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Abstract: Purification of C,H, from an C,H,/C,H, mixture,
one of the most important while challenging industrial
separation processes, is mainly through energy-intensive cryo-
genic distillation. Now a family of gallate-based metal-organic
framework (MOF) materials is presented, M-gallate (M = Ni,
Mg, Co), featuring 3D interconnected zigzag channels, the
aperture sizes of which (3.47-3.69 A) are ideally suitable for
molecular sieving of ethylene (3.28 x 4.18 x 4.84 A) and ethane
(3.81 x4.08x 4.82 A°) through molecular cross-section size
differentiation. Co-gallate shows an unprecedented IAST
selectivity of 52 for C,H, over C,H; with a C,H, uptake of
3.37mmolg™" at 298 K and 1 bar, outperforming the state-of-
the-art MOF material NOTT-300. Direct breakthrough experi-
ments with equimolar C,H/C,H, mixtures confirmed that M-
gallate is highly selective for ethylene. The adsorption structure
and mechanism of ethylene in the M-gallate was further studied
through neutron diffraction experiments.

Olefin/paraffin separations are industrially critical process-
es, providing various primary feedstocks for the industrial
manufacture of a variety of products, particularly household
plastics.!l Their separations have been recognized as one of
the seven chemical separations to change the world because
the total energy used for ethylene and propylene separation
alone accounts for more than 0.3% of the global energy
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consumption.””! Due to the similar sizes and volatilities of the
molecules, industrial separation of ethylene from ethane
currently relies on energy-intensive cryogenic distillation at
high pressures (up to 22 bar) and temperatures as low as
—25°C.Pl Tremendous energies could be saved if materials
enabling the efficient separation of ethylene/ethane at
ambient temperature and pressure were developed.

For this purpose, tremendous efforts have been devoted to
investigate a great number of separation agents, such as
membranes,! organic solvent-based absorbents,” and porous
solid adsorbents.” Principally, adsorptive separation based on
porous solid materials is a prospective and economically
viable alternative to the energy-intensive distillation process.
To develop adsorbents which preferentially adsorb ethane is
of a practically significant interest for the separation of
ethylene/ethane mixture, but the adsorption selectivity ever
reported for ethane over ethylene is still not high enough.”
Nowadays, one of the most popular adsorption-based sepa-
rations of ethane and ethylene in porous materials was based
on selective m-complexation interaction between ethylene
and transition metals such as Ag'/Cu'’ ions supported on
alumina, resins, and zeolites.®) However, ethylene is strongly
bound and difficult to recover from these composite adsorb-
ents. The complexation with metals may also lead to highly
unstable and explosive products. Besides, some metal-organic
frameworks (MOFs) with open metal sites (OMSs) rendered
similar m-complexation towards ethylene molecules.”) For
instance, the series of MMOF-74 (M =Mg, Co, Ni, Mn, Fe)
materials are an archetypal example with high-density OMSs,
and perform well for the ethylene/ethane separation owing to
a side-on coordination of the carbon—carbon double bond to
the metal centers.'”) However, simultaneous co-adsorption of
ethane resulted from polarization of OMSs in MMOF-74 is
unavoidable, making it difficult to obtain high-purity ethylene
at low cost of regeneration energy.

Ideal porous materials for gas separation are those with
suitable pore sizes and geometries for size or shape sieving,
only taking up smaller molecules while blocking the larger
ones. Fortunately, ultra-fine tuning of the topology of the
aperture could be readily accomplished in MOFs via ligand
and/or metal ion substitutions,'! as well in some zeoli-
tes.[%*12I Benefitting from their highly ordered and well-
defined pore structures, and adjustable pore dimensions,
MOFs have attracted considerable attention as porous solid
adsorbents in the field of gas storage and separation during
the last two decades.”! Among some of the pioneering works,
molecular exclusion of methane and nitrogen from carbon
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dioxide," ethylene, and carbon dioxide from acetylene,!"
propane from propylene," branched paraffins from normal
paraffins!'’! have been successfully achieved by fine tuning of
the MOF structures. However, it remains an ongoing
challenge to seek out a porous solid material with suitable
pore size and window shape to achieve the molecular sieving
of ethylene and ethane with high enough efficiency.’®"
Previously, the studies aimed at molecular sieving mainly
focused on the difference between the kinetic diameters of
gas adsorbates and the pore size of the adsorbent, and few
insights into the complete molecular sieving through their van
der Waals molecular dimension differentiation were
obtained. Herein, we reported a family of MOF materials
whose pore windows are ideally suitable for molecular sieving
of ethylene and ethane through molecular cross-section size
differentiation. The gallate-based MOFs feature three-dimen-
sionally interconnected zigzag channels (3.47 x4.85, 3.56 x
4.84, 3.69x4.95A? for Ni, Mg, Co-gallate, respectively).
From the kinetic diameter point of view, it seems impossible
for both ethylene (with the kinetic diameter of 4.163 A) and
ethane (4.443 A) to get into the pore channels."! On the
contrary, the appropriate aperture size is theoretically perfect
for the separation of ethane (3.81x4.08x4.82 A% and
ethylene (3.28 x4.18 x 4.84 A*)!") (Supporting Information,
Figure S1) considering that the aperture size is slightly larger
than the minimum cross-section size of ethylene molecule
(3.28 x4.18 A but obviously smaller than that of ethane
(3.81x4.08 A Figure 1c; Supporting Information, Fig-
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ure S2). This means that ethane molecules could be excluded
from the pore channels while ethylene molecules could enter
the pore. Our hypothesis was indeed verified by adsorption
isotherms and breakthrough experiments on M-gallate. The
adsorption structure and mechanism of ethylene in the zigzag
channels was further studied through neutron diffraction
experiments. Our results show that M-gallate is a new bench-
mark porous material for adsorptive separation of ethylene
and ethane.

The gallate-based MOFs, M-gallate (M(C,0sH,)-2H,0,
M =Ni, Mg, Co), were prepared from the reaction of gallic
acid and metal salts. The crystal structure of Ni-gallate was
resolved by single-crystal X-ray diffraction analysis, and the
structure of Mg, Co-gallate were inferred from the powder X-
ray diffraction data thanks to the excellent crystallinity.
Structure resolution revealed that the as-synthesized M-
gallate are isostructural and crystallized in the P3,21 space
group (Supporting Information, Table S1), in agreement with
the previous report.””! The framework structure is composed
of infinite chains of corner-sharing distorted MO octahedra
connected through the organic ligands (four O atoms from the
phenolic hydroxy groups of two different ligands, and two O
from the carboxyl groups of another two ligands). The regular
main channels are formed by spiral extension of the
connection of metal octahedra and organic ligands around
the ¢ axis, along with regular branched channels leaning
against the main ones (Figure 1a,b). Moreover, M-gallate
shows the ideal quasi-discrete fusiform branched channels as
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Figure 1. a) The coordination environment of gallate ligand and MO4. M purple, C black, O red, H white. b) Perspective view of the structure along
the ¢ axis showing the triangular main channels and the regular branched channels leaning against the main ones. The H atoms are omitted for
clarity. c) Diagram of the fusiform branched channels. Only ethylene can favorably enter the cavity because the limiting aperture size of M-gallate
(3.47x4.85 A? for Ni-gallate, 3.56x4.84 A? for Mg-gallate, and 3.69x4.95 A? for Co-gallate) matches well with the smallest cross-section size of
C,H, (3.28x4.18 A%, but is smaller than that of C,H, (3.81x4.08 A%) The C atoms in C,H, and C,H, are particularly presented in orange.

d),e) Accessible Connolly surface calculated with a Connolly radius of 1.0 A. The quasi-discrete cavities of the fusiform branched channels are
restrained by the narrow pore windows. f) Diagram of the zigzag channels. The zigzag channels in different layers are colored by purple and

orange, respectively.
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molecular sieves, where the larger cavities are interconnected
by very narrow windows (Figure 1d,e; Supporting Informa-
tion, Figure S2). The interlaced zigzag channels are fully
empty after the guest molecule removed (Figure 1 f), and the
crystal lattice of M-gallate becomes slightly distorted with
symmetry changing from the P3,21 to P3; space group
(Supporting Information, Figure S3 and Table S2). The pore
size still matches well with the smallest cross-section size of
ethylene and remains smaller than that of ethane.

The permanent porosity of M-gallate was confirmed by
adsorption isotherms of CO, at 195 K (Supporting Informa-
tion, Figure S4) with Brunauer-Emmett-Teller (BET) sur-
face areas estimated to be 424, 559, and 475 m’g "' for Ni, Mg,
Co-gallate, respectively. Based on the encouraging micro-
porous porosity characteristics, the separation potential for
C,H,/C,H¢ mixture was first examined by single-component
equilibrium adsorption isotherms. As shown in Figure 2a and
the Supporting Information, Figures S5-S7, satisfactory C,H,
adsorption capacity is achieved on all M-gallates. Specially,
Co-gallate exhibits the highest C,H, uptake of 3.37 mmolg™'
at 298K and 1bar. As a very important parameter in
industrial adsorptive separation process, the volumetric
uptake of C,H, on Co-gallate reaches up to 5.18 mmolmL "',
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surpassing most state-of-the-art performers, including the
benchmark MOF material NOTT-300 (4.90 mmol mL "), next
only to the family of MMOF-74 (Figure 2c; Supporting
Information, Table S3). It implies the high productivity of
ethylene in the industrial adsorption process. It is worth
noting that all M-gallate are capable of preventing C,Hy from
entering the channels as evident with a low uptake (less than
0.31 mmolg') at 298 K up to 1 bar. It is dramatically lower
than those of best-performing porous materials, including
zeolite 13X, NOTT-300 and the family of MOF-74 (Support-
ing Information, Table S3). Therefore, our adsorption find-
ings confirmed that M-gallate is capable of efficiently block-
ing the slightly larger ethane molecules on the premise of high
ethylene uptake.

In light of molecular exclusion of ethane, M-gallate show
remarkable ideal adsorbed solution theory (IAST) selectivity
for the equimolar C,H,/C,Hy mixture (Figure 2b). Particu-
larly, Co-gallate exhibits an unprecedented adsorption selec-
tivity of 52 at 298 K and 1 bar, outperforming all MOF-based
adsorbents ever reported, and setting up a new benchmark for
the C,H,/C,H, separation (Figure 2b,c). To further confirm
such outstanding separation performance of M-gallate for
ethylene/ethane mixture, we also investigated the experimen-

tal breakthrough tests for C,H,/
C,H¢ (50/50, v/v) mixture. Fig-
ure 2d shows the dimensionless
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concentration of C,H,/C,Hy exit-
ing the adsorber packed with M-
gallate as a function of the time at
1 bar. Complete separation was
realized by all M-gallate, whereby
C,Hy broke through very soon
because of low uptake capacity;
nevertheless, the signal of C,H,

—— 0 —
0.2 04 0.6 0.8 1.0 0 20
Pressure (bar)

—— NOTT-300 —— Mg-gallate
—— Zeolite 13X —— CoMOF-74

0.0

—— Co-gallate
FeMOF-74

(2]
~

d)

25

MgMOF-74

was not detected longer than
55 min, denoting that pure C,Hg
could be obtained until C,H, was
eluted. On the other hand, the
bound C,H, molecules in the
column can be easily desorbed
by an inert gas (helium) purge or
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Figure 2. a) Single-component adsorption isotherms of C,H, (red) and C,H; (blue) in Co-gallate at
298 K in the pressure range of 0-1 bar. Empty symbols represent desorption data. b) Comparison of
IAST selectivities for equimolar C,H,/C,Hg mixtures in M-gallate with other best-performing materials
in the range of 01 bar. The adsorption isotherms were collected at 318 K for FeMOF-74,'% 298 K for
M-gallate, MgMOF-74 and zeolite 13X,*"! 296 K for COMOF-74,%% 293 K for NOTT-300,*"! and 283 K
for zeolite 5A.?* c) Comparison of C,H,/C,H, adsorption selectivity and volumetric C,H, uptake at

1 bar in M-gallate and other best-performing materials. d) Experimental breakthrough curves of M-
gallate for the equimolar C,H,/C,H, mixture at 273 K and 1 bar with a constant flow rate of

0.5 mLmin".
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the vacuum swing method after
adsorption saturation to obtain
high-purity C,H, due to relatively
weak interaction between C,H,
and M-gallate. As an important
parameter to evaluate the
strength of interaction between
the adsorbent and the adsorbate,
the isosteric heat of adsorption
(Q,) of C,H, was calculated using
the Clausius—Clapeyron equation.
The obtained Q,, value at zero-
coverage was 32, 39, 44 kImol ™
for Ni, Mg, Co-gallate (Support-
ing Information, Figure S8 and
Table S3), which is remarkably
lower than those of m-complex-
ation-based MOF-74 with open
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Figure 3. a),b) Rietveld refinements of the NPD data for a) bare Mg-gallate and b) C,D,-loaded Mg-gallate, both measured at 200 K. The ligand
molecules and the C,D, molecules were kept as rigid bodies during the refinement. Experimental (circles), calculated (line), and difference (line
below observed and calculated) neutron powder diffraction profiles are shown. Vertical bars indicate the calculated positions of Bragg peaks. The
goodness of fit data are shown in insets. c) Neutron diffraction crystal structure of Mg-gallate-0.485 C,D, at 200 K from Rietveld analysis showing
all C,D, molecules are located in the branched channels. d)—f) Adsorption binding sites in Mg-gallate. d) Site I, e) Site Il, and f) Site III. The C---H
supramolecular interactions of C---H—O and C—D---O hydrogen-bonds are highlighted in cyan and red, respectively. Mg, C, O, H in Mg-gallate are
represented by cyan, gray, red, and white, respectively; C and D in C,D, are represented by orange and white, respectively.

metal sites (Supporting Information, Table S3) despite higher
than NOTT-300 (16 kJmol™'). These adsorption results
suggest M-gallate is a promising candidate for C,H,/C,Hg
separation. To further understand the outstanding separation
performance of M-gallate, the adsorption structure of C,D, in
Mg-gallate was established through high-resolution neutron
powder diffraction (NPD) experiments (Figure 3a,b). As
shown in Figure 3¢ and the Supporting Information, Fig-
ure S9, different from the water molecules residing in the c-
axis straight channels (Supporting Information, Figure S10),
all C,D, molecules are located preferentially at the inter-
sections of the straight and zigzag channels, most probably
attributed to the larger molecule dimensions of C,D, than
H,O, as well as the smaller aperture size of c-axis straight
channels for hosting. Due to the slightly distorted trigonal
lattice of activated Mg-gallate, the adsorbed C,D, molecules
belong to three crystallography sites, which differ only a little
in terms of local pore environment (Figure 3d-f; Supporting
Information, Figure S11). Taking Site I (Figure 3d) as an
example, the C,D, molecule is surrounded by a cycle
composed of metal ions and two neighboring gallate ligands,
and bound to the framework through cooperative supra-
molecular interactions between C(67) of C,D, and H(6")
from —OH of the two parallel gallate ligands (C--H—O =
2.28-2.68 A). Furthermore, the side-on C—D--O hydrogen
bonding interactions between C—D of C,D, and the gallate
ligand further strengthened the restraint against the GC,D,
molecules. The bond length of the supramolecular interac-
tions and hydrogen bonds had a similar but a very slight
change at Site II and III (Figure 3e.f) attributed to the slight
distortion of the framework structure after dehydration
(Supporting Information, Figure S3).
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Among M-gallate, Mg-gallate not only keeps intermedi-
ate C,H,/C,H, separation performance between Co- and Ni-
gallate, but also is more thermally stable than Ni, Co-gallate,
as evident by the TGA results (Supporting Information,
Figure S12), arising from the higher hardness of Mg". More-
over, Mg" salt is also cheaper and comparatively nontoxic
compared with most transition metals.””) Hence, we chose
Mg-gallate to further investigate the industrial potential. Mg-
gallate could be readily synthesized from gallic acid (ca.
$10kg "), which is produced on a massive scale from biomass,
and the whole synthetic process is environmentally friendly
without the use of organic solvents. Furthermore, the PXRD
patterns and C,H, uptake of Mg-gallate are still consistent
with that of the as-synthesized sample even after being
exposed in humid atmosphere (20°C, and 75 % humidity) for
3 weeks (Supporting Information, Figures S13, S14), proving
that Mg-gallate is highly stable against water vapor. Sub-
sequently, multiple breakthrough tests revealed that Mg-
gallate maintained its C,H, uptake and complete molecular
exclusion of C,H over 10 cycles (Supporting Information,
Figure S15), illustrating the recyclability of Mg-gallate in the
separation of the C,H,/C,H, mixture. Besides, the excellent
chemical and water stability of Mg-gallate was verified by
unchanged PXRD patterns even after soaking in water and
ethanol for 5 weeks (Supporting Information, Figure S16).
Moreover, we investigated the feasibility of usage of Mg-
gallate in industrial practice, and powder Mg-gallate was
obtained by scale-up synthesis in the flask at ambient
pressure. The PXRD patterns (Supporting Information, Fig-
ure S13) and adsorption isotherm for C,H, (Supporting
Information, Figure S17) exhibit no notable differences,
indicating that the performance of efficient separation for
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gas mixture would not differ from each other. Afterwards,
millimeter-sized extrudates were shaped by addition of
a binder material (Supporting Information, Figure S18), and
the excellent separation performance for C,H,/C,Hy mixture
was well retained (Supporting Information, Figures S19, S20).
Therefore, Mg-gallate shows great potential in the practical
separation of C,H, and C,Hg in view of ready availability of
ligand and easy preparation.

In summary, we demonstrated for the first time that
a family of M-gallate (M =Ni, Mg, Co) MOFs are capable of
selectively adsorbing ethylene while blocking ethane because
of the perfect aperture dimension falling in the range between
the minimum cross-section size of ethylene and that of ethane,
affording benchmark high selectivity of ethylene over ethane.
High ethylene uptake may also be realized due to high
utilization efficiency of the quasi-discrete branched channels,
where cooperative supramolecular interactions between eth-
ylene and framework occurred. With several merits including
readily available ligand, high stability against water vapor
combined with the excellent maintenance of separation
performance, M-gallate shows great potential in industrial
practice, such as the pressure-swing adsorption process.
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Methods:

Materials

MgCl> was purchased from Alfa Aesar Co. (USA). CoCl>'6H20, NiCly'6H20,
Ni(CH3COO)24H>0, gallic acid monohydrate and hydroxypropyl cellulose were
obtained from Sigma-Aldrich Co. (USA). All chemicals were directly used without
further purification. High-purity gases including C2Hs (99.99%), C2He (99.99%), N»
(99.999%), He (99.999%) and mixed gases of CoH4/C2Hs = 50/50 were provided by
Jingong Co., Ltd. (China).

Synthesis of M-gallate (M= Ni, Mg, Co)

The synthesis of M-gallate was carried out as previously reported method.!! Metal
chloride (2 mmol) and gallic acid monohydrate (Hagal, 4 mmol) were mixed in 10 mL
KOH aqueous solution (0.16 M for Ni, Co-gallate, 0.5 M for Mg-gallate). After
ultrasonic treatment for 30 min, the mixture was sealed in a Teflon-lined stainless
steel autoclave and heated at 120 °C under autogenous pressure for 24 h. The
autoclave was cooled down at room temperature and the obtained powder was washed
with water followed by absolute ethanol. The sample was activated at 120 °C for 24 h
under ultrahigh vacuum before single-component gas adsorption and breakthrough
tests.

Synthesis of Ni-gallate single crystal

The synthesis of single crystal of Ni-gallate was carried out by the following
method. Ni(CH3COO)>-4H>0 (150 mg) and gallic acid monohydrate (Hsgal, 188 mg)
were mixed in 10 mL H>O. After ultrasonic treatment for 30 min, the mixture was
sealed in a Teflon-lined stainless steel autoclave and heated at 110 °C under
autogenous pressure for 72 h, then slowly cooled to room temperature in 24 h. The
size of obtained single crystal is larger than 200 pm.

Scale-up synthesis of Mg-gallate

For scale up, 50 mmol MgCl> and 100 mmol gallic acid monohydrate were added
to 250 mL 0.5 M KOH aqueous solution in a three-necked flask. Then the mixture
was heated and refluxed at 80 °C and ambient pressure for 24 h with continuous
stirring. After cooling down, the product was collected and washed with H,O and
ethanol successively.

Preparation of Mg-gallate extrudates

In the process of molding, hydroxypropyl cellulose (HPC) was used as the binder.
0.5 g Mg-gallate powder, 25 mg HPC, and 0.3 mL H,O were mixed uniformly to form
a paste. The paste was partially dried at ambient temperature and then passed through
hollow plastic tube of a 1 mL injection syringe. The spaghetti-like noodles were
placed on a piece of tin foil sheet and semi-dried at room temperature for about 20
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minutes. The dried noodles were then cut into tablets with dimension of 2 x 2 mm in
diameter and length.

Determination of BET surface area

The BET surface area of M-gallate was characterized by CO; adsorption-desorption
isotherms at 195 K. The adsorption-desorption isotherms were both obtained on a
Micromeritics ASAP 2460 (Micromeritics Instrument Corp., USA). Each sample was
degassed at 120 °C for 24 h under ultrahigh vacuum before measurement. The BET
surface area is calculated by the reported method!?!,

Determination of crystal structure of Ni-gallate

The diffraction data of Ni-gallate was collected on a Rigaku XtaLAB MM007 CCD
diffractometer at 100 K with Cu Ko radiation (A= 1.5418 A) by scan mode. The
structure was solved by direct methods using the SHELXTLE! program and refined by
full-matrix least-squares methods with SHELXL. Metal atoms were located from the
E-maps and other non-hydrogen atoms were located from the successive difference

Fourier syntheses and refined with anisotropic thermal parameters on /2. The H atoms
of the coordinated water molecules in Ni-gallate cannot be added in the calculated
positions, and they were directly included in the final molecular formula. Detailed
crystallographic data is summarized in Table S1.

Powder X-ray diffraction analysis

Powder X-ray diffraction (PXRD) patterns of the samples were recorded with an
XPert diffractometer (Panalytical Corp., Netherlands) using Cu Ka (A=0.1543 nm)
radiation at 40 kV from 5° to 50° (20 angle range) with a step size of 0.02°.

Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) was performed in a TA-Q500 TGA instrument
(TA Instruments Corp., USA) from 50 to 600 °C in air atmosphere at a constant rate of
5 °C/min.

Gas adsorption measurement

The sample of M-gallate was degassed at 120 °C for 24 h under ultrahigh vacuum,
then the single-component isotherms for both ethane and ethylene at 273, 298, and
313 K were measured on a Micromeritics ASAP 2460 gas adsorption analyzer.

Breakthrough experiments

The M-gallate was first activated under ultrahigh vacuum at 120 °C for 24 h. As
shown in Scheme S1, breakthrough tests were conducted in a stainless steel column
(50 mm x 4.6 mm ID) manually packed with activated samples (Ni-gallate: 0.72 g;
Mg-gallate: 0.37 g; Co-gallate: 0.58 g). The binary mixture of C2H4/C2Hg (50/50, v/v)
was introduced with a constant flow rate of 0.5 mL/min at 273 K. The outlet gas from
the column was monitored using a GC-2010 plus (SHIMADZU) gas chromatography
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with a flame ionization detector (FID) and a thermal conductivity detector (TCD).
After the breakthrough tests, the column was regenerated with a He flow at 120 °C for
24 hours.

The dynamic saturated adsorption capacity of gas i (g;) is calculated from the
breakthrough curve by the equation

t
_ Fi -ty — Vieaa _fooFeAt
B m

qi

where F; is the influent flow rate of the specific gas (cm’/min); # is the adsorption
time (min); Vaeaa is the dead volume of the system (cm?®); F, is the effluent flow rate of
the specific gas (cm*/min); and m is the mass of the adsorbent (g).

Neutron diffraction experiment

Neutron powder diffraction data were collected using the BT-1 neutron powder
diffractometer at the NIST Center for Neutron Research. A Ge(311) monochromator
with a 75° take-off angle, lambda=2.0787(2) A, and in-pile collimation of 60
minutes of arc were used. Data were collected over the range of 1.3-166.3° 2-Theta
with a step size of 0.05°. Fully activated Mg-gallate sample was loaded in a vanadium
can equipped with a capillary gas line and a packless valve. The bare Mg-gallate
sample was measured first at 200 K. To probe the gas adsorption structure, C2Ds was
loaded into the sample at room temperature and equilibrated at ~0.1 bar. (Note:
deuterated gas CoDs was used to avoid the large incoherent neutron scattering
background that would be produced by the hydrogen in C2Has.) Then, the sample was
slowly cooled to 200 K, and subsequently diffraction data were collected.

Rietveld structural refinements were performed on the diffraction data using the
GSAS package.[* Due to the large number of atoms in the crystal unit cell, the ligand
molecule and the gas molecule were both treated as rigid bodies in the Rietveld
refinement (to limit the number of variables), with the molecule orientation and center
of mass freely refined. Final refinement on the positions/orientations of the rigid
bodies, thermal factors, occupancies, lattice parameters, background, and profiles
converges with satisfactory R-factors.

Dual-Langmuir-Freundlich fits for single-component isotherms

The isotherm data for CoH4, and CoHg in M-gallate were measured at three different
temperatures 273 K, 298 K, and 313 K. The unary isotherm data were fitted with the
Dual-site Langmuir-Freundlich model

b,p™ b p™

+ PR - SN
1+bA pyA qB,sat

q = qA,sat 1+ bB po

The Langmuir parameters for each site is temperature-dependent

E E
b, =b,, exp[R—?j; b, = bg, exp(ﬁ)

S4



WILEY-VCH

The dual-site Langmuir-Freundlich parameters are provided in Tables S4-S6. For all
guest/host combinations the unary fits are excellent.

IAST calculations of adsorption selectivities

The adsorption selectivities were established by the Ideal Adsorbed Solution
Theory (IAST)®! for C,H4/C2He (50/50, v/) binary mixtures in M-gallate. The
adsorption selectivity, Sjj, is defined by the following equation

X 1 X;

Yily;

ij

where x; and x; are the equilibrated adsorption capacity of component i and j,
respectively; and y; and y; are the molar fractions of component i and j in gas phase,
respectively.

Isosteric heat of adsorption
The binding energy of C,Hs are reflected in the isosteric heat of adsorption, O,
defined as

dinp
Q= RT* (1)

Figure S8 presents the isosteric heat of adsorption of CoH4 and C2Hs for M-gallate,

which were determined using the pure component isotherm fits using
Clausius-Clapeyron equation.
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Scheme S1. Schematic diagram for C;H4/C,He mixed gas breakthrough tests.
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A=)
4&)

82 A 4.08 A

Figure S1. Van der Waals molecular dimensions of (a) CoHs (3.28 x 4.18 x 4.84 A%) and (b) C2Hs (3.81 x
4.08 x 4.82 A%). The dimensions of the molecule along the X, y, and z symmetry axes of the molecule were
calculated for each atom surrounded by a van der Waal sphere. The van der Waal radii of the corresponding
atoms were 1.20 and 1.70 A for H atom and C atom, respectively. The minimum molecular cross section of
C2H4 and CoHg are 3.28 x 4.18 and 3.81 x 4.08 A2 respectively; In contrast, the kinetic diameters of these
two molecules are 4.16 and 4.44 A, respectively.
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Figure S2. Quasi-discrete cavities are interconnected by narrow windows of (a) 3.47 x 4.85 A2 for Ni-gallate,
(b) 3.56 x 4.84 A? for Mg-gallate, and (c) 3.69 x 4.95 A2 for Co-gallate. The radiuses of hydrogen and
carbon atom have been subtracted.
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Figure S3. Calculated pore surface and zigzag channels of (a) M-gallate:2H,0. The free water
molecules are omitted for clarity. (b) Dehydrated M-gallate. The crystal structure of M-gallate
becomes slightly disordered and changes from P3,21 to P31 space group after activation, leading
to a modest change of the pore structure and size.
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Figure S4. CO» adsorption isotherms at 195 K for (a) Ni-gallate, (b) Mg-gallate, and (c) Co-gallate.
The calculated BET surface area is 424, 559, and 475 m?/g for Ni, Mg, Co-gallate, respectively.
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Figure S6. Single-component adsorption isotherms for C;Hs and C,H¢ for Mg-gallate (a: 273 K, b:

298 K, c: 313 K).
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Figure S7. Single-component adsorption isotherms for C;H4 and C,Hs for Ni-gallate (a: 273 K, b:
298 K, c: 313 K).
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Figure S9. Stacking diagram of the Mg-gallate-CoD4along (a) ¢ axis, (b) a axis, and (c) b axis.
The Connolly surface is calculated with a Connolly radius of 1.0 A.
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Figure S10. Structure of Mg-gallate-2H,0 along with c axis. The free water molecules are located
within the c-axis straight channels. Mg, C, O, H in Mg-gallate are represented by cyan, grey, red
and white, respectively.

S16



WILEY-VCH

Figure S11. (a) Neutron diffraction crystal structure of Mg-gallate:C>D4. The three adsorption
binding sites in Mg-gallate are labeled as Site I, Site II, and Site III. (b,c) Schematic diagram of the
three CoH4 adsorption binding sites (b: Site I and III; c: Site II) in the fusiform branched channels.

S17



Weight (%)

WILEY-VCH

120
1 — Ni-gallate
1001 —— Mg-gallate
l —— Co-gallate
80
60 -
40
20- A
0

100 200 300 400 500 600
T (°C)

Figure S12. TGA curves for Co, Mg, Ni-gallate.
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Figure S13. Powder X-ray diffraction patterns of various Mg -gallate samples.
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Figure S14. Single-component adsorption isotherms of Co:Hs of samples as-synthesized, exposed in
air for 1 week and 3 weeks respectively at 298 K for Mg-gallate.
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Figure S15. C;H4/C,Hs binary mixture (50/50, v/v) 10 cyclic experiments for Mg-gallate at 273 K
and 1 bar with a flow rate of 0.5 mL/min. The column was reactivated with a helium flow at 120 °C

after every breakthrough test.
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Figure S16. Powder X-ray diffraction patterns of Mg -gallate samples after soaked in (a) water and
(b) ethanol for 1, 3, and 5 weeks, respectively.
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Figure S17. Comparison of the single-component adsorption isotherms of C,Hy for as-synthesized
(red) and scale-up (blue) Mg-gallate at 298 K.
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SUPPORTING INFORMATION

Figure S18. The photographs of molded Mg-gallate (left) and molded UOP zeolite 13X (right).
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Figure S19. Comparison of the single-component adsorption isotherms of C,H4 and C,H¢ for

molded Mg-gallate (orange for C,Ha, green for C,Hs) and original Mg-gallate (red for C,Ha,

blue for C,Hg) at 298 K.
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Figure S20. Experimental breakthrough curves for molded Mg-gallate for CoH4/C2Hs (50/50, v/v)

binary mixture with a constant flow rate of 0.5 mL/min at 273 K. The column (50 mm x 4.6 mm ID)

was packed with 0.37 g samples.
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Table S1. Crystal data and structure of Ni-gallate-2H»>O, Mg-gallate:2H,0, and Co-gallate-2H»O.

Crystals Ni-gallate:2H,O Mg-gallate:2H,O Co-gallate-2H,0O
Formula C7H3Ni07 C7HgMgO7 C7H8COO7
Formula weight 262.84 228.44 263.08
Crystal system Trigonal Trigonal Trigonal
Space group P3,21 (154) P3,21 (154) P3,21 (154)
a(A) 8.81 8.87 8.93

b (A) 8.81 8.87 8.93

c(A) 10.60 10.77 10.67

a(°) 90 90 90

B () 90 90 90

v (©) 120 120 120

Cell volume (A?) 711.94 733.83 736.12

Z 3 3 3

Calc. density (g/cm?) 1.80 1.904 2.13
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Table S2. Crystal data and structure of Mg-gallate, and Mg-gallate:C,Ds4.

Crystals Mg-gallate Mg-gallate-C,D4
Formula C7H4Mg05 C7_97H4D1_93Mg05
Formula weight 192.41 207.92

Crystal system Trigonal Trigonal

Space group P31 (144) P31 (144)

a(A) 15.11 15.27

b (A) 15.11 15.27

c(A) 10.30 10.32

a(°) 90 90

B () 90 90

v (©) 120 120

Cell volume (A?) 2037.16 2083.16

Z 9 9

Calc. density (g/cm?) 1.411 1.492
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Table S3. Summary of the gas uptakes, selectivities and Qy; for C2Ha, C2Hg in various porous materials.

Framework

Volumetric

Surface area Pore size ) C,H4 uptake” . C>Hp uptake” Selectivity for Qs of CoH4*
N density C,H4 uptake CoHL/CoELS

m?/ 2 mmol/ mmol/ »H4/CyHs kJ/mol

(m*/g) (A% (efem?) ( g) (mmol/mL)& ( g) ( )
Zeolite 13X1°] 950 ~10 1.421 2.77 3.94 221 13.4 39
FeMOF-741"1 1350 11 x 11 1.126 6.1 6.87 5.0 13.6 45
NOTT-300!®] 1370 6.5 x 6.5 1.146 428 4.90 0.85 48.7 16
Ni-gallate 424 3.47 x 4.85 1.589 1.97 3.13 0.28 16.8 32
Mg-gallate 559 3.56x4.84 1.411 3.03 428 0.26 37.3 39
Co-galalte 475 3.69 x 4.95 1.536 337 5.18 0.31 52 44

The data was collected at 318 K for FeMOF-74, 298 K for zeolite 13X and M-gallate, and 293 K for NOTT-300.

* Gas uptakes at 1 bar.

&The volumetric CoH4 uptake is estimated based on their densities calculated from the crystal structures.

$ |AST selectivity for equimolar C,H4/C,Hs mixture at 298 K and 1 bar.

# Qq at low coverage.
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Table S4. T-dependent dual-site Langmuir-Freundlich fit parameters for C,Hs and C;Hs in
Ni-gallate at 298 K.

Site A Site B

gAsat bao Ea VA qBsat bgo Es VB

mol kg!  Pa™ kI mol"'  dimensionless | mol kg™! Pa™ kJ mol"!  dimensionless
C2H4 23 1.81E-21 72 1.7 0.45 2.14E-09 29 0.92
C2Hs 0.2 430E-09 273 0.9 1.05 1.09E-11 26 1.1
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Table S5. T-dependent dual-site Langmuir-Freundlich fit parameters for C,Hs and C;Hs in

Mg-gallate at 298 K.

Site A Site B

gAsat bao Ea VA qBsat bgo Es VB

mol kg!  Pa™ kI mol"'  dimensionless | mol kg™! Pa™ kJ mol"!  dimensionless
C2H4 33 1.34E-21 72 1.7 1.1 1.32E-10 35 0.9
C2Hs 0.2 5.51E-8 21.5 0.7 2.6 1.80E-11 29 0.9
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Table S6. T-dependent dual-site Langmuir-Freundlich fit parameters for C,Hs and C;Hs in

Co-gallate at 298 K.

Site A Site B

gAsat bao Ea VA qBsat bgo Es VB

mol kg!  Pa™ kI mol"'  dimensionless | mol kg™! Pa™ kJ mol"!  dimensionless
C2H4 3.5 1.66E-20 71 1.67 0.3 7.86E-12 44 1
C2Hs 0.1 7.70E-08 22 0.8 4.5 1.19E-11 30 0.88
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