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A new porous metal—organic framework, PCN-20 with a twisted
boracite net topology, was constructed based on a highly con-
jugated planar tricarboxylate ligand; PCN-20 possesses a large
Langmuir surface area of over 4200 m?/g as well as demonstrates a
high hydrogen uptake capacity of 6.2 wt % at 77 K and 50 bar.

In light of the high surface areas as well as uniform yet
tunable pore sizes together with well-defined adsorbate
interaction sites, porous metal—organic frameworks
(MOFs)! have been actively studied as one of the most
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promising candidates to approach the U.S. Department of
Energy (DOE) targets® for on-board hydrogen storage ap-
plication.® In particular, the construction of isoreticular
MOFs under the concept of “reticular synthesis™ allows
systematic assessment of ligand functionalization on hydro-
gen uptake, and this has been well illustrated in a-Po-> and
NbO®-type porous MOFs.

Recently, we have been particularly interested in
the construction of porous MOFs with boracite network
topology based on trigonal-planar carboxylate ligands and
copper paddlewheel secondary building units (SBUs).” Our
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Scheme 1. Planar Tricarboxylate Ligands: (a) H;BTC; (b) H;TTCA;
(c) H;TATB
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utilization of the planar H;TATB (TATB=4,4',4"-s-triazine-
2.,4,6-triyltribenzoate) ligand (Scheme 1¢) to assembly with
in situ generated copper paddlewheel SBU led to the forma-
tion of a porous MOF, PCN-6' (PCN represents porous
coordination network),” which is isostructural with Cu-BTC
(also known as HKUST-1) of twisted boracite topology.®
Our studies revealed that the extension from BTC to TATB
led to the enlargement of square channel size from 8.0 A in
Cu-BTC to 15.16 A in PCN-6' together with a higher
Langmuir surface area of 2700 m*/g for PCN-6' compared
to 1800 m?/g for Cu-BTC. Despite the significant increase of
the surface area, ligand extension did not result in sufficient
enhancement of the hydrogen uptake in PCN-6". This can
be ascribed to many unused voids resulting from the large
pore sizes of PCN-6', as evidenced by our inelastic neutron
scattering studies.”® Herein, we designed a new trigonal-
planar ligand, triphenylene-2,6,10-tricarboxylic acid (H;T-
TCA; Scheme 1b).” We expect that the smaller size of TTCA
compared to TATB will shrink the pore size, and the highly
conjugated fused triphenylene ring can provide more hydro-
gen adsorption sites, as predicted from recent theoretical
calculations,'® thus leading to a high hydrogen uptake
capacity. Under solvothermal conditions, the reaction of
Cu(NO3),:2.5H,0 and H;TTCA in dimethylformamide at
65 °C afforded dark-blue MOF crystals denoted as PCN-20.

Single-crystal X-ray studies'' conducted using synchro-
tron microcrystal diffraction at the Advanced Photon
Source, Argonne National Laboratory, revealed that PCN-
20 crystallizes in the cubic space group F432. This is different
from Cu-BTC and PCN-6/, both of which crystallize in the
cubic space group Fm3m,”® and can be attributed to the lack
of a mirror plane to the carboxylate groups in the TTCA
ligand. PCN-20 also adopts a dicopper paddlewheel motif as
its SBU, and the copper atoms become coordinatively un-
saturated upon axial aqua ligand removal. In PCN-20, there
are three types of cages. The first type is an octahedral cage,
which is formed by six copper paddlewheel SBUs occupying
the vertices and four ligands occupying four faces of the
octahedral cages, and has triangle windows of 11.89 A (Cu—
Cu distance along the edge; Figure 1a). The second type is the
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Figure 1. (a) Octahedral cage in PCN-20. (b) Cuboctahedral cage with
alignment of the unsaturated metal centers (UMCs) in PCN-20.
(c) Cuboctahedral cage with open metal sites aligned orthogonally in
PCN-20. (d) Square channels viewed from the [0 0 1] direction (hydrogen
atoms were omitted for clarity). Color scheme: Cu, aqua; C, black; N,
blue; O, red.
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Figure 2. N, sorption isotherms for PCN-20 (filled and open symbols
represent adsorption and desorption data, respectively).

cuboctahedral cage, where the paddlewheel SBUs occupy the
12 vertices of a cuboctahedron (Figure 1b), while 24 TTCA
ligands using two carboxylate groups span all 24 edges. The
square faces are 11.89 x 11.89 A, and the triangle faces are
also 11.89 A in dimension. The third one is also a cuboctahe-
dral cage, but it is different from the second one. In the third
cage, the paddlewheel SBUs occupy 12 vertices, but unlike
the second cage, only eight ligands occupy eight faces of a
cuboctahedron (Figure 1¢). Each square face is connected to
another square face of a neighboring cuboctahedron, and
each triangle face is connected to another triangle face of a
neighboring octahedron. Every cuboctahedron connects six
others in three orthogonal directions to form a three-dimen-
sional framework with a twisted boracite net topology
(Figure S2 in the Supporting Information). Viewed from
the [0 0 1] direction, the size of the square channel is 11.89 A
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Figure 3. H, sorption isotherms of PCN-20 at 77 K: (a) low pressure;
(b) high pressure (filled and open symbols represent adsorption and
desorption data, respectively).

along the edge (Cu—Cu distance; Figure 1d), which is
significantly smaller than that of PCN-6' of 15.16 A.

To investigate its sorption properties, a freshly prepared
PCN-20 sample was fully activated according to the proce-
dures reported in our previous work.” The N, sorption
isotherms, as shown in Figure 2, reveal that PCN-20 exhibits
typical type I sorption behavior without hysteresis, a char-
acteristic of microporous materials. Derived from the N,
adsorption data, the Langmuir surface area of PCN-20 is
4237 m?/g, corresponding to a Brunauer—Emmett—Teller
surface area of 3525 m?/g and a pore volume of 1.59 mL/g.
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The Langmuir surface area of PCN-20 is much higher than
those of Cu-BTC and PCN-6', confirming the theoretical
prediction that fused aromatic rings favor high surface area
in porous MOFs.'”

To evaluate the hydrogen storage performance of PCN-20,
hydrogen sorption isotherms were measured at 77 K under
both low and high pressures. As shown in Figure 3a, PCN-20
can adsorb 2.1 wt % (excess) hydrogen at 1 bar and 77 K.
With the pressure increased to 50 bar (Figure 3b), its excess
gravimetric hydrogen uptake capacity can reach as high
as 6.2 wt %, which is among the highest for reported porous
MOFs.? This value is much higher than those of Cu-BTC
(3.4 wt %) and PCN-6' (4.0 wt %)’® under the same condi-
tions and can be ascribed to its much larger surface area,
resulting from the highly conjugated fused triphenylene ring.

In summary, a porous MOF, PCN-20 with a twisted
boracite topology, was constructed based on a designed
planar TTCA ligand. The highly conjugated fused tripheny-
lene ring of the TTCA ligand renders PCN-20 with an
exceptionally large surface area of 4237 m?/g as well as
affords its high hydrogen uptake capacity of 6.2 wt % with
full reversibility at 77 K and 50 bar, promising it as a potential
candidate for hydrogen storage application.
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