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Abstract

We propose a general approach to nets and structures in
which vertices represent stereochemically significant
groups or clusters of atoms, and edges represent the
linkage between these groups. Vertices may be single
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atoms, dimers, coordination polyhedra, clusters of atoms
or clusters of coordination polyhedra; edges may be
single chemical bonds or sets of several chemical bonds.
Thus, a single net may be the basis for a family of
structures that are homeomorphic to that net. The
coordination of polyhedra or units around a vertex is
visualized by connecting the centres of the atoms or
groups at the vertices connected with the central vertex.
Thus, the concept of coordination number is extended to
include coordinating groups. We name a net after a
homeomorphic simple structure-type for which there is
a one-to-one correspondence between the vertices of
the net and specific atoms of the structure, and between
the edges of the net and the chemical bonds. We term
the resulting more complex structures metastructures in
order to distinguish them from their corresponding
simple structure-types. Individual metastructures are
referred to as alpha structures similar to a particular
simple type. Thus, the open complex framework of
[V504(POy),] composition in microporous
Nav[((Vithﬁw)09)(PO4)2]'(PO4)x'(OH)y'ZHzO is an
a-NbO structure based on the simple net that is
homeomorphic to NbO. This approach is effective in
hierarchically classifying both simple close-packed
structures and very complicated microporous structures.

1. Introduction

Complex inorganic crystal structures are notoriously
difficult to visualize and, from early on, crystal-
lographers have used a variety of methods to compre-
hend their architecture. At first, the similarity of
arrangements of anions to close packings was empha-
sized, as was done by Bragg & Brown (1926) for olivine.
It was soon recognized that the centres of anions adja-
cent to a cation outline a simple polyhedron. The
arrangements of these coordination polyhedra are easier
to visualize than arrangements of numerous individual
atoms, as shown by Pauling & Sturdivant (1928) in their
study of brookite. In a series of papers on the
‘Geometric basis of crystal chemistry’, Wells (1954)
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pioneered another way to describe the topology and
geometry of complex inorganic crystal structures,
viewing them as three-dimensional nets in which the
edges correspond to chemical bonds between atoms
located at the vertices. These studies were summarized
and extended by Wells (1977, 1979) who derived
numerous simple three-dimensional nets of high
symmetry with three and four edges incident at a vertex.
For many of his nets, Wells identified crystal structures
with the same bond topology. Usually, he considered
cases in which there is a one-to-one correspondence
between atoms and vertices, and bonds and edges.
However, for the fibrous zeolites he derived nets of a
higher order of simplification: he viewed the ‘fibrous’
chains, consisting of a repeat of five tetrahedra, as one
unit. The connections between these chain units were
considered as comprising the net (Wells, 1977, p. 160).
Owing to the importance of framework silicates, parti-
cularly the zeolites, several groups have studied four-
connected three-dimensional nets (Smith, 1977, 1978,
1979; Smith & Rinaldi, 1962; Han & Smith, 1999;
Akporiaye, 1994; O’Keeffe, 1995). This has led to a
rational classification of such nets, has allowed the
prediction of new crystal structures and has simplified
the description of known structures.

Another way to systematize inorganic structure types
is to approach them hierarchically. Minerals have been
classified according to their degree of polymerization of
coordination polyhedra: silicates (Bragg, 1930; Zoltai,
1960; Liebau, 1985), borates (Hawthorne et al., 1996),
phosphates (Moore, 1984) and aluminofluorides
(Hawthorne, 1984). However, many of these hier-
archical schemes focus on specific chemical classes of
compounds and most are not easily adapted to other
classes. General observations on families of complex
structures based on different arrangements of basic
structural units have been made by Hawthorne (1979,
1990, 1994, 1997, for example) and Moore (1974, 1975,
for example). These studies focused on structures with
triangles, tetrahedra and octahedra as principal
components of the structural units. For zeolites, Meier
(1968) derived Secondary Buildings Units or SBUs,
clusters of linked tetrahedra from which zeolite frame-
works can be constructed, subject to the constraint that
an entire framework consists only of one type of SBU.

2. Description of very complicated structures

In the last 10 years, one of the goals of materials science
has been the creation of micro-, meso- and nanoporous
materials for industrial applications such as shape-
selective catalysis. In this context, a large number of
inorganic crystal structures with phosphate, arsenate,
cyanide and chalcogenide groups have been synthesized.
Bowes & Ozin (1996) reviewed the topologies of
cyanide and chalcogenide structures in terms of their
dimensions, linking units, open channels and, if existing,
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their interpenetrating nets. Iwamoto et al. (1997) showed
similarities between certain cyanide structures and di-,
group, chain, ring, layer and framework silicates.
Furthermore, they identified cyanide compounds with
nets analogous to well known simple structure types
such as PtS, cuprite, pyrite and rutile. Schindler & Baur
(1997) showed that the topologies of certain complex
vanadium phosphates correspond to those of the
aluminosilicates sodalite and zeolite rho: they contain
functional groups, such as [VsOo(POy),], in place of
single four rings (S4R), [Si401,], within the topologies of
sodalite and zeolite rho. They termed the resulting
complex vanadium-phosphate topologies w«-topologies,
in order to distinguish them from the well known
aluminosilicate structures: in a net of an a-structure, we
do not have a one-to-one correspondence of single
atoms and bonds with vertices and edges; their similarity
to the basic nets is at the level of larger groups of
polyhedra. Schindler & Baur (1997) also showed that,
rather than the [VsO9(PO,),] group, other groups of
different chemical composition and geometry (e.g.
[Mo40g(PO,),]) can occur with the a-sodalite topology.
Yaghi et al. (1998) reviewed the assembly of materials
from molecular building blocks. In their examples, the
molecular building blocks were metal-sulfide clusters
(e.g. [GesSio], [MnS,]) and organic molecules with
transition-metal ions. They described their functionality,
shape, size, various synthesis strategies and the modular
porous networks that they form.

Batten & Robson (1998) reviewed the occurrence of
interpenetrating nets in organic and inorganic struc-
tures. They classified chemically different structures
according to the underlying net and they described the
type of clusters or groups residing at the nodes of the
corresponding nets.

Robson ef al. (1992) and Carlucci & co-workers (e.g.
Carlucci et al., 1995, 1997) showed topological relations
between several simple two- and three-dimensional nets
and polymeric coordination compounds. These poly-
meric coordination compounds include

(a) [2]-coordinated linear bidentate ligands, which
connect vertices occupied by metallic cations,

(b) polydentate ligands connecting alternatively
metallic and organic centres and

(c) linear Ag' and Cu' coordinations as simple spacers
or connectors for ligands.

Excellent review articles concerning compounds
containing primarily cyano groups with organic coordi-
nation groups on nodes of two- and three-dimensional
nets are given by Iwamoto (1996a,b) and Robson (1996).

Here, we list only complex structures which can be
described as the insertion of inorganic polyhedral
groups or clusters at vertices of simple three-dimen-
sional nets. We combine the approach of Wells (1977,
1979) and Smith (1977, 1978, 1979) with the hierarchical
classifications of Moore (1984) and Hawthorne (1985,
1986, 1990) by considering complex compounds as nets
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in which the vertices can be occupied by clusters of
polyhedra as well as by individual atoms.

3. Nets and topology

Wells (1979) defined a three-dimensional net as a system
of connected nodes which extends indefinitely in three
dimensions and in which some pattern of nodes repeats
periodically in three noncoplanar directions. Two nets
are topologically identical when they are home-
omorphic. A homeomorphism or topological transfor-
mation, @, is a mapping of a net onto itself if and only if
there is a one-to-one correspondence of vertices and
edges. A one-to-one correspondence means that any two
vertices P and Q of two nets map onto each other (¢P =
Q). This implies that an inverse transformation exists,
@', which maps ¢~ '(Q) onto P if and only if P is equal
to Q. The composition of two homeomorphisms and the
inverse of a homeomorphism are all homeomorphisms,
and thus topological equivalence is an equivalence
relation.

A net is an infinite graph in which the degree of a
vertex, v, is defined as the number of edges incident at v.
If one graph can be obtained from another by the
insertion of new vertices of degree two into its edges,
then the two graphs are homeomorphic. In a colored
graph, vertices are colored. The chromatic number, &, of
a graph is defined as the number of colors which are
possible when k — 1 colors are not possible. A two-
chromatic graph is termed a bipartite graph when edges
always connect vertices of different colors. A path is a
continuous sequence of edges and a circuit is a closed
path that begins and ends at the same vertex. Circuits
which do not contain shorter paths along the circuit
between any two vertices on the circuit are termed
fundamental circuits or rings (O’Keeffe & Hyde, 1996).
In a three-dimensional net, there are an infinitive
number of circuits for each vertex, but only a finite
number of rings.

Any two edges with a common vertex define an angle
at that vertex. In a four-connected net, there are four
edges, a, b, ¢ and d, incident at any vertex of the net. A
pair of edges (such as ab) define an angle at that vertex
and there are six angles at each vertex. A net can be
described by a Schlidfli symbol which denotes the
number of N-gons (n) in the shortest circuits around
each node. For the diamond net (Fig. 1), the corre-
sponding Schlifli symbol is 6°, because there are six 6-
gons in the shortest circuits around each node. O’Keeffe
& Hyde (1996) used a long Schlifli symbol which
describes all the rings at the angles around a vertex v.
The long Schlidfli symbol for the diamond net is
6,:6,-6,-6,:6,-6, (note that the number of rings are given
as subscripts) because there are two 6-rings around each
angle. The symbols are arranged in corresponding pairs
of opposing angles (i.e. those angles which do not have a
common edge).
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Following Wells (1979), it is convenient to name
three-dimensional nets after simple structure types, such
as diamond and NbO, because of the relation of the nets
to the corresponding structures of these materials. The
relation of a net to a simple structure is a home-
omorphism, because there is a one-to-one correspon-
dence between the vertices of the net and specific atoms
of the structure, and between the edges of the net and
the chemical bonds. In this paper, nets will be named
after the corresponding structure types and the topolo-
gies will be described by long Schléfli symbols.

A six-valent vertex involves 15 angles, but three
angles (~180°) are only included in circuits which
contain shorter paths to vertices on the circuit and,
therefore, are not listed in the long Schlifli symbol. In
the same way, only 24 out of 28 angles around an eight-
valent vertex are listed. For vertices with valences higher
than four, the rings in the long Schlifli symbol are
ordered with increasing ring size and the numbers of
equivalent rings are shown as superscripts outside the
square brackets (e.g. rutile [4]*-[6,]7[6]*/[4-[62]°]).

4. A general approach

In most previous work, there has been complete one-to-
one correspondence (i.e. homeomorphism) between a
net and its corresponding structure. An important
exception to this is the approach of Smith (1977) in the
case of framework silicates (and chemical variants
thereof), in which each four-connected vertex represents
a tetrahedrally coordinated cation and each edge
represents two T—O bonds and their linking anion.
However, there is still a one-to-one correspondence
between vertices and atoms, and between edges and

Fig. 1. The diamond net with four-connected vertices marked with
white circles. The corresponding Schlifli symbol is 6° and the long
Schlifli symbol is 6,:6,:6,:6,:6,-6,.
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single bonds, as the anion is understood to be a divalent
vertex on each edge of the net.

A somewhat different (more graph-theoretic)
approach was taken by Hawthorne (1983). In a graph, a
vertex can represent anything (e.g. an atom, a person, a
cluster of atoms) and an edge can represent their
interaction (e.g. a chemical bond, a relationship, linkage
between clusters of atoms); this has the advantage that
complexities in the interaction between vertices can be
represented by multiple edges. This suggests a more
general approach to nets and structures whereby
vertices represent any stereochemically significant
groups or clusters of atoms, and edges represent the
linkage between these groups. Vertices may be single
atoms, dimers, coordination polyhedra, clusters of atoms
or clusters of coordination polyhedra; edges may be
single chemical bonds or sets of several chemical bonds.

Vertices of different degree can be designated by
different colors. A graph with vertices of two different
degrees is a two-colored graph. In the two-colored
graphs of this paper, the vertex with the higher degree is
designated as a black vertex and the vertex with the
lower degree is designated as a white vertex. We
emphasize the chemical identities of the units at the
black and white vertices by putting the atoms, polyhedra

a-CrBy structures

(€) [CdygSeS4pp] (CrgHiy)y
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or groups in square brackets (e.g. [V50y]) and listing
them separately in the chemical composition.

The number of connections around the units at a
vertex is equal to the degree of that vertex. The one-to-
one correspondence between the vertices of a net and
atoms, polyhedra or groups of polyhedra in a crystal
structure, and between edges and linkages yields the
number of connections of a unit at a vertex with atoms
or groups at the adjacent vertices. The coordination
polyhedra or units around the vertices can be tetra-
hedra, octahedra, square-planar units etc., and they can
be visualized by connecting the centres of the atoms or
groups at the vertices with each other. We term the
resulting more complex structures metastructures in
order to distinguish them from the corresponding simple
structure types and from the nets themselves. Individual
metastructures are referred to as alpha structures, which
correspond to a simple structure type: the open complex
framework of [Vs0y(PO,),] composition in microporous
Nav[((VifWVﬁw)09)(PO4)2]~(PO4)X~(OH)y~zH20 is an
a-NbO structure based on the simple net of bonds in
NbO. Individual nets, the corresponding simple struc-
ture types and a-structures are homeomorphic. Home-
omorphic structures retain the topology (but not
necessarily the symmetry) of the underlying net.

Metavariscite
[ALH0),0421[POyp5 ]

Metastregnite
[Fe(Hy0)041][PO5]

[V(Hy0),04p][POy5]

/@ §"\\,
/\\ A//\v:\\

(d) 1In10S168,4](HPP)4(HyO)y 5

Fig. 2. (a) The CrBy, net; the four-connected vertices are alternately occupied by dark and white circles. In the a-CrB, structure of metavariscite
(b), the four-connected vertices are occupied by [POy,] or [Al(H,0),045], (¢) in [CdsSeS42](C14Hi4)s by [CdySeS42] adamantane groups and

(d) in In;oS;3(DPM); (ASU32) by [In;¢S;6S45] tetrahedra.
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4.1. An example

It is instructive to consider a net that is home-
omorphic to the CrBy, structure type. In CrB,4, B atoms
coordinate to each other tetrahedrally and form a
framework, and Cr atoms occupy the interstices. The
earliest description of the corresponding three-dimen-
sional net was given by Wells (1954, Fig. 2). He derived
this, and other related nets, from systematically
exploring up and down linkages from the two-dimen-
sional 6 net. For the CrB,-type net (Fig. 2a), the
sequence of linkages within a six-ring is UDDUDD (U =
up, D = down). The space group of highest symmetry for
that net is J4/mmm. The short Schlifli symbol is 4.6 and
the long symbol is 4-6,-6-6-6-6. Smith (1977) showed that
this net is homeomorphic to the aluminosilicate frame-
work of metastable monoclinic Ca[Al,Si,0g] (Takéuchi
et al, 1973), where [AlO,»] and [SiOy»] tetrahedra
reside at the four-connected vertices. Schindler et al.
(1995) recognized that the structures of metavariscite
[Al(H,0),(PO,)] (Kniep & Mootz, 1973), metastrengite
[Fe(H,0),(PO,4)] (Moore, 1966) and [V(H,0),(PO,)]
(Schindler et al., 1995) are based on the same net. In
metavariscite, each M(H,0),0, octahedron (M = Fe, Al,
V) shares four O atoms with four adjacent phosphate
tetrahedra (Fig. 2b) and the bonded H,O groups occur
in the interstices of the framework. In the crystal

%

NbO
(b)

NbO
3,

||

—y e

(a)
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\

FVP-1

(d)
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Table 1. Survey of a-CrB, structures, the groups at the
vertices and the approximate magnification compared
with the CrB structure

Compound Groups at the vertices ~ Magnification
Cr[B,] [B] 1.0
Ca[Si,ALOs] [SiOy4,)/[AlOy)] 1.9
[V(H,0),PO,] [V(H0)0,,]/[PO4] 20
[CdaSs](CrsHua)s [CdSeSap] 5.6
[In10S:1s](DPM); (ASU32)  [IniS:6S4r] 8.3

structure of [Cd4SS4,](C14H4)4 (Dance et al., 1987), the
adamantane-like [Cd4S¢S4/2] groups occur at the vertices
of the CrB, net (Fig. 2c¢). Recently, Li et al. (1999)
reported the crystal structure of In;uS;z5(DPM);
(ASU32, DPM = dipiperidanomethane) with
[In10S16S42] (Fig. 2d) tetrahedra on the four-valent
vertices.

In this example, vertices can be occupied by such
different chemical groups as [B], [AlOyp], [SiOgp],
[POyp], [Al(H20);04s], [Fe(H20)204p], [V(H20)204s]
[Cd4SGS4/2] and [In10816S4/2] (Table 1, Flg 2)

Tables 1-9 list the constituent groups at the vertices
(when of different degrees: black and white vertices)
and a very approximate magnification factor for
comparison with the simple structure-type itself. The
magnification shows how much the dimensions of the

Sodalite

(©

Fig. 3. (a) The NbO net and the different groups in structures with «-NbO topology. Whereas in (b) NbO, the vertices are occupied by two
different atoms (Nb, large circles; O, small circles), in the a-structures, only one type of group is present at the vertices. (c) Two square-planar
four-membered rings of the sodalite structure are shown as links between the central Si/Al atoms, and (d) two [VsOg(PO,)4p] and
(e) two [(InypS;6S4/2)4] units each are shown in a polyhedral representation.
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Table 2. Survey of a-NbO structures, the groups at the vertices and the approximate magnification compared with the
NDO structure

Compound

NbO

Sodalite: Nag[AlsSisO,4]-2NaCl

((CH3)4N); 3(H30)07[M0,405(PO,4),]-2H,0

Phosphovanadylite: (Ba,Ca,K,Na)[(V,Al)-
(O,0H)g(PO,),-12H,0

Na,[((V1, Vi, )00)(PO,),]-(POL),-(OH),-zH,O (FVP-1)

InyS;5(HPP)s(H,0),5s (ASU31)

Groups at the vertices Magnification
[Nb][O] 1
[S,ALO4Ogp] 2
[M0,04(POy)4p2] 34
[V4Os(PO4)ap) 3.4
[V500(PO4)4s2] 3.8
[(In16S165412)4] 8.1

Table 3. Survey of a-NaCl structures, their groups (A and B) at the vertices and the approximate magnification
compared with the NaCl structure

Compound Group A
Halite: NaCl [Na]
Pyrite: FeS, [Fe]

SiP,0, [SiOg]
(H3,0,4)[CdCu,(CN),] [CA(CN)s2]

AIPO,-16, [Al0P2Og]
Zunyite: [SisAl;30,0(OH)4F4Cl]
Zeolite A: Najp[Al},S11,0,045]-27H,0

[AlO4P,012,]

[A104A112012/2(OH)14F4]
[A1}5S11,01,0445]

Group B Magnification
[C1] 1

[S2] 1

[OP,042] 13
[CNCuy(CN)gp) 23
[PO4ALO5)) 2.4
[Si0481401212] 25
[AL15511201,0541] 4.4

Table 4. Survey of a-ReQOj structures, their groups at the black and white vertices, and the approximate magnification
compared with the ReQOj structure

Compound Group at the black vertices Group at the white vertices Magnification
ReO; [Re] [O] 1
Fe**(Fe**(CN)s) [Fe**] [CN] 1.4
Sulvanite: CuzVS, [VS4] [Cu] 1.4
Pharmacosiderite: K[Fey(OH),(AsO,);]-6H,0 [Fe4(OH),] [AsO,] 2.1

Boracite: Mg;[B,O(BO,)¢,]Cl [OBy4] [BO4] 2.3
Rbs[Zn,0(PO,);]-3.5 H,O [OZn,] [PO4] 2.9
Fe(NH;)4[CugS(SbS,)5] [SCus] [SbS4] 34

metastructures increase as larger units occupy the
vertices (black or white).

5. NbO (6,-65:6,-6,-8,-8,) and sodalite (4-4-6-6-6-6) nets
and their metastructures

The crystal structure of NbO (Bowman et al., 1966) can
be interpreted as a defect structure of the NaCl structure

a-NbO structures

NbO Sodalite
(@) (b)

(CH3)4N)y 5(H50)0 7IM04Og(PO) 5] 2H,0
(c) (@)

type, with one quarter of the Nb and O sites vacant in an
ordered fashion: Nby 750075 (Wells, 1984, p. 539). There
are only three Nb and three O atoms in the unit cell; the
sites at (0 0 0) and (} 1 1) remain vacant. The NaCl
structure has space-group symmetry Fm3m with
Wyckoff sites 4(a) and 4(b) occupied by Na and Cl,
respectively. The NbO structure has space-group
symmetry Pm3m with Nb and O occupying the 3(c) and
3(d) sites, respectively. In NbO, the Nb and O atoms

Fig. 4. Parts of (a) the NbO net and (b) the a-structures of sodalite, (¢) ((CH3)4N); 3(H30)07 [M0,05(PO,),]-2H,0, (d) and FVP-1. In the a-net of
FVP-1, a possible arrangement of the [VsOy] groups is shown (FVP-1 is the disordered counterpart of Cs;[VsOq(PO,),]-xH,0).
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Table 5. Survey of a-1-ReOj; structures with two interpenetrating ReOjs nets, their groups at the black and white vertices,
and the approximate magnification compared with a hypothetical I-ReOj structure

Compound Groups at the black vertices
TLVS, [VS.]

K;[ZrsCly5B] [ZrsCly,B]

NbgFs [NbgF 5]

Zn,0(BO,)s [Zn,0]

Helvite: MngS,BegSigOsy [Mn,S]

Tennantite: Cu;»As,S;3 [CueS]

Groups at the white vertices Magnification
(T1] 2

[y 22

(F] 2.2

[BO,] 2
[BeO4)/[SiO4] 22

[CuS4] 2.7

Table 6. Survey of a-diamond structures, their groups at the vertices and the approximate magnification compared with
the diamond structure

Compound

Diamond: C

Bideauxite: Pb,(F,OH),[Ag,Cls]

Harkerite: Ca;,[Mg4(AlSiy)(OH),6(BO3)4]
Sakhaite: Cas[Mg2(BO3)4](CO3)2(H20)0.72
Faujasite: (Na,,Ca,Mg),o[ AlsgSi;340384]-240H,O

Groups at the vertices Magnification

[C] 1
[Aga2Clg] 4
[Mga2(Si04),(BO3),] 4.1
[Mgq2(BOs)4] 41
[(Sio3Al19.7)2403602412] 6.9

Table 7. Survey of a-cristobalite structures, their groups at the black and white vertices, and the approximate
magnification compared with the cristobalite structure

Compound

Si0,
[Cd(CN),]x CCl,

Groups at the black vertices
Sl]

[

[Cd
[MnGe,S1]((N(CHs)s), [GesSe][Mn]
[Cd,Ss](Phg) [CdaSe)
[CuGe,S1]((CHs)4N), [GeaSe)
AgeB1oS1s [B10S16]

occupy alternate neighboring vertices (Fig. 3a). In the
net we are considering below, we do not distinguish
between these vertices; hence, the space-group
symmetry is raised to Im3m and the six vertices are
symmetrically equivalent and correspond to Wyckoff
site 6(b).

In NaCl, both Na and Cl are octahedrally coordi-
nated. Two opposing octahedral corners are lost in NbO
and in the NbO net; the result is that both Nb and O are
in square-planar coordination. Replacement of each
vertex in the NbO (Figs. 3b and 4a) net by a single four-
membered [Si,Al,0405);] ring (S4R) (Figs. 3¢ and 4b)
yields the crystal structure of the zeolite sodalite
(Pauling, 1930; zeolite structure code SOD, see Meier et
al., 1996). This topological relation was recognized by
Wells (1979, p. 29).

Schindler & Baur (1997) showed that the homeo-
morphic nets of the following recently synthesized
phosphates can be derived by replacing the [S4R] group
in the SOD topology by [VsO9(POy4)4n] or
[M040g(POy)q42] groups (Figs. 3d, 4c and 4d):

Na,[((ViE, Vi1,)00)(PO,),]-(PO,),-(OH),-zH,O (1),
withv=2.8-4.0,w=—-0.1-1.1,x=0-02,y=0-21and z =
7-10 (named FVP-1 by Schindler et al., 1997);

Cs3[V509(PO,),]-xH,O (Khan et al., 1996), (2);

((CH3)4N); 3(H30)0.7[M0,05(PO,4),]-2H,0, (3)
(Haushalter et al., 1989).

In analogy to the SOD topology as an AB, structure
type, the [V50o] and [Mo,Og] groups can be designated

Groups at the white vertices Magnification
[O] 1

[CN] 1.8

[S] 2

[S] 22

[CuS,] 24

[S] 3.6

as A and the [PO,] groups as B. In this way, the [PO,]
groups surround the [VsOy] and [Mo4Og] groups at the
corners of each square-planar unit and connect them
with a twist (a relative rotation) of 90°. The resulting
chain of square-planar units in the net of SOD topology
is termed a fs chain (s = twisted square) by Smith (1999).
The homeomorphic net of the synthetic phosphate
structures was named the «-SOD net by Schindler &
Baur (1997). We prefer the homeomorphisms of the
FVP-1 and sodalite structures to the original NbO net
and thus we refer to them as «-NbO structures because
the [Si2A12040g/2], [MO40g(PO4)2] and [Vsog(PO4)4/2]
units are located at the vertices of the NbO net. As the
groups [V50] and [PO,] do not correspond to vertices
and edges of the SOD net, terming them a-SOD types,
as done by Schindler & Baur (1997), would be
misleading in the present context.

Recently, Medrano et al (1998) described the
structure of phosphovanadylite. (Bag3sCag Ko 06Nag)-
[(V3.44Al0.46) (OH)5 6602 34(PO4)2]- 12H,0 (4).

The structure is similar to that of (3) listed above, but in
(4), vanadium(IV) octahedra form a [V,4Og] group of
four edge-connected octahedra. The occurrence of
FVP-1 and phosphovanadylite as a-NbO structures is
very interesting with regard to the chemistry of vana-
dium, as V**O,, and V'O, polyhedra occur here as
rather different clusters, but reside at the vertices of the
same net. One further NbO alpha-structure is
In,0S;s(HPP)s(H,O),s (ASU31, HPP = 134,6,7,8-
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Table 8. Survey of a-cuprite structures, their groups at the black and white vertices, and the approximate magnification
compared with the cuprite structure

Compound Groups at the black vertices
Cu,O [O]

Cd(CN),/Zn(CN), [Cd]/[Zn]

K,[B5Oy] [BsOc]

B-CazGa,N, [Ga,Ng]

(Cu(en),),[Cu,Cly4] [Cuz(Cuy)o75Cls)

8-GeS, [GesSe)

K5[Pd(Se4)(Seq)] (Pd]
[Sn1S1504](HN(CHs)3)4 [Sn10S1604]
[Tn10S15]((CHs3)>NH,)s Pnloslé

[Cd,+S4(SCH,CH,0H),]

Groups at the white vertices Magnification
[Cu] 1
[CN] 15
[O] 2.6
(N] 3
[CuClLs] 3
[S] 32
[Se,)/[Ses] 3.75
[S] 4.1
[S] 41
(S] 6

Table 9. Survey of several other a-structures, their groups at the white and black vertices, and the approximate
magnification compared with the structure type

Compound
(CeH14N,)[MnGe,S;] Li-A(BW)
[Cd(CN),]-xBu5O-yH,0) Tridymite [C
[CdHg(CN)4(en)] PtS [
[CA(CA(CN);3(C3H4Ny)),]-p-CeHiMe, Rutile [C
K>Cd(CN), Spinel K]
Leucophosphite: K,Fe,(OH),(H,0),(PO,),xH,0O I-Fe [
Jagowerite: Ba[Al,(OH),(PO,),] CaF, [
AIPO,-16, [ALyP2Og] CaF, [
Tschortnerite Cay(K,Ca, Sr, Ba);Cu(OH)g|[Si;»-

Al;045](H0), (x > 20) CaF,
hexahydro-2H-pyrimido[1,2-«]pyrimidine; Li et al,

1999), where four [In;S;6S4,] tetrahedra form an [S4R]
group similar to the [(Si,Al)Oy] tetrahedra in sodalite.

The increasing size of the groups placed at the
vertices of the NbO net can be clearly seen in Figs. 3(b)—
(e) and 4(a)—(d). The [S4R] group in sodalite is
approximately double, the [Mo405(PQ,)4/] group about
3.4 times, the [V5O9(POy)4] group about 3.8 times and
the S4R group of [(In;S1¢S42)4] about 8.1 times the size
of the square-planar unit in the NbO net (Table 2).

Remarkably, the dense crystal structure of NbO (with
a framework density, FD, of 40.2 cations per 1000 Ag) is
based on the same framework topology as the open
arrangement of the zeolite sodalite (with an FD of 17
cations per 1000 A3 ) and the more open [Vs5O0o(POy) 4]
framework of structure (1) (with an FD of 10.2 cations
per 1000 A3) Compared with the vanadium phosphate
frameworks, the extremely open [(In;oS16S47)4] frame-
work has a 2.4 times larger maximum diameter.

6. The NaCl [4]" and ReO; nets and their
metastructures

In the NaCl net each vertex is coordinated by six
vertices, each of which is also coordinated by six vertices.
The octahedra share corners and form chains in all three
crystallographic directions (Figs. 5a and 5b). Placing an
S, group at each alternate vertex yields the structure of
pyrite, FeS, (Brostigen & Kjekshus, 1969; Table 3, Fig.
5¢). The net of primary bonds in SiP,O, has the same

Structure type Group at the black vertices Group at the white vertices Magnification

[Mn]/[Ge,Se] [SV/[S] 1.8
d] [CN] 1.8
Cd][Hg] [CN] 2.4
d] [CA(CN);3] 29
[Cd]/[CN] 1.6

Fey(OH),(H,0)5(PO4)sn]  [Fea(OH)2(H20)2(POs)s] 24
Al (OH),0g] [POy] 1.6
AlP401,04)] [AlO4/][PO4] 25
[(S1,A1)45045006/] [(S1,A1)2405404s] 5.8

topology as the pyrite structure type (Wells, as quoted
by Tillmanns et al., 1973). The [OP,O¢,] group occupies
one type of vertex and is connected to six octahedrally
coordinated [SiOg/,] groups at the adjacent vertices (Fig.
5d). Nishikiori & Iwamoto (1993) described
(H3;014)[CdCuy(CN);] as a pyrite-like framework
where each vertex is replaced by a [CNCu,(CN)g5]
group (Fig. 5e). This [CNCu,CNgp,] group is isostructural
with the [OP,Og;] group in SiP,O,, but is more
extended because of the length of the linear CN group.
A larger magnification of the NaCl-type topology occurs
in zunyite [(SisAl;30,0(OH)4)F4Cl] (Baur & Ohta,
1982), where the vertices are occupied by Keggin-
molecule-shaped [AlO4AlL,01,,(OH)4F,4] groups (with
a central AlO, tetrahedron) and by [SiO4Si4O125]
groups (Table 3, Fig. 5f). These are bridged by O atoms
and are arranged in the same way as Na and Cl in the
NaCl structure. The crystal structure of AIPO,-16
(structure code ASTI; Meier et al., 1996) is intimately
related to that of zunyite. It has a unit-cell content of
[Al0P20Og9] (Bennett & Kirchner, 1991) with
[A104P4012/2] pentamers as A and [PO4A14012/2]
pentamers as B (Table 3). The aluminate and phosphate
groups form a three-dimensional tetrahedral frame-
work, whereas zunyite has an interrupted tetrahedral
framework in which the phosphate groups around AlO,
(in AIPO4-16) are replaced by AlOg octahedra of
the Keggin-type molecule in zunyite. Thus, we can
view the AIPO,-16 framework as an «-NaCl structure
type composed of [AlO4P,O;,,] and [PO4ALOq ]
units.
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A further homeomorphism of the NaCl net occurs in
the structure of zeolite A. It is a simple cubic packing of
truncated octahedra of composition [Sij;Al1,0360545]
[one truncated octahedron at site (000), Wyckoff posi-
tion 1(a) in space group Pm3m] joined at the cube faces
to form double four-rings (Gramlich & Meier, 1971); this
packing is analogous to the arrangement of vertices in
the NaCl net (Table 3, Fig. 5g).

By adding vertices of degree two to the centres of the
edges [100,010,001, Wyckoff site 3(d), in Pm3m], we
obtain the ReO; net with hexavalent black vertices and
divalent white vertices. Connecting the centres of the O
atoms at the white vertices yields corner-sharing octa-
hedral chains parallel to all three crystallographic axes
(Figs. 6a, 6b and 7a). Schindler & Hawthorne (1999)
named these chains cso-chains in analogy to the fs-
chains of the SOD topology. Such a cso-chain occurs in
the boride framework of synthetic Ca[Bg] (Stackelberg
& Neumann, 1932), in which B, dimers occur at the
white vertices and vacancies occur at the black vertices
(Fig. 6¢).

Two large groups of minerals and their synthetic
analogues are homeomorphisms of the ReO; net:
boracites and pharmacosiderites (Table 4). The chemical
compositions of the boracites can be expressed collec-
tively as M;3[B,O(BOy)s]X (Where M = Mg, Fe, Mn and
X = Cl, F 1, Br). A core coordination tetrahedron of B
around an O atom yields an [OB,] unit (Fig. 6e) which

NaCl J
N R j
N A
NaCl Pyrite

(®) (©

Zunyite

)]

°/‘ ; SiP,0,
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resides at the black vertices. Each of the four B atoms is,
in turn, tetrahedrally coordinated by O atoms from the
three other borate tetrahedra at the white vertices
(Schindler & Hawthorne, 1999). Each tetrahedron at
each white vertex shares corners with (and thus bridges)
two tetrahedra at the black vertices. This results in the
general chemical formula [(OR4)(Z0Oy)¢r]- The [OR4]
group is surrounded by six tetrahedra [(ZO,)¢], where
R is a cation tetrahedrally coordinating an O atom and Z
is a cation tetrahedrally coordinated by O atoms. The M
cations and X anions fill the pores of the borate
framework. The cso-chains within the ReO; net are
formed by the connections provided by the tetrahedra at
the white vertices (Figs. 6e and 7c). Additional examples
include a series of recently synthesized zinc phosphates
(e.g. Na3[Zn,O(PO,);]-xH,O with [OZn,] at the black
vertices and [PO,] at the white vertices; Harrison et al.,
1996).

In pharmacosiderite, K[Fe,(OH)4(AsOy)s,]-6H,O
(Buerger et al., 1967) and many isostructural compounds
the black vertices are occupied by a distorted cube
composed of four octahedrally coordinated M atoms
(M = Fe, Al, Ti, Ge, Mo etc.) and four O atoms or OH
groups: [M4(O,0H),4]. The four fused octahedral coor-
dinations are completed by O atoms of the [ZO,] (Z =
As, P, Si, Ge) groups at the white vertices, so that
[Fe,(OH),4] resides at the white vertices and [AsOy]
resides at the black vertices (Figs. 6d and 7b). The

(H3 O 4)[CdCuy(CN),]

(d) (e)

Zeolite A

(8)

Fig. 5. (a) The NaCl net and the different groups of the a-NaCl structures. In all examples, only one group of the six-connected groups around one
vertex are completely drawn. For (b) NaCl, (c) pyrite, (d) SiP,O; and (e) (H3,0,4)[CdCu,(CN),], one of the octahedrally coordinated vertices
is indicated by a larger circle. For (f) zunyite, the [A104Al;,0,,,(OH);5] group is shown on the right and the [SiO,Si4O¢/] group is shown on
the left. Two truncated octahedral groups of zeolite A (with all double four-rings) are shown in (g).
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arrangement in pharmacosiderite is very similar to that
in boracite, except that the [OB,] tetrahedral core group
is replaced by an [M4(O,0H),] group. The central core
in pharmacosiderite resembles the [Mo,Og] unit in
((CH3)4N); 5(H30)0.7[M0405(PO4)42] 2H,O  (Haush-
alter et al., 1989); however, the [Mo,Og] group is square-
planar connected, whereas the pharmacosiderite unit is
octahedrally connected.

Another mineral with the ReOj3 topology is sulvanite
Cu;VS, (Pauling & Hultgren, 1932). The [VS,] tetra-
hedra at the black vertices are octahedrally coordinated
by [Cu] groups at the white vertices (Table 4). The cyano
complexes  K,Fe*"[Fe’*(CN)¢], KFe**[Fe*"(CN)q],
Fe*"[Fe**(CN),] and Fe,[Fe(CN)el5(H,0)s (Keggin &
Miles, 1936; Buser & Ludi, 1972) are ReO; alpha
structures with [Fe] atoms at the black vertices and [CN]
groups at the white vertices. In Fe(NH;)s[CugS(SbSy,)¢/]
(Schimek et al., 1997), the black vertices are occupied by
[SCug] units which contain eight fused CuS, tetrahedra
that share a central S ligand; the Cu atoms are arranged
as a cube around S. The white vertices are occupied by
[SbS,] groups (Figs. 6f and 7d, Table 4) and the
Fe(NH;)q cations fill the pores of the framework.

ReO;

(b)

Boracite

(&)
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Thus, the topology of the ReOj net is conformable
with a variety of units of very different chemical
composition and geometry, and with sizes ranging from
four atoms in ReO; to 24 atoms in Fe(NHj)s-
[CugS(SbSy)e»] (Schimek et al., 1997; Table 4).

7. Interpenetrating NaCl net (4)"* and the ReO; nets
and their metastructures

Some structures with such interpenetrating nets were
described by Batten & Robson (1998); in Tables 5-8, we
show additional structures with larger clusters and
groups at the black and white vertices.

A net with two interpenetrating ReOj; nets (I-ReO;
net) can be visualized as an arrangement of I-centered
cubes with black vertices at (311) that are not connected
to the vertices at (0 0 0) (Fig. 8a). This yields an overall
symmetry of Im3m, in contrast to the space-group
symmetry Pm3m of the ReO; net.

A simple homeomorphism of two interpenetrating
ReO; nets occurs in AgTe; (Range et al., 1982) with Ag
at the black vertices and Te at the white vertices. Further
I-ReOj; alpha structures are several Zr and Nb halo-

7 Pharmacosiderite

()

Fig. 6. A slice of (a) the ReOjs structure and the groups of the @-ReOj structures; the central Re atoms in the ReO; octahedra have been omitted
for clarity. (b) shows the ReO; octahedron and (c) a part of the CaB structure. (d) The [M4(O,0H),][TO4]s» group of pharmacosiderite is
shown as four fused octahedra surrounded by an octahedral arrangement of six tetrahedra. (e) The central [OB,] group at the black vertices of
the ReOj; net is emphasized by heavier drawn lines, other O atoms at the black and white vertices have been omitted for clarity, and the B
atoms at the white vertices are shown as large circles. Finally, the [CugS] group (at the black vertices) and the [SbS4]¢» groups (at the white

vertices) in Fe(NH;)s[CugS(SbS,)s2] are shown in (f).
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genides and TLVS, (Vlasse & Fournes, 1978). In
[VS4][T1]6p, [VS4] tetrahedra are octahedrally coordi-
nated by [T1] groups (Table 5). The same topology was
described by Schéfer et al. (1965) for [NbgF5][F]e and
by Ziebarth & Corbett (1988) for K,[ZrsCl;,B][Cl]¢s
with [MgL,] groups (M = Nb, Zr; L = Cl, F) rather than
[VS,] tetrahedra at the black vertices and [Cl]g/; or [Fes
rather than [Tl]s, groups at the white vertices (Table 5).

Replacement of the white vertices in the inter-
penetrating ReOj; nets by a single four-ring of tetra-
hedra yields an arrangement of sodalite cages filled by
six-valent black vertices (Fig. 8b). This arrangement
occurs in Zn,O(BO,)g (Smith et al., 1961; Bondareva et
al., 1978), where [BOy;,] groups have the same bond
topology as the TO, aluminosilicate tetrahedra in the
zeolite sodalite. The [Zn4O] group is inside the cage at
the black vertex, surrounded by 24 [BO,,] groups (Fig.
8c¢). The [Zn,0O] group corresponds to the encapsulated
NaCl in the sodalite cages. A homeomorphism between
Zn,0(BO,)s and the sodalite net does not exist because
the [Zn,O] group does not occupy a vertex in the
sodalite net. The [Zn4O] group is analogous to the
[Zn4O] and [B4O] groups in boracite and Rbs[Zn,O-

a-ReOj5 structures

(a) ®)
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(POy4);5]-3.5H,0.  The  structures of  helvite
MngS,BesSicO,4 (Hassan & Grundy, 1985) and tennan-
tite Cu;,As4S,3 (Pauling & Neumann, 1934) may also be
described in this way. In the structure of helvite,
[Mn,S][Be;04SizO4], the [Mn,S] group is at the black
vertices and four [BeQOy;] and [SiOy,] groups are at the
white  vertices (Table 4). In  tennantite,
Asy[CugS][CuS;]s, [CugS] octahedra occur at the black
vertices, the four [CuS,,,] groups are located at the white
vertices and the As atoms occupy the interstices of the
net (Table 5).

8. The diamond (6,:6,:6,:6,-6,-6,), zinc blende and
cristobalite nets and their metastructures

In the diamond structure, space group Fd3m, all C atoms
are located at four-connected vertices [ Wyckoff site 8(a)
at 1/8 1/8 1/8 and 7/8 3/8 3/8 plus the corresponding face-
centered sites; Figs. 1 and 9]. The framework of faujasite
(Baur, 1964) and zeolites X and Y (zeolite structure
code FAU; Meier et al., 1996; Fig. 9d) can be seen as a
diamond net where all vertices are replaced by groups of
tetrahedra in the shape of truncated octahedra of

Boracite

©

Fe(NH;3)e[CugS(SbS,) /0]

(@)

Fig. 7. The nets of (a) ReO3 and the a-structures of (b) pharmacosiderite, (c) boracite and (d) Fe(NH;)s[CugS(SbS,)s/2]. In the ReOj structure, the
central atoms have been omitted for clarity; in the boracite structure, the O atoms of the white vertices have been omitted for clarity. The figure
also shows the magnification of the a-structures with increasing size of the groups.
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composition [(Sig3Alp7)2403602412], which are joined at
their hexagonal rings (Table 6). A group of condensed
octahedra at the vertices of the diamond net occurs in
bideauxite Pb,(F,OH),;[Ag,Clg] (Cooper et al., 1999).
Here, AgClg octahedra are fused by corner-sharing into
[Ag42Clg] groups which bond directly to Ag atoms (Fig.
9b). A similar case also occurs in harkerite
Ca;,[Mg4(AlSi4(OH)6)(BO3)s] (Guiseppetti et al.,
1977) and sakhaite Caz[Mgz(BO3)4](CO3)2(H20)0'72
(Yakubovich et al, 1978; Fig. 9c) with
[Mg4/2(Si04)2(BOs),] or partly occupied [Mgy»(BO;3)4]
groups at the vertices of the diamond net. The groups
contain MgQOg octahedra which share corners with BO;
triangles or SiO, tetrahedra (Fig. 9c). Faujasite,
bideauxite, harkerite and sakhaite are simple ¢-diamond
structures, even when the vertex of the diamond net is
occupied by large polyhedral groups (Table 6).

When the vertices of a diamond net are alternately
occupied by Zn and S we obtain the zincblende struc-
ture, again with tetrahedral coordination of both Zn and
S atoms. Insertion of white vertices of degree two
between the four-connected vertices in the diamond net
yields the cristobalite net; this homeomorphic SiO,
structure is an AX, structure type with shared O atoms

HOMEOMORPHISMS IN METASTRUCTURES

between SiO,, tetrahedra at the black vertices of the
diamond net (Figs. 10a and 11, Table 7).

Replacement of the black vertices of the diamond net
by [Cd] and the white vertices by a linear cyanide [CN]
group (Fig. 10b) yields the Cd(CN),-CCl, structure
(Kitazawa et al., 1988). Further magnification of the
cristobalite net occurs when the black vertices are
adamantane-like groups of four condensed tetrahedra
surrounded by a tetrahedral arrangement of four S
atoms at the white vertices, as in the thiolate structure of
[Cd4Se][S]42(Phg) (Dance et al., 1987).

Yaghi et al. (1994) recognized the relation of
[MnGe,S;)](N(CHj3),), to the diamond net. Here, black
vertices are alternately occupied by [Mn] groups and by
adamantane-like [Ge,S¢] groups (Figs. 10c and 11), and
the N(CHj;), ions fill the pores of the framework (see
also Achak et al., 1995). Bridging [S] groups at the white
vertices link the groups at the black vertices.
[Cu2G64Sm]((C2H5)4N)2 (Tan et al., 1995) has a
diamond-like framework in which all black vertices are
occupied by adamantane-like [Ge,Sg] groups, which, in
turn, are connected and extended by linear [CuS,]
groups at the white vertices (Table 6, Fig. 10d). A more
extended framework of a cristobalite alpha structure

a-1-RcO5 structures

[Mn,S] Inclusion

[(CWS;lyu/4

[CugS] [(8i.Be)O5 5474
[BOsloy/4
(©
Tennantite
Asy[CugS][CuySy5]
Helvite
[Mn,8][Be5SizO 5]
[Zn,O][BO, g

Fig. 8. (a) Two interpenetrating ReO; nets. One net is emphasized by heavy lines; the two-connected white vertices are omitted for clarity. (b)
shows the arrangement of sodalite cages, which can be derived by replacing each white vertex by a single four-membered ring. (c¢) Inside the
cages reside the black six-connected vertices which can be occupied by [MnS,], [Zn,O] or [CusS] groups.
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occurs in AgBS;g (Krebs & Diercks, 1984), where
[B10Si¢] tetrahedra at the black vertices are connected
by [S] groups at the white vertices.

9. The cllpl'ite, OC“Z (62'62‘62'62'62'62)(62'62'62'62'62'62)
net and its metastructures

The space group of cuprite, Cu,O, is Pn3m. The Cu

atoms are at Wyckoff position 4(c) (000,11 0,10 %and
011)and the O atoms are at position 2(a) (;11and333);
thus, the Cu atoms are in a face-centered arrangement
and the O atoms are in a body-centered arrangement.
The cuprite structure is homeomorphic with two inter-
penetrating cristobalite nets with four-coordinated O
atoms at the black vertices and two-coordinated Cu*
atoms at the white vertices (Table 8). The two nets are
displaced relative to each other by (31 1) and there are
no primary bonds between the nets (Figs. 12a and 13).
Replacement of the white vertices by linear [CN]
groups yields the well known structures of [Zn(CN),]
(Zhdanov, 1941) and [Cd(CN),] (Shugam & Zhdanov,
1945, Fig. 12b). In the structure of K,[Pd][Se4][Ses] (Kim
& Kanatzidis, 1992), one of the interpenetrating nets
consists of Pd atoms tetrahedrally coordinated by chains
of four Se atoms, and the other net consists of chains of

six Se atoms coordinating Pd (Fig. 12d). It is remarkable

Diamond, Zincblende

C,ZnS

Cag[Mgy/5(BO3)4J(CO3)»(HyO0) 72
Sakhaitc

(©)
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that, in this instance, the two interpenetrating nets are
chemically different and yet are still commensurate
(because the net with the longer chains is more folded).

K[B504][O42] (Krogh-Moe, 1965), §-GeS, (Mac-
Lachlan et al, 1998) and pB-Ca;Ga,N, (Clarke &
DiSalvo, 1998) are also complex a-cuprite structures.
The corresponding groups at the black vertices are
[BsO4], [GesSe] and [GayNg] clusters which are linked by
[O], [S] and [N] groups at the white vertices, respectively
(Table 8).

The structure of [Cu(en),]Cu,Cl;; (DeBord et al,
1997) can be derived by designating a condensed
[Cu,(Cuy)o.75Cls] group at the black vertices surrounded
tetrahedrally by four CuCl; triangles at the white
vertices. The [Cuy(Cu4)q75Cls] group consists of six
CuCl, tetrahedra (one Cu site is partly occupied) in
which an edge-sharing tetrahedral pair shares corners
with four tetrahedra; the four tetrahedra form a square-
planar arrangement around a common central Cl atom.
Two of four [CuCls] groups share corners with two
CuCl, tetrahedra of the [Cu,(Cuy)o75Cls] group and the
other two [CuCl;] groups share two corners with tetra-
hedra of the next [Cu2(Cuy)g.75Cls] group (Figs. 12¢ and
13).

Tetrahedrally coordinated large groups at the black
vertices also occur in super-tetrahedral clusters such as

(b)
Pby(FOH)4[Ag,Clg]
Bideauxite

(d) Faujasite

Fig. 9. (a) The diamond net and the different groups of a-diamond structures. The four fused (AgCls) octahedra in the [Ag,,Cls] group of
bideauxite are shown in (b); the Ag atoms are shown as large circles. In the [Mg,,(BO;),4] group of sakhaite, the (BO3) triangles are shown as
black circles (c). (d) shows the truncated octahedron of the faujasite structure with its double six-rings.
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[Cdi7(SCH,CH,0OH)»4S,]  (Vossmeyer et al., 1995),
[InS;6] (Cahill et al., 1998) and [Sn;(S;,04] (Parise &
Ko, 1994, Table 8). In all three cases, the linking groups
at the white vertices are S atoms. The super tetrahedra
contain tetrahedrally coordinated Cd, In or Sn atoms
and two- or three-coordinated S or O atoms (Fig. 12¢).

10. Other four-connected nets and their metastructures
10.1. a-ABW net (4-6-4-6-6-8,)

Cahill & Parise (1997) described the structure of
(CeH14N3)[MnGe,Syg] as analogous to the arrangement
of (Si,Al) tetrahedra in zeolite Li-A (zeolite structure
code ABW; Meier et al., 1996) with alternating [Mn] and
[GesSg] groups at the black vertices, connected by [S]
groups at the white vertices. (Table 9).

10.2. a-Lonsdaleite or a-tridymite net (65-65:65:6,-6,-65)

A further three-dimensional four-connected net
occurs in [Cd][CN],(xBu5O-yH,0) (x, y >~ 0.5; Kitazawa
et al., 1995): the a-tridymite net has [Cd] at the black
vertices tetrahedrally coordinated by [CN] at the white

vertices (Table 9).

Cristobalite

Cristobalite

(©)

((CH3)4N),[MnGe,S ]
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10.3. a-PtS net (4482828282)/(4487878787)

The PtS net occurs in [CdHg][CN]4(en) (Iwamoto &
Shriver, 1972; Table 7) with [Cd] and [Hg] at the black
vertices, surrounded by [CN] at the white vertices in
square-planar coordination (Table 9).

11. Some nets with six- and eight-connected vertices

In the crystal structure of rutile, TiO,, ([4]*-[6,]*[6]°)
(4-[65]%), a six-connected black vertex is surrounded by
white vertices of valence three. The resulting octahedra
around the black vertices share edges and corners (Baur,
1956). Kim & Iwamoto (1997) described the crystal
structure of [Cd(Cd(CN)3(C3HyN»)),]-p-CsHsMe, as
analogous to the rutile structure type (Table 9). The
white vertices are occupied by [Cd(CN)ep] groups,
which link to an octahedral arrangement of [Cd] groups
at the black vertices (Table 9).

Vertices of valence eight occur in the nets of body-
centered iron (Fe at 000 and 1 11, space group Im3m,
[45]'*-[4]") and in CsCI (Table 8). In the framework of
zeolite rho, cages of truncated rhombic dodecahedra of
composition [Al;,SizsOgs] correspond to the Fe atoms in
body-centered iron: [Al5Siz607,045,] (Baur er al,

[CA(CN),]-CCly
®

(CH5)N[Cu,y,GeySil ()

Fig. 10. (a) The cristobalite net and the different groups of structures with a-cristobalite topology. In (b), the [Cd(CN),] group, the C and N atoms
are not distinguished. In (c¢) ((CH;),N),[MnGe,S,(], the adamantane-type [Ge,S¢] units and the [Mn] group are both located at the white
vertices and are tetrahedrally surrounded by [S] groups at the black vertices. In (d) (C,Hs),N[Cu,Ge,S0], each adamantane-type complex is
tetrahedrally coordinated by linear [Cu'S,] groups. Two adamantane-type units and one linking [CuS,] group are shown.
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1988). The structures of leucophosphite,
K,[Fe4(OH),(H,0),(P0O4)4]-2H,O (Moore, 1972) and
NH4[Mo0,04(PO,)4]-H,O (King et al, 1991) contain
[M4(O,0H),] groups (M = Fe, Mo) connected by eight
[PO,] groups. The [M4(O,0H),] group contains an edge-
sharing octahedral pair, connected on each side of the
common edge to a corner-shared octahedron. The
phosphate tetrahedra link two groups together and
reside at two-connected vertices at the centres of the
edges. However, we did not find an analogous homeo-
morphic simple structure to the corresponding (eight,
two)-connected net. We can consider this as a net of
body-centered Fe with [M,(O,0H),(PO,)s] groups at
the vertices (Table 9).

In spinel, MgAl,O,4, Mg and Al are tetrahedrally and
octahedrally coordinated by O, respectively. Each O
atom is coordinated by three Al and one Mg atoms.
Therefore, the spinel net contains two different white
four-valent vertices, (60,:6,-6,:6,-6,-6,) for Mg and
(4-6-4-6-4-6-4-6) for O, and one black six-valent vertex,
([4]°-[6]*[62]"). Homeomorphic to the spinel net is
K,Cd(CN), (Ziegler & Babel, 1991), with [K] at the
black vertices, and [Cd] and the [CN] group at the white
vertices (6,:6,:6,-6,:6,:6,) (4-6-4-6-4-6-4-6), respectively.

In the CaF, structure type, the white vertices corre-
sponding to F are four-connected and Ca is at eight-
connected black vertices (([4]'*[6,]'%) ([4]°)). A CaF,
net occurs in jagowerite Ba[Al,(OH),(POy)ss]
(Meagher et al, 1974), with condensed octahedral
[Al,(OH),] groups at the black vertices, surrounded by
eight [PO,4] at the white vertices, forming the corners of
a distorted cube (Table 8). Further homeomorphism to
the CaF, net occurs in the zeolite structures of AIPO,4-16
(structure-code AST) and tschortnerite (Effenberger et
al., 1998; structure code TSC). AIPO,-16, described
above as an NaCl alpha structure, can also be described

a-Cristobalite structurcs

V V i‘?"?’
T 9

Cristobalite

825

as a CaF, alpha structure with cubes of [Al;P,0,05;]
composition at the black vertices and [AlOy;] or [POyy;]
tetrahedra at the white vertices. In tschortnerite, ideally
Ca4(K,Ca,Sr,Ba)3CU3(OH)g[Si12Al]204g](H20)x ()C >
20), there are truncated cubo-octahedra (a-cages) of
composition [(Si,Al)43043006/] at the black vertices and
truncated octahedra (B-cages) of composition
[(S1,A1)240,4045/2] at the white vertices.

12. Examples of (three, four)-, four- and six-connected
nets with no simple structural analogues

12.1. Four-connected net, (4-4-6-6-8,-8,)/(4-4-6-6-10-10)

The net of zeolite rho has the long Schléfli symbol
4-4.4.6-8-8 and Smith (1999) showed that the net can be
built from ts-chains parallel to the diagonal directions
[111]. Every second four-membered ring of the rho net is
a member of these ts-chains. If we replace the single
four-rings in the #s-chains by four-connected vertices, we
obtain a four-connected net with the long Schlifli
symbol (4-4-6-6-8,-8,)/(4-4-6-6-10-10). As far as we know,
there is no homeomorphism between this net and any
structure.

Schindler & Baur (1997) showed that the crystal
structure of [HN(CH2CH2)3NH]K135 [VsOg-
(PO4)4]-xH,0 (Khan ef al., 1996) has the same overall
topology as zeolite rho. The [V50¢(POy)4»] groups
replace the single four-rings (S4R) in the ts-chains of
RHO topology. This relation can be visualized when one
realizes that four [Vs09(POy),] groups form a large
ring corresponding to the double eight-ring of (Si,Al)
tetrahedra in zeolite rho. It is important that we see here
the [V509(POy)y2] units in place of the [S4R] groups,
both of which lie on vertices of the (4-4-6-6-84-8,)/
(4-4-6-6-10-10) net.

VAV
= \VAVERVA
N Z‘?/V/‘v/
vﬁ’

A
[
a U

((CH3),N),[MnGe,S, ]

Fig. 11. The cristobalite net and the a-net of ((CHs)4N),[MnGe,S;o]. It is apparent that the magnification of the a-structure is due to the
replacement of the [Si] group in cristobalite by the larger adamantane-like [Ge,S¢] group.



826

12.2. (Six, two)-connected net; [4]*-4-4-6,-65-4-4-65-6,

Homeomorphisms to a (six, two)-connected net with
squares and hexagons, and overall space-group
symmetry la3d, occur in Zr and Nb halogenides of
composition [ML1,][L]ep, e.g- [TasCl2][Cl]s, (Bauer &
von Schnering, 1968) and K[ZrsCl,,C][Cl]¢, (Ziebarth
& Corbett, 1987). An [MgL;] cluster occupies the six-
valent black vertices and [Cl]¢/, groups occupy the two-
valent white vertices.

12.3. (Three,
(8585-8585-8383)

four)-connected  net;  (838383)

A (three, four)-connected net is homeomorphic with
the recently synthesized structure of TMA-MGS-2, a
metal germanium-sulfide compound in which adaman-
tane-shaped [Ge,S¢] groups are tetrahedrally
surrounded by [MS,] groups (M = Cu, Co, Ge, Mn;
Bedard et al., 1989; Tan et al., 1996) and the [MS,] groups
are three-connected to the adamantane groups. The
resulting general formula for the (three, four)-connected
a-type structure is [GeSg]3[MS,]s (TMA).

Cu,O

OCuy

(d)
K,[Pd(Sc,)(Sey)]

HOMEOMORPHISMS IN METASTRUCTURES

13. Geometrical and bond-strength requirements

We have shown that many exceedingly complex inor-
ganic crystal structures can be visualized in terms of
occupancy of vertices of nets of simple three-dimen-
sional structure types by diatomic groups, polyhedra or
larger groups of condensed polyhedra, and are home-
omorphic to simple three-dimensional nets. To distin-
guish them from the simple structure type, we term them
a-structures of the corresponding structure type. Atoms,
polyhedra or groups of polyhedra can reside at the
vertices of these simple nets if they satisfy

(i) the topological requirements;

(ii) the necessary geometrical requirements;

(iii) the bond-strength requirements.

The topological requirements entail having the
appropriate number of connectors for a particular net.
The geometrical requirements will depend on the shapes
of the groups and the flexibility of the structure. Thus, a
four-connected vertex cannot be occupied by a trian-
gular group without changing the topology of the bonds.
Conversely, each polyhedron or group with four or more
free corners could occur at this vertex. A tetrahedral
angle of 109.5° does not have to be strictly matched if a

Cd(CN),
®)

(0)
(Cu(en)y)[CuyCly (]

()

((CH3);NHy )l S ]

Fig. 12. (a) The cuprite net and the a-cuprite structures. Beginning with (), the [CN] group at the white vertices, the size of the groups increases
systematically from left to right. In (Cu(en),)[Cu,Cl] (c), six fused CuCl, tetrahedra form a [Cu,(Cuy)y75Cls] group which is tetrahedrally
surrounded by four (CuCl;) triangles. (d) shows the highly elongated [Se,] and [Seg] groups around the [Pd] groups in K,[Pd(Se,)(Seg)]. (e) The
large [In;(S;6] group is tetrahedrally coordinated by [S] groups in ((CH;),NH,)eIn;S;s.
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structure has the flexibility to absorb a deviation of this
angle from the ideal value. If a group has more than the
necessary connected corners, additional cations have to
balance the bond-strength requirements of the ligands at
the free corners.

The bond-strength requirements of different groups
can be illustrated by the following examples: in
[Zn4O][BO,]12» and Rbs[ZnyO][PO,]5-3.5H,0, the
[Zn,4O] group itself is severely underbonded because
each Zn requires an additional 1.5 valence units (v.u.)
from the three other O atoms of the ZnO, tetrahedron:
on average, 0.5 vu. from each O atom. In
[Zn,4O][BO;]12, these additional O atoms are
connected to two B atoms and one Zn atom. In this case,
the bond-strength requirements are satisfied because the
O atom receives the necessary 1.5 v.u. from the B atoms.
Replacement of four [BO,] groups at the white vertices
by groups with higher or lower basicities does not occur
in this structure-type. In the «-ReOj; structure of
Rb;[Zn,40][PO,])5-3.5H,0, the corresponding O atoms
of the Zn tetrahedra are connected to one Zn and one P
atom each (Pauling, 1929; Baur, 1970). They receive only
1.25 v.u. from the P atom, and the additional Rb and H
atoms in the interstices have to provide the remaining
0.25 v.u. If the basicity of the units at the white vertices
decreases, the acidity of the units at the black vertices
and/or the acidity of the interstitial cations must
increase; e.g in the Dboracite structure type
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M;[B4O][BO4)3X (M = Mg, Fe, Mn and X = CL, F, I, Br),
the basicity of the [BO,4] groups at the white vertices
decreases to 0.75 v.u. In this case, the acidities of the
[B4O] group (0.75 v.u.) at the black vertices and of the
interstitial cations (~0.45 v.u.) increase.

14. Potential for the prediction of crystal structures

Numerous topologies of microporous crystal structures
have been successfully predicted based on the
systematic search of three-dimensional nets. Among
those discussed here, the underlying topologies of the
AST-type structure of AIPO,-16 (Bennett & Kirchner,
1991) and of the TSC-type zeolite tschortnerite (Effen-
berger et al., 1998) were found by Smith & Bennett
(1981). Therefore, it is reasonable to expect that visua-
lizing homeomorphisms between complex inorganic
structures and three-dimensional nets can help us to
predict new mineral and synthetic inorganic structures.
When the bond-strength and geometrical requirements
are satisfied, groups such as [V50¢], [Mo4Og],
[Fe4(OH).]. [Zn4O], [Ge,Se]. [CN] and [In;4S16S42] can
occur at the vertices of several other three-dimensional
nets. We mentioned, for example, the replacement of
square-planar units in fs-chains by [VsO9(POy)4pl,
[M0408(PO4)4/2] and [V40g(PO4)4/2] groups. The
following three-dimensional nets contain these zs-chains
and thus are potential homeomorphic nets for new

(Cu(en),)[Cu,Cl ;]

Fig. 13. The structure of cuprite parallel to (110), with crosses marking one of the two nets. Three tetrahedra of the cuprite structure and three
[Cuy(Cuy)o75Cls] groups tetrahedrally surrounded by CuCl; triangles are shown in the same orientation. The magnification owing to
replacement of the [Cu] and [O] groups by [Cu,(Cuy,)o75Cls] and [CuCls] is clearly apparent.



828

microporous vanadium or molybdenum phosphate
compounds: analcime, TMA-E, gismondine, gmelinite,
goosecreekite, laumontite, phillipsite, STA-1, roggianite
and yugawaralite (for references, see Meier et al., 1996).

15. Conclusions

Our description of complex structures as simple
arrangements of complex clusters is elegant and topo-
logically economical. Furthermore, it reinforces the idea
(Hawthorne, 1994, 1997) that nature uses a small
number of basic arrangements and produces structural
diversity by using a variety of FBBs in these arrange-
ments (FBB = Fundamental Buildings Blocks). The
FBBs, in our case the groups located at the vertices of
the nets, have to obey the geometrical as well as the
bond-strength requirements of the crystal structure.

As homeomorphism to a simple structure-type occurs
with larger and larger units at the vertices of the
corresponding net, the a-structures expand and can
become microporous.

In the organization of the solid state, the same prin-
ciples can apply at different scales of the units. An even
more extreme case of illustrating this is the analogous
arrangement of the close-packing of atoms in many
crystal structures of metallic elements, of spheres of
Si0,.nH,O of diameters of ~1500-3500 A in opal
(Jones et al., 1964), of polystyrene beads of a diameter of
0.5 pm in the laboratory (Park et al., 1998) and, finally, of
macroscopic objects. Consequently, we might expect to
see even larger extended frameworks than have been
observed to date.

This work was supported by Natural Sciences and
Engineering Research Council of Canada grants to
FCH. We thank two anonymous referees for thorough
reviews of the original manuscript.
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