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ABSTRACT: A flexible octacarboxylate ligand, tetrakis[(3,5-
dicarboxyphenyl)oxamethylJmethane (HgX), has been used to
construct a highly porous metal—organic framework (In,X)-
(Me,NH,),(DMF),(H,0); (1), which is comprised of
octahedral and cuboctahedral cages and shows a rare (4,8)-
connected scu topology. Gas adsorption studies of N,, H, on
the actived 1 at 77 K reveal a Langmuir surface area of 1707 m*
g™, a BET surface area of 1555 m* g™, a total pore volume of
0.62 cm® g, and a H, uptake of 1.49 wt % at 1 bar and 3.05
wt % at 16 bar. CO,, CH,, and N, adsorption studies at 195,
273, 285, and 298 K and also ideal adsorbed solution theory
(IAST) calculations demonstrate that 1 has high selectivites of

CO, over CH, and N,. The resulting framework represents a MOF with the highest gas uptakes and gas selectivities (CO, over

CH, and N,) constructed by flexible ligands.

H INTRODUCTION

Microporous metal—organic frameworks (MOFs) have re-
ceived considerable attention because of their intriguin
topologies and potential applications as functional materials.
Thus far, by judicious selection of the metal cations (or
clusters) and rigid organic linkers with fixed geometry, a large
number of porous MOFs have been assembled with
predesigned structural topology, and the typical example is
employing a series of dendritic hexacarboxylate ligands and
paddle-wheel secondary building blocks (SBUs) to construct
highly porous isoreticular frameworks (such as PCN-61, PCN-
66, PCN-68,” NOTT-112,®> and NU-100*) with rht topology.
Unlike rigid aromatic ligands, flexible ligands can adjust their
configurations properly to meet the geometric requirement of
the central metal atoms/clusters, which results in a variety of
fascinating and multifunctional MOFs.> Actually, even for a
fixed chemical composition, supramolecular isomerism is a
common phenomenon during the assembly process via flexible
ligands.é Obviously, it is a good opportunity for developing
novel functional materials and a better understanding of self-
assembly and crystal growth by utilization of the flexible linkers.
Recently, we have been interested in the use of flexible
multicarboxylate linkers, such as tetrakis[4-(carboxyphenyl)-
oxamethyl]methane,” 5-(3,5-dicarboxybenzyloxy)-isophthalic
acid,® tetrakis[(3,5-dicarboxyphenoxy)methyl]methane)
(HgX),” and 1,3,5-tris[3-(carboxyphenyl)oxamethyl]-2,4,6-tri-
methylbenzene,'® to construct porous functional MOFs and
promote investigation of the structure—property relationship.
For example, we synthesized a highly porous MOF (In,X)-
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(Me,NH,),(DMA);(H,0), via the flexible ligand HgX and
elucidated how the guest molecules (tetraalkyammonium
cations) determine the porosities and tune the gas sorption
properties of the framework."' Replacing dimethylacetamide
(DMA) solvents with dimethylformide (DMF) in the starting
materials, we successfully isolated another supramolecular
isomer (In,X)(Me,NH,),(DMF),(H,0)s (1) under the same
solvothemal conditions. Herein, we report the synthesis, X-ray
structure, and gas sorption properties of the highly porous
framework 1 based on the flexible octacarboxylate ligand (HgX,
Scheme 1). Structural analysis reveals that the framework is
built by octahedral and cuboctahedral cages. Gas adsorption
measurements demonstrate that the material has a large surface

Scheme 1. Structure of Tetrakis[(3,5-
dicarboxyphenoxy)methylJmethane), HgX
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area and good H, and CO, storage capacity. Ideal adsorbed
solution theory (IAST) calculations predict the material shows
high selectivites of CO, over CH, and N, at room temperature.

B EXPERIMENTAL SECTION

Materials and General Methods. All chemicals and solvents
purchased were of analytical grade and used without further
purification. Ligand HgX was synthesized according to the literature.'!
Elemental analyses (C, H, and N) were carried out on an Elementar
Vario EL III analyzer. Infrared (IR) spectra were recorded on a
PerkinElmer Spectrum One as KBr pellets in the range 4000—400
em™". '"H NMR spectra wererecorded at ambient temperature on a
BRUKER AVANCE III spectrometer (Figure S1, Supporting
Information); chemical shifts were referenced to TMS in the solvent
signal in di-DMSO. Powder X-ray diffraction (PXRD) data were
collected on a Rigaku MiniFlex2 diffractometer working with Cu Ko
radiation, and the recording speed was 5° min™" over the 26 range of
5—50° at room temperature (Figure S2, Supporting Information).
Thermogravimetric analyses (TGA) were performed under a nitrogen
atmosphere with a heating rate of 10 °C/min using an SDT Q600
thermogravimetric analyzer (Figure S3, Supporting Information).
Supercritical carbon dioxide (SCD) drying was performed with SFT-
10 pump linkup pressure vessel and the Rxtrol Jr reactor temperature
control system. The simulated powder pattern was calculated using
Mercury 2.0. Purity and homogeneity of the bulk product were
determined by comparison of the simulated and experimental X-ray
powder diffraction patterns.

Synthesis of (In,X)(Me,NH,),(DMF)4(H,0)s (1). A sample of
InCl;-4H,0 (0.0S mmol, 15 mg), HgX (0.025 mmol, 20 mg), and
DMF (4 mL) was mixed in 23 mL Teflon-lined stainless steel vessel.
The mixture was heated under autogenous pressure at 120 °C for 72 h
and then cooled to room temperature at a constant rate of 0.05 °C/
min. Colorless block crystals suitable for X-ray crystal analysis were
obtained by filtration, washed several times with DMF, and dried in air
at ambient temperature. The compound is stable in air and insoluble in
common organic solvents such as methanol, ethanol, acetonitrile,
acetone, DMSO, and DMF. Yield: 75% (based on HgX). Anal. Calcd
for C¢sHy,In,N;,05,4: C, 45.33; H, 3.19; N, 8.55. Found: C, 45.26; H,
3.10; N, 8.56. IR (KBr): v = 3399 (br), 3085 (m), 1660 (s), 1565 (s),
1446 (m), 1371 (s), 1252 (m), 1038 (m), 922 (w), 840 (m), 783 (m),
733 (m), 560 (m).

Single-Crystal X-ray Crystallography. Crystal diffraction data of
compound 1 was collected on a Rigaku Saturn 724+ diffractometer
equipped with graphite-monochromatized Mo Ka radiation (4 =
0.71073 A) and a CCD area detector at room temperature. Absorption
correction was performed using the CrystalClear program.'* Structure
was solved by direct methods and refined by full matrix least-squares
on F? using the SHELXTL-97 program package."® All non-hydrogen
atoms were refined with anisotropic displacement parameters.
Positions of hydrogen atoms attached to carbon atoms were generated
geometrically. Attempts to locate and model the highly disordered
solvent molecules and counterions in the pores were unsuccessful.
Therefore, the SQUEEZE routine of PLATON was used to remove
the diffraction contribution from these solvents to produce a set of
solvent-free diffraction intensities."* Details of the structure solution
and final refinements for 1 are given in Table S2, Supporting
Information. CCDC 908192 contains the crystallographic data for this
paper. Data can be obtained from the Cambridge Crystallographic
Date Center via www.ccdc.cam.ac.uk.

Gas Sorption Measurements. Low-pressure gas (nitrogen,
methane, carbon dioxide, and hydrogen) adsorption measurements
were carried out on an ASAP (Accelerated Surface Area and
Porosimetry) 2020 System. High-pressure hydrogen and methane
adsorption measurements were carried out on an Intelligent
Gravimetric Sorption Analyzer IGA100B instrument. Sample was
actived by the supercritical carbon dioxide (SCD) method (the SCD
drying was performed with a SFT-10 pump linkup pressure vessel and
the Rxtrol Jr reactor temperature control system). After removal of
solvents by SCD drying, sample was dried under a dynamic vacuum
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(<107® Torr) at 313 K for 10 h. Before gas adsorption measurement,
sample was dried again using the “outgas” function of the surface area
analyzer for S h at 313 K. Measurements were maintained at 77, 87,
195, 273, 285, and 298 K with a liquid nitrogen bath, a liquid argon
bath, an acetone—dry ice bath, an ice—water bath, a water-bath, and a
water-bath, respectively.

B RESULT AND DISSCUSION

Crystals of 1 were obtained under solvothemal conditions by
mixing HgX and InCl;-4H,O in a 1:2 molar ratio in
dimethylformide at 120 °C for 3 days. The phase purity of
the bulk product was confirmed by powder X-ray diffraction
(PXRD) (Figure S2, Supporting Information). Single-crystal X-
ray diffraction analysis reveals that compound 1 crystallizes in
the orthorhombic space group P222,. As shown in Figure S$4,
Supporting Information, the asymmetric unit of 1 contains an
X% ligand and two In(III) cations locating in the C, axes. In
the structure, each In(III) center is eight coordinate, binding to
eight oxygen atoms from four carboxylate groups but serves as a
4-connected node due to the carboxylate groups adopting a
bidentate chelating coordination mode. Each X*~ ligand binds
to eight separate In(III) centers, acting as a 8-connected cubic
node, and as expected, the anionic framework shows a rare 3D
(4,8)-connected network with scu topology."®

The structure of 1 can be viewed as the alternate packing of
two types of cages (cages A and B) in 3D space. Both the
In(IlT) center and the quaternary carbon atom from the X~
ligand participate in construction of these two cages. In cage A
(Figure 1a), four In(III) centers acting as four octahedral

Figure 1. View of (a) cage A, (b) cage B, (c) cage A surrounded by
eight B cages, and (d) cage B also surrounded by eight A cages.

vertices arrange in a square plane (In, plane) and two central
sp® carbon atoms from two X®~ ligands serving as other two
octahedral vertices locate in and out the In, square plane. Cage
B (Figure 1b) is a distorted cuboctahedron. In cage B, eight
In(1II) centers and four quaternary carbon atoms from four X*~
ligands act as 12 vertices of the cuboctahedron. The
approximate diameter of the inner sphere of cages A and B
are 8.2 and 13.0 A, respectively. In the structure, each cage A is
surrounded by eight B cages and each cage B is also
encompassed by eight A cages via sharing the triangular faces
(Figure 1c and 1d). Thus, the structure of 1 can be seen as that
cages A occupy the octahedral space, forming by simple cubic
packing of B cages.

Compound 1 possesses three types of 1D square channels
with dimension of about 9.3 A along the crystallographic a, b,
and ¢ axes, which are interconnected with each other (Figure
SS, Supporting Information). The potential free volume of 1 is
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65.1% as calculated by PLATON (1.8 A probe radius) after
removal of guest solvent molecules, and the pore volume is 0.87
cm® g7'. The permanent porosity of the actived sample was
confirmed by the N, sorption experiment at 77 K. As shown in
Figure 2, the fully activated sample reveals a reversible typical
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Figure 2. Experimental N, isotherm at 77 K for 1; filled and open
symbols represent adsorption (Ads) and desorption (Des) data,
respectively. (Inset) Pore size distribution (PSD) calculated by density
functional theory (DFT).

type-I behavior as expected for microporous materials, which is
coincidental with the crystal structure. Derived from N,
adsorption, the Langmuir surface area of 1 is 1707 m* g~/,
corresponding to a BET surface area of 1555 m* g~'. The BET
surface area is among the highest MOFs constructed by flexible
ligands (Figure 3)."® A pore distribution analysis by density
functional theory (DFT) shows that there is a narrow
distribution of micropores at around 6.7 and 9.3 A,
corresponding to the diameters of cage A and cage B, albeit
those values are smaller than that derived from the single-
crystal structure. The pore volume estimated by t-plot analysis
is 0.62 cm® g™!, which is also a little smaller than the value (0.87
em® g7') calculated from the structure. The results can be
explained that the disorder counterions (CH;),NH," occupy in
the channels, decreasing the void of the channels.

The high porosity and surface area of 1 prompted us to
evaluate its hydrogen adsorption performances. The low-
pressure hydrogen sorption isotherm of the desolvated sample
at 77 K reveals reversible hydrogen adsorption as presented in
Figure 4. The excess gravimetric hydrogen uptake capacity of 1
reaches 1.49 wt % at 1 bar, comparable to MOEF-S, MOF-74,"7
and CUK-1,"® and is among the highest for MOFs with flexible
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Figure 4. Experimental H, isotherms at 77 and 87 K for 1.

ligands (Figure 3a).”*'® The sample exhibits an increasing
hydrogen uptake accompanied with the increasing pressure and
excess gravimetric value reaching 3.05 wt % at 77 K and 16 bar,
which is comparable to that of MIL-53(Cr) (3.1 wt %) under
the same measurement conditions.”® At 77 K, the maximum
excess hydrogen uptake value is 3.21 wt % at around 30 bar,
corresponding to the total hydrogen uptake is 4.26 wt %
(Figure S). To evaluate the heats of adsorption (Qy,) for H, in
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Figure 5. High-pressure H, adsorption isotherm for 1 at 77 K.

compound 1, H, adsorption isotherms were also measured at
87 K. Adsorption data were fitted using the virial-type
expression, and the heats of adsorption were calculated using
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Figure 3. Comparison of reported MOFs via flexible ligands: (a) BET surface area and H, uptake at 77 K and 1 bar; (b) BET surface area and CO,

uptake at 298 K and 1 bar (Table S1, Supporting Information).
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virial coeflicients. As shown in Figure 6, the initial hydrogen
adsorption enthalpy is 6.15 kJ mol™". With the increase in H,
coverage, Q,, of 1 decreases steadily.

Qsy 1 KJ mol™

0 . . . . . : , :
0.0 0.5 1.0 15 2.0

Hy uptake / mg g'1

Figure 6. Isosteric heats of H, adsorption for 1.

To further investigate the gas sorption properties of 1, CO,,
CH,, and N, adsorption measurements have also been carried
out, and the results are shown in Figure 7 and summarized in
Table 1. At 195 K and 1 bar, compound 1 adsorbs CO, up to
370.2 cm® ¢!, CH, up to 202.5 cm® g, and N, up to 43.2 cm?®
g~'. At 273 K and 1 bar, the adsorption capacity for CO, is 99.7

Table 1. Comparison of Gas Adsorption Data of 1

adsorption capacity (cm® g_l)

T/K P/bar H,* Co, CH, N,
77 1 1.49 401.1
77 16 3.0

195 1 3702 202.5 432
273 1 997 22.5 2.5
285 1 74.6 17.0

298 1 562 132

“The unit of hydrogen uptake is wt %.

and 22.5 cm® g™! for CH, but for N, only 2.5 cm® g™". With the
increase of temperature to 298 K, the adsorption capacity for
CO, is 56.2 cm® ¢! but for CH, 13.2 cm® g!. CO, uptake is
among the highest MOFs built by flexible linkers (Figure 3b).
Heat of adsorption measurements (Figure 7d) show that
compound 1 has an initial affinity of about 21.14 kJ mol™" for
CO, and 17.45 kJ mol ™" for CH,. The results demonstrate that
compound 1 has the ability to selectively adsorb CO, over CH,
and N, (Figures 7 and 8a). To further explore the potential
properties toward CO,/CH, and CO,/N, gas separation,
adsorption selectivities were calculated via ideal adsorption
solution theory (IAST) based upon experimental CO,, CH,,
and N, isotherms, and the results are presented in Figure 8b.
The adsorption selectivity is defined as S;; = (4:1/4,)/(p1/p2),
where ¢; is the amount of i adsorbed and p; is the partial
pressure of i in the mixture. At 1 bar, the predicted CO,/CH,
selectivity is 6.40 at 273 K and 5.60 at 298 K (Figure 8b) from
equimolar gas-phase mixtures, which is comparable to the high
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Figure 7. (a) Experimental CO,, CH,, and N, isotherms at 195 K for 1. (b) Experimental CO, isotherms at 273, 285, and 298 K for 1. (c)
Experimental CH,, isotherms at 273, 285, and 298 K for 1. (d) Isoteric heats of CO, and CH, adsorption for 1.
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Figure 8. (a) Experimental CO,, CH,, and N, isotherms at 273 K for 1. (b) IAST-predicted selectivities for CO,/CH, and CO,/N, adsorption

based on observed adsorption isotherms of the pure gas for 1.

selectivities of CO, over CH, in reported compounds ZIF-
100*' and HKUST-1.* Remarkably, compound 1 shows
exceptionally high CO,/N, selectivity at 273 K and 1.0 bar
(8 =250.0, CO, and N, mixtures in a 15:85 molar ratio), which
indicates that this material may be a promising adsorbent in the
process of CO,/N, separation required for postcombustion
CO, capture application.

Selective CO, adsorption over CH, and N, in 1 is mainly
attributed to the differences in the electrostatic interactions
between the porous surface and adsorbates. Recent computa-
tional and experimental studies have demonstrated that charged
porous framework materials exhibit much stronger binding
interactions with CO, molecules.”® Besides, the small kinetic
diameter of CO, (3.30 A) enables more adsorbing sites to be
accessible in the channel. On the contrary, the larger kinetic
diameter of CH, (3.80 A) and N, (3.64 A) makes it difficult for
them to diffuse into small cavities.

Bl CONCLUSION

We synthesized a highly porous polyhedral MOF (In,X)-
(Me,NH,),(DMF)4(H,0); based on flexible tetrakis[(3,5-
dicarboxyphenyl)oxamethyl|methane. Structural analysis re-
veals that the framework is comprised of octahedral and
cuboctahedral cages and shows a rare (4,8)-connected scu
topology. After activation by supercritical carbon dioxide
(SCD) drying, the material has a large surface area (BET
1555 m* g~') and good H, (1.49% at 77 K and 1 bar, 3.05% at
77 K and 16 bar) and CO, storage capacity (99.7 cm® g™" at
273 K and 1 bar). Besides, ideal adsorbed solution theory
(IAST) calculations predict the material show high selectivites
of CO, over CH, and N,. The framework presented here
represents one of MOFs with highest gas uptakes and gas
selectivities (CO, from CH, and N,) built by flexible ligands.

B ASSOCIATED CONTENT

© Supporting Information

Additional structural figures, NMR spectrum, PXRD patterns,
TGA curves, derivation of the isosteric heats of adsorption for
H, CO,, and CH, and crystallographic data for 1. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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