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Abstract

Certain complex compounds can be described as metastructures based on the topology of three-
dimensional Wells-nets homeomorphic to the nets of simple crystal structure-types such as dia-
mond, rutile, halite, NbO or ReQOThe larger the magnification of the metastructures relative

to their basic nets, the greater the chance that these frameworks have zeolitic properties. Particular
emphasis is placed on the pharmacosiderite type structure.

1. Introduction

I would like to illustrate two separate, but in some instances related points. One is the concept
of metastructures based on the decoration of simple three-dimensional nets by ever more complex
chemical entities (atoms or clusters of atoms). The second is the fact, that the larger the magni-
fication of the metastructures becomes, the better the chance that these compounds have zeolitic
properties. In the most narrow definition zeolites are microporous aluminosilicates with tetra-
hedral coordination of oxygen atoms around aluminum and silicon. However, as has been
recognized a long time ago, nontetrahedral and nonsilicate compounds can have zeolitic properties
as well (ZEMANN, 1947, 1991, 1993).

Systematizing and classifying the crystal structures of minerals and inorganic compounds is
becoming more and more difficult as increasingly complex structures are being described. Even
the visualization of these structures is often not simple. Thus it helps to pay attention to the ways
in which they are represented.

A compact way to represent a crystal structure is to state its cell constants, space group symmetry
and the positional coordinates of all symmetrically independent atoms in the unit cell.
Unfortunately it is very difficult to visualize such presentation. Except for special cases it is even
more difficult to recognize relationships among various structures described that way. Therefore,
from the very beginning crystal structures were represented conceptually and graphically by
making use of a variety of approaches. BRAGG (1920) understood crystal structures as packings
of atomic spheres.
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Pa‘?"”g emphasized the packing O_f co- Three ways to represent the structure of high
ordination polyhedra formed by anions  cristobalite

around the cations. This means that one
can visualize simultaneously a whole
group of atoms that are close to eac
other. As an example Fig. 1 shows th He
crystal structure of high cristobalite re| SPHERES N
presented as a collection of spheres and
as connected tetrahedra.
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Fig. 1
The crystal structure of high cristobalite / Y/
represented as spheres, as polyhedra and [ e [

as a Wells-net (after BAUR, 1977).

Wells proposed in a series of papers an alternate view (WELLS, 1954 to 1976; summarized in
WELLS, 1977). He saw crystal structures as 3-dimensional nets of bonds between the indivi-
dual atoms. These atoms are located at the nodes or vertices of the 3-dimensional nets, while
the bonds between the atoms are the links between the nodes. | shall call these nets Wells-nets.
This approach proved particularly fruitful for describing and classifying the crystal structures

of zeolites. The nets of zeolite frameworks are three-dimensional and have tetrahedrally four-
connected vertices. Their classification is based on the topological properties of their underlying
nets (BAERLOCHER et al., 2001; SMITH, 2000). Currently 139 distinct zeolitic tetrahedral
frameworks are known.

One can generalize this method and use it to classify nhontetrahedral frameworks as well. The
nodes of the nets are then seen to be occupied by stereochemically significant groupings of atoms,
while the edges represent the links between these clusters. The topology of the arrangement relates
to whole groups, not just to individual atoms on the vertices of the nets. This was pointed out
by SCHINDLER et al. (1999) in a review of these so-called metastructures, which can be viewed
as simple frameworks decorated at their nodes by large or small clusters. Both the vertices and
the links in the metastructures can consist either of individual atoms or of groups of atoms.
What follows is a small selection meant to illustrate a wide field. More examples are presented by
SCHINDLER et al. (1999), but even they offer just a sample from the available multitude of frameworks.

2. Diamond, cristobalite and faujasite are based on the same three-dimensional Wells-net

We start with a simple example, in which we are dealing mainly with tetrahedral environments
at the nodes. The net for high cristobalite shows us the bonds between the silicon atoms situated
at the tetrahedral vertices to the oxygen atoms that are located halfway between the silicon atoms
(Fig. 1, Table 1). One can see how useful this presentation is, because the three-dimensional net
of high cristobalite (PEACOR, 1973) is immediately recognized as the net of the diamond crystal
structure (BRAGG, 1913) when we imagine replacing the Si—O-Si part of the cristobalite struc-
ture by C-C in diamond (the silicon atoms are replaced by the carbon atoms, the centers of the
C-C bonds assume the positions of the oxygen atoms).
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Both structures are based on the same three-

dimensional net. This is not obvious when we

inspect the representation of these structures using spheres (Fig. 1). Actually one could put it
another way and say that the cristobalite structure is just elemental silicon with oxygen atoms

Faujasite

inserted in between. Any link between ver-
tices can also be taken as a 2-connected
node: [Si] is connected by a bond in cubic
silicon, but by [O] in high cristobalite. The
square brackets serve to identify atoms or
groups of atoms as occupants of nodes in a
net. The black and white coloring in Table 1
is used to distinguish the 4-connected
node [Si] from the 2-connected node [O]
of cristobalite.

Fig. 2
Diagram of faujasite, the [Sig 3Alg.7)24036024/2]
groups are located at the tetrahedral nodes of
the diamond net (after BAUR & FISCHER,
2002).

Compound Group at black vertices ~ Group at Magni-
white vertices fication

Diamond-type:

Diamond, C [C] same as black 1

High cristobalite, SiO, [Si] [O] 2.0

Faujasite, (Naj,Ca,Mg)29 [Sig3Al0.7)2403602412] same as black 6.9

[A15gsi1340334] . 240H20

Rutile-type:

Rutile, TiO, [Ti] [O] 1

[CA{Cd(CN)3}2] . (C3HaNy); . [Cd] [Cd(CN)3] 2.9

p-C5H4(CH3)2

Halite-type:

Halite, NaCl [Na] [C1] 1

Pyrite, FeS, [Fe] [S2] 1.0

SiP,04 [SiOe1] [OP20¢/2] 1.3

Zunyite, [Si5A113020(OH)14F4C1] [AIO4A112012/2(OH)14F4] [SiO4Si4O]2/2] 2.5

Zeolite A, Na12[A11zsi1204g] . 27H20 [A1128i12035024/2] same as black 4.4

NbO-type:

NbO [Nb] [O] 1

Sodalite, Nag[AlsSisO24]. 2NaCl [Si2A1,040s,] same as black 2.1

[CU5(CO3)12] K4(C(NH2)3)8 . 8H20 [CU4(CO3)4(CO3)3/2] same as black 3.4

FVP-], Nav[((V4+4_wV5+1+w) Og) [VsOg(PO4)4/2] same as black 3.8

(PO4)2] . (PO4)x . (OH)y .zH,0

ReOs-type:

ReO; [Re] [O] 1

Boracite, Mg3;[B4O(B0O4);]Cl1 [OB4] [BO4] 1.6

K3[ZnsO(AsOs)s] . 4H,O [OZn4] [AsOy4] 2.1

Pharmacosiderite, K[Fes (OH)4 [Fe4s(OH)4] [AsO4] 2.1

(AsOy)3] . 6-8H,0
Table 1

Survey of metastructures, their groups at the black and white vertices, and the approximate magnification
factor compared with the original structure type (after SCHINDLER et al., 1999).
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What helps us to tell the cristobalite-type net apart from other tetrahedral nets is the topology of
the arrangement of its nodes. In the cristobalite net there exist only 6-rings of tetrahedral vertices.
When we have a look at the quartz-type net we find that it contains both 6-rings and 8-rings of
tetrahedral nodes. Viewing the underlying nets of bonds in crystal structures is a way to recognize
their topology and to distinguish them from frameworks possessing different topologies.
Frameworks with the same topologies can still crystallize with very different symmetries.
Identifying the underlying framework topology helps to establish the relationships between
symmetrically different but similar crystal structures.

In principle we can imagine substituting for the carbon atom in the diamond-type net any larger
and more complex unit. That is the way one views the structure of the zeolite faujasite when
seen as a diamond-type arrangement of cuboctahegygh[§h),403¢0,4/9 units (BAUR, 1964;

Fig. 2). One carbon atom in diamond is replaced by 72 silicon, aluminum and oxygen atoms in
faujasite (Table 1). The twelve oxygen atoms given in the chemical formula as 24/2 correspond
to those shared between two cuboctahedral units within the double six-rings (hexagonal prisms),
therefore, only one half of them is counted as belonging to each neighboring cuboctahderon. The
unit cell length of faujasite is almost seven times the cell length of diamond. We can call this the
magnification factor of the more complex structure over the basic structure. Consequently the
small pores of diamond become in faujasite so large that they can admit not only water molecu-
les and exchangeable cations, but also small organic molecules. This facilitates the interesting ca-
talytic properties of faujasite-type materials. Half of the volume of faujasite is pore space.

The hierarchical progression as exemplified above by showing the topological similarities of the
frameworks of diamond or silicon, cristobalite and faujasite leads us to ever more complex meta-
structures based on the same type of net. Cristobalite and faujasite are metastructures of silicon
and diamond (Table 1).

2. A metastructure of the rutile type

The rutile-type crystal structure is one of the basic ABucture types (BAUR, 1956). The
titanium atoms in TiQare surrounded in a distorted octahedral coordination by six oxygen atoms,
each oxygen atom is surrounded in an approximately trigonal coordination by three titanium
atoms. Recently a number of metastructures of the rutile-type have been synthesized. One of
them has the composition (Cd{Cd(GKJ'sH4N,)} »).p-CeH4(CHs), (KIM & IWAMOTO, 1997).

This looks forbidding and far removed from the J®@mposition of rutile itself. Actually when

we rewrite it as [C{CdY(CN)3} 5].(C3H4N,),.p-CgH4(CH3), it becomes clear what the frame-

work is (in square brackets) and what the pore-filling is. The first cadmium aténis Gdta-

hedrally six-coordinated by the nitrogen atoms of the cyano groups. The second cadmium atom,
Cdt, is coordinated by three carbon atoms of the cyano group. The arrangement of
[Cdo{CdY{(CN)3},] corresponds to the topology of the rutile-type (Fig. 3). The symmetry is
lowered from tetragonal to monoclinic. Both, the Ti and the O-positions of rutile are occupied
here by Cd atoms. In order to distinguish the two different kinds of nodes it is useful to label
them separately, thus, one Cd-atom is said to reside at the black vertex, the other at the white
vertex (Table 1). The 1H-imidazole (1,3-diazole) group gHI,), composition, and the-

xylene ©-CgH4(CH,),) group are not part of the framework. However, a nitrogen atom of the
1H-imidazole complements the approximately trigonal coordination of the second cadmium atom
Cd to a tetrahedral environment.
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What is apparently needed to crystallize these complex rutile-type frameworks are octahedral-
ly 6-connected centers together with approximately trigonal 3-connected centers in a ratio of
1:2, which can occupy the appropriate nodes of the rutile topology (BATTEN et al. 1998). It is
likely that additional complex re-

: presentatives of the rutile-type net
3 Cd(t) G will be discovered in the future.
Cd(o)
Cd(o) Cd(o)
d(
Cd(1) Cd(t)
Fig. 3
Cd(o) Cd(o) Rutile-type [Cd{Cd(CN);},]-frame-
CMC‘KI) Cd(v) g work of [CHCA(CN)s},].(C3H4N,),].p-
7Cd(o) CgH4(CHs),. The pore-filling 1H-imi-
dazole and p-xylene molecules are
Rut"e-type cyanocadmate not shown (after KIM & IWAMOTO,
1979).

3. Metastructures of the halite or NaCl-type

The crystal structure of NaCl, halite, is one of the simplest AB structures and one of the first to
be determined (BRAGG, 1914) by X-ray diffraction. Halite crystallizes in space §roBm

with Na and Cl located in Wyckoff sites 4(a) and 4(b). The simplest way to describe it is to say
that it is a three-dimensional checkerboard pattern with six white particles surrounding octa-
hedrally one black particle amite versaWhen we look at it Wells’ way we say it is a three-
dimensional six-connected net with two different vertices, each of which is coordinated by six
vertices of the other kind. Looking at it strictly topologically there is of course only one kind of
node. Chemically we distinguish them by coloring the six-connected vertices occupied either
by [Na] or by [CI] (Table 1).

It seems that the first person to recognize a relation of the metastructure-type was Bragg son,
when he described the crystal structure of pyrite,F@®l its similarity to the NaCl structure
(BRAGG, 1914). The [Fe] takes the place of [Na], whilg [8places [CI]. When we further-
more imagine replacing [Fe] by a coordination octahedron of oxygen around silicgp][SiO
and replacing [S2] by the diphosphate groupfQy?2] we get the crystal structure of cubic $IP
(TILLMANNS et al. 1973). Actually there exists a pyrite type SARd one could also say that

the compound Si®- is an SiBOy filled up with oxygen atoms. This is analogous to the case
of silicon and cristobalite mentioned above. But this is another story, not to be pursued here.

The rare mineral zunyite also is a metastructure of halite. It is composed of Keggin molecule-
type [AIO4AI1,045,5(OH)14F,4] aluminate groups, with a central tetrahedrally coordinated
aluminum atom, surrounded by aluminum-oxygen coordination octahedra. These Keggin mole-
cules are arranged in a halite-type pattern together with$&i0)5,,] pentamers of silicon-oxy-

gen coordination tetrahedra, consisting of a centra ®i@ahedron connected by shared oxygen
atoms to four surrounding Si@roups (BAUR & OHTA, 1982). The bridging between these clu-
sters is accomplished via thg£ oxygen atoms. The magnification factor relative to halite is 2.5.
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Even larger is the magnification for zeolite A, NAl 1,Si;;0,44 . 27H,0 (GRAMLICH &

MEIER, 1971), consequently this is a very porous substance. In this case both kinds of vertices
are occupied by one type of group, a cuboctahedron of compositigBiAD3¢0,4/7 (Table 1).

This is the same type of cuboctahedral unit present in faujasite.

4. Metastructures derived from the NbO-type

The crystal structure of NbO can be viewed formally as a defect structure derived from NaCl by
leaving vacancies in positions 0 0 0 dndt/, 1/, , for one anion and one cation each (Fig. 4).
This arrangement has space group symmetry Pm3m with Nb and O occupying the 3(c) and 3(d)
sites, respectively (BOWMAN et al., 1966; WELLS, 1984, p.539). As Wells points out, the crystal
structure of NbO is an example of one of th
simplest three-dimensional 4-connected netsWells-net of NbO
with both, Nb and O, surrounded in squarge
planar coordination by each other. Deriving

one structure from another is a nice way to 7/{/
memorize both structures. However, the topo
logy of the two Wells-nets in this case is ent

irely different (Table 1). The crystal structurs il 74 IO EABVAOTIN MDEAMADAA 74

of NbO itself is very dense. It has 40 Nk - <
atoms per 1000 &

Fig. 4 ~
The Wells-net underlying the crystal structure of |
NbO (after SCHINDLER et al., 1997).

The topology of the NbO-type net shows up in several other more complex structures. Two of
these I wish to introduce here. In order to construct an NbO-type metastructure we need a square
planar group with four external binding or connecting sites. These sites must allow a twist by
90° at the bonding juncture (Fig. 5). These conditions are fulfilled by a ring of four silicon-oxy-
gen coordination tetrahedra;SiOg,. The resulting structure is the well known sodalite type
(PAULING, 1930), except that in the mineral sodalite one half of the tetrahedral sites are replaced
by aluminum, so that the ring has the compositigr
[Si,Al,040g/5] and both the [Nb] and the [O] sites are
occupied by this ring. The composition of the sodalite
framework is therefore [ABigO,, (Table 1). The
crystal structure of sodalite has a magnification factol
of 2.1 relative to NbO and a density of 17 Al and Si
atoms per 1000 &

Twisted four-ring chains in FVP-1 and in SOD

Fig. 5

Part of the twisted chain of four-connected [V504(PO,)4/,]
units in FVP-1 and of silicate four-rings in sodalite (after
SCHINDLER & BAUR, 1997).
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An extremely open framework with zeolitic properties can be built frogDHP O,) /5]

groups (SCHINDLER et al., 1997). The chemical composition of the compound is
Na,[((V 44V >*1:1)Og) (POy)] - (POy)y - (OH), . zH,O (or FVP-1 for short). TheDg(POy)as,

group consists of five square pyramidal coordinations around tetra- and pentavalent vanadium
and four phosphate groups (Table 1). The phosphate tetrahedra are the bonding sites between
the groups and provide thus the 90° twist. Because of the peculiar shape of the group it has been
called the spiked helmet, where the central spike is one of the vanadyl groups. The resulting
framework is more open than the faujasite framework (Fig. 6). Its magnification relative to NbO
itself is 3.8 and it has only 10.2 vanadium and
Vanadophosphate units in FVP-1 phosphorus atoms per 1000, As compared

to 12.7 aluminum and silicon atoms per

1000 A3 for faujasite.

This is a good example for an increase in pore

size with magnification factor. The framework

of FVP-1 can be dehydrated and rehydrated

in the same way as a zeolite. Unfortunately it is

not as stable as faujasite at higher temperatures.

Fig. 6
Arrangement of spiked helmet units [V504(PO,).,]
in FVP-1 (after SCHINDLER et al., 1997).

5. Metastructures derived from the ReQ-type

The ReQ structure type (MEISEL, 1932) can be seen as another defect structure of halite. It
crystallizes ideally in space group Pm3m. There is a cation, Re, at 0 0 0 in Wyckoff site 1(a),
leaving three of the cation sites of halite vacant, and there are three oxygen atoms in Wyckoff
site 3(d), leaving the anion site in halitelatl/, 1/, unoccupied. Again, as in the case of the
NbO-type, the topology is entirely different from NaCl. In the Rg{e we see coordination
octahedra of oxygen around Re sharing all corners with neighboring octahedra, while in NaCl
the coordination octahedra share all their edges with neighboring octaedReQ structure type

can be seen as one octahedrally 6-connected particle [Re] joined by three 2-connected [O] (Table 1).
There exist numerous metastructures of thefRg@e. | shall present here two groups of them.

For one, all the boracite compounds are built on this principle. There is ahdfBp at the

black nodes surrounded by six [f@roups connecting to neighboring [¢]Blusters (Fig. 7).

The [B,O(BO,),] framework is filled in natural and synthetic boracites by various different cations
and anions (Table 1). Depending on the symmetry of the boracites the central core could be either
[OB,] or [OB4] clusters. This does not change the topology of the overall framework which
depends on the topologically active connecting JB§doups, not on the topologically passive
cores. The core can be viewed as mere decoration (SCHINDLER & HAWTHORNE, 1998). The
boracite crystal structure is also adopted by a number of zincophosphates and -arsenates, one of
which is listed in Table 1 (HARRISON et al., 1996).
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Secondly there is the pharmacosiderite group, where the core consists of four fused coordination
octahedra, [F£OH),], around which six arsenate tetrahedra [4js@ay the role of the topo-
logically active 2-connected groups (Table 1). The coordination octahedra around Fe consist of
OH groups and of oxygen atoms from the Ag@ups. This is the result of a crystal structure
determination performed by ZEMANN (1947, 1950) on the mineral pharmacosiderite,
K[Fe,(OH)4(AsOy)4] . 6-8H,0 (Fig. 7). It was also ZEMANN (1959) who recognized the rela-
tionship of the pharmacosiderites to a series of curious germanates prepared by NOWOTNY &
WITTMANN (Table 2). In these germanates germanium occurs both in octahedral and tetra-
hedral coordination substituting both for the As and the Fe in pharmacosiderite itself.

/N 4\\ , /L\ ReO3 (a) Pharmacosiderite (c)
RGN

22( N

N
3

TN N

N (,/l\\\

OV

\\\/

Six-connected units

Fig. 7
Arrangement of six-connected units in ReO,, boracite and pharmacosiderite (after SCHINDLER et al., 1999).

ZEMANN (1959) predicted that further examples of this crystal structure type would be found.

In fact numerous additional pharmacosiderites with other chemical compositions have been pre-
pared in the meantime (Table 2). The octahedral sites can be occupied by Al, Fe, Ge, Mo or Ti,
the tetrahedral sites by As, Ge, P or Si. The nonframework cations can be Ag, Ba, Cs, H, K, Li,
Na, NH,, Pb, Rb and TI (Table 3). Various cation-exchange experiments have been performed
on natural (MUTTER et al., 1984) and synthetic (NENOFF et al., 1994) pharmocosiderite-type
compounds. The titanosilicate analog of pharmacosiderite was in addition exchanged with Mg
and Ca, and furthermore used to remove trace amounts of Cs and Sr, which makes it interesting
for the removal of radioactive isotopes of these elements (DYER et al., 1999). Three additional
minerals have been found to belong to the pharmacosiderite group (Table 4).
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Compound Unit cell References

constants
K[Al4(OH)4(AsO4)3] . 6-8H,0 7.72 HAGELE & MACHATSCHKI (1937)
Pharmacosiderite, K[Fes(OH)4(AsO4)s] . 7.91 ZEMANN (1947,1950)
6-8H,0
Naz;H[Ges04(Ge0s);] . 4H,0 7.67 NOWOTNY & WITTMANN (1953)
(NH4);H[Ge404(GeOy)3] . 4H,O 7.70 NOWOTNY & WITTMANN (1953)
LizH[Ge404(GeOy)3] . 4H,0 7.66 NOWOTNY & WITTMANN (1954)
AgzH[Ges04(GeOy)3] . 4H,0 7.65 WITTMANN & NOWOTNY (1956)
Bay[Ges04(Ge0y)3] . 7TH,0 7.65 EULENBERGER et al. (1961)
Pb,5[Ges04(GeO4)3](OH)g4 . 6.6H,0 7.639  EULENBERGER et al. (1961)
TI3H[Ge404(GeOy)3] . 4H,O 7.695 PAPAMANTELLOS &WITTMANN
(1965)
Cs3[M0404(PO4)s3] 7.728  HAUSHALTER (1987)
(NH4)3[M0404(PO4)3] 7.736  KING et al. (1991)
NazHx(H2POs) x [GesOs(GeOy)s] - 4H,0 7.7121  NENOFF et al. (1994)
Cs3H[Ti404(Si04)3] . 4H,0 7.8301 HARRISON (1995)
K3H[Ges04(GeO4)3] . nH,O 15.34960 ROBERTS & FITCH (1996)
Rb;H[Ges04(GeOs)3] . nH,O 15.45998 ROBERTS & FITCH (1996)
Cs3H[Ge404(GeOy)3] . nHO 15.56660 ROBERTS & FITCH (1996)
Na3;H[Ti404(Si04)3] . 6H,0 7.8124 DADACHOV & HARRISON (1997)
Table 2

Selection of pharmacosiderite compounds presently known.

Location Chemical elements or groups

Octahedral site Al, Fe, Ge, Mo, Ti

Tetrahedral site As, Ge, P, Si

Pore-filling Ag, Ba, Ca, Cs, H, H,0, K, Li, Mg, Na, NH,4, Pb, Rb, Sr, Tl
Table 3

Site-occupations observed in pharmacosiderite-type compounds.

Mineral name Composition References
Pharmacosiderite K[Fe4(OH)4(AsO4)s3] . 6H,0 ZEMANN (1947,1950)
Ba-pharmacosiderite Ba[Fe4(OH)s(AsOs4)3] . SH20 WALENTA (1966)
Alumopharmacosiderite K[AL4(OH)4(AsO4)s] . 6.5H,0 SCHMETZER et al. (1981)
Sodium-pharmacosiderite (Na,K) 2[Fes(OH)s(AsO4)3] . 7TH,O PEACOR & DUNN (1985)
Table 4

Minerals of the pharmacosiderite group.

Pharmacosiderites are an excellent example for a nontetrahedral framework structure with
obvious zeolitic properties. Like the zeolites proper, it is extremely tolerant of exchanges of its
pore-filling. In addition the constituent cations of the framework can be very variable. It almost
appears as if the topology of the framework were more important than its chemical composition.
Despite all the differences in the chemistry of the framework the unit cell constants vary only
by 3.5 % (Table 2). All this makes them similar to some of the tetrahedral zeolitic frameworks.
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6. Outlook

The consideration of metastructures leads us to additional zeolite-like compounds. What more
is there in the story? For one it is fun to look for patterns in nature. Presently | do not know of
any method to search out systematically, using the computer, the relationships between simple
Wells-nets and complex metastructures. It has to be done by hand and head. Secondly it is in
principle possible and some people are attempting it, to engage in crystal engineering. You choose
groups of atoms in the right proportion and with the correct number and geometry of the binding
sites to achieve a desired result. A recent example of that is tREC[Q) 5] potassium
guanidinium hydrate with sodalite topology (ABRAHAMS et al., 2003).

Apparently similar principles apply at different scales. In the examples shown here the factor is
only seven from the smallest to the largest. Higher magnifications are being reached by combining
supertetrahedra, that is groups of general tetrahedral shape consisting of several tetrahedra
bonded together. Examples are compounds built g§$bg10- supertetrahedra (CAHILL &
PARISE, 2000) or of [IgGeS]3 supertetrahedra (ZHENG et al., 2002), both papers include
numerous earlier references in this direction as does SCHINDLER et al. (1999). No doubt even
larger magnifications will be reached in the future. All we have to do is to compare the assembly
of metal atom spheres (ca."1m), with spheres of SiQ nH,O in opal (JONES et al., 1964)

and manipulated polystyrene beads (PARK, et al., 1998), both ab6ut,0ith macroscopic

objects (1€ m) to realize how far this can go.
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