb (As)

SCl [308]
SCl, [309]
SFg HT [310]
SN cage ([311]
SO, vy [312]

Sc,CosSi (Mg,Cu3Si)
ScNiSi; [313]
ScNi,Si; [314]
Sc,Si,0, thortveitite

Se trigonal
Se0, [317]

[316]

[315]

96

93,113, 114

20
116
116
111, 112

112

95
23,95
71

95

95

67

68, 75
124, 131

[302] (see Ca,PNj) 67

14
14,19

19

14, 46, 48,
123,130

88, 130

66, 83

39, 141
67,125, 132

111, 113
114, 115
114, 115
73

14,19

84, 88, 125,
130, 132
125, 132



Si (C diamond)
Si XI [319]
SiAs [320]

SiAs, (GeAs,)
SiC

STRUCTURE FORMULA INDEX

19

98

38, 43, 123,
130

99

2,5, 22,23,
52,105

SiC 4H [321] (see ZnS 4H) 9, 10
SiC 6H [322] (see ZnS 6H) 9, 10

SiC 33R ([323]
SiF, [324]

Sil, [325]

SigNg  [326], [327]
Si;N,O  [328]

Sio

SiO, cristobalite B
SiO, fibrous (SiS,)
Si0, quartz

SiPN3 (B,0; Iy

SisP0,5 (GesPeO2s)

Sis, |
SiyTe,

[332]
[333]
Sm o [334]

SmCog (CaCu;)
SmgCoqg [335]

Sn B [336]

Sn o (C diamond)
SnTe (NaCl)

SnTe HP (GeS)

SraAs,; [337]
SrBr, [338]
SrGa,Se, [339]
Srl, [340]
SrO (NacCl)

SrP (NaO)
Sr,Pg0y;7 [341]
Sr,Sby  [342]
Sr,Sb,Ss . 15H,0
SrSi, [344]
SrgSiy [345]

[329]

[330], [331]

[343]

8

66

84, 88, 130
69

51

39

23

72

94, 95, 96,
99,130

51

24,121, 128
68

38, 43, 88, 146

4,6,7,8, 20,
100
112
112

93, 98
19
102
102

36, 48
96

69

96

95, 103, 104
35
124,131
37

88
34,99
37,129

SrySi,As, [346]

SrTiO; (CaTiO, idealized)

Sr,TiO, (K,NiFy)
SrTi, 0, [347)
SryTiz0y [348]

TaC (NaCl)

Ta,CS, 3s [349]

TaS, (Cdl, h stacking)

Tb (Mg)

Tb HP [350]
TbNi HT [351]
TbNi LT [352)

Te (Se)

ThCr,Si, (CeAl,Ga,)

Th,Sg
ThSi, a

[353]
[354]

Ti o [355]
TiC (NaCl)

Ti,CS (TagMnN, [356])

TiFeO; ilmenite
TiO, rutile [358]

TioPd (Zr,Cu)
TiS (NiAs)

TIBS; [359]
Ti3B3S,o [360]
Ti,Sg red

U o [362]

UFg o [363]
W [364]
WC [365]

Xe (Cu)
XeF, [366]

Y

[357]

[361] (see K,Sg)

165

88

103, 104
103, 104
83, 103, 104
103, 104

109
109
109

20
6,7,8,100
107, 108
107, 108

19, 93

3,113,114
37,122, 129
99

102

1

109

97

23, 94, 95, 96,
99

5

109

86
87
122, 129

93, 101
83

3, 4, 20, 93,
113, 114, 115
109, 110

19
5

100
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Y, lrgSig  [367]
Y,Rh,Ge (Mg,Ni;Si)
YRh,Si [368]
Y,RhgSis [369)]

Yb (Cu)
YbSi,., (AIB, defect)

Zn (Mg)

ZnAs, [370]

ZnO (ZnS wurtzite)
ZnP, black (ZnAs,)
ZnP, red [371]

Zn,P, [372]
Zn,P,Sy [373]
ZnS

ZnS 2H wurtzite [374)
ZnS 3C sphalerite [375]

ZnS 4H (SiC 4H)
ZnS 6H (SiC 6H)
ZnS 14T [376]
ZnS 26T [377]
ZnS 28T [378]
ZnS 36R [379]
ZnS 66R [380]
ZnS, (FeS, pyrite)

ZnSe (ZnS sphalerite+wurtzite)

ZnSe205 [381]
ZnSiP, (CuFeS,)
ZnTe Il [382)

Zr o (Ti @)
ZrAu, (MoSiy)

Zr,Cu [383] (see TisPd)
ZrO, baddeleyite [384]

ZrPd, (MoSi,)
Zr,Pd (Ti,Pd)
ZrSe; [385]

ZrSi0, [386)
ZrZn, (MgCu,)

ELEMENTS OF INORGANIC STRUCTURAL CHEMISTRY

113
111,113
113
113

101
114

93

32, 42

95

32

14,17, 33, 42,
130

23

89

2,5,8, 52,53,
94, 95, 105,
106, 121, 128
3,4,9,10
1,3,4,5,9,
10, 23, 98
9,10

9,10

10, 121

10

10

10

10

100, 122, 129,
147

95

88, 125, 132
54

98

102

122, 129
66
10



SUBJECT INDEX

ABC notation 5 Connectedness
Adamantane structure equation 491. Connectivity table
Adamantane structure 49 ff. Contact restriction rule
Amphibole 73 f. Coordination number check
Anionic tetrahedron complex 59 ff.,77ff. Coordination polyhedra gallery
Antitype 5 Coordination polyhedra symbol
Aragonite. 17,97
Cristobalite

Baddeleyite 96 Cross-substitution table
Base tetrahedron 62f., Crystal chemical formula

79 1. Crystal ionic radii
Base tetrahedron code 79 Cyclosilicate
Base tetrahedron gallery 63, 80
BEN number 63,79f.  Defect adamantane structure
Beryl 73 Defect tetrahedral structure
Birefringence of ZnS polytypes 8 ff. Degree of ionicity
Bond strength sum 26 Deviation from VEC or VECp values
Bond valence concept 29f. Diamond
Bond valence parameter 30
Bond valence sum 29 Disthen
Branch of a structure type 4.
Bridging anion 28 Effective ionic radii
Brown's equal valence rule 29 Electronegativity
Buetschliite 90 Electrostatic bond strength
Butterfly molecule 34 Electrostatic valence sum rule

Ellipsoid packing

Cage molecule, definition 13 Enargite
Calcite 17,97 Enstatite
Calomel 38 Epidote
Carbide hydrolysis 36 Equal valence rule
Chalcopyrite 54 Equipartition of C'- A - C' bonds
Chatelier principle 91
Chromatography & phosphates 75 Famatinite
Cinnabar 53, 98 Felspar
Cleavage planes in pyroxenes, amphiboles Forsterite

74 Frank-Kasper polyhedron
Close-packed element structure 6

167

75
26 ff.
116
17
15
15

23
52
13 ff.
24
73

491.
41f.
21

4,14,
93
74

24

21

25

25

101

54
73,97
74,152
29

65, 83

54
73,74
59, 97
15
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Garnet 17,73
General valence compound 31 ff,,
98 f.
Generalized 8 - Nrule 31
Graphite 14,93
Halite 1
Hexagonality 8
Hexagonality with CrB-FeB stackings 107
Homogeneous structure series 105
Hume-Rothery's 8 - Nrule 19, 37
Hydrolysis of carbides 36
limenite 97
Inhomogeneous structure series 105
Inosilicate 73
Intergrowth structure 103 ff.
Inter-rare-earth alloy 20
lonic radii 24
Isomorphism 1
Isopointal structure 4
Isotypism 1
Jagodzinski-Wyckoff notation 7
Kagomé weave pattern 110
Kaolinite 73
Kilchoanite 67
Kyanite 74,137,
153
Laves phases 10 ff.
Laves-type slabs 110f.
Le Chatelier principle 91
Linear structure series 105
‘Line" compound 55
Linkedness 75

Master diagram for adamantane structures

56
Mica 73
Metacinnabar 53
Molecular tetrahedral structure 46 f.
Mooser & Pearson diagram 58
Mooser & Pearson rule 32

Nesosilicate 73
Niggli matrix 117
Normal adamantane structure 49f.
Normal tetrahedral structure 41 f.
Normal valence compound 22
Notations for stacking variants 5 ff.

Octahedron sharing coefficient 83

Olivine 59,73
Omega-phase 102
Parent structure 103
Partheite iv
Partial structure 14
Partial valence electron concentration 22
Pauling rule, first 23f.,
95
Pauling rule, second 25f1f.

Pearson code 3
Percentage of hexagonal stacking 8

Perovskite, idealized 16,103 f.
Phenakite 97
Phyllosilicate 73
Polyanionic valence compound 32 ff.
Polycationic valence compound 38f.
Polyhedron sharing coefficient 83
Polytype 58,9,

11
Postcotunnite type 96
Pressure - coordination rule 96
Pressure - homologue rule 93
Prism waist contact restriction rule 116
Psi - tetrahedron g4
Pyrite 1,4,17,

99, 100
Pyrophosphate 28
Pyroxene 73,74
Quartz 73, 99
Quasi-homogeneous structure series

105
Ramsdell notation 10

Rankinite 67



Rare-earth elements & pressure
Realgar

Ruddlesden - Popper phase
Rutile

Sillimanite

Simple hexagonal structure (SH)
Single bond radius

Sorosilicate

Space filling parameter
Sphalerite

Spinel

Standardization
Stichovite

Structure separation plot
Structure series
Structure type branch
Strukturbericht notation

Tectosilicate
Tetrahedral anion partial structure

Tetrahedral structure equation

Tetrahedral structure

SusJECT INDEX

100 f.
39
103 f.
23,99

74, 137,
163
97,98
30
28,73
91 ff.
1,4,9,
10, 54,

55, 94 f.

17,97
2

99

58
103 ff.

73

42, 61,
79
41 ff.

168

Tetrahedron chain (comer-linked) 70
Tetrahedron chain (edge-linked) 72
Tetrahedron complex 59 ff.,

77 ft.
Tetrahedron sharing coefficient 64, 84
Thiogallate 55,97
Thortveitite 73
Total valence electron concentration 41
Tremolite 73
Ullimannite 4
Unit cell transformation 117
Valence compounds 21 1.
Valence electron concentration 11, 22,

41
VEC limit for adamantane structures 50
Wurtzite 4,9, 54,

94 f.
Wyckoff sequence 4
Zhdanov notation 7
Zintl line 19
Zintl phase 32
Zintl - Klemm concept 32



ST rex > O

M/ M7
MA /7 pip
Na.a

N'am
Nc.a

Nc-c

n/m'

Mnsa

PARAMETER

31,32,78
63

7

31,38

78

94

91, 93, 94

64,78

170

INDEX

Nneo
N'nso
M/ mm
N'tm
NTDit mTTy,

41
48, 61
7

BRRERRERIABBERBES
b3

11, 41, 42
48, 61

22, 61

21
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