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Recently, porous metal-organic frameworks (MOFs)!!! have
been studied as a promising class of materials to reach the U.S.
Department of Energy (DOE) targets® for vehicular hydro-
gen storage.’! Continuing effort has been devoted to the
enhancement of hydrogen affinity™ in MOFs, thus increasing
hydrogen uptake. Strategies reported lately include introduc-
ing framework interpenetration® and constructing pores to
fit the size of the hydrogen molecule.®>? Particular attention
has been paid to the creation of open metal sites*+4¢ 2]
which has proven to be an effective way of strengthening the
MOF-H, interaction.

Herein, our strategy to enhance H, uptake is to strengthen
the MOF-H, interaction by increasing the number of nearest
neighboring open metal sites of each H,-hosting void in a 3D
framework and to align the open metal sites so that they can
interact directly with the guests (H, molecules) inside the
void.

In the close-packing of spheres, with structures such as
cubic close-packing (ccp) or hexagonal close-packing (hep),
each sphere has a maximum of 12 nearest neighbors. Con-
necting the 12 neighbors gives rise to a cuboctahedron for ccp
or an anticuboctahedron for hcp. In the case of hydrogen-
storing MOFs, if the central sphere is removed and the void
used to host H,, then the MOF-H, interaction can be
strengthened by placing open metal sites at the 12 corners
of the cuboctahedron or anticuboctahedron (Figure 1a).
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Figure 1. a) Two common types of close-packing of spheres and their
corresponding polyhedra; red arrows demonstrate the ideal placement
of open coordination sites of paddlewheel dimetal units; b) One
cuboctahedron drawn using atomic coordinates retrieved from the
crystal data of HKUST-1.® Red arrows show the orientations of the
open metal-coordination sites; c¢) Cuboctahedron drawn using atomic
coordinates from the crystal data of MOF-505 with an emblematic
NbO-type topology.*! Red arrows demonstrate the out-of-alignment
open metal-coordination sites.

By using isophthalate and a dimetal paddlewheel struc-
tural motif, a cuboctahedral cage or an anticuboctahedral
cage can be prepared.”! If the isophthalate motif is extended
at the 5 position using another moiety that contains one or
more carboxylate groups, the polyhedron can be extended
into a cuboctahedral or anticuboctahedral framework, which
should have high hydrogen uptake. Although quite a few
MOFs with appreciable hydrogen uptake have been intui-
tively constructed this way,”"! the open metal sites in these
MOFs are often misaligned” because of the geometric
constraints of the ligands, which prevent the further enhance-
ment of the MOF-H, interaction (Figure 1b and c).

A possible design for an “ideal” ligand for the construc-
tion of a MOF based on cuboctahedral cages with aligned
open metal sites is to keep the two isophthalate moieties to
ensure the formation of the cuboctahedral cages but link the
two using a bent bridge to prevent the formation of an NbO-
type structure. A ligand designed using such a strategy is 5,5'-
methylene-di-isophthalate®” (mdip, Figure 2). Herein we
report the synthesis of two Cu-mdip MOFs that are
polymorphs of each other: a MOF consisting of cuboctahedra
with all the open metal sites aligned, PCN-12 (PCN represents
porous coordination network), and PCN-12', in which the
open metal sites are out of alignment, as the basis for
comparison (Figure 3).

The reason that polymorphism arises in Cu-mdip MOFs is
due to the two extreme conformations of mdip: a form with C;
point group symmetry, in which the two benzene rings of mdip
are perpendicular to each other (Figure 2a); and a C,, form
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Figure 2. Two extreme conformations of 5,5-methylene diisophthalate
(mdip, gray C, black O).
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Figure 3. The synthesis, open metal site alignment, and hydrogen
uptake of the two MOF polymorphs: PCN-12 and PCN-12".

that can be generated by symmetry with one-fourth of the
ligand (Figure 2b). PCN-12 exhibits a record-high hydrogen
uptake of 3.05wt% at 77K and 1atm (for a MOF), in
contrast to an uptake of 2.40 wt% for PCN-12" under the
same conditions. The remarkable difference in hydrogen
uptake for the two MOFs reflects the dissimilar open metal
site alignments in the two polymorphs (Figure 3).

Crystals of PCN-12 were grown under solvothermal
reaction conditions from a mixture of Cu(NO;),2.5H,0
and H,(mdip) in dimethylacetamide (DMA) at 85°C. The
products were isolated as dark-blue block-shaped crystals
with the formula [Cug(C-mdip),(C,,-mdip)-
(H,0)4]-:3DMA-6H,0 (yield: 85%), which was determined
by a combination of X-ray crystallography, elemental analysis,
and thermogravimetric analysis (TGA) data (full experimen-
tal details are found in the Supporting Information).

Single-crystal X-ray analysis using microcrystal diffraction
at the Advanced Photon Source reveals that PCN-12 crystal-
lizes in the tetragonal space group P4/mmm.l% It adopts a
dicopper paddlewheel motif as its secondary building unit
(SBU, Figure 3); the copper atoms become coordinatively
unsaturated upon removal of the axial aqua ligand.

The paddlewheel SBU occupies the 12 vertices of a
cuboctahedron (Figure 4a) while 24 isophthalate motifs
span all 24 edges. The square faces are 11.2 A in dimension
(Cu—Cu distance along the diagonal), and the triangular faces
are 7.9 A in dimension (Cu-Cu distance along the edge). As
expected, at the 12 corners of the cuboctahedron, there are 12
open copper-coordination sites pointing toward the center of
the cage. Each square face is connected to another square face
of a neighboring cuboctahedron through four mdip bridges
(see Supporting Information, Figure S1). Every cuboctahe-
dron connects to six others in three orthogonal directions to
form a 3D net.
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Figure 4. a) A cuboctahedral cage in PCN-12; b) a rhombicuboctahe-
dron in PCN-12. In both, the open Cu sites point toward the center of
the cage, as illustrated in Figure 1a.

Whereas intuition would place the vertices of the net at
the paddlewheel, a recognizable continuous network becomes
apparent if instead the centers of the phenyl rings are used as
nodes. This network, designated 3.4, consists of rhombicu-
boctahedra (Figure 4b) and cubes.!!!

The overall idealized symmetry of the net would have
been Pm3m. However, the mdip ligands along the a and
b axes hold point-group symmetry of C, but those along the
¢ axis possess C,, symmetry. The conformational difference of
mdip ligands lowers the overall symmetry from cubic to
tetragonal.

In C,,-mdip, the phenyl rings face each other and form an
angle, 6, of 110.6° at the C atom of the methylene group
(Figure 2b) while the dihedral angle is almost identical
(110.3°) to 6. These angles are also similar to the ideal bond
angles (109.5°) surrounding a tetrahedral C atom. Conversely,
the C;-mdip has a dihedral angle of 89.6° with § =116.2°. The
deviation from 109.5° is due to the repulsion of the two phenyl
rings (Figure 2a). It can be deduced that, at higher temper-
ature, the C,-mdip may be converted to the C,, form, leading
to the formation of a polymorph of PCN-12, containing only
C,,-mdip ligands. Indeed, such a polymorph, PCN-12’, has
been obtained by a reaction between Cu(NO;),2.5H,0 and
H,mdip in dimethylsulfoxide (DMSO) at 120°C (full exper-
imental details are in the Supporting Information).

Single-crystal X-ray analysis reveals that PCN-12',
[Cu,(C,,-mdip)(H,0),]-:3DMSO, crystallizes in the space
group P6ymmec. Every mdip ligand in PCN-12' has G,,
symmetry. Each of the six paddlewheels connects three
mdip ligands in a trigonal-prismatic fashion with paddlewheel
units occupying all corners of the “prism” (Figure 5a) and the
three mdip ligands residing on the three sides. Evidently, the
open metal coordination sites (Figure 5b, red arrows) point
away from the cavity of the polyhedron. If the methylene
groups of the mdip ligands are counted as vertices (Figure 5b,
yellow spheres) together with the six paddlewheels, the
structural unit can be viewed as a tricapped-trigonal-prism
(TTP) with 9 vertices, 14 faces, and 24 edges. Every three
TTPs are further connected by mdip ligands to three more
TTPs in the next layer, the TTPs being related by the 65 axes
(Figure 5c¢). The projection of the structure on [001] has the
symmetry of a Kagome pattern (Figure 5c)."*
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Figure 5. A tricapped trigonal prismatic cage viewed a) from the top
and b) from one side; the red arrows demonstrate the orientations of
the open metal-coordination sites and the yellow spheres represent
methylene groups of the three mdip ligands; c¢) PCN-12" viewed from
the [001] direction.

The structures of PCN-12 and PCN-12’ are quite different
from those of the MOFs assembled from other diisophtha-
lates, all of which have linear ligands and NbO-type structur-
es.P"¥ Viewed from the space-filling diagrams, both PCN-12
and PCN-12' are porous (see Supporting Information, Figur-
es S2 and S3). After the removal of guest solvates and axial
aqua ligands, the total solvent-accessible volume of PCN-12’
is 67.4 %, slightly lower than that of PCN-12 (70.2%). These
values were calculated using the PLANTON routine.'! The
calculated density of structures after removal of solvent is
0.762 and 0.851 gcm™ for PCN-12 and PCN-12/, respectively.

The nitrogen adsorption isotherms, as shown in Figure 6 a,
reveal that both PCN-12 and PCN-12' exhibit typical type-I
adsorption behavior. The Langmuir surface area, BET sur-
face area, and pore volume of PCN-12 are 2425m’g ',
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Figure 6. Gas adsorption isotherms for PCN-12 and PCN-12": a) N,
and b) H,.

1943 m?g~!, and 0.94 mLg"!, respectively, whereas those for
PCN-12" are 1962 m?g !, 1577 m*g~', and 0.73 mL g, respec-
tively. Studies have shown repeatedly that there is no simple
correlation between surface area and hydrogen uptake of a
MOF at 77 K and 1 atm.*!

The hydrogen adsorption isotherm of PCN-12’ (Fig-
ure 6b) shows a 2.40 wt% (20.4 gL)"' hydrogen uptake at
77K and 1atm, comparable to those of other MOFs
containing cuboctahedral cages (Table 1). However, PCN-12
exhibits an exceedingly high hydrogen uptake of 3.05 wt %
(23.2 gL™") under the same conditions.

This high hydrogen uptake of PCN-12, compared to PCN-
12', can be ascribed to both the formation of cuboctahedral
cages and the alignment of open metal sites within each cage.
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However, when compared to other MOFs containing cuboc-
tahedral cages (Table 1), the enhancement of hydrogen
uptake can probably be attributed to the unique alignment

Table 1: Hydrogen uptake [wt %] of microporous MOFs with cuboctahe-
dral cages at 77 K and 1 bar measured volumetrically unless otherwise
designated.

Material Uptake Material Uptake
PCN-12 3.05 PCN-10"! 2.34
MOF-50502 2.598 Mn-BTTE2! 2.25
PCN-110! 2.55 Cu,(gptc)’ 2,248
HKUST-18¢8 2.54 PCN-6P 1.90
Cu,(tptc)™ 2.521 PCN-9Hl 1.53
Cu-BTTEY 2.42 PCN-6"1 1.35
PCN-12' 2.40

[a] denotes gravimetric measurements.

of the open copper sites in PCN-12, strengthening the H,—
framework interaction. To our knowledge, PCN-12 possesses
the highest hydrogen uptake reported for a MOF at 1 bar and
77 K.

To check the reproducibility of the high H, uptake for
PCN-12, five additional measurements, using five different
PCN-12 samples with mass ranging from 40 mg to 250 mg,
were performed. The average hydrogen uptake of the six
measurements is 3.05wt% with a standard deviation of
0.035 wt % (see Supporting Information, Figure S4).

The INS (inelastic neutron scattering) spectrum of the
hindered rotor transitions for six H, molecules per formula
unit, [Cuy(C-mdip),(C,,-mdip)], adsorbed in activated PCN-
12 (Figure 7) is characterized by a very intense, structured
band near 8 meV, with relatively little intensity in the region
between 11 meV and 14.5 meV. The latter region has been
shown in previous work!'™ to be associated with dihydrogen
adsorbed on or near the organic linker, whereas the tran-
sitions in the range of the strong peak are attributed to H,
molecules at the open Cu" sites. The loading used in this
experiment (one H, per open copper-coordination site, or
1 wt %) would be sufficient to fill all the available Cu sites if
these were indeed strongly preferred over other binding sites.
Hence we can readily associate the broad band in the range of
7-10 meV with 0-1 rotational tunneling transitions of H,
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Figure 7. The inelastic neutron scattering spectrum of PCN-12.
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interacting with open Cu sites. The two principal components
of this band at 7.7 meV and 8.6 meV occur at 0-1 transition
energies appreciably lower than that of the paddlewheel SBU
Cu site in HKUST-1 (9 me V), thereby indicating a much
stronger interaction of H, with the Cu sites in PCN-12. A
qualitative indication of this trend is provided by the Cu—OH,
distances determined from the removable aqua-ligand at Cu.
In PCN-12 such bond lengths range from 2.116 A to 2.172 A
with an average of 2.138 A, whereas in HKUST-1, the Cu-
OH, distance was found to be 2.165 A.® If we assume that the
Cu-H, distances in the two compounds compare in a similar
way, the lower rotational tunneling transition frequencies
(higher barriers to rotation) in PCN-12 can be qualitatively
understood. More details on the analysis and interpretation of
the rotational INS spectra of H, in PCN-12, and their
relevance to the exceptionally strong interaction of H, with
this host will be presented elsewhere.

As polymorphs of each other, PCN-12 and PCN-12' have
not only the same formula after solvate removal but also the
same atom-to-atom connectivity. However, the gravimetric
hydrogen uptake of PCN-12 is 27% higher than that of
PCN12" at 77 K and 1 bar. The reason behind these remark-
able improvements can mainly be attributed to the “close-
packing” strategy, namely, the formation of cuboctahedral
cages and the unique alignment of open metal sites in each
cuboctahedral cage in PCN-12. This strategy may have
general implications in the search for a practical adsorptive
hydrogen-storage material for fuel-cell-driven cars.
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