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Metal—organic frameworks (MOFs) have emerged as a class of
very promising hybrid functional materials due to the ability to
tune their properties in a modular fashion.! For example, a family
of MOFs of the primitive cubic network (pcu) topology was
systematically constructed from 6-connected [Zns(u4-O)(O2CR)s]
secondary building units (SBUs) and 2-connected linear dicarboxy-
late bridging ligands of varied lengths to afford isoreticular porous
materials with tunable pore/channel sizes, shapes, and functional-
ities.> Carboxylate-bridged copper paddle wheels represent another
interesting SBU for the isoreticular synthesis of MOFs because of
their enhanced stability over the [Zn4(u4-O)(O2CR)s] SBUs. Indeed,
the HKUST-1 with the framework formula of [Cu;(BTC),(H,0);]
that is built from copper paddle-wheel SBUs still serves as a
benchmark material in both stability and gas uptake capacity.’
However, the lower connectivity (4) of the paddle-wheel SBU
makes it difficult to implement the isoreticular synthesis. For
example, when copper paddle wheels are combined with readily
available linear dicarboxylate bridging ligands, 2-D networks are
expected based on topological considerations. We and others have
recently demonstrated the ability to construct 4,4-connected MOFs
of the PtS and related topology based on copper paddle wheels
and tetracarboxylate bridging ligands.*> We are particularly
interested in designing robust MOFs based on aromatics-rich
bridging ligands for gas storage applications.® The use of elongated
aromatic tetracarboxylate bridging ligands has however led to severe
framework distortion of these MOFs upon solvent removal which
significantly reduces the porosity and negatively impacts the gas
uptake capacity.* Herein we wish to report a new strategy to rigidify
the frameworks by constructing 4,8-connected MOFs of the scu
topology based on copper paddle wheels and aromatics-rich octa-
carboxylic acid bridging ligands.

The new enantiopure 1,1'-binaphthyl-derived octa-carboxylic acid
ligand (R)-L;-Hg was synthesized by a Pd-catalyzed Suzuki coupling
between (R)-4,4',6,6'-tetrabromo-2,2'-diethoxy-1,1'-binaphthyl and
dimethyl-5-(pinacolboryl)isophthalate followed by base-catalyzed
hydrolysis. (R)-L,-Hg was obtained by deprotecting the ethoxy
groups of the methyl ester of (R)-L;-Hg using BBr; in CH,Cl,. (R)-
L;-Hg was synthesized in a similar fashion as (R)-L;-Hg except
4,4",6,6'-tetrabromo-2,2'-dibenzyloxy-1,1'-binaphthyl was used. All
of the intermediates and ligands were characterized by NMR
spectroscopy and high-resolution mass spectrometry.

Single crystals of [Cus(L1)(H,0)4]* 12DEF+2H,0 (1), [Cus(Ly)-
(H,0)4]+ 14DMF-+2H,0 (2), and [Cu4(L3)(H,0)4]-8DMF- 12H,0 (3)
were obtained by treating L;-Hg, L,-Hg, or L3-Hg with Cu(Il) salts
in diethylformamide (DEF) or dimethylformamide (DMF) at
elevated temperatures, respectively. The formulas of 1—3 were
established by single crystal X-ray structure determination, 'H NMR
spectroscopy, and TGA analyses. Single crystal X-ray diffraction
studies unambiguously established the framework structures of 1—3,
whereas the combination of 'H NMR studies and TGA analyses
gave the compositions of the included solvate molecules in 1—3.
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Compound 1 crystallizes in the tetragonal P4 space group with
two copper atoms, one-half L, ligand, and two water molecules
for the framework in the asymmetric unit.” The Cu atoms coordinate
to four carboxylate oxygen atoms of four different Ly ligands to
form [Cu,(O,CR)4] paddle wheels that are shown as red rectangles
in Figure la. Each Cu atom also coordinates to a terminal water
molecule in the axial position. The L, ligand is linked to eight
copper paddle wheels via the bridging carboxylate groups in a
rectangular prismatic fashion. The copper paddle wheels thus serve
as 4-connected nodes, whereas the L; ligands act as 8-connected
nodes, and as a result, 1 adopts the known but very rare (4,8)-
connected scu topology with the Schlifli symbol {4*+62},{4!6-6'2}
(Figures 1b and S18).® Compound 1 represents only the third MOF
with the scu topology and the first one that is built from an
8-connected bridging ligand.®

We obtained a similar crystalline MOF 1' when racemic L;-Hg
was used in place of (R)-L;-Hs.'® Interestingly, single crystal X-ray
structure determination showed that the racemic L;-Hg self-resolved
during the MOF growth to give single crystals of 1' that contained
racemically twinned domains. The structure of 1' is thus the same
as that of 1 with the exception of racemic twinning.

Compounds 2 and 3 are isostructural to compound 1 with
essentially identical cell parameters.'' Because of the elongated
L;—L3 ligands, 1, 2, and 3 possess very large solvent accessible
volumes of 61.0%, 64.7%, and 52.7% of the unit cell volume as
calculated by PLATON,'? respectively. Consistent with this, 1, 2,
and 3 exhibited a significant TGA solvent weight loss of 51%, 49%,
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and 39% in the 25—280 °C temperature range, respectively. As
shown in Figure le and 1f, compound 2 possess square channels
of ~7 x 7 A along the ¢ axis and rectangular channels of ~5.3 x
10.6 A along the (110) direction. The ethoxy groups of the Ly
ligands protrude into the open channels that run along the ¢ axis
and the (110) direction in 1, thus reducing the open channel sizes.
As expected, the bulkier benzyloxy groups in 3 reduce the open
channel sizes even further, with the open channel of ~7 x 4 A
along the c¢ axis (Figure 1g) and the open channels of ~5.3 x 4.4
A and 4.0 x 2.4 A along the (110) direction due to the protruding
benzyloxy groups (Figure 1h).

Cup(0,CR),

Figure 1. (a) A view of [Cuy(O,CR),4] paddle wheels (represented as red
rectangles) and their connectivity with the L; ligand (represented as a blue
rectangular prism) in 1. (b) A simplified connectivity scheme of 1 showing
the scu topology. (c) Space-filling model of 1 as viewed down the ¢ axis,
showing irregular open channels with the largest dimension of ~7 A. (d)
Space-filling model of 1 as viewed along the (110) direction, showing
irregular channels with the largest dimension of 10.6 A. (e) Space-filling
model of 2 as viewed down the b axis, showing square open channels of
~7 A in each side. (f) Space-filling model of 2 as viewed along the (110)
direction, showing rectangular channels of ~5.3 x 10.6 A. (g) Space-filling
model of 3 as viewed down the ¢ axis, showing open channels of ~7 x 4
A. (h) Space-filling model of 3 as viewed along the (110) d1rect10n showing
two different open channels of ~5.3 x 4.4 A and 4.0 x 2.4 A.

The permanent porosity of 1, 2, and 3 was established by nitrogen
adsorption at 77 K. After activation at 60 °C under vacuum, 1
exhibited a Langmuir surface area of 2486 m*g (Figure 2) whereas
2 exhibited a Langmuir surface area of 2650 m?g. Compound 3
exhibited a significantly lower Langmuir surface area of 1841 m?/
g. BET surface areas are 2149, 2285, and 1605 m*g for 1, 2, and
3, respectively.'? This porosity trend is entirely consistent with the
increasing steric bulk of hydroxy, ethoxy, and benzyloxy groups
on the 2,2'-position of the binaphthyl moieties of the octa-carboxylic
acid bridging ligands.

Notably, the experimental surface areas of 1 and 2 perfectly agree
with those calculated using the simulated N, adsorption isotherms;
grand canonical Monte Carlo (GCMC) simulations'* gave calcu-
lated Langmuir surface areas of 2502 and 2592 m*g for 1 and 2,
respectively. The GCMC simulation of 3 gave a slightly higher
Langmuir surface area of 2134 m%/g than the experimental result
(1841 m?%g). This discrepancy could be caused by the flexible (and
disordered) nature of the bulky benzyloxy groups. Upon desolvation,
the benzyloxy group can move around to generate a portion of pores
that are smaller than the dynamic diameter of adsorbate molecules
(N3). The GCMC simulation, on the other hand, assumes a rigid
orientation of the protruding benzyloxy groups and gives the
idealized surface area. The N,-inaccessible pores can account for
the discrepancy between the experimental and GCMC simulated
surface areas for 3.
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Figure 2. Experimental and calculated N, adsorption isotherms for 1
(black), 2 (red), and 3 (blue). Solid triangles (adsorption), open triangles
(desorption), and solid lines (GCMC simulation results). Inset shows the
pore size distributions (HK method) for 1 (black), 2 (red), and 3 (blue)
with the x axis showing pore diameter in A and the y axis showing Dv(w)
in cm*A/g.

The pore sizes of 2 have also slightly increased as compared to
those of 1 (Figure 2 inset). This trend is consistent with the slightly
less porous structure of 1 due to the steric bulk of the ethoxy groups.
The pore sizes of 3 are however very similar to those of 1, which
is inconsistent with the steric difference between the ethoxy and
benzyloxy groups. In fact, the pore sizes derived from GCMC
simulated adsorption isotherm for 3 are smaller than those for 1
(Figure S36). This discrepancy between experimental and calculated
pore sizes for 3 is presumably a result of the disordered nature of
the bulky benzyloxy groups. Consistent with the porosity trend,
the HK method cumulative pore volume is 0.92, 0.86, and 0.64
cc/g for 2, 1, and 3, respectively.

As expected, the powder X-ray diffraction (PXRD) patterns of
1, 2, and 3 are very similar to each other, consistent with their
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Figure 3. PXRD patterns of pristine (green) and evacuated (blue) sample
of 1 along with calculated PXRD pattern (red).

isostructural nature. Furthermore, the PXRD patterns of the
evacuated samples of 1, 2, and 3 are essentially the same as those
of pristine 1, 2, and 3, further demonstrating the maintenance of
the framework structure upon solvent removal (Figure 3). This is
in stark contrast with our earlier results which showed that the
frameworks of 4,4-connected MOFs based on copper paddle-wheel
SBUs and elongated tetracarboxylate bridging ligands severely
distorted (as evidenced by the loss of PXRD peaks) to give
experimental surface areas only a very small fraction of those
calculated by GCMC simulations.* The higher connectivity of the
L;—L; ligands has apparently stabilized the frameworks of 1—3
against distortion (also called breathing in recent literatures'*). The
use of bridging ligands of high connectivity thus presents an
alternative strategy to the reliance on high-nuclearity metal clusters
for building highly stable and porous MOFs."?
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Figure 4. Experimental hydrogen adsorption isotherms of 1 (black), 2 (red),
and 3 (blue). Solid triangles and circles (adsorption) and open triangles
and circles (desorption).

Hydrogen adsorption experiments show 1 uptakes 2.5 wt% H,
at 77 K and 1 atm (Figure 4), which is among the highest for MOFs
at 1 atm."® In the volumetric sense, 1 has a H, uptake of 17.4 g/L,
superior to other aromatics-rich MOFs (e.g., 5.34 g/L for MOF-
177).'® Despite having a higher surface area, 2 exhibits a lower
hydrogen uptake of 2.1 wt%. This result is not entirely surprising
as earlier work has shown that MOFs with smaller pore sizes tend
to have higher hydrogen uptake capacities.'® However, our intent
to further reduce the pore size by using the bulkier benzyloxy groups
did not yield the expected results. As mentioned earlier, the pore
size distribution for 3 is essentially the same as that of 1. Compound
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3 exhibited an even lower hydrogen uptake of 1.8 wt%, probably
as a result of its smallest surface area and pore volume. This work
thus demonstrates the ability to tune the surface area, pore size,
and gas uptake by systematically changing the alkoxy groups of
the octa-carboxylic acid bridging ligands in 1—3. Characterization
of the saturation hydrogen uptake capacity of 1—3 is ongoing, and
these results will be reported in a future publication.

In summary, we have constructed highly porous and robust (4,8)-
connected MOFs based on new octa-carboxylate ligands and copper
paddle-wheel SBUs. The new MOFs exhibit remarkable framework
stability as a result of the high connectivity of the bridging ligands
and show significant hydrogen uptake. This work thus represents a
new approach toward designing highly porous, robust, tunable, and
functional MOFs using multidentate bridging ligands of high
connectivity.
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