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Two porous metal—organic frameworks (1 and 2) with a fsc topology
based on mixed ligands have been assembled and characterized. The
different pillared ligands (pyrazine for 1 and 4,4'-bipyridine for 2)
significantly influence the pore size of the frameworks. Gas uptake
measurements reveal that complex 1 possesses higher H,, CO,, and
CH, uptake capacities than 2, although the surface area of 1 is lower
than that of complex 2. These results further experimentally prove
that the pore size plays an important role in gas uptake in porous
MOFs, and the slit pore with a size of ~6 A exhibits stronger
interactions with gas molecules.

Metal-organic frameworks (MOFs) built from metal-based nodes
and organic polycarboxylate linkers are of enormous interest as a
novel class of microporous materials due to their important
applications in a wide range of fields including gas storage/
separation, catalysis, nonlinear optics, electronics, and drug
delivery.’™ Currently, design and synthesis of porous MOFs with
high gas uptake capacities is still a great challenge to chemists,
because many factors can influence the gas storage of an MOF.
A review® by Yaghi summarized the strategies that can improve
the hydrogen storage in an MOF, and the high porosity with an
appropriate pore size, catenation, and open metal sites were
thought to have a significant effect on gas uptake.

Following that, the effects of catenation and open metal sites on
gas uptake capacities of an MOF have been experimentally and
theoretically studied. In particular, Zhou and coworkers system-
atically studied the effect of catenation on the gas uptake of porous
MOFs and concluded that catenated porous frameworks possess
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higher gas uptake capacities than noncatenated ones at low pressure
and 77 K. Similar results were also observed in MOFs of the IRMOF-
series.® Several other research groups have also proven that open
metal sites have a significant effect on gas storage of an MOF and
can improve the gas uptake dramatically.” " It has been calculated
based on carbon materials that the ideal pore size for maximal
attraction of H, molecules is ~6 A at low pressure because these
pores exhibit the strongest interaction potential with H, molecules."
For porous MOFs, neutron powder diffraction and inelastic neutron
scattering (INS) studies® on HKUST-1 reveal that H, molecules are
adsorbed in the smaller cages before the larger ones, indicating the
higher affinity of the smaller pores for H, molecules.'"* However,
there is no experimentally systematic comparison or investigation of
the effect of pore size on gas uptake in porous MOFs with similar
structures. Very recently, Zaworotko and coworkers reported a crystal
engineering strategy that can improve CO, uptake and sorption
selectivity through controlling the pore functionality and size.'® The
effect of pore size on gas selectivity was observed in their study.

In this communication, we report two porous metal-organic
frameworks, Co(pz)(BPTC), s-dmf-EtOH-4H,0 (1) and Co(bipy)-
(BPTC)y.5-solvent (2) (H,BPTC = 3,3',5,5"-biphenyltetracarboxylate,
pz = pyrazine, bipy = 4,4"-bipyridine), with a fsc topology based on
mixed ligands (Scheme 1). Both 1 and 2 are based on 2D Co(BPTC), 5
layers, which are further connected by pz or bipy as pillars to
generate 3D porous frameworks with similar channels but different
pore sizes. The investigation and systematic comparison of the effect
of pore size on gas uptake have also been carried out.

1 and 2 were synthesized by the solvothermal reaction of
Co(NO3),, H,BPTC and pz or bipy in mixed dmf/EtOH/H,O
solvents, and structurally characterized by single-crystal X-ray
crystallography, powder X-ray diffraction (PXRD), thermogravi-
metric analysis (TGA), and elemental analysis. Single-crystal
X-ray diffraction reveals that 1 and 2 possess 3D pillared
frameworks with a fsc topology based on the binuclear SBU.
Complex 1 crystallizes in the orthorhombic Pbam space group
and the asymmetric unit consists of 0.5 cobalt ion, 0.25 BPTC
ligand, and 0.5 pz ligand, whereas complex 2 crystallizes in the
monoclinic P2,/c space group and the asymmetric unit consists
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Scheme 1 (left) Tetracarboxylate ligand for connecting metal ions to
form layers, and (right) the pillars for controlling the pore size in this work.

of one cobalt ion, 0.5 BPTC ligand, and one bipy ligand. In 1
and 2, the central cobalt ion is six-coordinated by four oxygen
atoms from two BPTC ligands and two nitrogen atoms from two
pillared ligands (pz or bipy), in a distorted octahedral geometry.
Two cobalt ions are engaged by two carboxylate groups to
generate a binuclear Co(COO), unit (Fig. 1a and b), which is
further linked by the backbone of BPTC ligands in the ab plane
to form a 2D layer (Fig. 1c). If the BPTC ligand and the
binuclear unit can be considered as planar 4-connected nodes,
then the 2D layer is a (4,4) net. The 2D layers are further double-
pillared by pz or bipy along the ¢ axis to generate 3D porous
frameworks. For the whole framework, if the binuclear SBU can
be simplified as a six-connected node, the BPTC ligand as a
planar 4-connected node and pz or bipy as a linear linker, then
the whole framework possesses a fsc topology (Fig. 1d).

The purity of 1 and 2 was confirmed by comparison of their
simulated and experimental powder X-ray diffraction patterns.
As analyzed by single-crystal X-ray diffraction, 1 and 2 are open
frameworks with 1D channels along [110] and [011] directions,

a b

g d
Fig. 1 (a) The binuclear SBU, the brown linkers represent the pillars such as pz or
bipy, (b) the coordination mode of the BPTC ligand, (c) the (4,4) layer, and (d) the
fsc topology with the gray and green balls representing the planar 4-connected
node (BPTC ligand) and the 6-connected node (SBU), respectively.
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Table1 Comparison of porosities, pore volumes, surface areas, and Qg's
of 1 and 2

1 2
Porosity® 38.5% 50.5%
Pore volume (cm® g™ ") 0.95 1.31
Surface area (m” g ') 703 870
Qs for Hy (k] mol ™) 8.7 7.5
Qs for CH, (k] mol ™) 17.5 13.5
Q¢ for CO, (k] mol ™) 27 10

“ Calculated using PLATON.'®

respectively. The dimensions of the channels are 6.519 x 7.105 A
and 6.555 x 11.399 A, respectively. The solvent-accessible
volumes calculated by PLATON'® are 630.5 and 1328.3 A’
corresponding to 38.5 and 50.5% of unit cells of 1 and 2,
respectively (Table 1). To check the permanent porosities of
complexes 1 and 2, the freshly prepared samples were soaked
in methanol and dichloromethane to exchange the less volatile
solvents, followed by evacuation under a dynamic vacuum at
80 °C for 10 h, generating dehydrated forms. The adsorption
equilibrium data of N,, H,, CH,4, and CO, were collected, and to
our surprise, 1 and 2 showed extraordinary gas uptake, and the
aperture effect on 1 and 2 was studied in this work.

As shown in Fig. 2, desolvated 1 and 2 display typical type-I
adsorption isotherms, suggesting the retention of the micro-
porous structures after the removal of solvents from the crystal-
line samples. Both sets of isotherms show slight changes in
slopes between 0.01 to 0.1 bar, indicating that the different
sized pores are filled in a sequence as the pressure increases
from below 0.01 to 0.1 bar. Desolvated 1 and 2 adsorb 173 and
221 ecm® g~ ! of N, at 77 K, respectively. The total pore volumes
of 0.95 and 1.31 cm® g~' for 1 and 2, respectively, were
calculated from the N, isotherms (P/P, = 0.98). The Brunauer-
Emmett-Teller (BET) surface areas by fitting the N, isotherms
are 703 and 870 m* g~ * for 1 and 2, respectively, showing good
agreement with the crystal structures as well as the solvent-
accessible volumes calculated by PLATON.'®

Although complex 2 possesses a higher BET surface area and
pore volume compared to 1, H,, CH,4, and CO, measurements
for 1 and 2 show extraordinary results. Low-pressure H,, CHy,
and CO, uptake capacities of desolvated samples of 1 and 2
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Fig. 2 The N, sorption isotherms at 77 K for 1 and 2.
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Fig. 3 The H,, CH4, and CO, sorption isotherms for 1 (left) and 2 (right).
Hy: red, 77 K; blue, 87 K. CH4: red, 273 K; blue, 300 K. CO,: red, 273 K; blue,
300 K.

were continuously determined using volumetric gas adsorption
measurements. As shown in Fig. 3, desolvated 1 and 2 exhibit
the classical reversible type-I isotherms for H,, CH,4, and CO,.
Under the conditions of 77 K and 1 bar, desolvated 1 and 2
exhibit quite different H, uptake capacities, 182 cm® g™ * for 1
and 46 cm® g~ for 2, respectively. The H, isosteric heat of
adsorption (Qg) for 1 and 2 was calculated by fitting the H,
adsorption isotherms at 77 K and 87 K to a virial-type expres-
sion. At the lowest coverage, the Qg has the estimated values of
8.7 and 7.5 k] mol ™" for 1 and 2 (Fig. 4), respectively, indicating
that the framework of 1 possesses higher affinity for H,
molecules than that of 2. Similar results were obtained for
CH, and CO, uptakes in 1 and 2. Both 1 and 2 possess low CH,
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Fig. 4 The Qg's of 1 and 2 for Hy, CH4, and CO,.
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uptake capacities at 298 K with the total adsorption amounts of
36 and 15 cm® g~ * for 1 and 2, respectively. The corresponding
Qs values calculated by fitting the CH, adsorption isotherms at
273 K and 298 K to a virial-type expression are 17.5 and 13.5 for
1 and 2, respectively. For CO, uptake, 1 and 2 can adsorb 89 and
55 cm® g7, respectively, at 273 K and 1 bar. Complex 1 exhibits
a Qg of ~27.0 k] mol™" at zero-loading, which is 17 k] mol "
higher than that of 2 (Qg of 10 kJ mol '), indicating that
complex 1 possesses high affinity for CO, molecules. The value
of Qg of CO, for 1 is comparable to that of the PAF-1/C-900
material,'” which possesses a pore size similar to that of 1.

It is well known that there is no linear relationship between the
surface area and gas uptake for an MOF at low pressure, which
indicates that there are a lot of other factors that can influence gas
uptake besides the surface area."® In our work, complex 2 possesses
a higher surface area, but lower H,, CH,, and CO, uptake capacities
and the corresponding Qs values than those of 1. These results
make us re-analyse the crystal structures of 1 and 2. Both 1 and 2 are
pillared frameworks with a (4,6)-connected fsc topology. The only
difference between 1 and 2 is the length of the pillars, pz for 1 and
bipy for 2. As shown in Fig. 5, there exist hexahedral boxes made up
of four double-pillars and two BPTC ligands in 1 and 2. Due to the
different lengths of the pillars, the sizes of the boxes are distinct,
6.519 x 7.105 A for 1 and 6.555 x 11.399 A for 2, respectively, which
are equal to the sizes of the channels along [110] and [011]
directions for 1 and 2, respectively. It has been calculated based
on carbon materials that a slit pore with a size of 6 A possesses the
highest hydrogen uptake at very low pressure because it exhibits the
strongest interaction potential with the wall of the material. Thus,
the porous framework of 1 exhibits a suitable pore size that can
match the kinetic diameter of hydrogen (2.9 A) better than that of 2.
These results prove that the hexahedral boxes of 1 exhibit stronger
interactions with H, molecules than those of 2, further proving that
complex 1 possesses much higher hydrogen uptake (182 cm® g™ " vs.
46 cm® g~ ) than 2. Similarly, the CH, and CO, uptake capacities of
complex 1 are much higher than those of 2, which can also be
ascribed to the influence of aperture effect. In the past decade,
although several MOFs with a fsc topology have been reported,"
only a few have been studied for their gas uptake, especially
observing the effect of pore size on gas adsorption capacity.

In conclusion, two pillared cobalt-organic frameworks
(1 and 2) with a fsc topology based on mixed ligands have been
assembled and characterized. The different lengths of the pillars
lead to 1 and 2 possessing different pore sizes (6.519 x 7.105 A vs.
6.555 x 11.399 A). Complex 1 exhibits a lower surface area, but

Fig. 5 The hexahedral boxes existed in 1 (left) and 2 (right) with the pore
sizes of 6.519 x 7.105 A and 6.555 x 11.399 A, respectively.

Chem. Commun., 2014, 50, 4911-4914 | 4913


http://dx.doi.org/10.1039/C4CC00477A

Published on 24 March 2014. Downloaded by China university of Petroleum (East China) on 15/07/2014 09:18:14.

Communication

higher H,, CH,, and CO, uptake capacities compared to complex 2.
These gas uptake results reveal that complex 1 possesses higher
affinity for gas molecules compared to 2 due to the existence of
hexahedral boxes with a suitable pore size (aperture effect). Our
results presented here may further experimentally prove that a slit
pore with a size of ~6 A exhibits stronger interaction potential with
gas molecules, and provide a strategy that can improve the gas
uptake capacities in designing porous MOFs in the future.
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