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Crystal engineering of interpenetrating network structures has
been a very attractive area of research in metal-organic polymers
and supramolecular architecture design.1-4 Coordination networks
and interpenetrating structures have been reviewed recently.3-5

While various fascinating open-framework coordination polymers
and interpenetrating architectures have been synthesized, no
structures with multiple-layer two-dimensional open frameworks
have been reported. The multiple layer here is defined as two-
dimensional (2-D) layer networks with more than two covalently
bonded layers. Several bilayer architectures have just been
reviewed by Zaworotko in which the bilayers formed by partial
interdigitation.4 One of our research interests has focused on open-
framework metal-organic polymers constructed by using mixed
building blocks. Bidentate organic ligands such as 4,4′-bipyridine
(bpy) and trans-1,2-bis(4-pyridyl)ethylene (bpen) have been
extensively used as single spacers to link network structures.6

The isonicotinato (IN) ligand has recently shown interesting
properties.7 The copper(II) ions demonstrated a strong tendency
to form the square pyramidal geometry in open-framework
structures when coordinated by isonicotinate ligands in
{[Cu2(IN)4‚3H2O]‚[Cu2(IN)4‚2H2O]}‚3H2O 1 (Figure 1), while at
the same time, copper(II) ions can form the octahedral geometry
as well.7b By replacing the water molecules in the apical position
by an isonicotinate ligand in Figure 1, the square pyramidal
layered network may be used to terminate extended networks at
the third dimension. The bidentate ligands, such as bpen, may be
used to bridge the Cu(II) octahedral centers between the square
pyramidal terminal layers, thus, a multiple-layer two-dimensional
open-framework structure may be self-assembled. Although this
two-dimensional multiple-layer network sketch is only one of
many possible choices, our initial attempt at the self-assembly of
a multiple-layered two-dimensional structure under hydrothermal
conditions resulted in dark blue polyhedral crystals that were later
revealed, by single-crystal X-ray diffraction analysis, to have an
unprecedented two-dimensional triple-layer open-framework struc-
ture stack-interlocked into a three-dimensional (3-D) polymeric
coordination network; [Cu3(bpen)(IN)6(H2O)2] 2.

The reaction of Cu(NO3)2‚2.5H2O (0.2326 g) with isonicotinic
acid (0.1231 g), bpen (0.1842 g), and water (6.0 mL), in the mole
ratio of 1:1:1:333 at 140°C under hydrothermal conditions for 3
days, produced dark blue crystals of2. The dark blue crystals
are suitable for single-crystal X-ray diffraction analysis.8 The

structure of2 consists of two independent copper atoms (Figure
2). The copper atom 1 has square pyramidal geometry, while
copper atom 2 is in an octahedral site (Figure 3). The octahedral
copper metal centers are coordinated by two carboxylate groups
of two IN units in a monodentate fashion at the axial positions,
while two water molecules and two bpen spacers are at the
equatorial sites (Figure 4). The axial IN units utilizing pyridyl
groups occupy the apical positions of the square pyramidal copper
atoms, while four equatorial positions of the square pyramidal
copper atoms are coordinated by two pyridyl groups and two
carboxylate groups of four IN ligands. Thus, the octahedral copper
centers are bridged between two square pyramidal copper-centered
networks by two connected tridentate IN units to form a triple-
layer open-framework structure (Figure 5). The triple-layer
structure is assembled in such a way that the Cu octahedral centers
are located close to the centers of the adjacent Cu-bpen-Cu
linkages. The triple-layer 2-D open frameworks propagate along
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Figure 1. Square pyramidal geometry of Cu(II) ions in1.

Figure 2. View of the asymmetric unit (with bpen filled out) showing
the atom numbering scheme. Thermal ellipsoids are 40% equiprobability
envelopes, with hydrogens as spheres of arbitrary diameter.
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theb anda axes and terminate along thec axis. This novel triple-
layer 2-D open framework is then stack-interlocked into a 3-D
structure. While single-layer interpenetrating networks are com-
mon,4,5 the multiple-layer stack-interlocked structure in2 has never
been observed, though this may not be surprising. The actual

stack-interlocked units are shown in Figure 6. The two square
columns are corner-interlocked. The bpen linear unit diagonally
bridges octahedral copper centers in the middle of the square
column. This framework in2 is thermally stable up to 280°C.

The noninterlocking multiple-layer 2-D open framework may
have potential applications in many aspects, such as molecular
sorption and separation, since it has attractive features from both
3-D and 2-D open-framework structures: open channels in 2-D
networks. We are now actively searching for synthetic conditions
to prepare multiple-layer 2-D open-framework metal-organic
polymers under hydrothermal conditions.
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Figure 3. View of the complete coordination spheres about the two
independent Cu atoms and the connection between them. Cu atom 1 is
square pyramidal and Cu atom 2 is octahedral geometry.

Figure 4. Portion of the middle layer of a triple-layer network along
the b axis. The middle layer, containing bridging bpen, is sandwiched
by layers containing bridging IN.

Figure 5. View of a portion of the triple-layer structure.

Figure 6. View of two interlocked square columns.
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