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A new three-dimensional (3-D) jungle-gym-like open metal−organic
framework has been synthesized from a two-dimensional (2-D)
layer compound using a heterogeneous pillar insertion reaction.
Both the starting 2-D layer and the resulting 3-D open compounds
have been characterized using X-ray crystallography.

A new class of porous materials, known as coordination
polymers, which are constructed from transition metal ions
and organic bridging ligands, have attracted a great deal of
attention recently,1 and a great deal of research effort has
been devoted to the development, design, and synthesis of
novel high porous metal-organic frameworks. One of the
most rational methods used for the construction of three-
dimensional (3-D) porous frameworks is to insert pillar
moieties between the layers of two-dimensional (2-D) layered
compounds (Figure 1).

This strategy has already been successfully used in
inorganic compounds, resulting in many pillared layer porous
materials being synthesized, such as pillared montmorillonite
and smectite.2 On the other hand, the number of coordination
compounds designed using this strategy is still low.3 Re-

cently, a series of 3-D CuII-dicarboxylate-dabco (where
dabco) 1,4-diazabicyclo[2.2.2]octane) coordination frame-
works, which exhibit an exceptionally high methane storage
capacity, have been synthesized using a pillar insertion
strategy.4 However, due to difficulties in achieving crystal-
lization and in structural characterization, the crystal struc-
tures of both the starting 2-D layer compounds and the
resulting 3-D framework compounds have not been eluci-
dated. In this paper, we report on the synthesis and
determination of the crystal structure of novel 2-D and 3-D
CuII-dicarboxylate coordination frameworks, hereafter re-
ferred to as 2-D and 3-D frameworks1 and2, respectively.
The 3-D framework, [Cu(tfbdc)(dabco)0.5] (2), was prepared
by a heterogeneous pillar insertion reaction of [Cu(tfbdc)-
(MeOH)] (1), in which tfbdc ) tetrafluorobenzene-1,4-
dicarboxylate and the pillar ligand) dabco. This pillar
insertion reaction involves a sliding of the 2-D layers,
resulting in a considerable increase in the channel size and
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Figure 1. Schematic representation of a construction of 3-D porous
framework by a pillar insertion strategy.
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pore volume dimensions. The repulsion between the F atoms
probably facilitates this reaction.

Compound1 was prepared by reacting Cu(HCOO)2‚4H2O
and H2tfbdc in MeOH/EtOH atT ) 298 K. One of the green,
plate-shaped crystals formed was chosen for the X-ray
crystallography studies.5 Figure 2 displays the crystal struc-
ture of1, showing the paddle-wheel-like clusters of CuII ions
with axial MeOH ligands (Figure 2a) that are bridged by
tfbdc ligands to form 2-D infinite layers. These layers form
in a square grid configuration, with dimensions of 10.87×
10.87 Å2 (Figure 2b). These layers are stacked alternately,
so that the paddle wheel CuII clusters of neighboring 2-D
layers are located in the middle of the grid layer (i.e., an
ABAB mode, see Figure 2b).

This results in there being no cavities large enough to
accommodate any guest molecules (as the channel dimen-
sions are ca. 3.8× 3.1 Å2, the only possible guest molecule
candidates are He and H2). The benzene rings of the tfbdc
ligands are highly tilted against theac-plane with a dihedral
angle of 115.9°, which is attributed to the repulsion between
F atoms of neighboring 2-D layers, and from the steric
hindrance between the F atoms and carboxylate oxygen
atoms. Compound1 is not soluble in common organic
solvents, such as MeOH, EtOH, and THF.

Compound2 was prepared by the heterogeneous reaction
of compound1 with dabco in MeOH atT ) 373 K in a
stainless reaction vessel. (Although we confirmed that this
reaction proceeds at ambient temperature, a high reaction
temperature ofT ) 373 K was utilized to speed up the
reaction.) During the reaction, the color of the crystals
changed from green to yellow-green, but the crystal mor-
phology did not alter with the slight change in crystal

transparence. This degradation is attributed to structural
changes in the crystals arising from the pillar insertion
reaction. Single crystals are able to endure this type of drastic
structural change, resulting in the degradation of the crystal
transparence. To elucidate the crystal structure of2, we
performed synchrotron X-ray powder diffraction measure-
ments at the SPring-8, BL02B2 synchrotron facility in Japan.6

Figure 3 shows the powder diffraction pattern of2 and the
result of the final Rietveld fitting.

The reliability factors based on the powder pattern,Rwp,
and the integrated intensities,RI, were 3.04% and 3.75%,
respectively.7 Compared with1, both the cell parameters and
the space group were drastically changed after the reaction
(1 ) monoclinic,C2/m, a ) 15.139 Å,b ) 15.426 Å,c )
10.676 Å, andâ ) 131.27°, and2 ) tetragonal,P4/mmm,
a ) 10.866 Å,c ) 9.6705 Å). Figure 4a,b shows the crystal
structure of2 looking down thec- anda-axes, respectively.

Two-dimensional grid layers constructed by the CuII ions
and the tfbdc groups are linked by dabco groups to form a
3-D jungle-gym-like open framework. The dihedral angle
between the benzene rings and theac-plane decreased from
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supplementary publication CCDC-235831. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, U.K. (Fax: (+44)1223-336-033. E-mail: deposit@
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Figure 2. Crystal structure of1. (a) Paddle-wheel CuII building unit of1.
(b) 2-D grid layer of1. The neighboring layer is drawn as black line. H
atoms are omitted for clarity (Cu, orange; F, light blue; O, red; C, gray).

Figure 3. Synchrotron X-ray powder diffraction pattern of2, and the final
result of Rietveld fitting.
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115.9° to 35.8°. This results from the increase in distance
between the 2-D layers, as induced by the pillar insertion
reaction. Figure 5 shows the solvent-accessible pore surface,
which is defined by the possible surface of a rolling sphere
with a diameter) 3.0 Å.

As illustrated in Figure 5, 3-D interconnected channels
exist, and their dimensions looking down thec- anda-axis
are approximately 6.3× 6.3 and 3.5× 4.7 Å2, respectively.
The calculated solvent-accessible pore volume and surface
area are 0.54 cm3/g (0.55% of unit cell volume) and 2020

m2/g, respectively (using a sphere with diameter of 3.0 Å).10

No guest molecules were found in the channels of2, probably
due to disorder in the guest molecules. This type of 3-D open
framework has been reported before, but this is the first
characterization of such a compound’s crystal structure using
X-ray crystallography.

Interestingly, the sliding of the 2-D layers during the
heterogeneous pillar insertion reaction resulted in a drastic
change of stacking mode of the 2-D layers from the ABAB
mode to a nonoffset mode. This probably is associated with
the repulsion between the F atoms, which facilitates the
sliding of the 2-D layers. This framework is stable and retains
its original structure after desolvation, which was confirmed
by X-ray diffraction measurements under reduced pressure
at higher temperatures.

In conclusion, we have succeeded in synthesizing novel
fluorinated 3-D open frameworks11 using a heterogeneous
pillar insertion reaction that involved the sliding of the 2-D
layers, and we have successfully characterized their structure
using single crystal and synchrotron X-ray powder crystal-
lography.
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Figure 4. Crystal structure of2 with CPK model: (a) down fromc-axis,
(b) down fromb-axis. H atoms and disordered atoms are omitted for clarity
(Cu, orange; F, light blue; O, red; C, gray).

Figure 5. A stick representation of the crystal structure of2 with accessible
3-D interconnected open channel along thec-axis, which is shown as a
white surface (Cu, orange; F, light blue; O, red; C, gray).
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