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Interpenetrating Nets: Ordered, Periodic Entanglement

Stuart R. Batten and Richard Robson*

~

Taking inspiration from the examples
biology provides for the organization
of simple units into a vast range of
intricate and beautiful structures with
complex and wonderfully efficient
functions, many chemists have been
turning their attention to the deliber-
ate design of self-assembling aggre-
gates of molecular building blocks with
some specific structural or functional
purpose in mind. This is supramolecu-
lar chemistry. It embraces systems
ranging upwards in size and complexity
to include infinite solid arrays. Molec-
ular entanglement is common in biol-
ogy. Entanglement that is inextricable,
in the sense that disentanglement can
be achieved only by breaking internal
connections, has been one of the major
themes of supramolecular chemistry.
Such inextricable entanglements—as

lecular knots—have provided a long-
standing fascination for chemists, and
many beautiful examples of ingenious
design have been constructed. In the
area of solids, the deliberate control of
structure, and therefore properties and
function, is a long-term objective being
vigorously pursued by numerous
groups. Increasingly, solid structures
are being invented and created rather
than discovered. The potential for
technologically useful electronic, opti-
cal, electrochemical, and catalytic ap-
plications is an obvious driving force
for much of this work, but the area is
also of great fundamental structural
interest and importance. Framework
solids, which are often accessible by
self-assembly under exceedingly mild
conditions, are particularly attractive
in this context because of their chem-

thetic appeal and because of the con-
trol potentially achievable in their
construction. One aspect of framework
solids which becomes increasingly ap-
parent as more of them are discovered
or invented is their tendency to form
entangled structures in which two or
more independent infinite networks
interpenetrate each other. Polycate-
nane or polyrotaxane associations are
an inherent feature of these structures.
Examples of interpenetration were
relatively rare until recently, but they
are now being reported with increasing
frequency. This is an opportune time to
review this expanding area.

Keywords: coordination polymers
interpenetrating structures crystal
engineering hydrogen bonds
supramolecular chemistry

Ceen in catenanes, rotaxanes, and mo-

ical and structural diversity and aes-
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1. Introduction
1.1. Framework Structures

The synthesis and characterization of infinite two- and
three-dimensional networks has been an area of rapid growth
in recent years.I'*l The motivation behind much of this activity
has been provided by the prospect of generating, by deliberate
design, a wide range of purpose-built materials with prede-
termined structures and useful properties, for example
electronic, magnetic, optical, and catalytic. Implicit or explicit

[*] Dr. R. Robson, Dr. S. R. Batten!*!
School of Chemistry, University of Melbourne
Parkville, Victoria 3052 (Australia)
Fax: (+61)3-9347-5180
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in much of this work has been the idea of self-assembly of
specifically designed building blocks. There is still a long way
to go in the development of this field before it will be possible
to say that these ambitious objectives have been fully realized.
Nevertheless, great opportunities for exciting advances are
provided by the enormous sweep of chemistry embracing
coordination, organic, and main group chemistry, which is at
our disposal for creative use in the planned construction of
frameworks.

1.2. The Net-Based Approach to
Framework Construction

One conceptual approach to building frameworks is based
on the idea of a net. In essence, nets are abstract mathematical
entities consisting of a collection of points or nodes with some
clearly defined connectivity or topology. A very useful
catalogue of nets of relevance to chemistry was compiled by

1433-7851/98/3711-1461 $ 17.50+.50/0 1461
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Wells over twenty years ago.l Examples of simple, infinite 2D
nets are those given the symbols (6,3) and (4,4) shown in
Figures 1 and 2, respectively. One way to represent the

-

Figure 1. Two geometrically different forms of the (6,3) net.

topology or connectivity of a given net is in terms of the
general symbol (n,p), where p is the number of connections to
neighboring nodes that radiate from any center or node, and n
is the number of nodes in the smallest closed circuits in the
net. Thus, the number 6 in the symbol (6,3) indicates that the
smallest complete circuits in the net are hexagons, and the
number 3 indicates that each node is connected to three other
nodes. The (n,p) notation applies strictly only to nets in which
all p(p — 1)/2 shortest circuits originating from any node are n-
gons; otherwise the more complete Schlifli notation nP®-1"?2
should be used. Two of the six shortest circuits around any
node in the net shown in Figure 2, whose representation as
(4,4) is not strictly correct, in fact involve
six nodes, and the complete Schlifli nota-
tion should be 4%6?; this was simplified by
Wells to 4* or (4,4) by arbitrarily excluding
circuits involving colinear connections.
Figure 1 shows two versions of the (6,3)
net which are geometrically different but
topologically identical. This example illus-

Figure 2. The
(4,4) net.

trates the general point that nets may be geometrically

deformed to any extent and yet, provided no connections are

broken, the topology is considered to remain unchanged.

Some examples of simple, infinite 3D nets are

o the a-polonium (or NaCl) net with six-connected, octahe-
dral nodes,

o the diamond, lonsdalite, quartz, feldspar-related, and
zeolite-related nets, all of which have four-connected,
essentially tetrahedral nodes,

o the NbO net, which has square-planar nodes with a 90°
twist along every connection,?!

e a variety of intriguing and little-known three-connected
nets described by Wells, !

e a number of nets containing more than one type of node,
such as the PtS net which contains equal numbers of
tetrahedral and square-planar nodes, the rutile net con-
taining octahedral and trigonal nodes, the “Pt;0,” net with
square-planar and trigonal nodes, and the Ge;N, net with
tetrahedral and trigonal nodes. All of these nets provide
realistic targets for crystal engineers.

One approach to building frameworks is based on the
expectation that if molecular building blocks with a chemical
functionality and a stereochemistry appropriate to one of the
above target nets can be devised, then simply allowing these
specifically organized components to react together in the
correct proportions may lead to the spontaneous assembly of
the intended network.!: ¢ Thus, for the sake of illustration, if
we had set our sights on a Ge;N,-type net, we would require
building blocks with tetrahedral and trigonal dispositions of
complementary functional groups. This approach has met
with some success—for example, in generating diamond,!®-8]
PtS,” % and a-polonium!' 1l nets by design—but outcomes of
such attempts to build frameworks are often determined by a
very fine balance of complex and subtle effects. Predicting
such outcomes simply on the basis of the reactants present in
the reaction mixture constitutes a major challenge for the
theoretician. In the meantime, the empirical, experimental

-
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approach, based largely on sensible design and chemical
intuition, has a great deal to offer. It has already revealed
much new chemistry, including several unprecedented struc-
tural types, and there is every indication that it will continue to
do so.

The idea of topological equivalence is useful in describing
networks. For example the 2D network formed when large
numbers of benzene-1,3,5-tricarboxylic acid (trimesic acid)
molecules associate through hydrogen bonds of the type seen
for acetic acid dimers (Figure 3) is said to be topologically
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Figure 3. A hydrogen-bonded sheet of trimesic acid molecules with the
(6,3) topology.

equivalent to or to have the topology of the (6,3) net.l'¥] Nodes
within a net do not necessarily have to coincide with a
particular atom, and in the trimesic acid sheets they are
located at the centers of the benzene rings. The imaginary
process of reducing a real chemical structure to the essence of
its connectivity is useful for clarifying this fundamental aspect
of its nature: It is particularly useful in understanding and
interrelating modes of interpenetration, as we shall see below.

1.3. Voids, Interpenetration, and the Scope of This
Review

Examination of models of a range of framework structures
constructed from molecular building blocks that might
realistically be employed in practice leads to the realization
that, for many simple nets, connecting units with rodlike
character need not be very long to provide structures with
relatively large channels, cavities, and windows. In recent
years large numbers of framework solids have been structur-
ally characterized; the vast majority make use of either
hydrogen bondingP®! or ligand-to-metal coordinative bond-
ing? to link the individual components. In some cases the

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494

frameworks do generate spacious voids, cavities, and channels,
which may account for more than half the volume of the
crystal.[>7 10141 These large spaces are usually occupied by
highly disordered, essentially liquid solvent. In other cases
remarkable interpenetrating structures are formed in which
the voids associated with one framework are occupied by one
or more independent frameworks; an inherent feature of such
entangled structures is that they can be disentangled only by
breaking internal connections.

These interpenetrating framework structures are the sub-
ject of this article; until recently examples were rare,[”) but
they are now being reported with ever increasing frequency.
We have restricted the scope of this review to interpenetrating
structures in which the building blocks within the individual
infinite networks or chains are linked together through either
metal-to-ligand bonds or hydrogen bonds. A further restric-
tion is that only ordered, structurally regular, and crystallo-
graphically characterized systems will be covered. The inter-
penetrating polymer networks (IPNs),'®l which are noncrys-
talline materials with rubberlike and plastic properties, are
therefore not included.

1.4. Molecular Entanglement

Infinite interpenetrating structures constitute a subgroup
within a broader class of entangled systems, which are the
subject of intensive current research.'”l A familiar example is
provided by the entangled strands in the DNA double helix.
This and other helical biological molecules have provided the
inspiration for a rapidly expanding range of double- and
triple-helical coordination compounds.' Dendrimers are
another class of tangled compounds of great current inter-
est.'] Catenanes, rotaxanes, and molecular knots,?"! however,
occupy positions of special importance in the area of
molecular entanglement, because they can be disentangled
only by breaking connections (in contrast, for example, to the
DNA double helix, for which it is not necessary to disrupt the
individual strands in order to disentangle them). Catenanes
consist of independent rings that are locked together (Fig-
ure 4a) In rotaxanes a ring component encircles the shank of an

b)

Figure 4. Schematic representation of a) a catenane and b) a rotaxane.

-

independent dumbell-like component (Figure 4b). The two
“stops” at the ends of the dumbell-like component prevent
the ring from escaping. In pseudorotaxanes one or more rings
are threaded onto a molecular “string”, but the stops present
in true rotaxanes are lacking. Molecular knots are charac-
terized by self-entanglement.
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1.5. Some General Points about Interpenetration

Some general points about interpenetrating networks can
be illustrated by considering the example of zinc cyanide,
whose structure was determined over half a century
ago.[ 21 21 It consists of two independent infinite frameworks,
each with diamondlike topology. The point symbol for the
diamond net is 6%a; the superscript indicates the number of
different pairs of connections radiating from one node to its
neighbors (i.e., (4 x 3)/2). The smallest circuits in which each
pair participates are hexagons, which is indicated by the main,
nonsuperscripted symbol. The —a indicates that this is the
most symmetrical of a number of different possible 6° nets. In
[Zn(CN),] the metal centers provide the tetrahedral nodes,
and the cyanide groups act as linear bridges between the metal
atoms. A characteristic structural motif within the diamond
net is the “adamantane unit” (Figure 5a). The two independ-
ent networks interpenetrate in such a way that every

a) b)

Figure 5. a) An adamantane unit of a diamondlike net. b) Interlocked
adamantane units of two independent diamondlike nets. ¢) A cyclohexane-
like ring of one net with a rod of the other passing through it; the rod is part
of six different hexagons.

tetrahedral node is found at the center of an adamantane unit
of the other framework, and the four connections to nearest
neighbors project through the four cyclohexane-like windows
of the surrounding adamantane unit (Figure 5b). We shall
refer to connections between nodes within nets in general as
rods. Each rod in [Zn(CN),] forms part of six distinguishable
cyclohexane-like rings and is exclusively associated with one
particular cyclohexane-like ring of the other framework
through which it passes (Figure 5c¢). This is catenation on
the grand scale. Clearly, the two frameworks can be disen-
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tangled only by wholesale breaking of connections. The
regions of closest contact between the two independent
frameworks are at the midpoint of every cyanide unit, and the
closest parts of the other framework are the midpoints of the
six equivalent cyanide units that surround it.

In this review we shall use the term n-fold interpenetration
to describe systems with n independent nets; for example,
[Zn(CN),] displays twofold interpenetration.

All interpenetrating network structures can be regarded as
infinite, ordered polycatenanes or polyrotaxanes. One of their
characteristic features is the repeated, orderly appearance of
rings belonging to one framework or chain, through which
independent components are inextricably entangled. The very
interesting possibility, presently unrealized, in which the
individual rings in an infinite polycatenane are themselves
finite and molecular would not fall in the category of
interpenetrating frameworks as we define it here because
the units participating in interpenetration are not infinite.

Another example of a structure involving infinite entangle-
ment which nevertheless does not fall in the category of an
interpenetrating structure is the material of composition
[IAuP(C4H;),(CH,)sP(C¢Hs),Aul],. This contains 1D zigzag
polymeric chains in which neutral digold monomers are
linked together through weak gold-gold interactions.!
These chains are then interwoven like warp and weft to
generate a clothlike 2D sheet in which every chain passes
alternately over and then under an infinite number of other
chains (Figure 6). This interesting structure is not interpene-
trating in the sense we have reserved for the term because it is
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Figure 6. Warp-and-weft structure of [IAuP(C¢Hs),(CH,)¢P(CsHs),Aul],.
The circles represent in order of decreasing size Au, P, and C atoms. Phenyl
groups and iodine atoms have been omitted for clarity.

not necessary, in principle, to break any links within the
independent chains in order to disentangle them, nor do the
components contain rings through which other components
can project and become entangled. For similar reasons we
exclude from the general class of interpenetrating frameworks
microporous structures with linear polymers trapped in their
channels.

2. Interpenetrating One-Dimensional Polymers

We know of only two examples that can be assigned to this
category. Ligand 1 affords a coordination polymer of compo-

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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- Ny sition [Cdy(1);(NOs),], which

N ] N | contains infinite, 1D, ladder-
X like chains of the type shown

] in Figure 7.4 From the topo-

logical point of view each
cadmium atom acts as a T-
type three-connected center; its seven-coordinate environ-
ment is completed by two bidentate nitrate ligands which are
pendant, that is, not an essential part of the connectivity of the
network. Each ladderlike chain contains an infinite number of
rings, all equivalent, defined by two ladder “rungs” and
segments of two ladder “uprights”. In the interpenetration
shown in Figure 7 the uprights of four separate ladders pass
through each such ring.

Figure 7. Interpenetrating ladderlike chains in [Cd,(1);](NO;),. The T-type
three-connected centers represent Cd atoms. Every ring has the uprights of
four separate ladders passing through it.

Ligand 2 gives a coordination polymer of composition
[Ag,(2);](NOs), which contains 1D chains of the type shown

N/\N [\
\—/ NN

2

in Figure 8.°) We shall later encounter examples of inter-
penetrating structures which can correctly be described either
as polyrotaxanes or as polycatenanes; deciding which is the
better description is not easy. The mode of interpenetration in
[Ag,(2);](NOs3), (shown schematically in Figure 8c), however,
is unquestionably of the polyrotaxane type, and catenane
associations are simply not present. Each individual chain
is interlocked with an infinite number of others by
multiple rotaxane associations in which every one of its
rodlike segments passes through a ring of another chain and
every one of its rings encircles a rod of another chain
(Figure 8c¢).

In the first example, [Cd,(1);(NOs),], the interpenetration
produces a 3D interlocked structure, whereas in [Ag,(2);]-
(NOs3), a 2D interlocked structure results.

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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Figure 8. a) A single chain in [Ag,(2);](NOs),. The large circles represent
Ag atoms, and the smaller circles C and N atoms. b) A polyrotaxane sheet
in [Ag,(2);] (NOs3),. ¢) Schematic representation of the multiple rotaxane
associations.

3. Interpenetrating Two-Dimensional Networks

Two major categories of interpenetrating 2D networks can
be discerned: One we shall call “parallel interpenetration”
and the other “inclined interpenetration”.

For parallel interpenetration to be possible, the individual
2D networks must be corrugated or possess some appropriate
element of undulation. Usually two such undulating sheets,
but occasionally more, are arranged with their average planes
parallel—this is indeed the case in all presently known
examples—so that each is able to pass through the other an
infinite number of times (shown schematically in Figure 9).

Figure 9. Parallel interpenetration of undulating sheets.
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The composite structure resulting from this form of inter-
penetration is itself two-dimensional, and these composite
sheets are then stacked one on top of another.

In inclined interpenetration there are two stacks of sheets,
one stack inclined, often perpendicular, to the other (Fig-
ure 10). Any particular 2D network layer then has an infinite

Figure 10. Inclined interpenetration of sheets.

number of inclined layers passing through it. In contrast to
parallel interpenetration, each sheet passes through an
inclined one just once along a line of intersection of the two
planes. Also in contrast to parallel interpenetration, the
product of inclined interpenetration is a 3D interlocked
structure. With only one exception the individual networks
involved in 2D interpenetration, whether of the parallel or
inclined types, are based on either the (4,4) or the (6,3)
topology.

3.1. Parallel Interpenetration of Two-Dimensional
Frameworks

3.1.1. Two Parallel, Interpenetrating Nets Based on the (6,3)
Topology

Four topologically different modes of (6,3) parallel inter-
penetration which are crystallographically regular and within
which all rings are equivalent are shown in Figure 11. By
topologically different we mean that one could be trans-
formed into another only by breaking connections and
making new ones. If we relax the restriction that all rings be
equivalent (e.g., if we allow some rings to have no part of the
other net passing through them) then clearly an infinite
number of modes of interpenetration become possible.

[Ag(tem)] (tcm~ = tricyanomethanide, C(CN)3) contains
(6,3) nets whose three-connected nodes are provided by
alternating central carbon atoms of the tcm ions and three-
coordinate Ag' centers.”>?” The two independent and iden-
tical (6,3) networks are corrugated so that each is able to pass
through the other an infinite number of times (Figure 12).
This is topologically identical to the interpenetration mode
shown in Figure 11a. The corrugations in the sheets which
make the interpenetration possible arise from a combination
of a distinctly nonplanar, pyramidal geometry at the silver
centers and a significant bending at the nitrogen centers.

It is possible to make derivatives of [Ag(tcm)] which retain
the parallel, interpenetrating, double-sheet structure.
[Ag(tcm)(CH;CN)] has basically the same composite layer
structure as [Ag(tcm)], but the acetonitrile molecule is now

1466

Figure 11. a)—d) Four topologically different modes of parallel interpene-
tration of (6,3) nets.

Figure 12. Interpenetrating undulating (6,3) nets in the structure of
[Ag(tcm)]. The circles represent in order of decreasing size Ag, N, and C
atoms.

coordinated to the metal, which acquires thereby a tetrahe-
dral geometry.?® The acetonitrile methyl groups are directed
generally away from the center of the composite sheet and
towards the neighboring sheets, causing an increase in the
separation between composite layers. In [Ag(tcm)(L),,] (L=
phenazine) almost the same double-interpenetrating
[Ag(tcm)] layers are present, but they are now connected
together through phenazine molecules that bridge silver
atoms in one composite sheet to those in a neighboring
composite sheet.”] Two independent but interpenetrating 3D
networks are thus formed.

Two examples that involve the interpenetration of 3D nets
are described at this point because of the close structural
relationship, elaborated below, to the tcm compounds above.
[Ag{C(CN),NO}] contains (6,3) nets in the form of undulating
sheets, closely analogous to those in [Ag(tcm)], in which the
two nitrile nitrogen atoms and the nitroso oxygen atom of
each ligand form dative bonds to the silver atom.?! These
undulating sheets participate in twofold parallel interpene-
tration in a fashion almost identical to that seen in [Ag(tcm)].

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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Dative bonds between the nitroso nitrogen atoms in one
composite sheet and silver atoms in an adjacent composite
sheet then produce two interpenetrating 3D networks (Fig-
ure 13).

Figure 13. Structure of [Ag{C(CN),NO}] in which parallel interpenetrat-
ing (6,3) nets are joined together into a 3D structure through bonds
between Ag atoms in one sheet and the nitroso N atoms of another. The
circles represent in order of decreasing size Ag, O, and C/N atoms.

The series of compounds with variable composition
[Cu(NH;)(py)Ag; .Cu (CN)s] - py (py = pyridine) form layers
of two (6,3) sheets that interpenetrate in the fashion shown in
Figure 11a.5% The three-connected nodes of the sheets are
formed by alternating Cu" centers (which also coordinate to
pendant pyridine and ammonia groups to give a five-
coordinate center) and Ag' centers, and are connected
through CN- and Ag(CN); bridges. The three-connected
Ag' atoms and the Ag' atom in one of the two crystallo-
graphically independent Ag(CN); links are partially substi-
tuted by Cu'. Again, there are links between the layers. Each a)
set made up of a trigonally coordinated Ag/Cu! atom and a
carbon atom connected to it has a centrosymmetric dimeric
partnership with a corresponding pair of atoms in an adjoining
layer. The tetrahedral coordination geometry of the metal
atom is completed by a carbon atom in the adjoining layer;
short metal —metal contacts are seen (2.641(1) and 2.791(3) A
in the two phases studied). These interactions produce two
interpenetrating 3D nets with a similar topology to that seen
in [Ag(tem)(L),;,] (L = phenazine).

[Ag{CH;COCH,C(CN),C(CN),}], produced by the unex-
pected reaction of tetracyanoethylene with [Ag(CF;SO;)] in
H,0/Me,CO, has layers of two interpenetrating (6,3) nets in
which each ligand is coordinated through three of the nitrile
nitrogen atoms to three-connected silver atoms.’! The inter-
penetration of the sheets is topologically identical to that
shown in Figure 11a.

The semiconductor 6-(BEDT-TTF),[Cu,(CN){N(CN),},]
(BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene)  con-
tains anionic [Cu}(CN){N(CN),},]- layers with intercalated
[(BEDT-TTF),]* ions.’?l The anionic layers consist of two
independent and interpenetrating (6,3) nets in which Cu!
provides the three-connected nodes and CN~ and N(CN);
act as two-connectors. A pronounced bend at the central
nitrogen atom in N(CN); provides the undulating character
to each individual sheet that makes the interpenetration
possible (Figure 14). This mode of interpenetration is topo-
logically identical to that represented schematically in Fig-
ure 11b, and is intrinsically different from that observed in the
previous examples.

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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Figure 14. The parallel interpenetration of (6,3) nets in the
[Cu,y(CN){N(CN),},]~ polyanion, which is topologically identical to that
shown in Figure 11b. The large circles represent Cu atoms, and small circles
C and N atoms.

The bis(imidazole) ligand 2 combines with zinc nitrate to
give a coordination polymer of composition [Zn(2),](NO;),-
4.5H,0, which contains layers comprising two independent
2D nets that interpenetrate in the parallel manner;33 the
individual nets, represented schematically in Figure 15a, are

b) c)
N——’
A

2D

net in
[Zn(2),](NO;),-4.5H,0. Zn atoms provide the four-connected nodes, and
molecules of 2 the connections between nodes. b) Schematic representation
of the two interpenetrating nets in [Zn(2),](NO;),-4.5H,0. c) Schematic
representation of the polyrotaxane columns.

Figure 15. a) Schematic representation of a single

based on the (6,3) topology, but a second bridging ligand is
present within certain pairs of zinc nodes. The zinc atoms thus
become four-coordinate. Two such nets then interpenetrate in
the manner represented schematically in Figure 15b to
generate polyrotaxane columns (Figure 15c¢). This structure
is closely related to that of [Ag,(2);](NO,), (Figure 8), which
unquestionably is a polyrotaxane. However, [Zn(2),](NO;),-
4.5H,0 could equally well be considered as a polycatenane,
because the smallest rings of one net are involved in catenane
associations with the second-smallest rings (Zn) of the other
net. There is little to be gained by argument as to which
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description should take precedence; the structure has both
polyrotaxane and polycatenane character.

3.1.2. Two Parallel Interpenetrating Nets Based on the (4,4)
Topology

A close analogue of the mode of interpenetration seen in
[Ag(tcm)] is provided by [Cd(4-pic),{Ag(CN),},](4-pic) (4-
pic =4-methylpyridine), which involves two corrugated (4,4)
nets (Figure 16) rather than the two (6,3) nets in [Ag(tcm)]

\‘*\ﬁ;zc ‘%;j
Ky
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Figure 16. a) Parallel interpenetrating (4,4) nets in the structure of [Cd(4-
pic),{Ag(CN),},](4-pic) (4-pic =4-methylpyridine). The pendant 4-pic
molecule is omitted. Therefore, the six-coordinate Cd atoms appear to be
four-connected. Each Cd atom is connected to four others through bridging
Ag(CN); units. The circles represent in order of decreasing size Cd, Ag,
and C/N atoms. b) Schematic representation of the mode of interpenetra-
tion.

(Figure 12).54 The cadmium centers, all of which are equiv-
alent, are four-connected nodes; they are coordinated by two
mutually trans picoline molecules, which can be regarded as
mere appendages to the 2D net, and by a roughly square-
planar set of nitrogen atoms from four two-connected
Ag(CN); units. Each (4,4) net is corrugated with its troughs
and crests parallel with one diagonal of the Cd, rhombuses
within the net. Two nets then interpenetrate as shown in
Figure 16.

A topologically different mode of parallel interpenetration
of two (4,4) nets is found in [Cu(tcm)(bipy)] (bipy =4,4-
bipyridine), in which the tcm ligands act as bent two-
connected units (Figure 17).1281

Clusters of composition [Re,(CO);,(OH),], which have a
cubanelike arrangement of four Re(CO); units and four u;-
OH groups at alternating cube corners, cocrystallize with 4,4'-
bipyridine to yield crystals of composition Z-2bipy -2MeOH
(Z=[Re4(CO),(OH),]) containing hydrogen-bonded (4,4)
nets.’ The four-connected nodes of the net are provided by Z
units, which are connected to one another through their OH
groups by the hydrogen-bonded system Z(OH)/CH;OH/bipy/
(HO)Z. Two such (4,4) nets interpenetrate in the manner
shown schematically in Figure 18. This mode of interpenetra-
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Figure 17. a) Two parallel interpenetrating (4,4) nets in the structure of
[Cu(tem)(bipy)]. The large circles represent Cu atoms, and the small circles
C and N atoms. b) Schematic representation of the mode of interpenetra-
tion.

Figure 18. Schematic representation of the two parallel interpenetrating
hydrogen-bonded (4,4) nets in the structure of [Re,(CO);,(OH),] - 2bipy -
2MeOH. The four-connected nodes shown represent the centers of the Re,
clusters.

tion is topologically different from that in [Cd(4-pic),-
{Ag(CN),},](4-pic) and [Cu(tcm)(bipy)], as can be appreci-
ated by comparison of Figure 18 with Figures 16b and 17b; in
all of these Figures the structure has been reduced to its
topological essence. Answers to questions concerning the
number of different ways two (4,4) nets could theoretically
interpenetrate in the parallel fashion must await systematic
mathematical treatment of the topology of interpenetration.
Such an investigation is highly desirable, not only with regard
to (4,4) nets, but in general.

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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4,4'-Sulfonyldiphenol crystallizes to give hydrogen-bonded
(4,4) nets that interpenetrate in the parallel manner shown in
Figure 19.5° This mode of interpenetration is topologically
identical to that in [Cu(tcm)(bipy)] (Figure 17).

gé?

o@"ﬁ%w\o'@% “§)
}p &
Figure 19. Two parallel interpenetrating hydrogen-bonded (4,4) nets in the

structure of 4.,4'-sulfonyldiphenol. The circles represent in order of
decreasing size S,0, and C atoms. The thin lines represent hydrogen bonds.

e

<

The coordination polymer formed by the ligand N,N'-p-
phenylenedimethylenebis(pyridin-4-one) (3) of composition
[Mn(3);](ClO,), consists of two (4,4)-based nets that inter-
penetrate in the parallel fashion.’”? As in the case of

[Zn(2),](NO,), - 4.5H,0 considered in Section 3.1.1, a second
bridging ligand is present between certain Mn nodes, whereby
Mn,(3), rings are formed and the metal centers become six-
connected. A schematic representation of the polyrotaxane/
polycatenane fashion in which they interpenetrate is shown in
Figure 20. Compounds [Ag,;(2);](NOs),, [Zn(2)](NOs),-

i

il e\ T
A

Figure 20. Schematic representation of the two parallel interpenetrating
(4,4) nets in [Mn(3);](ClO,4), showing the polyrotaxane/polycatenane
associations. Six-connected nodes are provided by six-coordinate Mn,
and connections between the nodes by ligand 3.

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494

4.5H,0, and [Mn(3);](ClO,), can be considered as members
of a progression in which the connectivity of the metal center
increases from three to four to six; in all cases (metal),-
(ligand), rings participate in rotaxane interactions.

3.1.3. Two Interpenetrating Two-Dimensional 810 Nets:
Hittorf’s Phosphorus

The allotrope of phosphorus known as Hittorf’s phosphorus
is the only example of 2D parallel interpenetration involving
nets other those based on (6,3) and (4,4) topologies. Two 2D
8%10 nets interpenetrate in the manner represented schemati-
cally in Figure 21 a.*8! The three-connected nodes of the net

Figure 21. a) Schematic representation of the interpenetration of two 2D
8210 nets in Hittorf’s phosphorus. b) Representation of the columnar rods
which constitute the long connections between three-connected phospho-
rus nodes in a). The open bonds in b) represent direct P—P covalent bonds
between the three-connected phosphorus nodes of the rod shown to three
adjoining rods running at right angles.

are located at particular phosphorus atoms. All such nodes are
equivalent, and each is connected to one other node through a
direct P—P bond (the short node-to-node connections in
Figure 21a) and to two other nodes through columnar rods
with a roughly pentagonal cross-section (Figure 21Db).

3.1.4. Three Parallel Interpenetrating Two-Dimensional
Nets

There is of course no reason why parallel interpenetration
should be restricted to two independent nets. A number of
examples of threefold parallel interpenetration are known at
present, all of which involve (6,3) nets.

Trimesic acid cocrystallizes with 4,4"-bipyridine to form
hydrogen-bonded (6,3) networks with voids so large that three
identical but independent networks of this type form a
structure with parallel interpenetration (Figure 22).%! This
mode of threefold interpenetration is closely related to the
hypothetical mode of twofold interpenetration shown in
Figure 11c. This can be imagined by removing any one of
the three nets in Figure 22, which leaves a twofold inter-
penetrating system topologically identical to that in Fig-
ure 11c.
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Figure 22. Schematic representation of the threefold parallel interpene-
tration of (6,3) nets in the cocrystal of trimesic acid and bipy. Three-
connected nodes represent the centers of trimesic acid molecules, while the
two-connected nodes represent the midpoints of the bipy ligands.

[Cd,(4);(NOs),] contains three independent (6,3) nets in
which the three-connected nodes are provided by cadmium
atoms that are bridged by
ligand 4.4 Every Cdq(4),
ring has a rod from each
of the other two nets pass-
ing through it (Figure 23).
This interpenetration mode
is a very close analogue of
the twofold interpenetra-
tion shown by [Ag(tcm)],
as comparison of Figure 23 with Figures 12 and 11a will
reveal. Indeed, removal of any one of the three nets in

Figure 23. Three parallel interpenetrating (6,3) nets in the structure of
[Cd,(4);(NOs),]. The three-connected nodes are provided by Cd atoms,
and ligand 4 forms the connections between the nodes.

Figure 23 leaves a twofold interpenetrated system topologi-
cally identical to that in Figures 12 and 11a.

The crystal structure of 5 contains three interpenetrating
(6,3) nets; the nodes of the nets are the centers of the two
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isophthalic acid groups in each molecule.*’! One of the links
from any three-connected node represents the covalent

HO. o} O OH

HO. OH
(e} e}
e} /\©/\ o
5

spacer between the two isophthalic acid groups of each
molecule, and the other two links represent hydrogen-bond-
ing associations with adjacent molecules. The interpenetra-
tion is shown schematically in Figure 24; a comparison of
Figures 23 and 24 shows that the mode of interpenetration is
identical to that in [Cd,(4);(NO;),].

Figure 24. Schematic representation of the three parallel interpenetrating
(6,3) nets in the crystal structure of 5. The three-connected centers
represent the centers of the isophthalic acid groups of 5, while the
smaller two-connected centers represent the midpoint of the central Cg ring
of 5.

are the centers of the resorcinol groups of the ligand.*!l One
through the anthracene unit,
nol groups of two different
6
penetration is shown sche-

Similarly, 6-2L (L =1,4-benzoquinone) has three inter-
penetrating (6,3) sheets in which the three-connected nodes
link from each node repre-

sents the covalent bridging

of the resorcinol groups HO O oH
and the other two links rep- Q O

resent hydrogen-bonding in-

teractions in which resorci- HO Q

molecules are bridged by

bifunctional 1,4-benzoqui-

none molecules. This inter-

matically in Figure 25. Removal of any one net would leave a
system of two interpenetrating nets topologically identical to
that shown in Figure 11c.

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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Figure 25. Schematic representation of the three parallel interpenetrating
(6,3) nets in the crystal structure of 6-2L (L =1,4-benzoquinone). The
larger three-connected circles represent the resorcinol groups on 6, and
smaller two-connected circles represent the midpoints of the 1,4-benzo-
quinone molecules.

3.1.5. Six Parallel Interpenetrating Two-Dimensional Nets

Six parallel interpenetrating (6,3) sheets are seen in the
structure of solvated [Ag(teb)CF;SO;] (teb=1,3,5-tris(4-
ethynylbenzonitrile)benzene, 7).l The three-connected no-
des are defined by alternating ligand and silver centers. The

| Cs,

silver atoms are also coordinated to pendant triflate ions, and
hence have tetrahedral geometry. The nets interpenetrate
such that any two nets have the same topological relationship
as that shown in Figure 11a.

7

3.2. Inclined Interpenetration of Two-Dimensional
Frameworks

In the inclined mode of interpenetration of 2D frameworks
any one sheet has an infinite number of others passing
through it (see Figure 10). As mentioned earlier, inclined
interpenetration of 2D sheets produces an interlocked 3D
structure; this is in contrast to parallel interpenetration, which
yields a composite 2D product. Any pair of inclined sheets

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494

pierce each other only along the line of intersection of the two
planes. In some cases each ring of a sheet has only one rod of
an inclined sheet passing through it, but there are examples in
which the rings are large enough and the rods slim enough to
allow more than one sheet to pass through each ring. All
known cases of inclined interpenetration of 2D sheets involve
either (4,4) or (6,3) nets.

3.2.1. Inclined Interpenetration of (4,4) Nets

Crystalline compounds of composition [M(bipy),(H,0),]-
(SiFs) (M =Zn, Cd, Cu) and [Cd(bipy),(H,O)(OH)](PFy)
have the interlocked, perpendicular, square-grid structure
shown in Figure 26.4%#l The bridging bipy ligands are
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Figure 26. Inclined interpenetration (actually perpendicular) of two (4,4)
nets in [M(bipy),(H,0),](SiF;). Four-connected nodes are provided by M
atoms, which have two pendant trans H,O ligands not shown here.

arranged around the metal atom in a square-planar fashion,
and two water ligands (or, in the Cd/PF; case, one water and
one hydroxide ligand) on opposite sides of that plane
complete an octahedral coordination environment. The
Cd(PFy),/bipy system is interesting in that the use of solvent
mixtures only slightly different from those used to obtain the
interpenetrating [Cd(bipy),(H,O)(OH) ](PF,) structure yields
noninterpenetrating  [Cd(bipy),(H,O),](PFs),-4H,0 -2 bi-
py.*! which contains very similar square-grid sheets in which
each corrallike ring encloses two uncoordinated bipy mole-
cules. This example demonstrates how fine a balance may
dictate whether an interpenetrating structure is formed or not.

[Fe(bpe),(NCS),]- CH;OH (bpe is the “extended” bipy
analogue trans-1,2-di-(4-pyridyl)ethene) has a structure that is
geometrically very similar and topologically identical to that
in Figure 26; bipy has been replaced by bpe, and the two trans
water ligands have been replaced by thiocyanate ligands.[*]

A bipy analogue that is even more extended than bpe, 1,4-
bis(4-pyridyl)butadiyne (bpb), gives crystals of the composi-
tion [M,(OH)(bpb),](BF,);-H,0-EtOH (M =Cd, Cu) con-
taining “doubled-up” square-grid sheets which interpenetrate
each other (Figure 27). The manner of interpenetration is
closely analogous, and in fact topologically identical, to that
represented in Figure 26.40

[Cd(NH;),{Ag(CN),},] also has an interpenetrating sheet
structure which is topologically identical to that in Figure 26;
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Figure 27. Inclined interpenetrating doubled-up sheets in the structure of
[M,(OH)(bpb),](BF,);- H,O - EtOH (bpb = 1,4-bis(4-pyridyl)butadiyne).
The circles represent M atoms. “Short” connections here are provided by
1,-OH™ and “long” connections by u,-bpb ligands. The overall topology of
the doubled-up sheets is (4,4), and the nodes are located at the midpoints of
the short connections.

there are Ag(CN); bridging ligands in place of bipy and two
trans amine ligands in place of the two water ligands.[*”)

A second, chemically realistic way in which two inclined
(4,4) nets could be imagined to interpenetrate is shown in
Figure 28. The only example of this mode of interpenetration

Figure 28. An alternative mode of inclined interpenetration of two (4,4)
nets.

exists in the structure of [Cd(4-ampy),{Ag(CN),},]-
[Cd(mea)(4-ampy){Ag(CN),},], (4-ampy =4-aminopyridine,
mea = 2-aminoethanol).*! This structure contains (4,4) 2D
sheets that are composed of octahedrally coordinated cadmi-
um atoms bound to terminal 4-ampy ligands and bridged by
linear Ag(CN); moieties. A second type of sheet exists in the
structure which contains linear chains of cadmium atoms
bridged by Ag(CN), groups. These chains are linked to one
another through hydrogen bonds between the uncoordinated
nitrogen atoms of monodentate Ag(CN); ligands, which are
also bound to the cadmium atoms, and the oxygen atoms of
the mea ligands, which are coordinated to cadmium atoms of
adjacent chains (Figure 29).

A particularly interesting feature of this structure is that the
windows of the two types of sheets have different numbers of
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Figure 29. Schematic representation of the 2D inclined interpenetration of
(4,4) sheets in the structure of [Cd(4-ampy),{Ag(CN),},]- [{Cd(mea)(4-
ampy){Ag(CN),},] (4-ampy =4-aminopyridine, mea = 2-aminoethanol).
The open bonds represent the coordination polymer nets of composition
[Cd(4-ampy),{Ag(CN),},], while the black bonds represent the sheets
formed by cross-linking of coordination polymer chains of composition
[Cd(mea)(4-ampy){Ag(CN),},] through hydrogen bonds. The hydrogen
bonds are represented by the almost vertical black bonds. The circles
represent Cd atoms.

nets passing through them. In the first type of net two sheets
of the second type pass through any given window, while in
the second type only one net of the first type passes through
any given window.

The structure of solvated [Cd(py).{Ag(CN),},] (py = pyri-
dine) contains (4,4) sheets composed of octahedrally coordi-
nated cadmiums which are bound to pendant pyridine ligands
and bridged by linear Ag(CN); units.*”! Every ring of any
sheet contains parts of two others passing through it
(Figure 30). The mode of interpenetration is unrelated to
the two previous modes discussed for (4,4) nets (Figures 26

and 28). / / / /
I

}‘ ‘ D
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o= ", ,_”f
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Figure 30. Schematic representation of the 2D inclined interpenetration of
(4,4) sheets in the structure of [Cd(py),{Ag(CN),},] (py = pyridine). Each

window of each sheet, all of which are equivalent, has parts of two other
sheets passing through it. The circles represent Cd atoms.

In principle, inclined interpenetration of (4,4) nets in three
mutually perpendicular planes is possible (Figure 31), but no
examples of this are known at present.

3.2.2. Inclined Interpenetration of (6,3) Nets

Two topologically different ways in which two inclined (6,3)
nets can interpenetrate are shown in Figure 32. [Cu,(pz);]-

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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Figure 31. Hypothetical mode of interpenetration of (4,4) nets in three
mutually perpendicular planes.
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Figure 32. Two topologically different ways inclined (6,3) nets may
interpenetrate.

(SiFy) (pz =pyrazine) contains (6,3) nets in which the three-
connected nodes are provided by Cu! centers, which are each
connected to three neighboring Cu! centers through pyrazine
bridges. The mode of interpenetration, shown in Figure 33, is
topologically identical to that represented schematically in
Figure 32 a.[
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Figure 33. Inclined interpenetration of (6,3) nets in the structure of
[Cu,(pz);](SiFy) (pz = pyrazine). The circles represent Cu atoms.

The anionic complex [Cu"(opba)]>~ (8, opba = o-phenyl-
enebis(oxamate)) can itself act as a bridging unit. With Mn!!
ions this yields a (6,3) net of
composition  [Mn¥(8);]* in
which the triply chelated Mn"
center acts as the three-connect-
ed node. The negative charge on o N_ /N
the 2D network is counterbal- I Ca :E
anced by the organic radical o
cation  2-(4-N-methylpyridini-
um)-4,4,5,5-tetramethylimidazo-
lin-1-oxyl-3-oxide. Each (6,3) net
has an infinite number of identical sheets passing through it,
inclined at 72.7°, with one rod from an inclined sheet passing
through every hexagon: The essential nature of the inter-
penetration is that represented schematically in Figure 32a.
The radical cations play an important role in the overall
structure, since they provide weak “axial” dative bonds
through their oxygen atoms to copper centers in independent
inclined sheets and thus act as weak bridging agents between
sheets. There are three different paramagnetic centers pres-
ent, namely, the radical cation, the copper ions, and the
manganese ions; the couplings are such that the material acts
as a magnet below 22.5 K.BU

One example was reported recently in which every ring has
components of two independent inclined (6,3) nets passing
through it;®? in this case the three-connected nodes are
provided by Ag! ions which are linked by units of 9. This
beautiful structure is an example of a 2D polyrotaxane in

N N-CH,
= H—>+H
N N-CH,
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which the beadlike
component encircling
the diprotonated dia-
mine in 9 in rotaxane
fashion is furnished
by cucurbituril (Fig-
ure 34). All rings are
equivalent, and every
ring has a rod from
each of two inclined
sheets passing
through it.

Various forms and
derivatives of ben-
zene-1,3,5-tricarbox-
ylic acid (trimesic
Figure 34. Representation of the in- acid) contain hydro-
terpenetration in the network of gen-bonded (6.3)

composition [Agi(9);]. Every hexa- nets of the type
gon has components of two inclined shown in Figure 3,

(6,3) nets passing through it. The which interpenetrate
circles represent Ag atoms.
so that every hexago-
nal ring has compo-
nents of three in-
clined sheets passing through it."¥] The essential character of
the interpenetration, which is related to that in Figure 32a, is
represented in Figure 35.

Figure 35. Schematic representation of the mode of inclined (6,3) inter-
penetration seen in various derivatives of trimesic acid. Every hexagon has
components of three inclined independent nets passing through it in the
manner shown in Figure 32a. The circles represent the midpoints of the
central Cq rings of the trimesic acid molecules.

Another example of inclined (6,3) interpenetration in
which every ring has components of three independent
inclined sheets passing through it is [Cu(bipy)X] (X=ClI,
Br, 1).5% 54 Binuclear halide-bridged (CuX), units play the
role of the three-connected nodes; each is connected to a
neighboring (CuX), node by two side-by-side bipy ligands and
to two other neighbors through single bipy units (Figure 36,
the connections consisting of side-by-side bipy units are
represented by two parallel lines). This example is of
particular interest from the topological point of view because
one of the three independent sheets, the central one, passing
through any one ring adopts the interpenetration mode
represented in Figure 32b, whilst the other two, which are
equivalent, adopt a different mode.
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Figure 36. Structure of [Cu(bipy)X] (X =Cl, Br, I). The circles represent
Cu atoms. Each “short” connection shown here is provided by two u,-X~
bridges. “Long” connections are provided by bipy ligands, some of which
are present in close side-by-side pairs. The three-connected nodes of the
(6,3) net are located at the midpoints of the Cu(X),Cu rectangles (i.e., at
the midpoints of the “short” connections shown here).

4. Interpenetrating Three-Dimensional Nets

An infinite number of different 3D nets are theoretically
possible. Nevertheless, the individual 3D nets involved in
interpenetration, as far as is presently known, belong to a
restricted number of topological classes with only a few
exceptions. This situation may of course change radically in
the near future. The diamond net is by far the most common
type currently known to participate in interpenetration. We
classify the modes of 3D interpenetration below in terms of
the topologies of the individual nets.

4.1. Interpenetrating Three-Connected
Three-Dimensional Nets

All known examples of interpenetrating three-connected
3D nets are of either the (10,3)-a type or the (10,3)-b type;
there is one exception of the (8,3)-c type. In view of the large
number of three-connected 3D nets that are possible—no
fewer than thirty topologically uniform examples were listed
by WellsHl—it is surprising that so few types are represented in
real cases. However these are early days in the generation of
framework structures, and perhaps this situation will change
as a result of further work in the area.

4.1.1. Interpenetrating (10,3)-a Nets

Figure 37 shows a representation of the (10,3)-a net (some-
times referred to as the SrSi,-related net) in its most regular
form possible. It should be recalled that any net, however
much it may be geometrically distorted, is considered to retain
its topological identity provided connections are not broken.
The net is shown in Figure 37 in its geometrically most
symmetrical form (cubic), and every node shows a trigonal-
planar environment with 120° angles. A characteristic feature
of the (10,3)-a net is the presence of fourfold helices, all of the
same handedness, running parallel with the three cubic axes
(Figure 37). The net as a whole is therefore chiral. In the
discussion that follows we shall refer to (10,3)-a nets contain-
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Figure 37. The (10,3)-a net in its most symmetrical form, cubic, displayed
on a cubic grid.

ing right-handed fourfold helices simply as “right-handed
nets”.

Showing remarkable insight, Wells suggested,*! well before
real examples were discovered, that the (10,3)-a net is in
principle capable of interpenetrating not only an identical net
of the same handedness, but also a net of the opposite
handedness. In the latter case “a three-dimensional race-
mate”, as he referred to it, is generated that at the time was
purely hypothetical. The crystal structure of cyanamide
NH,CN (Figure 38) can be regarded, because of the simplicity

Figure 38. Two enantiomorphic interpenetrating (10,3)-a nets in the crystal
structure of cyanamide NH,CN. The circles represent in order of decreas-
ing size N, C, and H atoms.

of its components, as the prototype for this sort of racemic
interpenetration.’ The two types of nitrogen centers provide
the three-connected nodes for the hydrogen-bonded (10,3)-a
net. Two such nets of opposite handedness then interpenetrate
in the manner shown in Figure 38. [Ag,(2,3-Me,pz);](SbFy),,
in which the silver atoms provide the three-connected nodes,
is topologically identical.l>!

Both modes of interpenetration proposed by Wells, inter-
penetration of a given (10,3)-a net by nets of the same
handedness and by nets of the opposite handedness, are
simultaneously displayed in cubic crystals of composition
[Zn(tpt),;5(SiFs)(H,0),(CH;0H) ] (tpt =2,4,6-tris(4-pyridyl)-

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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1,3,5-triazine, 10).°7 The three- N
connected nodes are provided by |
triazine molecules. The zinc cen-

. N7 N

ment consisting of two trans tpt- I
pyridine donors, one SiFZ~ ion | N SN | >
bound through one F atom, two N.__~ N
water ligands, and one methanol
two-connected units. Figure 39a
shows one of the eight (10,3)-a
nets that are present. Inspection will reveal that this is left-
handed; also present are three other left-handed and four
same handedness by half-cell translations parallel to the three
cubic axes. Helices consequently appear in pairs sharing the
same helical axis, an example of which is shown in Figure 39b.
Each double helix makes multiple close triazine —triazine
all with their helical axes parallel; a pair of double helices
connected by such & interactions is shown in Figure 39c. The
tpt units appear in close, centrosymmetrically related pairs
(indicated in Figure 39 ¢ by arrows).
been described as consisting of four [ (Hg,);03*], nets with the
(10,3)-a topology.’® ! The oxide centers act as the three-
connected nodes, and the mercurous units act as two-
connected nodes that link one oxide to another. The O---
observation led us to the realization that it is possible to
construct strain-free (10,3)-a nets using pyramidal three-
connected nodes, provided these retain a threefold axis of
symmetry, which, like the “parent” (10,3)-a net with trigonal
H,0O, can be described in terms of a (10,3)-a topology with
pseudo-tetrahedral centers, and SrSi, itself displays slight
pyramidal distortion at each three-connected node). Such a
net consisting of pyramidal nodes with tetrahedral angles of
nets comprising trigonal or pyramidal nodes will be referred
below to as “trigonal ” and “pyramidal nets”, respectively. As
can be seen by comparing Figures 37 and 40, the trigonal and
pyramidal (10,3)-a nets differ considerably in appearance and
nal centers by pyramidal ones is that the fourfold helices
become markedly flattened. Some of these flattened helices
can be seen in Figure 40; their axes are roughly perpendicular
to the plane of the page, and, since the structure has cubic
right and from top to bottom. The (10,3)-a nets present in
eglestonite, two right-handed and two left-handed (Fig-
ure 41), are very similar to the idealized net shown in
Figure 40. The flattened helices of two nets of the same
translation along this shared axis of half the helical period
combined with a 90° rotation (Figure 41). Two pyramidal nets
of the same handedness can be derived from a single trigonal
net of the same handedness by distorting each individual node

ters—with a coordination environ-
ligand—effectively act as linear 10
right-handed nets. Any net is related to the three others of the
contacts with four double helices of the opposite handedness,
The mineral eglestonite of composition [ (Hg,);0,H]|Cl; has
O--- O angles of 102.1° are close to the tetrahedral angle. This
nodes, also have cubic symmetry (indeed, the structure of
109.45° is shown in Figure 40. For ease of description, (10,3)-a
geometry. One consequence of substituting the planar-trigo-
symmetry, equivalent flattened helices also run from left to
handedness share a common axis, and they can be related by a
into a pyramidal geometry in the appropriate direction along
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|

Figure 39. a) One of the eight (10,3)-a nets present in [Zn(tpt),;(SiF)-
(H,0),(CH;0H) ] (tpt =10). The larger circles represent Zn atoms, and the
smaller circles C and N atoms. b) A double helix. ¢) A m-contacting pair of
double helices of opposite handedness. The arrows indicate centrosym-
metrically related m-contacting pairs.

the normal to the trigonal plane (Figure 42); two directions of
distortion are possible, hence the existence of two derived
pyramidal nets. Conversely, the trigonal net can be derived
from the two pyramidal nets by placing a trigonal node at the
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Figure 40. A (10,3)-a net constructed from pyramidal nodes with tetrahe-
dral angles.

Figure 41. Four “pyramidal” (10,3)-a nets, two right-handed and two left-
handed, in eglestonite. The circles represent O atoms.

Figure 42. Relationship between a “trigonal” (10,3)-a net and the two
possible derived “pyramidal” (10,3)-a nets.

Angew. Chem. Int. Ed. 1998, 37, 1460—1494
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midpoint between two directly neighboring pyramidal nodes
of independent nets that share the same threefold axis, as can
also be seen in Figure 42. In eglestonite the helices of the
second pair of nets with handedness opposite to that of the
first pair are then located in the channels generated by the
first pair (Figure 41).

In many of the structures discussed here it is debatable how
independent the various nets are. It is convenient to describe
the structure of eglestonite in terms of four “independent”
(10,3)-a nets, as we have done above (and as others have done
previously, although not in the detail presented here).
However, the fact is that the pyramidal oxygen centers from
adjacent nets form short hydrogen bonds (O---O ~2.5 A;l%
note the presence of one proton per two oxides in the
composition).

In cubic RhBi, all Rh centers are equivalent and provide
the nodes for a four-connected 3D net.[®] Bi, units connect Rh
atoms, and every Rh is immediately surrounded by four Bi,
pairs. The four-connected net thus formed has previously and
correctly been described as possessing the 3210* topology,
which in fact is chiral. In RhBi, two such nets of opposite
handedness interpenetrate, as shown in Figure 43. The units

Figure 43. Two interpenetrating 32 - 10* nets of opposite handedness in the
structure of RhBi,. The circles represent Rh atoms. The midpoints of the
Rh; triangles within a particular 32- 10* net form a (10,3)-a net. The (10,3)-a
net derived from the 3?- 10* net represented here by “open” connections is
indicated by fine lines and smaller circles. For clarity the (10,3)-a net
derived from the other net is omitted.

linked together are triangular Rh; groups; each triangle is
linked to three others through shared Rh vertices. It is helpful
to conceptually simplify these nets to the (10,3)-a form in
which the midpoints of the Rh; triangles now provide the
three-connected nodes (Figure 43). RhBi,, which has the
same space group as eglestonite (Ia3d), can thus be seen as yet
another example of the type of 3D racemate predicted by
Wells.

4.1.2. Interpenetrating (10,3)-b Nets

The (10,3)-b net (sometimes referred to as the ThSi,-related
net) is tetragonal in its most symmetrical form (Figure 44). As
in (10,3)-a nets, the nodes have 120° angles. Each node is
connected to two neighbors in a 1D planar zigzag strip. The
third connection at every node is to a node belonging to a

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494

Figure 44. The (10,3)-b net in its most symmetrical form (tetragonal).

zigzag strip running perpendicular to the first. Alternate
nodes within a strip are connected to a strip above it, then a
strip below it, and so on. An interesting feature of this net is
that it can be “collapsed” by concerted rotation around the
strip—strip connections of all the strips in one direction
relative to all those in the other direction. This collapse does
not interfere with the trigonal geometry of the individual
nodes; it merely reduces the angle between connected zigzag
strips. This collapse is seen in real cases to extents that vary so
as to achieve optimum packing.

A characteristic structural motif in the (10,3)-b net that
parallels the adamantane motif in the diamond net is the
cagelike unit shown in Figure 45a. Indeed, the (10,3)-b net

()]
Figure 45. The imaginary contraction and fusion process relating a
“(10,3)-b cage” (a) of the (10,3)-b net to an adamantane cage (b) of the
diamondlike net.

and the diamond net are very closely related, in that the
former can be converted into the latter by contraction of the
links between the zigzag strips (i.e., the links aligned with the
tetragonal axis in the most symmetrical form of the (10,3)-b
net) to the point where the two three-connected nodes fuse
together to become a single four-connected node. Figure 45
illustrates this imaginary conversion of a (10,3)-b cage into an
adamantane cage. Just as the nature of the interpenetration of
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diamond nets can most simply be understood by focussing on
the way one adamantane unit is interpenetrated by others (as
we saw in the example of [Zn(CN),] in Section 1.5 and as we
shall see in more complicated examples in Section 4.2.1), the
nature of the interpenetration of (10,3)-b nets can be best
appreciated by looking at the way one (10,3)-b cage is
interpenetrated by others.

Examples are known in which two, three, and six inde-
pendent (10,3)-b nets interpenetrate. The mineral neptunite,
MIMI(TiO),SisO,, (M"=Fe!, Mg, Mn!'; M! = alkali metal),
contains two infinite polysilicate (10,3)-b nets, one of which is
shown in Figure 46a, that interpenetrate in the manner

Figure 46. a) A single (10,3)-b net in neptunite. The circles represent Si
atoms. b) Two interpenetrating nets in neptunite.
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depicted in Figure 46b.'!' The three-connected nodes are
provided by SiO, tetrahedra that each carry one terminal,
nonbridging SiO~ unit and are represented as Si® below.
Present in equal numbers are two-connected SiO, tetrahedra,
each carrying two terminal SiO~ groups (represented as Si
below). The zigzag planar strips that are characteristic of the
(10,3)-b net consist in neptunite of alternating long and short
bonds between three-connected nodes. The the short bonds
consist of direct connections between Si® centers, and the long
bonds have two Si? centers interposed between Si* nodes to
produce the sequence ---Si*Si3Si?Si?Si’*Si’Si?Si?--- within a
strip (Figure 46 a). Zigzag strips of this type run from top right
to bottom left and also from top left to bottom right. Also
apparent in Figure 46 a are channels running perpendicular to
the plane of the page, that is, parallel to what would have been
the tetragonal axis if the net had not been deformed. The
interpenetration is such that the connections between zigzag
strips within one net are located along the centers of these
channels in the other net (Figure 46b).

Two interpenetrating (10,3)-b nets are present in crystals of
solvated [(ZnCl)s(tpt),] (tpt=10).%1 The three-connected
nodes are provided by the triazine molecules. The zinc centers
have an approximately tetrahedral coordination environment
consisting of two tpt-pyridine and two chloro ligands, and
therefore act as angular two-connectors. As a consequence,
the resulting (10,3)-b net (Figure 47a) is considerably dis-
torted. Figure 47b shows the two interpenetrating (10,3)-b
nets.

Figure 47. a) One of the two (10,3)-b nets in the structure of
[(ZnClL)5(tpt),] (tpt=10). The circles represent the centers of triazine
rings. b) Two interpenetrating (10,3)-b nets.

Three independent, identical, and interpenetrating (10,3)-b
nets are seen in [Ag,(pz);](BF,),.[ Silver atoms provide the
three-connected nodes, which are linked together through
bridging pyrazine units. The nets are collapsed, so that the
angle between zigzag strips is 55.4°. Figure 48a shows three
unit cells stacked along the a direction. One net can be
generated from another by a (1,0,0) translation; but a shorter
translation (1/2, 1/2, 0) also relates one net to another. Every
decagon has one rod from each of the other two nets passing

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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Figure 48. a) Three unit cells in the structure of [Ag,(pz);](BF,),. The
circles represent Ag atoms. b) Three interpenetrating “(10,3)-b cages” from
separate nets.

through it. Three interpenetrating (10,3)-b cages from sepa-
rate nets are shown in Figure 48b.

With regard to the general question concerning the circum-
stances under which an interpenetrating structure or a
noninterpenetrating alternative form, it is interesting that
out of the same reaction mixture a second type of crystal can
be obtained with the same [Ag,(pz);]** framework composi-
tion but with a different and noninterpenetrating structure:
the 2D (6,3) net. This can be viewed as consisting of the same
zigzag strips joined together in a coplanar fashion to give the
2D structure, rather than joined together at an angle to give
the 3D (10,3)-b net.

A second example of threefold interpenetration of (10,3)-b
nets is provided by a material of composition [CrP;S,, ] (x =
0.25),1%1 which consists of Cr'' centers
interconnected through bridging P,S%-
ligands (11), a small fraction of which
11 (approximately 1 in 12) have been
s _s-s_ s replaceq by P,S% (1.2). Both ligands
S>P<S—S /Pgs act as bidentate chelating agents at b.oth

ends. The Cr'" centers are therefore in a

12 triply chelated pseudo-octahedral coor-

dination environment of six sulfur

atoms and provide the three-connected, essentially trigonal

nodes for the (10,3)-b nets. The three independent nets

interpenetrate in a manner topologically identical to that
described above for [Ag,(pz);](BF,),.

Another system that has been described in terms of three
interpenetrating three-connected nets, which we have noticed
have the (10,3)-b topology, is [Ag(bipy)]NO;.* Linear
polymeric chains consisting of alternating bridging bipy units
and linearly coordinated silver centers are cross-linked
through Ag- Ag interactions at a distance of 2.977(1) A to
give the 3D (10,3)-b net in which the three-connected nodes
are the T-shaped metal centers. Three such nets then inter-
penetrate (Figure 49a). Three (10,3)-b nets that interpene-
trate in a manner topologically identical to that observed for
[Ag(bipy) INO; are shown in their idealized, most symmet-

. s
e
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Figure 49. a) Three interpenetrating (10,3)-b nets with T-shaped three-
connected nodes in the structure of [Ag(bipy) [NO;. The circles represent
Ag atoms. “Long” connections represent bridging bipy units, and “short”
connections are direct Ag--- Ag interactions. b) An idealized version of the
mode of interpenetration of three (10,3)-b nets, of the type seen in
[Ag(bipy) INO;.

rical form in Figure 49b. This figure was constructed to
facilitate comparison with Figure 48b; the two modes of
threefold interpenetration are clearly topologically different.

Two examples are known of six-
fold (10,3)-b interpenetration. One
of these is solvated [Ag(teb)]CFs;-
SO; (teb =7),1! which contains two
types of three-connected nodes pro-
vided by alternating 7 and silver
centers. Figure 50 shows a represen-
tation of the way in which (10,3)-b
cages from five other independent
nets interpenetrate a given (10,3)-b
cage. The central Cq rings of units of
7 from independent nets are stacked
(with minor deviations) along the
direction AB shown in Figure 50
(which corresponds to the crystallo-
graphic a axis). It is worth noting
that this structure is a polymorph of
an earlier structure discussed which
has six parallel interpenetrating
(6,3) 2D nets.

The second example of sixfold
interpenetration of (10,3)-b nets,
[Cu,(bipy)s](NO3), - 2.5H,0,%1  dif-
fers from the one just described in
that all the three-connected nodes
are of the same type: Cu' ions. The
topology of interpenetration is dis-
tinctly different, as can be seen in

Figure 50.

Representa-
tion of six independent
interpenetrating (10,3)-b
cages in [Ag(teb) JCF;SO;
(teb="7). The smaller cir-
cles represent centers of
ligands 7, and the larger

circles represent Ag
atoms. Analogous ligand
nodes of independent nets
are stacked (with minor
deviations) along the line
AB. For clarity only a
single rod of three of the
nets is shown.
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Figure 51, which shows (10,3)-b cages
from six independent nets. The nets are
present in closely spaced pairs, and each
pair is interpenetrated by the two other
pairs in much the same way as a single
(10,3)-b cage was interpenetrated by two
other single (10,3)-b cages in the exam-
ples of threefold interpenetrating in
Figure 48b. The comparison between
sixfold interpenetration in [Cu,(bipy);]-
(NO;),-2.5H,0 and threefold inter-
penetration in [Ag,(pz);](BF,), is inter-
esting, because both contain trigonal
metal nodes that are linked through
linear bridging ligands of very similar
girth, but the longer bipy units allow a
much greater degree of interpenetra-
tion.

Figure 51. Six inter-
penetrating “(10,3)-
b cages” from sepa-
rate nets in the struc-
ture of [Cu,(bipy)s]-
(NO3),-2.5H,0. The
circles represent Cu
atoms.

4.1.3. Interpenetrating (8,3)-c Nets

Figure 52 shows a representation of
the (8,3)-c net in its most symmetrical
form, which has a hexagonal unit cell.
All nodes, of which there are two types,
have 120° angles. The plane of one type
of node is normal to the hexagonal axis, and the second type of
node, of which there are three times as many, forms planar
zigzag strips that run parallel with the hexagonal axis. It has
previously not been appreciated that Na[Ti,(PS,);]*”! contains

i

Do DD

Do
ooe
P

Figure 52. The (8,3)-c net in its geometrically most symmetrical form
(hexagonal).

(8,3)-c nets. The Ti'V centers are chelated by three bidentate
PS3~ ligands, which in turn act as u, ligands and bind two
metals each by a bidentate interaction. The metal centers thus
provide the trigonal nodes for the (8,3)-c net. Two nets of this
type then interpenetrate as shown in Figure 53. An important
feature is that the nodes normal to the hexagonal axis from
the two nets are arranged in a colinear and equidistant
fashion. If the nets were in their most symmetrical form, this
interpenetration mode would lead to aclash between the
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Figure 53. Two interpenetrating (8,3)-c nets in the structure of Na-
[Ti,(PS,);]. Three-connected nodes are located at the Ti centers, repre-
sented here by circles. PS3~ ions act as u,-bis-bidentate bridging ligands
connecting the Ti nodes.

zigzag strips from the two nets. Deformation of the nets
depicted in Figure 53 allows the zigzag strips to avoid each
other.

4.2. Interpenetrating Three-Dimensional Four-Connected
Nets

4.2.1. Interpenetrating Diamondlike Nets

By far, the largest class of interpenetrating structures
involves diamond-related nets. The twofold interpenetrating
structure of [Zn(CN),] has already been described in Sec-
tion 1.5.16-21 2] Examples are known of degrees of interpene-
tration ranging from two- to ninefold (Table 1). With, to the
best of our knowledge, only one exception which is discussed
below, the modes of interpenetration in all these examples are
closely related. In an undeformed (cubic) diamondlike net
each adamantane unit possesses three orthogonal twofold
rotation axes aligned parallel with the cubic axes. One of these
twofold axes running from top to
bottom is shown in Figure 54. The
common interpenetration mode is
such that the nodes of independ-
ent nets are aligned and equally
spaced along one of these twofold
axes. To illustrate this common #-
fold interpenetration mode, we
show in Figure 55 a representation
of a ninefold interpenetrating sys-
tem in which the nodes of eight
other nets are arranged equally N/
spaced between the top-most and
bottom-most extremities of an
adamantane unit of the “first”
net.®l As can be seen here, and
as is often the case, the individual
nets are distorted so as to elongate
the adamantane units along the

i

Figure 54. One of the two-
fold rotation axes in an
adamantane component of
a diamond-related net.
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Table 1. Interpenetrating diamond-related nets; n =number of nets.
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Compound!?! n Comments Ref.
Various organic polymers 2or3 [81]
Two lipid - water phases 2 [82]
M,0 (M =Cu, Ag, Pb) 2 [59, 84, 85]
CaWQ, (scheelite) and related structures (e.g. [NH,][ReO,]), 2 Diamond nets can be constructed. [85-87]
ZrSiO, (zircon) and related structures
MO -2B,0;, (M =Li,, Mg, Zn, Cd, Mn, Fe, Co, Ni, Hg), 2 Diamond nets are constructed from borate frameworks, and ~ [88]
a-Na,O -3B,0;, MO -4B,0; (M = Ag,, Na,, Ba), MO -5B,0; the clusters within these frameworks act as the tetrahedral
(M=K, (a and f forms), Rb,, T,), Cs,0-9B,0; nodes. Intercalated M atoms link the nets through M- O

interactions in many cases.
K,[PdSe) 2 Each net has a different composition. [80]
Some high-pressure forms of ice (ice VII and VIII) 2 Ice VIl is orientationally disordered, whereas ice VIII is not.  [89]
2,6-Dimethylideneadamantane-1,3,5,7-tetracarboxylic acid Hydrogen-bonded; four structures with different guests. [71]
[M,(CsH,0,);] - 24 H,0 (M =lanthanide, Y) 2 Diamond net with one link being a hydrogen-bonded water ~ [79]

cluster; hydrogen bonding between nets.
K, [M{NC;H;(CO,),},] (M=Mn, Zn) 2 [78]
[HN(CHj3)3],[SnsSq0,] 2 Tetrahedral Sn,S,,O, clusters linked through S atoms. [90]
[Si(NCN),] 2 [91]
CBr, - hmta 2 Nets containing N — Br interactions. [92]
[Si(CsHNO),] 2 Hydrogen-bonded nets containing various guests. [72, 73]
[M(CO);(u;-OH)],-2L (M =Mn, Re; L =hydrogen-bonding, 2,3, or 4 Hydrogen bonds between tetrahedral clusters. [8, 93]
bridging ligand)
[SCdg{SCH(CH;)C,Hs}1,(CN),] 2 Clusters form the nodes of the nets. [94]
[Cd};S4(SCH,CH,0H) ] 2 Clusters form the nodes of the nets. [95]
[M(CN),] (M =Zn, Cd) 2 [6,21,22,76]
[Cu(L),](ClO,) (L =4-cyanopyridine) 2 [96]
[Cd(en)Cd(CN),] 2 Net with four-connected nodes, which can be related to a [71, 97]

diamond net where the nodes are Cd(CN), squares.
LisB;S;3, LigBSs3 2 Nodes are boron sulfide clusters. [98]
Tetrasodium 1,3,5,7-adamantanetetracarboxylate tetrahydrate 3 Hydrogen-bonded. [99]
2,6-Dioxoadamantane-1,3,5,7-tetracarboxylic acid (hydrate) 3 Hydrogen-bonded; contains acetic acid guests. [70]
3,3-Bis(carboxymethyl) glutaric acid (“methanetetraacetic acid”) 3 Hydrogen-bonded. [87]
All-trans-cyclobutane-1,2,3,4-tetracarboxylic acid 3 Hydrogen-bonded. [71]
4,4' 4" 4" -Tetraphenylmethanecarboxylic acid 3 Hydrogen-bonded. [100]
[Cu(CN)(L)] (L =4-cyanopyridine) 3 [101]
[Ag,{OOC(CH,),COO0}] 3 Ag, clusters bridged by chelating bridges. [102]
[Cd(mea)(dahxn){Ni(CN),}]-H,O 3 [103]
[Cu(dmtpn),](X)(dmtpn)(THF) (X =BF,, ClO,) 3 [104]
Disodium and dipotassium dihydrogen 1,3,5,7-adamantanetetra- 4 Hydrogen-bonded. [99]
carboxylate
[Cu(Hemp),](X) (X =PFg, CF;S0;) 4 Nets with hydrogen bonding between CuL, molecules. [105]
[Cu(bipy),(PF,)] 4 [50. 106]
[M(bipy),](CF,S05) (M= Ag, Cu) 4 [107]
[Ag(L),](BF,) (L =4-cyanopyridine) 4 [107]
Adamantane-1,3,5,7-tetracarboxylic acid 5 Hydrogen-bonded; different mode of interpenetration. [69]
[Cu(L),](BF,) (L =1,4-dicyanobenzene) 5 [44]
[Cufbpe},](BE,) 5 CH,;CN or CH,CI, guest molecules. [54, 108]
[Zn(L),](C10,), (L =~0,CCH,CH,N*(CH,CH,);N*- 6 [109]
CH,CH,CO3;
[CuNC(CH,),CNJ,|(NOy) 6 [110]
[Cu(bpb),](X) (X =CIO,, BF,) 6 [46]
[Cu(R!,R3-dengi),] and deuterated derivatives (R',R*= CHj, 7 With Li or Ag in place of Cu: isomorphous; with Na, K, NH,,  [83]
CH;O0, Cl, Br, I) Rb, or Tl in place of Cu: very closely related structures (but

no longer separate, interpenetrating frameworks).
[C(CH5CCCsH,NO),] 7 Hydrogen-bonding nets containing various guests. [73, 74]
[Si(CHsCCCsH,NO),] - 2G (G = valeric acid) 8 Hydrogen-bonded [73, 75]
[Ag(44-NCC¢H,CH,CN)|(XF) (X =P, As, Sb) 9 [68]

[a] Abbrivations used: hmta =hexamethylenetetramine; en = ethylenediamine; mea =2-aminoethanol; dahxn = 1,6-diaminohexane; dmtpn =2,3-dime-
thylterephthalonitrile; bipy =4,4'-bipyridine; Hcmp = 3-cyano-6-methyl-2(1H)-pyridinone; bpe = trans-1,2-bis(4-pyridyl)ethene; bpb = 1,4-bis(4-pyridyl)-

butadiyne; denqi = N,N’-dicyanoquinodiimine.

shared twofold axis. In the general n-fold interpenetrating
case, the translation of 1/n times the length of the adamantane
unit along the direction of the shared twofold axis corre-
sponds to one of the unit cell dimensions (generally the

shortest).
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The only exception to this general pattern is seen in the
unusual fivefold mode of interpenetration shown by crystal-
line adamantane-1,3,5,7-tetracarboxylic acid.[®] The structure
is contrasted in Figure 56 with that of the “normal” mode of
fivefold interpenetration. In this exceptional case the inde-
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pendent nets are related not by the
usual translation of 1/n (i.e., 1/5) of the
distance across an adamantane unit
along a shared twofold axis (Fig-
ure 56a), but rather by the translation
indicated in Figure 56b.

Interpenetration can be regarded as
a space-filling device, but in some cases
relatively large intraframework spaces
remain even after “optimum” inter-
penetration has taken place; this is true
of the normal mode of diamondlike
interpenetration. Figure 57 shows an
example of a normal fivefold inter-
penetrating system, the structure of
[Cu(L),]BF, (L =1,4-dicyanoben-
zene),[*!! viewed slightly displaced from
the shared twofold axis. As can be seen,
channels of rhombic cross-section run-
ning parallel with the twofold axis are
generated. In Cu[(L),|BF, (L =14-di-
cyanobenzene) these channels are oc-
cupied by the BF; ions, but in cases
where the networks are electrically
neutral the channels may be occupied
by significant quantities of solvent.[*-7

In many of the examples presented in
Table 1 the four-connected nodes of the
diamondlike nets are to be found at the midpoints of complex
clusters of atoms. A detailed discussion is precluded here by
space restrictions.

[Cd(CN),] derivatives, besides adopting a wide range of
framework structures which are interesting in their own right,
are important in the context of interpenetration because they
demonstrate how interpenetration can be prevented by the

Figure 55. Represen-
tation of the structure
of [Ag(L).](PFe) (L=
4,4'-biphenyldicarbo-

nitrile) consisting of
nine interpenetrating
diamondlike nets.
The circles represent
Ag atoms. The dini-
trile ligand links Ag
atoms to each other.

Figure 56. a) The “normal” mode of fivefold interpenetration of diamond-
like nets, as seen in [Cu(L),|BF, (L =14-dicyanobenzene). The circles
represent Cu atoms. b) The “abnormal” mode of fivefold interpenetration,
as seen in adamantane-1,3,5,7-tetracarboxylic acid, showing the transla-
tional relationship between independent nets. Two adamantane units of
one of the nets fused together by one shared rod are represented here with
open connections. Nodes of the remaining four nets are then equally spaced
along the vector indicated here by a fine line joining the top-most node to
the bottom-most node of the pair of adamantane units in the first net. The
circles represent the centers of the molecules.

1482

Figure 57. The fivefold interpenetrating diamondlike framework system in
[Cu(1,4-dicyanobenzene),|BF,; the view is slightly displaced from the
shared twofold axis. The circles represent Cu atoms.

inclusion of guests. [Cd(CN),] itself is isostructural with
[Zn(CN),], consisting of two interpenetrating diamondlike
nets.[> 2271 However, when it is crystallized in the presence of
certain organic solvents, such as chlorinated solvents, the
crystals contain a single diamondlike framework with guest
solvent molecules occupying the spaces where the second
network is found in the parent structure.’>27 [Me,N]-
[CuZn(CN),4], whose structure was truly crystal-engineered,
contains a single diamond-related anionic [CuZn(CN),]~
network with NMej counter cations occupying half the
adamantane cavities thereby preventing interpenetration.l®]
In relation to the general question of whether interpenetra-
tion will or will not occur in a particular case, the example of
heavily solvated [Cul{(4-NCC:H,),C}](BF,) is interesting:
Despite the fact that the framework occupies only about a
third of the volume of the crystal and that there is ample space
for a second network to interpenetrate, this does not occur.[® 7]

Crystals of composition K,[M(L),] (M =Zn, Mn; L = pyri-
dine-2,3-dicarboxylate) are noteworthy because they contain
two chiral interpenetrating diamondlike nets with opposite
handedness.”™ The ligands bridge between metal centers by
chelating to one and binding to the second through the 3-
carboxylate donor. Every metal center has a coordination
environment consisting of two N,O chelating units and two
monodentate carboxylate donors which are cis to each other.
In one net all metals have the A configuration, whilst in the
other net all are A.

The networks in most of the systems listed in Table 1 are
formed with either hydrogen bonds or metal -ligand bonds.
Both types of interactions are present in the two diamondlike
networks in [Cel(dhbq);] -24 H,0O (dhbg?*~ =dianion of 2,5-
dihydroxy-1,4-benzoquinone H,dhbq).I” This is yet another
example for which the degree of independence of the two nets
is debatable, because there is evidence of hydrogen bonding
between the nets.

K,[PdSe,o], which will be discussed in Section 4.5.1, is
unusual in that it contains two different diamondlike nets that
interpenetrate.®]

Two- and threefold interpenetrating diamondlike structures
have been proposed for certain organic polymers,®] and a
“structure” based on twofold interpenetration of diamond-
related nets has been suggested for two lipid/water phases.[®]

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494



Interpenetrating Structures

REVIEWS

A series of compounds of composition [Cu{R!,R?>-dcnqi},]
(dengi = N,N'-dicyanoquinonediimine; R!, R?=CH;,CH;0,
Cl, Br, I) consist of seven interpenetrating diamondlike
nets.® As a result of the interpenetration, the planar
aromatic rings form infinite stacks showing close m-m
contacts, which are thought to be responsible for the metallike
electrical conductivity. These are significant examples that
point to the potential of interpenetration as a source of
interesting or useful physical properties.

4.2.2. Interpenetrating Quarizlike Nets

The structures of [M{Au(CN),},] (M =Zn,!1 Col"'?l) con-
sist of six interpenetrating 3D nets with the same connectivity
as quartz, which, like the NbO net discussed below, has a 648
topology (Wells designates the NbO net as 6*8%-a and the
quartz net as 6*8%-b). The structure of a single, chiral net is
shown in Figure 58 a, and the way the six nets, all of the same
handedness, interpenetrate is shown in Figure 58 b. The metal
centers provide the four-connected pseudo-tetrahedral nodes,
and the links between them are provided by approximately
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Figure 58. a) A single quartzlike net in the structure of [Zn{Au(CN),},].
The circles represent in order of decreasing size Zn, Au, N, and C atoms.
b) Six interpenetrating quartzlike nets in [Zn{Au(CN),},]. Only Zn (large
circles) and Au centers (small circles) are shown.
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linear Au(CN); bridges whose considerable length combined
with small girth make possible the relatively high degree of
interpenetration. Based on the number of examples known at
present, there is an apparent marked preference of inter-
penetrating four-connected nets with essentially tetrahedral
nodes to adopt the topology of diamond rather than that of
quartz. This may arise from the fact that the idealized quartz
net with linear connecting rods requires considerable dis-
tortion from regular tetrahedral geometry at the four-
connected nodes, whereas in the diamond case linear rods
and regular tetrahedral nodes are exactly suited to each other.
When the rods are appropriately bent this situation may be
reversed; for example, the bent connecting rod provided by
the angular two-connected oxygen atom in SiO, may be an
important factor contributing to the preference for the quartz
topology in this case at low temperature. The reason why the
quartz topology is preferred in [M{Au(CN),},] is not known, but
significant Au--- Au interaction between nets may play a part.

4.2.3. Interpenetrating NbO-Like Nets

From the purely topological point of view, the NbO net
(68%-a) is fundamentally important for it is a very simple four-
connected net. In its most symmetrical (cubic) form, it consists
of square-planar nodes that are each connected to four

equivalent neighbors with a 90° twist along o
every connection. It has received little N J\NH
attention from chemists for the good /K
reason that few examples are known. We o H 0
noticed that the structure reported for the

1:1 co-crystal formed by cyanuric acid (13) 13

and biuret (14) consists of two hydrogen-
bonded interpenetrating NbO-like nets.[''3]
Every cyanuric acid molecule, all of which
are equivalent, is hydrogen-bonded to four
others either directly or through two-con- 14

nected biuret molecules to generate a

somewhat distorted NbO-like net. The nodes of the net are
found at the centers of the cyanuric acid molecules. Two
independent nets interpenetrate as shown in Figure 59.

Figure 59. Two interpenetrating NbO-like nets in the hydrogen-bonded
structure of cocrystals of cyanuric acid and biuret. The circles represent the
four-connected nodes located at the centers of the cyanuric acid molecule.
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4.2.4. Interpenetrating 4’8 Nets

A simple way in which equal numbers of tetrahedral and
square-planar centers can be combined to give an infinite 3D
net is shown by PtS, which thus provides a convenient label for
the net. Every node is connected to four nodes of the other
type, as can be seen in Figure 60, to give a 428* net which, in its
most symmetrical form, has a tetragonal unit cell.

Figure 60. The PtS-like net.

When the porphyrin derivatives 15a and 15b, which were
intended to play the role of the square-planar component of a
PtS-like net, were allowed to react with Cu!, which was
intended to act as the tetrahedral component, PtS-like nets
did indeed spontaneously assemble.l'”] In the case of the
pyridyl-substituted de-
rivative 15a a single,
noninterpenetrating
network is  formed,
whereas derivative 15b,
with somewhat longer 4-
cyanophenyl substitu-
ents attached to the por-
phyrin, gives a twofold

_ N interpenetrating struc-
7 ture (Figure 61). Yet

1ba, Z-=
again, interactions be-
15b, Z= OCE

4

tween the nets are clear-
ly present, and the por-
phyrin molecules ap-
pear in close
centrosymmetrically re-
lated pairs, one from each net. Large, solvent-filled intra-
framework spaces, accounting for well over 50% of the
volume of the crystal, are present in the noninterpenetrating
network formed by 15a. However, even in the interpenetrat-
ing structure in Figure 61 the two independent nets hug each
other so tightly that, despite the interpenetration, very large
solvent-filled spaces still remain.

It has been noted [''*l that [Ag(tcnq)] (teng = tetracyano-
quinodimethane)'! consists of two interpenetrating PtS-
related nets.
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Figure 61. Two interpenetrating PtS-like nets in the structure of solvated
[Cu'(15b)](BF,). Tetrahedral centers represent Cu' atoms, and square-planar
centers represent the Cu'' atoms at the centers of the 15b ligands (M = Cu™).

The diol 16 gives on crystallization HaC. CHs
from benzene (16), - C;H,.[''®) The OH
. HO OH
groups of four separate diols are

hydrogen-bonded together to give
(O—H -+ ), rings. From the topological
point of view, it is convenient to
consider these rings as providing four-connected nodes, the
nodes being located at the centers of the rings. Molecule 16
therefore acts as a two-connect or that links nodes into the
unusual four-connected net (Figure 62a). Like the PtS net,

16

Figure 62. a) A single net of the unusual 428* type present in (16), - C¢Hy.
The circles represent the four-connected nodes located at the centers of
the(O—H -+ ), rings. b) Two interpenetrating 4°8* nets in the structure of
(16), - C¢Hs.
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this net has the 4%8* point symbol, but is geometrically and
topologically quite different. Two nets of this type that are
related by an inversion center then interpenetrate as shown in
Figure 62b. This structure has also been described in terms of
interpenetrating diamond nets, where the nodes of the net
represent the centers of the four-membered rings in Fig-
ure 62.17

4.3. Interpenetrating Six-Connected Nets

All bar one of the known examples of interpenetrating six-
connected nets are of the a-polonium-related (4'26°) topology.
In its most symmetrical form this net consists of nodes with an
octahedral geometry and has a primitive cubic unit cell, as in
a-polonium itself.

4.3.1. Interpenetrating a-Polonium-Like Nets

Examples of two- and threefold interpenetrating a-polo-
nium nets are known. Nbg¢F,5 contains NbgF,, clusters made up
of niobium centers at the apices of a regular octahedron with
angular u,-bridging fluoride ions along the twelve edges of the
octahedron.''”] Each cluster is linked to six others by addi-
tional linear u,-bridging fluoride ions to give an a-polonium
network of composition (NbgF;,)(u,-F)e, (Figure 63a). The

/‘.—l R
NG
°)

Figure 63. a) A single a-polonium-related net in the structure of NbgFis.
The circles represent in order of decreasing size Nb atoms, cluster-bridging
F atoms, and other F atoms. b) Two interpenetrating nets in NbF;s.
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six-connected nodes are located at the centers of the Nby
octahedra. Two independent nets of this type then inter-
penetrate, as shown in Figure 63b, so that the nodes of one net
are located at the centers of the cubes formed by the other net.
The structures of ZryCl;sM,!81 (M = Li,Mn, LiFe, Co, Ni) and
TheBr;sMM! (M = H,,['?l Mn, Fe, Co, Ni) are essentially the
same, with guest metal atoms trapped inside M¢X;, clusters.

Solvated [Cu,(tpt),](ClO,); (tpt=10 ) has essentially the
same twofold interpenetrating a-polonium net structure as
NbgF,s despite its very different constitution.'?!l In this case
cuprous centers are located at the apices of a regular
octahedron, and u;-bridging tpt ligands are found in alternate
faces of the octahedron; the other faces are vacant. Every
copper center is shared by two octahedra, and thus links them
together (Figure 64 a). In this way every Cu(tpt), octahedron

Figure 64. a) A single a-polonium-related net in the structure of solvated
[Cu,(tpt),](ClO,); (tpt =10). The larger circles represent Cu atoms, and the
smaller circles represent the centers of the tpt ligands. b) Two inter-
penetrating nets.

is attached through shared copper apices to six others to
generate an a-polonium net whose nodes are located at the
centers of the octahedra. Two independent nets of this type
then interpenetrate as shown in Figure 64 b, which is essen-
tially as in NbsF,s. An additional feature is that tpt units from
independent nets are brought into close m contact in
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centrosymmetrically related pairs. This is yet another example
in which interactions between nets are probably decisive for
the structure adopted.

Another highly symmetrical cubic coordination polymer of
tpt that exhibits a mode of twofold interpenetration closely
related to those described above is solvated [Zn(CN)(NO;)-
(tpt),] 1'% A single net of this compound is represented in
Figure 65a. This, as well as the aforementioned [Cus(tpt),]-
(ClO,);, can be regarded as a net with three- and four-

Figure 65. a) A single a-polonium-related net in the structure of solvated
[Zn(CN)(NOs)(tpt),s] (tpt=10). The larger circles represent Zn atoms,
and the smaller circles represent the centers of the tpt ligands. Short Zn -
Zn connections represent ZnCNZn groups. b) Representation of two
interpenetrating nets in [Zn(CN)(NO;)(tpt),3]. The chambers of the
“white” net projecting through the front and back faces of the “black”
net have been omitted for clarity.

connected nodes. However, when the focus is on the nature of
the interpenetration, it is useful to reduce it conceptually to an
a-polonium net in which the six-connected nodes are at the
centers of the large cavities. The two nets viewed in these
terms then interpenetrate in a manner topologically identical
to that seen above in NbgF,5 and solvated [Cus(tpt),](ClO,);
(Figure 65b). The tpt units from independent nets thus make
close i contact in centrosymmetrically related pairs similar to
those seen in [Cus(tpt),](ClO,);.
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One of the high-pressure forms of ice, ice VI,!?] consists of
two independent hydrogen-bonded networks that are usefully
described as a-polonium-like nets interpenetrating in a
manner closely analogous to that described above. Two sorts
of four-connected oxygen centers are present; those of the
first sort are connected to three other oxygen atoms in one
cluster and to one oxygen atom in another, whereas those of
the second sort are connected to two oxygen atoms in one
cluster and to two oxygen atoms in another. As is apparent in
Figure 66 the individual nets have tetragonal symmetry and
have the same topology as the aluminosilicate net in the
mineral edingtonite.”! If one considers the centers of each

Figure 66. Two interpenetrating a-polnium-related nets in the structure of
ice VI. The circles represent O atoms. The six-connected nodes of the net
are located at the centers of the (H,0); clusters.

(H,0)¢ cluster to constitute a six-connected node, the
individual nets can then be regarded as tetragonally distorted
a-polonium nets. At the center of each tetragonally distorted
cube of one net is a six-connected node of the other net.

[Co(Hdcbpy);] (Hdcbpy = monoanion of 2.2'-bipyridyl-
5,5'-dicarboxylic acid H,dcbpy) forms a crystalline hydrate in
which metal complex molecules are hydrogen-bonded into an
a-polonium network; two such nets interpenetrate as in the
preceding examples.'?l The water of crystallization forms a
third hydrogen-bonded network between the two nets.

Another example of the same type of twofold interpene-
trating a-polonium-related nets is provided by the compound
obtained from Mn'(BF,), and the two-connected ligand N,N'-
butylenebis(imidazole).!'’]

The structure of S-quinol, discovered by Powell almost half
a century ago, is one of the classic examples of twofold
interpenetration.'?! The phenolic OH groups from six
separate 1,4-dihydroxybenzene molecules are hydrogen-
bonded to produce hexagonal (O—H---), rings (Figure 67 a).
Every one of these rings is linked through C;H, bridges to six
others, three on one side and three on the other, in a pseudo-
octahedral fashion to give an infinite 3D net which can be
regarded as possessing the a-polonium topology; the centers
of the rings constitute the six-connected nodes. Two such a-
polonium nets then interpenetrate in the usual manner, with
the nodes of one net located at the centers of the “cubes”

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494



Interpenetrating Structures

REVIEWS

Figure 67. a) A single a-polonium-related net in the structure of -quinol.
The circles represent O atoms. The O—H---O hydrogen bonds are
represented by thin lines, and the OC¢H,O bridges are represented by
thick lines. Six-connected nodes of the net are located at the centers of the
(O), rings. b) The two interpenetrating nets.

(actually thombohedra) formed by the nodes of the other
(Figure 67b). Guest molecules are incorporated into the
spaces formed between the (O—H -+ ), rings of separate nets.

Several examples of threefold interpenetrating a-polonium
nets are provided by cyanometallate derivatives of the types
[A-;M(CN)(,] (A — Ag and M= COm,[127] CI‘III,[lzg], CrHI/COIII [128]
or A=H and M=CollzZ1  Felll?) and K[Co-
{Au(CN),k].* Rb[Cd{Ag(CN),L].M K[Cd{Ag(CN),}5].!"
and K[Cd{Au(CN),};]."'"*] These nets comprise octahedral M
centers linked together by essentially linear rods of the form
M—-NC—-A-CN-M or M—CN-H—-NC—M, which are suffi-
ciently long and thin to permit threefold interpenetration of
the type shown in Figure 68. These systems are often distorted

Figure 68. Threefold interpenetration of a-polonium-related nets in the
structure of Rb[Cd{Ag(CN),};]. The circles represent in order of decreas-
ing size Cd, Ag, N, and C atoms. Intercalated Rb atoms are omitted for
clarity.

so as to become rhombohedral, and the essence of the
interpenetration is that nodes of the second and third nets are
located, equally spaced, along the rhombohedral “solid
diagonal” of a distorted cube of the first net. Each square or
rhombic “window” has a rod from each of the other two nets
passing through it. In the case of the alkali metal derivatives
listed above, for which the octahedral metal center is in
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oxidation state 11, the alkali metal counterions occupy
interframework void space. Related a-polonium-based nets
belonging to the Prussian blue family, consisting of octahedral
metal nodes linked through only cyanide ions, do not
participate in the interpenetration. It is interesting that whilst
six-membered rings of the My(CN), type found, for example,
in [Zn(CN),] are large enough to allow a rod of an
independent network to pass through, corresponding four-
membered M,(CN), rings of the type found in the Prussian
blue family are not.

Combining the bis(imidazole) ligand 2 with cadmium
perchlorate gives a cationic coordination polymer of compo-
sition [Cd(2);]** in which the cadmium atom is octahedrally
coordinated by imidazole donors from six separate bridging
ligands generating an a-polonium-related network. Three of
the ligands interpenetrate in a manner topologically identical
to that described above for the cyanometallates.!3!]

[Cd(pz){Ag,(CN);}{Ag(CN),}] shows threefold interpene-
tration of a-polonium nets in which octahedral Cd" centers
are linked together by three different types of rods: pyrazine,
Ag(CN)z, and Ag,(CN);3.0132

4.3.2. Interpenetrating Six-Connected Nets Unrelated to
a-Polonium

Just as six-connected nodes with octahedral geometry link
in a natural, unstrained way to give the a-polonium net, six-
connected centers with trigonal-prismatic geometry can be
assembled in an unstrained manner to give a simple 3D net
(Figure 69a); the threefold axes of the individual trigonal-
prismatic centers are parallel. [Eu{Ag(CN),};(H,0);]"*¥ con-
tains nine-coordinate Eu atoms around which three trigonally
disposed water ligands occupy an “equatorial belt”. Three N
donors from Ag(CN); bridging ligands above the belt and
three others below it form the trigonal prism. What has not
been previously recognized is that this structure involves
threefold interpenetration (Figure 69b), and the individual
nets have the connectivity shown in Figure 69a. Yet again,
interaction between individual nets is apparent in the form of
close Ag--- Ag contacts.

4.4. Interpenetrating Nets Each Containing Two Types of
Nodes with Different Connectivities

4.4.1. Interpenetrating Nets with Three- and Six-Connected
Nodes

The series of isostructural “binary” metal —tcm compounds
[M(tem),] (tcm™ = C(CN)3; M = Cr, Mn, Co, Ni, Cu, Zn, Cd,
Hg) consist of two rutile-related nets that interpenetrate in
the manner shown in Figure 70.28 4 134

[Cd(bipy),{Ag(CN),},] consists of two interpenetrating
three, six-connected 3D nets that can be visualized in terms
of square-grid sheets made up of Cd! centers interconnected
through approximately linear bridging Ag(CN); ligands;
bridging bipy ligands link the silver atoms of one sheet to
the cadmium atoms of a neighboring sheet.['3 There are twice
as many silver atoms present as cadmium atoms, and each
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Figure 69. a) A simple six-connected 3D net formed by linking nodes with
trigonal-prismatic geometry. The single nets in [Eu{Ag(CN),};(H,0);] have
this topology. b) Three nets of the type shown in a) that interpenetrate in
[Euf{Ag(CN),};(H,0);]. The circles represent Eu atoms, and linear
connections represent EUNCAgCNEu groups (shown in full in the central
net).
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Figure 70. Two interpenetrating rutile-related nets in the structure of
[Hg{C(CN),},]. The circles represent in order of decreasing size Hg, N, and
C atoms.

silver atom is attached to one bipy ligandwhilst each cadmium
atom is attached to two. The silver atoms thus become three-
connected, and the cadmium atoms six-connected. Two 3D
nets of this type then interpenetrate as shown in Figure 71.
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Figure 71. Two interpenetrating nets with three- and six-connected nodes
in the structure of [Cd(bipy),{Ag(CN),},]. The larger circles represent Cd
atoms, and the smaller circles Ag atoms. The long Cd--- Ag connections
(verticle here) are through bipy ligands.

4.4.2. Interpenetrating Nets with Three- and Five-Connected
Nodes

Compounds [Ag(tem)(L)] (L = pyrazine, 1,4-diazobicyclo-
[2.2.2]octane (dabco), 4,4"-bipyridine) consist of planar hex-
agonal-grid [Ag(tcm)] sheets that are connected together into
a 3D net through bridging ligands L that link silver atoms of
adjacent sheets.”” 281 The silver centers thereby become five-
connected, and the central carbon atoms of the tcm molecules
remain three-connected. Two such nets with three- and five-
connected nodes then interpenetrate in the manner shown in
Figure 72 with the example of the dabco compound.

Figure 72. Two interpenetrating nets with three- and five-connected nodes
in the structure of [Ag(tcm)(dabco)]. The circles represent in order of
decreasing size Ag, N, and C atoms.

4.5. Interpenetrating Nets with Different Chemical
Compositions

4.5.1. Interpenetrating Nets of the Same Topology

It is rather surprising that crystals will spontaneously
assemble that consist of two independent and interpenetrat-
ing nets with the same topology and with exactly the same
separation between nodes, but of different chemical compo-
sition. Nevertheless, examples do exist.

Crystals of composition K,[PdSe,;] consist of two inter-
penetrating diamond-related nets of different composition
(Figure 73).5% In both nets the four-connected centers are
provided by PdY! atoms in an essentially square-planar
coordination environment of four anionic Se donors. In one
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Figure 73. Two interpenetrating adamantane units from the two different
diamond-related nets in the structure of K,[PdSe,]. In the net depicted in
black, the Pd atoms are connected through Se?~ units. The large circles
represent Pd atoms, and the small circles Se atoms.

net the metal centers are interconnected through Sej~
bridging ligands, and in the other the bridging ligands are
Se¢~. Although the immediate coordination environment of
the metal is square planar, the twisted character of the
bridging ligands enables the metal centers to play the role of
pseudo-tetrahedral four-connected node required for the
diamond net. The same Pd---Pd separation within the two
nets is achieved by the Sei~ ligand adopting a much more
twisted conformation than the Se?~ ligand.

Some oxides of the pyrochlore type can be described in
terms of two different interpenetrating diamondlike
nets.”> 13 Hg,Nb,O,, which we use here to illustrate the
general features of this type of interpenetration, can be
viewed in terms of separate [Hgi'O?*], and [NbYOZ2], nets.
The mercury-based diamond net, is relatively simple: The
tetrahedral nodes are provided by oxides and are linked
through two-coordinate linear metal centers, much as in
Cu, 0. The basic tetrahedral units from which the diamondlike
[NbYO?% ], net is constructed are “Nb,O,” cages of the sort
shown in Figure 74a, which themselves are, interestingly,
adamantane-like. Cages of this type are linked together

Figure 74. a) “Nb,O,” cages present in the pyrochlore structure of
Hg,Nb,0,. The large circles represent Nb atoms, and the small circles O
atoms. b) Interpenetrating adamantane units of the [Nb,0%], (filled
bonds) and [Hg,0?7], nets (open bonds) in pyrochlore. The circles
represent in order of decreasing size Hg, Nb, and O atoms.
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through shared niobium centers; hence the composition of
each cage strictly is [(Nb;,),Oq]>~. Each niobium center is
bonded in an octahedral fashion to three oxygen atoms in one
cage and three in its neighboring cage. Every cage is thus
connected tetrahedrally to four others, and in this way the
diamond net is built up. Figure 74b shows an adamantane unit
of this diamond net, the four-connected nodes of which are
located at the centers of the “Nb,O4” cages. The separation
between these nodes is exactly the same as that between the
oxide nodes of the [Hg,0%'], net, which enables the two
different nets to interpenetrate as shown in Figure 74b.

[Ag(hmta) ](PF,)(H,O) (hmta=hexamethylenetetramine)
contains two interpenetrating (10,3)-a nets.'* One is a
Ag/hmta coordination polymer in which the three-connected
nodes are provided in an alternating fashion by three-
coordinate silver atoms and hmta ligands which use only
three of the four nitrogen atoms to form donor bonds to
metal. The second (10,3)-a net, which is of the opposite
handedness, consists of a hydrogen-bonded PFg - H,O system
in which the PFg ions act as the three-connected nodes.

As mentioned in Section 3.2.1, the structure of [Cd(4-
ampy),{Ag(CN),},] - [Cd(mea)(4-ampy){Ag(CN),},], contains
two sets of (4,4) 2D nets displaying inclined interpenetra-
tion.*] One set of sheets is a [Cd(4-ampy),{Ag(CN),},]
coordination polymer, and the other is composed of linear
coordination polymer chains cross-linked by hydrogen bonds.

4.5.2. Interpenetrating Nets of Different Topology

Crystals of composition [H; O,][CdCu,(CN),] contain a
crystallographically well-defined anionic coordination poly-
mer of composition [CdCul(CN),]>*~ which has the pyrites
topology.l*”) This is interpenetrated by a hydrogen-bonded
network that is not as well defined of apparent composition
(H;0");+ (H,0),;; (some apparent O---O separations are
unrealistically short, and thermal parameters are extremely
large). Present in the coordination polymer net are
(CN);CuCNCu(CN)3™ units in which the CuCNCu moiety is
essentially linear. Encircling each of these linear units in a
rotaxane fashion are (H,0);, rings (Figure 75). These rings
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Figure 75. A (H,0),, ring component of the [H;Oj3;], 3D network
encircling a (CN);CuCNCu(CN)j~ component of the pyrites-like
[CdCu,(CN)3~], net in [H;0,][CdCu(CN),]. The circles represent in
order of decreasing size Cd, O, and C/N atoms.
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through intervening and ill-de-

N =N
Ly )
N J fined H,O or H;O* units to give a

/§\ NN complicated 3D net.
Hexakis(imidazol-1-ylmethyl)-
benzene (17) reacts with cadmi-
(\N N7 um fluoride to give heavily. .hy-
/I &/ drated crystals of composition
[Cd(17)F,]-14H,O which con-
tain a single, rhombohedral a-
polonium-related net (Figure
76a); the Cd" centers are octa-
hedrally coordinated by imida-
zole donors from six separate ligands 17, and each ligand is
bonded to six cadmium atoms.'38] Two types of hydrogen-
bonded sheets of (6,3) topology, one consisting entirely of

17

Figure 76. a) The rhombohedral [Cd(17)**], a-polonium-related net in
[Cd(17)F,] - 14H,O0. The small circles represent the C atoms of the central
C, ring of 17, and the large circles Cd atoms. Long connections between C
and Cd are through the imidazolylmethyl arms of 17. b) One rhombohe-
dron of the [Cd(17)*!], a-polonium net with two different hydrogen-
bonded sheets interpenetrating it. The circles represent in order of
decreasing size Cd, F, O, and C atoms. Connections drawn with open lines
represent hydrogen bonds.

water molecules and the other of F~ions and water molecules,
interpenetrate the coordination polymer network (but not
each other, because they are parallel) with their average
planes perpendicular to the thombohedral axis (Figure 76b).

The structure of Bi;GaSb,0,; may be described in terms of
three interpenetrating nets, one with NbO-like topology and
two with diamondlike topology (Figure 77).1%1 The NbO-like
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Figure 77. The three interpenetrating nets (one NbO-like and two
diamond-related) in the structure of Bi;GaSbO,;. One diamondlike net is
shown with thick lines, and the other with thin lines. The NbO-like net is
shown with open lines. The smaller circles represent the centers of
(Ga,5Sb,3),04 clusters, and the larger circles represent the centers of Bi,O,
clusters.

net consists of (Ga,;3Sb,3),Og clusters connected to each other
through shared metal atoms. The four-connected node of the
NDbO net can thus be placed at the center of these clusters. The
two diamondlike nets contain cubelike clusters of alternating
bismuth and oxygen atoms of composition Bi,O,. These
clusters are connected to one another through two-connected
bismuth atoms coordinating to the tetrahedral oxygen atoms
of the clusters. The nodes of the diamond nets are conse-
quently at the centers of the cubelike clusters. There are
interactions between the two-connected bismuth atoms of the
diamondlike nets and the oxygen atoms of the NbO net;
however, these Bi—O distances are significantly longer than
those within the nets.

5. Summary and Outlook

There can be no doubt that many new framework solids will
be created in the near future and that new forms of inter-
penetration will soon need to be added to those considered
here. Useful properties and applications arising directly from
the phenomenon of interpenetration remain to be discovered,
but we suspect the area is ripe for such discoveries. The
ordered juxtapositioning of components from independent
networks cries out for exploitation, for example with regard to
electronic interactions or secondary chemical reactions such
as polymerization. Hoffmann et al. have proposed that a
possible way to obtain materials harder than diamond is to use
interpenetrating frameworks,l and a coordination polymer
with metallike electrical conductivity consisting of seven
interpenetrating diamondlike networks is thought to owe this
property to the interpenetration.®3 It is interesting that one of
the more promising systems generated in the quest for new
magnetic materials is, coincidentally, interpenetrating.>!l

The degree to which nets we choose to regard as separate
are truly independent is variable and debatable. Nevertheless,
the approach adopted here of breaking down complicated
interpenetrating structures into nets we choose to describe as
“independent”, even though significant interaction between

Angew. Chem. Int. Ed. 1998, 37, 1460 —1494
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nets is clearly evident in some cases, remains a useful,
powerful, and simplifying aid to understanding the structures.

There is a need for radical new theoretical work in two
separate areas associated with interpenetrating networks. Our
inability to predict the structure of a crystal given the
components in the medium from which the crystal grows
was referred to, unjustifiably in our opinion, as the “scandal”
of crystal engineering as long ago as 1988!'] and remains as
much a scandal today. This is a difficult problem, and, in the
case of framework solids, simply predicting the connectivity of
the net formed, which appears at present on purely empirical
grounds to depend critically on moderately subtle and not
easily modeled factors such as interactions with solvent
molecules and the nature of counterions, seems almost
intractable. Predicting the nature of interpenetration would
appear to be even more difficult. We suspect that the
empirical, experimental approach, provided it is based on
sound chemical intuition and sensible design, will remain a
very fruitful way forward for some considerable time to come.

The second area where theoretical input is required
concerns the basic mathematical theory underlying the top-
ology of 2D and 3D nets. Wells’s compilation of nets is
extremely useful for synthetic chemists such as ourselves, but
he did not attempt to conceal the fact that his derivations were
intuitive, nonrigorous, and probably incomplete. Constructing
a comprehensive theory of the topology of nets would be
challenging; a theory of the topology of interpenetration
would, we suspect, be even more testing.['#?]

We are grateful to the Australian Research Council and The
American Chemical Society Petroleum Research Fund for
support, and to our colleagues Dr. Bernard Hoskins and Dr.
Brendan Abrahams for many useful discussions.
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double layer is interpenetrated by four other double layers so that an
overall 3D structure results, rather than the normal 2D structure. This is a
result of average planes of the double layers being parallel but not
coincident (F.-Q. Liu, T. D. Tilley, Inorg. Chem. 1997, 36, 5090 —5096).
r) While we have tried to make this review as comprehensive as possible,
either of the authors would appreciate hearing about any other inter-
penetrating structures known.
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