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Effective hydrogen storage is needed for fuel-cell vehicles.
Single-walled carbon nanotubes, zeolites, activated carbon, and
metal hydrides have all been evaluated as possible candidates, but
none have met U.S. Department of Energy goals (6.0 wt % for
2010).1 Recently, metal-organic frameworks (MOFs) have been
considered as promising candidates due to exceptionally high
porosity, uniform but tunable pore size, and well-defined hydrogen
binding sites. MOFs are relatively easy to synthesize with affordable
starting materials and straightforward techniques.

Two main strategies can be used to increase the hydrogen uptake
of an MOF: increasing the binding energy of H2 to the network,
and increasing the internal surface area and/or pore volume.
However, adsorption studies on MOFs, microporous manganese
formate, and microporous metal organic materials have shown that
there is no direct linear correlation between surface area and
hydrogen storage uptake;2 in fact, many MOFs with high surface
area have rather low hydrogen uptake.3 For this reason, we have
focused our studies on increasing the binding energy of hydrogen.

Recently, an inelastic neutron scattering experiment conducted
on an MOF (designated MOF-5) developed by Yaghi and co-
workers demonstrated two well-defined binding sites: metal-based
binding sites and organic linkers.4 Chen and co-workers have also
shown that thermal removal of axial aqua ligands from dicopper
paddlewheel secondary building units (SBUs) exposes the copper
binding sites in an MOF material.5

Several routes to increasing the binding energy of hydrogen to
an MOF exist.6 Smaller pore size increases hydrogen binding,
allowing a single H2 molecule to interact with multiple aromatic
rings.7 Rather than a number of extremely large pores, a larger
number of small pores which closely “fit” the dihydrogen molecule
is optimal.8 One route to limiting pore size comes from catena-
tion: interweaving two identical networks with large pores divides
the large pores into smaller ones and has the added benefits of
increasing both the surface area to pore volume ratio and the overall
stability of the network.7,9 Additionally, the introduction of coor-
dinatively unsaturated metal centers can also increase the hydrogen
affinity of the MOF.5,10

With these considerations in mind, we have prepared a novel
MOF, Cu3(TATB)2(H2O)3 (TATB ) 4,4′,4′′-s-triazine-2,4,6-triyl-
tribenzoate) (1). Herein we report the synthesis, structure, and
hydrogen adsorption characteristics of1.

The three nitrogen atoms in thes-triazine ring of the TATB
molecule allow the peripheral benzene rings to be coplanar with
the central ring (average dihedral angle) 4.5°). This ensures a
nearly complete delocalization ofπ electrons and strong inter-ligand
π-π interaction, leading to an interweaving MOF. When reacted
with copper(II), the carboxylate functionality of TATB leads directly
to the formation of the well-understood paddlewheel dicopper SBU,
which becomes coordinatively unsaturated upon axial ligand
removal.

Crystals of 1 were formed in the solvothermal reaction of
Cu(NO3)2‚2.5H2O and H3TATB in DMSO at 120°C. The product
was isolated as turquoise crystals of1‚11H2O‚3DMSO at 68% yield,
with the overall formula determined by crystallography,11 elemental
analysis, and thermogravimetric analysis.

In 1, dicopper tetracarboxylate paddlewheel SBUs with axial aqua
ligands are linked by TATB bridges. Each SBU connects four
TATB ligands, and each TATB binds three SBUs to form aTd-
octahedron, which has idealizedTd symmetry with four ligands
covering alternating triangular faces of the octahedron and an SBU
occupying each vertex. Eight suchTd-octahedra occupy the eight
vertices of a cube to form a cuboctahedron through corner sharing,
with idealizedOh symmetry (Figure 1a). The average diameter of
the void inside the cuboctahedron is 30.3 Å. Every cuboctahedron
connects eightTd-octahedra through face-sharing, and eachTd-
octahedron is included in four cuboctahedra, forming a network
with Fm3hm symmetry.

The overall structure of1 contains two identical interwoven nets,
with the second net generated by a translation of the first byc/5 in
the [001] direction. The distance of this translation is controlled
by the existence of strongπ-π interactions between two face-to-
face stacked TATB ligands; the inter-net distance between the
s-triazine centers of two ligands is as short as 3.45 Å. Such
interaction is typical ofs-triazine-based systems.12 This interweaving
lowers the overall symmetry of the network fromFm3hm to R3hm,
but does not lower the symmetry of the projection on the (001)
plane, which hasp6mm2D symmetry, as shown in Figure 1d. The
resulting triangular channels are 9.2 Å along an edge, as measured
from atom-center to atom-center, and are connected by windows
along [110] as small as about 5 Å.

Two similar MOFs constructed with dicopper paddlewheel SBUs
exist in the literature: HKUST-113 and MOF-14.14 In HKUST-1,
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Figure 1. (a) A cuboctahedral cage. The red sphere represents the void
inside the cage. The distance between opposite corners is 38.0 Å. (b) The
four hexagons (red, turquoise, blue, and black) in a cuboctahedron. (c) Two
identical interweaving nets represented by two cuboctahedral cages. (d) A
view of the packing of1 from the [001] direction.
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the ligand benzene tricarboxylate (BTC) was used as a linker to
form a noninterwoven cuboctahedral network. The congruence of
the single-net topology can be attributed to ligand shape: like
TATB, BTC is nearly planar. However, BTC is much smaller and
does not form face-to-faceπ-stacked pairssthus explaining the
noninterwoven nature of HKUST-1. MOF-14, however, employed
the ligand 4,4′,4′′-benzene-1,3,5-triyltribenzoate (BTB), nearly
identical in structure to TATB. However, BTB is nonplanar, with
a dihedral angle between central and peripheral rings of 37.1°, due
to steric interactions between the hydrogen atoms of the peripheral
rings and those of the central ring. This results in a completely
different (3,4)-connected Pt3O4-type topology. Clearly, rational
choice of ligand and ligand design can lead to desirable, novel
topologies.

Despite the interweaving of the two nets,1 is still exceptionally
porous, with solvent-accessible volume of 74% calculated using
PLATON.15 In the as-isolated form, in addition to the axial aqua
ligand on each copper atom,1 contains 3 DMSO and 11 H2O
solvates per formula unit. With one of the largest unit cell
dimensions (c ) 80.783 Å) among all nonprotein structures,
crystallographic study can only identify 1 DMSO and 7 H2O solvate
molecules; the remainder were established by elemental analysis
and thermogravimetric analysis.

Compound1 exhibits permanent porosity, which has been
confirmed by gas sorption. Prior to gas sorption experiments, guest
solvent molecules and possibly axial aqua ligands are removed by
solvent exchange4b and thermal activation5 at an optimized tem-
perature of 150°C. Activation at higher temperature results in a
decrease in measured surface area (see Supporting Information).
The N2 adsorption isotherm, shown in Figure 2a, shows typical
Type-I sorption behavior, with a Langmuir surface area of 3800
m2/g and a total pore volume of 1.45 mL/g, among the highest
surface areas reported in porous materials.3a,16 The hydrogen
adsorption isotherm does not show saturation at 760 Torr (Figure
2b). At 760 Torr and 77 K,1 adsorbs about 1.9 wt % hydrogen
(10.6 mg/cm3), which is again among the highest of reported MOF
materials.5,6

Two reported noninterpenetrating frameworks which have higher
surface area are IRMOF-206 and MOF-1773a (4346 and 4526 m2/
g, respectively); however,1 has greater hydrogen adsorption

capacity (1.9 wt % for1 vs 1.356 and 1.25 wt %,3b respectively).
Hydrogen uptake has also been measured in two additional
interpenetrating frameworks, namely, IRMOF-9 and IRMOF-13.6

However,1 possesses a higher hydrogen uptake than either (1.17
and 1.73 wt %, respectively).6 We attribute this to the specific design
factors discussed above, namely, the presence of accessible unsat-
urated metal centers and the existence of pores and channels in a
size range well-suited to the dihydrogen molecule. Future work
will continue to resolve contributions of these two factors to the
hydrogen uptake; investigation is also underway to use TATB and
related ligands to create MOFs with higher affinity for hydrogen.
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Figure 2. Gas sorption isotherms (77 K) of1 activated at 150°C: (a) N2,
(b) H2.
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