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ABSTRACT: A series of highly porous 4,8-connected isoreticular
MOFs of the scu topology [Cu,(L,)(H,0),]-20DEF, [Cu,(L,)-
(H,0),]-16DME-SH,0, and [Cu,(L,)(H,0),]-14DMF (L,~L,
are (R)-1,1-binaphthyl-derived octacarboxylate bridging hgands)

were synthesized and characterized by single-crystal X-ray
crystallography. Although the frameworks exhibit some distortion
during the solvent removal process, the high-connectivity nature of
the building blocks helps in stabilizing the frameworks, leading to
high surface areas (Sgpr = 1189—2448 m?/g) and significant
hydrogen uptake of up to 1.8 wt % (77 K, 1 atm).
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B INTRODUCTION

Hydrogen is identified as one of the most promising alternative
energy sources since no greenhouse gases or other environ-
mentally detrimental molecules are emitted during energy
extraction from hydrogen."” Storage and transportation of
hydrogen however present a major challenge because of its very
low boiling point. Several methods are being studied to
facilitate hydrogen storage to meet transportation requirements.
Conventional methods, such as liquefaction or compression of
hydrogen gas, require cryogenic temperatures and/or extremely
high pressures.l’3 Chemisorption in alloys and metal hydrides,
another storage method that has received significant consid-
eration, suffers from binding hydrogen too tightly and is limited
by slow charging/discharging rates, high releasing temperature,
and poor reversibility.> > Physisorption of hydrogen in porous
materials provides an alternative strategy for hydrogen
storage.z‘s'6

As a class of new organic—inorganic hybrid materials, metal—
organic frameworks (MOFs) have attracted increasing interest
from chemists and materials scientists in the past decade.” "'
Unlike traditional inorganic materials, MOF synthesis can be
accomplished by combining organic synthetic methodologies
and crystal engineering, allowing tuning of their properties for a
variety of applications, including gas storage,””~'* separa-
chemical sensing,"®™>" catalysis,”*">* biomedical
imaging,>™*>” and drug delivery.”®** MOFs present a
particularly intriguing possibility for hydrogen storage as a
result of their enormously porous structures with well-defined,
uniform, and tunable pore sizes.’’™* Interactions between
hydrogen and the MOF framework can be enhanced by
introducing open coordination sites at metal centers and
aromatic ligands.** Further improvements in both hydrogen
uptake capacity and hydrogen binding energy are however
needed before MOFs can be considered for practical
applications in hydrogen storage.
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The choice of secondary building units (SBUs) is critical to
successful synthesis of porous MOFs. Among several well-
established SBUs,** the carboxylate-bridged copper paddle
wheel [Cu,(O,CR),] SBU is widely employed for constructing
porous MOFs.**75® For example, the HKUST-1, which is built
from copper paddle wheels and 1,3,5-benzenetricarboxylic acid,
still serves as a benchmark material in both stability and gas
uptake capacity.*”>” Removal of the axially coordinated water
molecules from the copper centers introduces open metal sites
that enhance hydrogen—framework interaction and the gas
uptake capacity.” However, the low connectivity (4) and
planar nature of the copper paddle-wheel SBU makes it difficult
to consistently synthesize isoreticular MOFs of the desired
topology. For example, when linear dicarboxylate bridging
ligands are used in combination with Cu,(O,CR), SBUs, 2-D
networks are expected based on topological considerations.”**

It is now established that multicarboxylate bridging ligands
are needed to build 3-D MOFs based on copper paddle-wheel
SBUs.*”*?7% Tetrahedral multicarboxylate linkers have been
used to constructing such 3-D networks; > %> however, these
4,4-connected MOFs with large open pore and channel sizes
tend to undergo severe framework distortion upon solvent
removal, which lowers the porosity and gas uptake capacity.***
We recently demonstrated the ability to construct 4,8-connect
MOFs of the scu top0106%y based on copper paddle-wheel and
octacarboxylate ligands.”” These 4,8-connected MOFs built
from aromatic-rich bridging ligands show permanent porosity
and robust structures for gas uptake applications.*® In this work,
we are extending this strategy to synthesize a series of 4,8-
connected MOFs using chiral 1,1-binaphthyl-derived aromatic-
rich octacarboxylate ligands (L,—L;, Scheme 1). Large,
permanent pore volumes and considerable surface areas are
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Scheme 1. Synthesis of Octacarboxylic Acids L,-Hg, L,-Hg,
and L;-Hg
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observed for these new MOFs, showing promise for potential

applications in gas storage.

B EXPERIMENTAL SECTION

[Cuy(L;)(H,0),]-20DEF (1). A mixture of L,-Hg (1 mg, 0.91 gmol)
and Cu(ClO,),-6H,0 (1.35 mg, 3.65 yumol) was dissolved in a solvent
mixture of DEF (0.3 mL), H,0O (0.025 mL), and 1 M HCI (10 gL) in
a screw-capped vial. The resulting solution was placed in an oven at 80
°C for 2 days. Blue-green crystals (2.2 mg, 69%) with a very thin plate
shape were obtained after filtration. Solvent content calculated from
the proposed formula: DEF, 58.8%; H,0, 2.0%. Solvent content
determined by '"H NMR/TGA: DEF, 58.7%; H,O, 1.9%.

[Cu,(L,)(H,0),]*16DMF-5H,0 (2). A mixture of L,-Hy (1 mg, 0.96
umol) and Cu(ClO,),-6H,0 (1.42 mg, 3.85 umol) was dissolved in a
solvent mixture of DMF (0.1 mL), H,O (0.050 mL), and 1 M HCl
(10 pL) in a screw-capped vial. The resulting solution was placed in an
oven at 80 °C for 4 h. Dark green crystals (1.8 mg, 75%) with a very
thin plate shape were obtained after filtration. Solvent content
calculated from the proposed formula: DMF, 44.6%; H,O, 6.1%.
Solvent content determined by '"H NMR/TGA: DMF, 44.1%; H,O,
6.3%.

[Cuy(L3)(H,0),]-14DMF (3). A mixture of L;-Hg (1 mg, 0.82 umol)
and Cu(ClO,),-6H,0 (1.21 mg, 3.26 umol) was dissolved in a solvent
mixture of DMF (0.1 mL), H,O (0.025 mL), and 2 M HCI (10 L) in
a screw-capped vial. The resulting solution was placed in an oven at 80
°C for 18 h. Green crystals (1.42 mg, 68%) with a very thin plate shape
were obtained after filtration. Solvent content calculated from the
proposed formula: DMF, 40.0%; H,O, 2.8%. Solvent content
determined by 'H NMR/TGA: DMF, 40.5%; H,0, 2.7%.

B RESULTS AND DISCUSSION

1. Synthesis and Characterization of Ligands. The new
1,1"-binaphthyl-derived ligand, (R)-5,5,5"5"”-(2,2"-diethoxy-
1,1-binaphthyl-4,4',6,6 -tetrayl)tetrakis(ethyne-2,1-diyl) tetrai-
sophthalic acid (L,-Hg), was synthesized by starting from a
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Pd-catalyzed Sonogashira coupling between 4,4',6,6"-tetrabro-
mo-2,2-diethoxy-1,1"-binaphthyl and trimethylsilylacetylene
followed by base-catalyzed deprotection (Scheme 1). The
deprotected 4,4'6,6"-tetraacetylene intermediate was then
treated with dimethyl S-bromoisophtalate under Sonogashira
coupling conditions. The resulting methyl ester was then either
directly hydrolyzed to give the 2,2"-ethoxy-protected octa-acid
compound (L,-Hjg) or subjected to a series of deprotection and
hydrolysis steps to give the corresponding 2,2"-hydroxy ligand
(L,-Hg). 2,2-Dibenzyloxy protected ligand L;-Hg was prepared
in a similar manner, starting with the 2,2"-benzyl-protected
tetrabromo compound in place of the 2,2-ethoxy-protected
intermediate.

2. Synthesis and Characterization of 4,8-Connected
MOFs. Single crystals of [Cu,(L,)(H,0),]-20DEF (1),
[Cuy(L,)(H,0),]-16DMF-H,0 (2), and [Cuy(Ls)-
(H,0),]-14DMF (3) were obtained by treating the corre-
sponding ligands with Cu(ClO,),-6H,O in DEF (diethylfor-
mamide) or DMF (dimethylformamide) at 80 °C (Scheme 2).

Scheme 2. Synthesis of MOFs 1-3
COH
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The formulas for 1—3 were established by a combination of
thermogravimetric analysis (TGA), 'H NMR spectroscopy, and
single-crystal X-ray structure determination. To ensure
consistent results, each sample was treated in exactly the
same way for both TGA and 'H NMR experiments. Fresh
crystals were harvested by quick filtration and briefly dried on a
piece of filter paper under air. The sample was then divided and
loaded into a screw-capped vial with CD;OD or the sample tray
in TGA. The organic solvent inside the crystals is either DEF or
DMF which has been exchanged by CD;OD, and its exact
amount was determined by calibrating against the internal
standard, mesitylene. The total amounts of the solvents were
obtained by TGA (Figure 1), and the amount of water
molecules was calculated by subtracting DEF/DMF from the
total solvent amount. The framework structures of 1—3 were
unambiguously determined by single-crystal X-ray diffraction
studies.

MOF 1 crystallizes in the tetragonal P4 space group. The
asymmetric unit for the framework contains two copper atoms,
one-half L; ligand, and two water molecules. The Cu atoms
coordinate to four carboxylate oxygen atoms from four different
L, ligands in the equatorial positions as well as a water molecule
in the axial position, forming [Cu,(O,CR),] paddle wheels as a
4-connected node. Each L, ligand is linked to eight different
copper paddle wheels via the carboxylate groups, serving as an
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Figure 1. Thermogravimetric analysis (TGA) measurements for 1 (green), 2 (blue), and 3 (red).

a)

Figure 2. (a) [Cu,(O,CR),] paddle wheels (represented as red rectangles) and their connectivity through the L, ligand (represented as a blue

prism). (b) Simplified connectivity scheme of 1 showing the scu topology.

8-connected node. As a result, 1 adopts the scu topology with
the Schlifli symbol {4*6},{4'%-6'*} (Figure 2).

MOF 3 is isostructural to MOF 1 with the same space group
and connectivity, while MOF 2 crystallizes in the orthorhombic
(222 space group and has very similar structural characteristics
to MOFs 1 and 3. The crystal structures of 1—3 are very similar
to the MOFs built from the related 1,1-binaphthyl-derived
octacarboxylic acid,% indicating the robustness of the 4,8
connectivity in affording isoreticular MOFs.”® Because of the
elongated L,;—L; ligands, MOFs 1, 2, and 3 possess very large
solvent-accessible volumes, constituting 67.9%, 70.3%, and
62.6% of the unit cell volume as calculated by PLATON,”
respectively. Consistent with this, 1, 2, and 3 exhibited
significant TGA solvent weight losses of 61%, 50%, and 41%
in the 25—280 °C temperature range, respectively.

As shown in Figure 3¢ and 3d, MOF 2 possesses channels of
~7 % 10.3 A along the c axis and rectangular channels of ~9.2
X 16 A along the b axis. The ethoxy groups of the L, ligands
protrude into the open channels that run along the ¢ axis and
the (110) direction in 1, thus reducing the open square channel
sizes to ~9.5 X 9.5 A along the c axis and rectangular channels
of ~9.2 X 16 A along the (110) direction. As expected, the
bulkier benzyloxy groups in 3 reduce the open channel sizes
even further, with the open channel of ~7.2 X 7.2 A along the ¢
axis (Figure 3e) and the open channels of ~6.0 X 6.7 and 6.7 X
7.8 A along the (110) direction due to the protruding
benzyloxy groups (Figure 3f).
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MOFs 1-3 exhibit very high surface areas. The permanent
porosity was established by nitrogen adsorption at 77 K (Figure
4) after a freeze-drying procedure.”* Our previous work showed
that severe framework distortion caused by the surface tension
of the liquid phase can be minimized by freeze drying, leading
to much enhanced porosities and surface areas as compared to
conventional vacuum drying of the same samples.’’”> The
experimental Langmuir surface areas obtained for 1, 2, and 3
were 2245, 2819, and 1323 m?*/g, respectively (Table 1).”> This
porosity trend is consistent with the decreasing steric bulk of
benzyloxy, ethoxy, and hydroxy groups on the 2,2"position at
the binaphthyl rings of the bridging ligands in 1—3. However,
the surface areas do not necessarily agree with the simulated N,
adsorption isotherms calculated by the grand canonical Monte
Carlo (GCMC) method,”*”* which gave calculated Langmuir
surface areas of 3947, 4027, and 3450 mz/g for 1, 2, and 3,
respectively. This discrepancy suggests that the present MOFs
have undergone some framework distortion when the included
solvent molecules were removed during the freeze-drying
processes. Upon desolvation, the elongated, partially flexible
ligand can distort to lower the void space in the crystal and
enhance stability. The experimental surface area of compound 3
was even much lower, which could be attributed to the partially
flexible nature of the benzyloxy groups. Upon desolvation, a
portion of pores can become adsorbate inaccessible as a result
of the disordered orientations of benzyloxy groups. Because the
GCMC simulations assume rigid ligand conformations, the
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Table 1. Experimental and Calculated Surface Areas and
Pore Volumes for 1-3¢

Langmuir surface ~ BET surface area  pore volume  pore width

area (m*/g) (m’/g) (cc/g) A)
1 2245(3947) 1942(3526) 0.77(1.38) 5.52(7.22)
2 2819(4027) 2448(3565) 0.97(1.40) 5.37(7.62)
3 1323(3450) 1189(3094) 0.47(1.22) 5.82(6.67)

“Numbers in parentheses are calculated values.

calculated surface areas tend to be larger than the experimental
results.

An HK cumulative pore size comparison shows that, on
average, 2 has slightly larger pores that 1 while the pores in 3
are almost the same size as 1 but with smaller pore volume
(Figure S). This porosity trend is consistent with the increasing
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Figure 3. (a) Space-filling model of 1 as viewed down the ¢ axis, awe Diameter (5}

showing open channels with the largest dimension of ~9.5 X 9.5 A.
(b) Space-filling model of 1 as viewed along the (110) direction,
showing channels with the largest dimension of 16 A. (c) Space-filling
model of 2 as viewed down the ¢ axis, showing open channels with

Figure 5. Experimental and calculated pore size distributions (HK
method) for 1-3.

dimensions of ~7 X 10.3 A. (d) Space-filling model of 2 as viewed steric bulk of hydroxy, ethoxy, and benzyloxy groups on the
along the b axis, showing rectangular channels of ~9.2 X 16 A. (e) 2,2"-position of the binaphthyl moieties of the octacarboxylic
Space_ﬁuing model of 3 as viewed down the ¢ axis, Showing open aCid brldglng ligands. The HK cumulative pore VOlumeS for l,

channels of ~7.2 x 7.2 A. (f) Space-filling model of 3 as viewed along 2, and 3 were 0.77, 0.96, and 0.47 cm?/ g, respectively (Table
the (110) direction, showing two different open channels of ~6.0 X 1). Theoretical simulations of pore distributions gave larger
6.7 and 6.7 x 7.8 A. pore sizes and pore volumes than the experimental values
(Figure S).

3. Powder X-ray Diffraction Studies. Despite the

different space groups, powder X-ray diffraction (PXRD)

800 patterns of 1, 2, and 3 are very similar to each other, consistent

with their isoreticular nature (Figure 6). However, when

compared to the pristine samples, many of the PXRD peaks of

6@500 the evacuated samples of 1—3 have disappeared, suggesting

g 5 significant distortion of the framework structures (Figures 6

Ky = and S6 and S7, Supporting Information). The PXRD results are

] 400 AR O (IR, ~T0 consistent with the gas adsorption experiments, where the

2. - L e S e o i experimental surface areas are significantly lower than the
= - 4 1adsorplion —— 2 simulation theoretical'values. o ' o

*.0 : :?r:zg::: oo gz‘m Our earlier work indicates a high connectivity ligand can help

k2 cagrpfion “—— %simdation in stabilizing the framework against distortion upon solvent

5 : , v 2desorption . ! removal.?’ Such a framework stabilization is also observed in

0.0 0.2 0.4 06 08 1.0 the present MOF series as the related 4,4-connected MOFs

PIP, built from shorter tetracarboxylic acid bridging ligands

Figure 4. Experimental and calculated N, adsorption isotherms for 1— underwent severe fram.ework dlst.ortlon upon removal of the

3 solvent molecules, leading to negligible surface areas as probed

by gas adsorption measurements. However, the current study
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Figure 6. Powder X-ray diffraction patterns of fresh crystals of 1
(green), 2 (blue), and 3 (red) along with the evacuated sample of 1
(brown) and calculated PXRD pattern of 1 (pink).

also shows that the high network connectivity cannot
completely prevent the framework distortion when the bridging
ligands become much longer. Framework distortion can reduce
the pore sizes of highly porous MOFs, leading to minimization
of the framework energy. In this present MOF series, the
carbon—carbon triple bond is slightly flexible to allow partial
distortion without destroying the MOF structures.

4. Hydrogen Adsorption Studies. Hydrogen adsorption
experiments show 1 uptakes 1.7 wt % hydrogen at 77 K and 1
atm. 2 has a hydrogen uptake of 1.8 wt %, while 3 is capable of
adsorbing 1.4% hydrogen at 1 atm and 77 K (Figure 7). All of
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Figure 7. H, adsorption isotherms for 1—3.

the present MOF series thus exhibit significant hydrogen
storage capacities. However, hydrogen uptakes of MOFs 1-3
are lower than those of the similar MOFs built from the shorter
1,1-binaphthyl-derived octacarboxylic acids (1.8—2.5 wt %),
presumably as a result of framework distortion caused by the
elongated bridging ligands.”” The hydrogen uptake capacity of
MOFs 1-3 correlates well with their surface areas. Bulkier
substituent groups at the 2,2"-positions of the binaphthyl
moieties lead to lower surface areas and lower hydrogen uptake
capacity. This illustrates the ability to tune the surface area,
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pore size, and gas uptake by systematically changing the alkoxy
groups of the octacarboxylic acid bridging ligands in 1-3.

B CONCLUSIONS

We synthesized highly porous and robust 4,8-connected MOFs
based on rigid, aromatic-rich octacarboxylate ligands and
copper paddle-wheel SBUs. The high network connectivity
significantly stabilizes the framework of these MOFs, but some
framework distortion still occurs as a result of the elongated
bridging ligands. These MOFs exhibit large surface areas and
significant hydrogen uptake. Our work thus reinforces the
notion of designing highly porous, tunable, and functional
MOFs using bridging ligands of high connectivity.
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