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ABSTRACT: Entanglement is one of the most important
features of coordination polymer frameworks and has
attracted considerable attention due to its aesthetic and
topological interest. Among entangled systems, interpene-
trating frameworks represent an intriguing subset; however,
there are few examples of materials containing very high
levels of interpenetration. In this work a coordination
polymer with 10%-srs topology, constructed from a star-like
tridentate ligand, tri(4-imidazolylphenyl)amine, and Ag'
ions, has been hydrothermally synthesized. It contains a
record 54 interpenetrating networks.

Metal ions linked by ligands into infinite arrays are generally
referred to as coordination polymers." This term was first
used in the early 1960s,” but now remarkable potential applications
such as gas storage, ion-exchange and catalysis have been shown for
these materials.” Besides their functions, coordination polymer
frameworks can also have great aesthetic appeal. Thus far, many
structural types and entangled topological features unprecedented in
the world of inorganic compounds and minerals have been observed
in coordination polymer frameworks.*

Entangled arrays, as defined by Ciani et al,, are one of the most
important features of the coordination polymers and have attracted
considerable attention due to their aesthetic and topological
interest.** Of particular interest are interpenetrating frameworks.
These species can be regarded as infinite ordered polycatenanes and
are characterized by the presence of two or more independent
networks that cannot be separated in a topological sense without
breaking of bonds.*® In the past decade, considerable effort has been
invested in interpenetrating coordination polymer frameworks
because of their unique advantages in enhancing stability, specific
surface area, gas sorption, and molecular dynamics, as well as their
general structural aesthetics.” However, although there are now an
enormous number of reported cases of interpenetration, there are
surprisingly few examples of very high degrees of interpenetration.'

Usually the origin of interpenetration can be ascribed to the
presence of large free voids in a single network.® As we know, long
ligands will lead to larger voids that may result in high-fold
interpenetrating structures. Thus, one effective way to increase the
number of interpenetratin%folds is to extend the length of the ligand
sustaining the framework.” However, extending the length of the
ligand may lead to difficulty in crystallization of the complex. Thus,

v ACS Publications ©2011 American chemical Society

Figure 1. Coordination modes of Ag atoms and Tipa ligands. Symmetry
codes: #1 =x,1—9,05—z;#2 =z, x+L,y— L;and #3 =y —1,z+1, x.

the increase of ring size of the coordination frameworks to synthe-
size high-fold interpenetrating coordination polymer frameworks
becomes a significant challenge.

One strategy is to use metal ions which coordinate to only two
polydentate ligands. The metal ion therefore acts only as a part of the
spacer (rather than a node), leading to longer links between nodes
and thus greater ring sizes. Based on this hypothesis, it would be
possible to construct high-fold interpenetrating coordination poly-
mer frameworks, in which each metal jon bridges only two
polydentate ligands. Another strategy would be to target networks
with 3-connecting nodes; all being equal (e.g,, linker lengths), lower
connectivity nets give more open frameworks. In this work we
report the hydrothermal synthesis of the coordination polymer
[Ag3(OH) (HzO)z(Tlpa)zs] [M0207] '45H20 (1, Tlpa = tr1(4—
imidazolylphenyl)amine), which contains 3-connecting ligands and
2-connecting metal ions. Topologically it is composed of 54 inter-
penetrating 3D frameworks with the 10>-srs topology.>” This is the
highest level of interpenetration reported to date.

The structure of 1 has one kind of Ag atom and two kinds of
Tipa ligands (Figure 1). The silver is three-coordinated by two N
atoms from two Tipa ligands and one O atom (this position is
shared by H,O and OH, with occupancies of 0.666 and 0.333,
respectively). For one Tipa there is a 3-fold axis at the central N
atom, and it coordinates to three Ag atoms through the three
imidazole groups. For the other Tipa there is a 2-fold axis through
the central N atom and one C atom (C19) bonded to the central N
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Figure 2. Three interpenetrating 10>-srs nets viewed slightly offset
from the three unit cell axes. Note the identical chirality of all the
distorted 4-fold helices.

atom, and the ligand coordinates to only two Ag atoms through two
imidazole groups (the 4-imidazolylphenyl arm lying across the
2-fold axis does not coordinate).

The frameworks of 1 thus contain one unique Ag atom, and
the Agatoms are interconnected by two different ligand bridges, one
2-connecting and one 3-connecting. As each Ag only coordinates to
two ligands, the network can be simplified as a 3-connected net, with
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Figure 3. Interpenetration of 27 nets (or nine trios) of the same chirality.

the nodes being assigned as the central N atoms of the 3-connecting
ligands and the Ag atoms and 2-connecting ligands acting simply as
links. This gives a network in which the links between the nodes are
N3-R-Ag-R-N8-R-Ag-R-N3 (R = 4-imidazolylphenyl); this link is
36.85 A in length.

Using this simplification, the structure consists of 54 inter-
penetrating nets with the 3-connected 10’-srs topology.'® All
nets are crystallographically identical. Three of the interpenetrat-
ing nets are shown in Fi%ure 2. Note the presence of (distorted)
4-fold helices: in the 107-srs net there are three sets of helices
which run in three mutually perpendicular directions. In the most
symmetrical form of the net, and indeed in the structure discussed
here, these helices run along the directions of the three unit cell axes.
Furthermore, all helices are of the same handedness, and thus the net
is chiral. As clearly evident in the diagrams, the 4-fold helices in this
structure are quite distorted: rather than having a square cross-section,
as found in the ideal net, the helices are distinctly rectangular.

The three interpenetrating 10>-srs nets in Figure 2 all have the
same chirality, and they interpenetrate such that the 4-fold helices
share a common axis along one direction (Figure 2a) but are offset
in the other two directions (Figure 2b,c). Thus, each net is just a
translation of another of the nets along the direction of that first
4-fold helix. To simplify our understanding of the interpenetration,
we shall view the structure end-on to the helices, such that the nets
occur in sets of three eclipsed nets (trios), as show in Figure 2a, and
appear to be a single net from this angle. The channels and open
spaces apparent in Figure 2a are large enough to accommodate eight
other network trios of the same chirality (Figure 3). Thus, there are
nine interpenetrating trios, or 27 nets in total.

Of course the three nets in a trio which appear to be eclipsed in
one direction are offset when viewed along the directions of the
other 4-fold helices (as shown in Figure 2); each of these nets is then
eclipsed with nets from other trios, resulting in the same arrange-
ment as before, but with individual nets swapping roles. One way
to understand this arrangement is to consider a 3X3X3 cube
(Scheme 1), with each of the 27 cells in the cube representing one of
the interpenetrating networks. When the cube is viewed along an
axis (ie., perpendicular to a face), there appear to only be nine cells,
with each cell eclipsing two others (like the nine apparent nets in
Figure 3). For example, cell 1 eclipses cells 2 and 3 when viewed
from the left of the scheme. When viewed along a different axis (e.g,,
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Scheme 1. Schematic Drawing of the 3x3x3 Cube
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Figure 4. (a) Interpenetration of four nets of one handedness (green/
blue nets) with one of the opposite handedness (red). (b) Interpenetra-
tion of all 54 networks.

from the right of the scheme), there again appears to be only nine
cells, but in this instance the identity of the eclipsed cells is different:
cell 1 now eclipses cells 4 and 5, cell 2 eclipses cells 6 and 7, and so

forth. Thus, the translation of one net along the three different
directions of the 4-fold helices (or combinations of translations in
different directions) generates the 27 interpenetrating networks
(just as translation of an individual cell in the 3x3x3 (=27) cube
generates 27 cells in total).

The other 27 interpenetrating networks show the same
relationship between the individual nets, but the two sets of nets
are related by a d-glide (the space group is [43d), and thus they have
the opposite chirality (Figure S4). Three nets of one chirality and
one of the opposite chirality are shown in Figure 4a. Note that not
only does the chirality change but also the direction of the long axis
of the rectangular cross-section of the distorted 4-fold helices. The
two sets of 27 interpenetrating nets generate the overall 54-fold
interpenetration (Figure 4b). The interpenetration belongs to the
rare class IIb."" To date, only three examples of this class have been
reported.'>"?

This level of interpenetration of 1 is remarkable, and indeed
unprecedented. The highest number of interpenetrating nets
previously reported is the 18 interpenetrating nets in the hydro-
gen-bonded structure of polymorph I of the 2:3 co-crystal of
trimesic acid and 1,2-bis(4-pyridyl)ethane.'®> Notably, the net-
works in this structure also display the 10>-srs topology. In fact,
the interpenetration topology is similar: two sets of nine nets of
opposite chirality, with each set generated by the translation of
one net along two of the three 4-fold helix axes but not along the
third (giving a 3x3x 1 =9 “cube” analogy rather thana 3x3x3 =
27 one).

It is worth noting that the compounds contains long, weak
Mo—O- - -Ag interactions of 2.87 A. If these internetwork
interactions are taken into account, the topological description
becomes one of 2-fold interpenetration of a self-penetrated
trinodal 3-connected net with 10 topology (vertex symbol
[10.10.10][10.10.10][10.10.10]).

In conclusion, a coordination polymer network has been
synthesized which contains an unprecedented 54 interpenetrat-
ing networks, providing a possible template for future very highly
interpenetrated structures.
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