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An Ideal Molecular Sieve for Acetylene Removal from
Ethylene with Record Selectivity and Productivity

Bin Li, Xili Cui, Daniel O’Nolan, Hui-Min Wen, Mengdie Jiang, Rajamani Krishna,
Hui Wu, Rui-Biao Lin, Yu-Sheng Chen, Dagiang Yuan, Huabin Xing,* Wei Zhou,*
Qilong Ren, Guodong Qian, Michael J. Zaworotko,* and Banglin Chen*

Realization of ideal molecular sieves, in which the larger gas molecules are
completely blocked without sacrificing high adsorption capacities of the
preferred smaller gas molecules, can significantly reduce energy costs for gas
separation and purification and thus facilitate a possible technological trans-
formation from the traditional energy-intensive cryogenic distillation to the
energy-efficient, adsorbent-based separation and purification in the future.
Although extensive research endeavors are pursued to target ideal molecular
sieves among diverse porous materials, over the past several decades, ideal
molecular sieves for the separation and purification of light hydrocarbons are
rarely realized. Herein, an ideal porous material, SIFSIX-14-Cu-i (also termed
as UTSA-200), is reported with ultrafine tuning of pore size (3.4 A) to effec-
tively block ethylene (C,H,) molecules but to take up a record-high amount of
acetylene (C,H,, 58 cm® cm=3 under 0.01 bar and 298 K). The material therefore
sets up new benchmarks for both the adsorption capacity and selectivity, and
thus provides a record purification capacity for the removal of trace C;H, from
C,H, with 1.18 mmol g~' C,H, uptake capacity from a 1/99 C,H,/C,H, mixture
to produce 99.9999% pure C;H, (much higher than the acceptable purity of
99.996% for polymer-grade C,H,), as demonstrated by experimental break-
through curves.

Porous materials offer promise for the
separation and purification of industrial
commodity chemicals through adsor-
bent- and/or membrane-based separa-
tion technologies and thus might enable
a transition from established separation
technologies such as cryogenic distilla-
tion, which currently accounts for 10-15%
of the world’s energy consumption.'™
Although such promise has not been fully
fulfilled, extensive research efforts have
indeed led to progress over the past sev-
eral decades. For example, the discovery
of the molecular gate adsorbent ETS-4 has
initiated the industrial scale nature gas
separation. >0l

Pore tuning and pore functionalization
are two powerful approaches to intro-
duce molecular sieving and preferential
binding effects and thus are very impor-
tant to target porous materials for the effi-
cient gas separation and purification, as
clearly demonstrated in ETS-4 series and
zeolite LiX materials for CH4/N, and N,/
O, separations, respectively.’”] Whereas
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traditional zeolite-type materials are quite limited in terms of
tuning pore size and functionalization, basically through con-
trol of the thermal activation and substitutions of metal cations,
microporous metal-organic frameworks, and related classes of
materials have provided us the rich chemistry to realize fine
pore tuning and functionalization, and thus target materials for
gas separation and purification through the judicial choices of
metal clusters and organic linkers, framework topology design,
framework interpenetration control, and immobilization of
specific functional sites.t' Indeed, a number of micropo-
rous metal-organic frameworks (MOFs) have been realized to
address a diverse range of gas separations over the past decades
through a synergistic approach to pore tuning and functionali-
zation.!'7-?7] Recent progress on this topic for the separation of
C,H,/C,H, and C3H¢/C3Hg is of particularly interest.?#2° In
the former case of SIFSIX-2-Cu-i, the trade-off between adsorp-
tion capacity and selectivity for separating the challenging gas
mixtures of C,H,/C,H, has been significantly minimized; in
the latter case, NbOFFIVE-1-Ni exhibits a molecular sieving
effect for C3Hy/C3Hg separation. Although these two porous
materials exhibit benchmark performance for the above-men-
tioned gas separations, they still suffer from certain degree of
the trade-off effects: the C,H,/C,H, selectivity (S,.) of SIFSIX-
2-Cu-i does not preclude coadsorption of the larger molecule,
C,H,, when C,H, is a minor impurity; NbOFFIVE-1-Ni can
adsorb small amounts of the smaller molecule of C3H,, par-
ticularly under low pressure of 0.1 bar (=5.3 cm?® g7!), devi-
ating from the ideal molecular sieves (ideal molecular sieves
are defined as those which can completely block the larger gas

UTSA-200a
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molecules and take up large amount of the smaller gas mol-
ecules from gas mixtures). Realization of ideal molecular sieves
can certainly enable ultrahigh selectivity and working capacity
for diverse gas separations and thus improve the product purity
and adsorbent productivity in the adsorption-based separation
process that is driven by pressure swing adsorption, thermal
swing adsorption, or membrane-based operations, to result in
the significant energy savings.’®3*! To the best of our knowl-
edge, there are only a few reported molecular sieves for carbon
capture and separation of olefin/paraffin.2%36-*1] We target this
matter herein through the study of SIFSIX-14-Cu-i (UTSA-200),
a new variant of SIFSIX-2-Cu-i, to realize the ideal molecular
sieve for separation and purification of C,H,/C,H, mixtures
with the record selectivity and C,H, productivity ever reported.
Structural and modeling studies have indicated that the
pores of about 4.4 A in SIFSIX-2-Cu-i remain slightly larger
than the size of C,H, (kinetic dimensions 4.2 A)*? and thus
cannot exhibit a sieving effect for C,H, (Figure S3, Supporting
Information). We speculated that if a shorter organic linker of
4,4"-azopyridine (azpy, 9.0 A) instead of 4,4’-dipyridylacetylene
(dpa, 9.6 A) is used to construct the isoreticular SIFSIX-14-Cu-i
J/UTSA-200 (Figure 1), the resulting microporous material was
expected to exhibit a smaller pore size of =3.3-4.0 A that might
completely block C,H, molecules while enhance the affinity of
the functional SiF¢>~ sites toward C,H,, thus targeting an ideal
molecular sieve for the extremely highly efficient removal of
C,H, from a 1/99 C,H,/C,H, mixture to produce high purity
of C,H, in a much higher production scale than SIFSIX-2-Cu-i.
Our experimental and simulation studies verify this hypothesis,

d Small apertures

UTSA-200aDC,H,

UTSA-200apCH,

Figure 1. Structure description of UTSA-200a. a) The channel structure of UTSA-200a reveals a pores size of =3.4 A. b) DFT-D-calculated C,H,
adsorption models in UTSA-200a, revealing that this pore size enables the passage of C;H, molecules. c) Simulated C,H, adsorption in UTSA-200a
indicating that the C,H, molecule are too large to pass through the pores. d) Schematic illustration of ideal molecular sieves based on the structure of
UTSA-200a>C,H,, in which larger cavities suitable for strongly binding C,H, molecules are interconnected by narrow apertures that serve as sieves for
C,H, but not for C;H,. The different nets are highlighted in gray and purple for clarity. Color code: Cu (turquoise), Si (dark green), F (red), N (blue),
C (gray), and H (green spheres).
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and we report herein the structure, adsorption isotherms, simu-
lated and experimental breakthrough curves of SIFSIX-14-Cu-i
(UTSA-200). These data reveal that SIFSIX-14-Cu-i (UTSA-200)
is the new benchmark porous material for the removal of C,H,
from C,H, in a 1/99 mixture that mimics that present in large-
scale industrial ethylene production processes.

Reaction of azpy with CuSiF; afforded saffron prism-shaped
crystals of [Cu(azpy),(SiFg)], (see the Supporting Information
for synthetic and crystallographic details). The single-crystal
X-ray diffraction analysis revealed that UTSA-200 has doubly
interpenetrated nets that are isostructural to the nets in SIFSIX-
2-Cu-i.'¥ After removing guest molecules, we further collected
the desolvated structure, that is, UTSA-200a, by using neu-
tron powder diffraction experiments at 200 K. As revealed by
Figure 1a, the use of the shorter azpy instead of dpa as a linker
offers: (i) a commensurate reduction on the pore size; and
(ii) a certain degree of tilting of the pyridine moieties, which
are rotated by around 28 degrees with respect to the crystal axis
(Figure S4, Supporting Information). The SiF¢?~ pillars and
pyridine rings are interconnected through a strong hydrogen
bonding of C—H--F (2.326 A) to restrict the rotation of pyri-
dine rings. This tilt of pyridine rings thereby results in the pore
size of UTSA-200a being notably reduced to 3.4 A. In addi-
tion, the channels of UTSA-200a exhibit the features of ideal
molecular sieves, in which larger cavities functionalized with
the SiF¢%~ binding sites are interconnected by narrow apertures
of 3.4 A (molecular sieving dimension, Figure 1d; Figure S5,
Supporting Information). This narrow aperture size was fur-
ther confirmed by the calculated pore size distributions, where
the pore sizes of UTSA-200a are less than 3.6 A (Figure SG6,
Supporting Information), in good agreement with the results
of structural analysis. We note that the aperture size of 3.4 A
is much smaller than the kinetic diameter of C,H, molecule
(4.2 A) but slightly larger than that of C,H, (3.3 A), consistent
with the potential for selective molecular sieving in C,H,/C,H,
separations.

We first performed detailed modeling studies using first-
principles dispersion-corrected density functional theory
(DFT-D) method on UTSA-200a and compared the results
with SIFSIX-2-Cu-i to evaluate the possible sieving effect on
C,H,/C,H, molecules. In the 2-fold interpenetrated struc-
ture of SIFSIX-2-Cu-i, the window size of 4.4 A is larger than
both C,H, and C,H,, thereby allowing both C,H, and C,H,
molecules to enter the cavities (Figure S3, Supporting Infor-
mation). Each adsorbed C,H, or C,H, molecule is simultane-
ously bound by two SiF¢?~ sites from different nets through
cooperative C—H---F H-bonding (2.015 A for C,H, and 2.186 A
for C,H,).?¥ When the aperture size was reduced to 3.4 A in
UTSA-200a, our computational results indicated that the con-
tracted aperture size still allows C,H, molecules to enter the
pore cavities and bind in the same fashion upon adsorption
(Figure 1b). The calculated distance of C—H--F H-bonding
in UTSA-200a is shorter (1.900 A) than that in SIFSIX-2-Cu-i
(Figure S7, Supporting Information). In contrast, when loading
a C,H, molecule into the pores, we found that the C,H, mol-
ecule would have inevitable space overlapping with the pore
walls of UTSA-200a (Figure 1c), suggesting that the size of
C,H, may mismatch with the host framework and thereby
to be size excluded. These calculated studies support that the
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contracted pore size of UTSA-200a (vs SIFSIX-2-Cu-i) might
enable sieving of C,H, from C,H,.

The performance of UTSA-200a was determined by exam-
ining its gas sorption and separation properties. As illustrated
in Figure 2a, UTSA-200a exhibits almost no N, uptake at 77 K,
indicating that even N, (3.64 A) is blocked at this low cryo-
genic temperature because of the small aperture size. On the
other hand, for CO, (kinetic diameter 3.3 A), a high amount
of CO, is absorbed (153 cm? g7!) at 196 K and 1 bar with type I
sorption behavior characteristic of microporous materials. The
Brunauer-Emmett-Teller (BET) surface area and pore volume
were calculated to be 612 m? g™ and 0.27 cm? g™!, respectively,
slightly lower than SIFSIX-2-Cu-i (735 m? g™! and 0.31 cm® g™}).

Pure component equilibrium adsorption isotherms for C,H,
and C,H, were measured at 298 K up to 1 bar, as presented in
Figure 2b. Detailed analysis revealed that UTSA-200a exhibits a
steep and high C,H, uptake of 116 cm?® cm™ at 298 K and 1 bar.
This value is comparable to the uptake of SIFSIX-2-Cu-i and
is expected thanks to their similar pore chemistry. However,
contraction of pore size in UTSA-200a was found to enable
higher uptake than SIFSIX-2-Cu-i within the low pressure of
0.025 bar (Figure 2c). At 0.01 bar, which is an indicator of the
C,H, capture ability of adsorbents from a C,H,/C,H, mixture
(1/99, v/v), UTSA-200a exhibits notably enhanced C,H, uptake
(58 cm?® cm) versus SIFSIX-2-Cu-i (42 cm® cm™). In com-
parison to other top-performing materials, UTSA-200a exhibits
a new benchmark for C,H, uptake at 0.01 bar (Figure 2d),
even higher than Mg- and Fe-MOF-74, indicating its ultras-
trong C,H, capture capacity at low pressure. Conversely, as
revealed by Figure 2b, the smaller static pore size of UTSA-200a
can completely prevent the entrance of C,H, molecule below
0.2 bar and has very little uptake (=0.25 mmol g™') up to 0.7 bar
at 298 K, which is dramatically lower than that of SIFSIX-2-Cu-i
(2.28 mmol g!). When the pressure was further increased to
1 bar, C,H, adsorption isotherm slopes up. This is because
the N=N bond and the pyridine rings in the MOF linker have
certain rotational flexibility, so the pore sizes were slightly
enlarged under higher pressure (larger than 0.7 bar) to take up
small amount of C,H, molecules (Figure S8, Supporting Infor-
mation). Nevertheless, the C,H, uptake amounts of UTSA-200a
in the entire range of 1 bar are still the lowest among the indi-
cated materials (Figure S9, Supporting Information). Therefore,
our adsorption findings demonstrated that the contracted pore
size of UTSA-200a supports to efficiently block C,H, molecules
without sacrificing its high C,H, adsorption capacity, rendering
UTSA-200a an ideal candidate for C,H,/C,H, separation at
ambient conditions.

To gain further insight into the ultrastrong C,H, adsorption
and confirm the calculated C,H, binding sites, high-resolution
neutron powder diffraction data were collected on C,D,-loaded
samples of UTSA-200a and Rietveld structural refinements
were conducted (Figure S11, Supporting Information). After
the samples loaded with various amount of C,D, molecules,
the MOF lattice can be slightly distorted from the tetragonal
symmetry to a monoclinic lattice. As shown in Figure 2ef,
each adsorbed C,D, molecule interacts with two SiF¢’>~ anions
from different nets through cooperative C—D--F H-bonding,
which is consistent well with the previous calculated C,H,
binding configuration. Because of the smaller pore size, the
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Figure 2. Gas adsorption isotherms and neutron crystal structure of UTSA-200a-C,D,. a) Gas adsorption isotherms of UTSA-200a for CO, at 196 K and
N, at 77 K. Adsorption isotherms of C,H, (circles) and C,H, (triangles) for UTSA-200a and SIFSIX-2-Cu-i at 298 K in two pressure regions, b) 0-1.0
bar and c) 0-0.05 bar. Filled/empty circles represent adsorption/desorption. d) Comparison of C,H, uptake for UTSA-200a and other best-performing
materials at 0.01 bar. Neutron crystal structure of UTSA-200a-C,D, at 200 K viewed along the f) b and e) ¢ axis, determined from Rietveld analysis
(the different nets are highlighted in purple and dark green for clarity). Color code: D, white; C (in C;H,) orange.

experimentally determined H-bonding length in UTSA-200a
(1.921 A) is notably shorter than that observed in SIFSIX-2-Cu-i
(2.015 A), further indicating that there are stronger interactions
with C,H, molecules. Consistent with this, the calculated static
binding energy (AE) of C,H, for UTSA-200a (56.0 k] mol™)
is larger than that of SIFSIX-2-Cu-i (52.9 k] mol™), making
it the strongest C,H, adsorption observed in SIFSIX and
related materials. This is the primary factor for the ultrahigh
C,H, adsorption capacity of UTSA-200a at very low pressures.
Further diffraction measurement shows that the MOF structure
can be completely restored after removing C,D, from the
sample, suggesting that the adsorption-induced lattice distor-
tion is a temporary effect, and thus the sample does not lose
crystallinity.

Given the observations of molecular exclusion of C,H, and
ultrastrong C,H, capture capacity, UTSA-200a was found to
exhibit an extraordinary ideal adsorbed solution theory (IAST)
selectivity of over 6000 at 1 bar and 298 K for binary C,H,/C,H,
(1/99, v/v) mixtures, significantly higher than the previous top-
performing materials (Figure 3a). It should be pointed out that
this value is only for the qualitative comparison purpose. We
also calculated the uptake ratios of C,H,/C,H, (at 0.01/0.01 or
0.01/0.99 bar) determined from single-component isotherms!*’!
and compared with other reported MOFs (Figure S12, Sup-
porting Information). These data also clearly demonstrate
the superior selectivity of UTSA-200a for the separation of
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C,H,/C,H, mixtures. In addition, UTSA-200a also exhibits the
highest C,H, uptake (1.74 mol kg™!) for adsorption from this
gas mixture, which is much higher than the benchmark MOFs
evaluated in Figure 3b. UTSA-200a is to our knowledge the first
example of a porous material that fully overcomes the trade-off
between selectivity and uptake capacity in which it exhibits not
only the unprecedented high selectivity but also record-high
uptake capacity in the context of C,H,/C,H, separation.

Next, transient breakthrough simulations were performed
to validate the feasibility of using UTSA-200a in a fixed bed
for the separation of 1/99 C,H,/C,H, mixture that mimics
the industrial process. Figure 3c reveals the molar concentra-
tions of C,H,/C,H, exiting the adsorber packed with UTSA-
200a as a function of the dimensionless time, 7, at 1 bar and
298 K. Complete separation was accomplished by UTSA-200a,
whereby C,H, breakthrough occurred first within seconds to
yield the polymer-grade gas, and then C,H, passed through the
fixed bed after a certain time (Tyeqr)- Attributed to the record-
high selectivity and C,H, uptake capacity, the T, value for
UTSA-200a is more than twice as long as that observed in the
previous benchmark, SIFSIX-2-Cu-i. Further, during the time
0—Trealo the C;H, amount captured by UTSA-200a reaches up to
2133.3 mmol L}, which is 3-30 times higher than SIFSIX-2-Cu-i
(780.0 mmol L) and other benchmark materials (Figure 3d).
Overall, the separation performance of UTSA-200a far surpasses
other SIFSIX materials and MOFs reported to date.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. IAST calculations, simulated and experimental column breakthrough studies of UTSA-200a for C,H,/C,H, (1/99) mixtures. Comparison
of the a) IAST selectivity and b) C,H, uptake capacity of UTSA-200a versus the other best-performing materials. c) Simulated column breakthrough
curves for C;H,/C,H, separation with respect to various MOF materials as indicated. d) Plots of the amount of C;H, captured as a function of Tye,
in the simulated column breakthrough for UTSA-200a and the other indicated materials. €) Experimental column breakthrough curves for C,H,/C,H,

separations with UTSA-200a, SIFSIX-2-Cu-i, SIFSIX-1-Cu, and SIFSIX-3-Zn
mixed-gas column breakthrough tests.

These simulated results prompted us to further evaluate the
separation performance of UTSA-200a in the actual separation.
Experimental breakthrough studies were conducted for a C,H,/
C,H, (1:99, v/v) mixture at room temperature. As illustrated in
Figure 3e, highly efficient separation for C,H,/C,H, mixture
was achieved by UTSA-200a: the C,H, gas eluted through the
adsorption bed immediately in a high-purity grade (Figure S14,
Supporting Information), whereas C,H, was retained in the
packed column over 1500 min (the concentration in the outlet
below 40 ppm). This C,H, breakthrough time is 2 times longer
than SIFSIX-2-Cu-i (=800 min), in good agreement with the
simulated breakthrough results. Detailed gas chromatography
data revealed that the purity of C,H, in the outlet effluent
was below 1 ppm up to 1300 min, affording high C,H, purity
of >99.9999% (Figure S15, Supporting Information). The
C,H, concentration is notably less than the acceptable level of
<40 ppm for polymer-grade C,H, gas. During the breakthrough
process, the C,H, production from the outlet effluent and
the C,H,-captured amount for a given cycle were analyzed to
be record high of 85.7 and 1.18 mmol g, respectively, which
is much higher than the 47.4 and 0.73 mmol g! observed in
SIFSIX-2-Cu-i. The adsorbed C,H, can be further recovered in a
two-step process via adsorption followed by desorption at 338 K,
offering a 93.6% recovery of a C,H, capacity of 1.105 mmol g!
per cycle, with a 97% purity (Figures S16 and S17, Supporting
Information). This recovered C,H, purity is notably higher than
the 89% obtained in SIFSIX-2-Cu-i. These results indicate that
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at 298 K and 1.01 bar. f) The recyclability of UTSA-200a under multiple

UTSA-200a offers the potential to effectively separate C,H, from
C,H, and simultaneously produce both gases in high purity.

The feed gases in the practical C,H, removal unit are often
contaminated by trace levels of CO, (<50 ppm), H,O (<5 ppm),
and O, (<5 ppm),*}l so the amenability to recycling and effi-
cacy in the presence of these gases must be also addressed. To
investigate the influence of these other gases, we conducted
a series of breakthrough experiments on UTSA-200a for the
1/99 mixtures containing trace amounts of CO,, H,0, and
O,, respectively. The presence of CO, (100 ppm) and O, (up
to 2200 ppm) has a negligible effect on the separation capacity
of UTSA-200a (Figures S18 and S19, Supporting Information).
Similarly, the moisture (from 6 to 1340 ppm) also did not affect
the separation of C,H, from C,H, (Figure S20, Supporting
Information). Subsequently, we performed multiple mixed-gas
(C,H,/C,Hy at 1/99) column breakthrough tests to examine
the preservation of separation performance of UTSA-200a at
ambient conditions. The recycling measurements revealed that
UTSA-200a retains the C,H, capture capacity and its molecular
sieving over 12 cycles (Figures S21 and S23, Supporting Infor-
mation). The breakthrough time remains almost unchanged
during 12 breakthrough experiments, confirming the recycla-
bility of this material for C,H,/C,H, separation (Figure 3f). As
inferred from the PXRD performed on associated samples, the
framework of UTSA-200a remains stable after multiple adsorp-
tion and breakthrough experiments (Figure S27, Supporting
Information).

(5 of 7) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Removal of acetylene from ethylene/acetylene mixture (1/99)
is one of the most important but challenging industrial-scale
gas separations and is currently affected by energy- and cost-
intensive processes.*01 Although adsorption-based porous
materials offer promise to create cost-effective and energy-effi-
cient separation technologies, porous materials reported so far
suffer from a trade-off between adsorption capacity and selec-
tivity.#=% We have demonstrated the first example of nearly
ideal molecular sieve, UTSA-200a, with the required charac-
teristics (molecular-sieving size of =3.4 A and strong binding
sites toward C,H,), that afford the selective molecular exclu-
sion of C,H, and record-high amount of C,H, adsorption, thus
overcoming the trade-off effect for achieving highly efficient
separation of C,H,/C,H, mixtures. The molecular sieving of
C,H, from C,H, is supported by detailed structural analysis,
gas adsorption isotherms, simulated and experimental break-
through studies. The resulting separation performance includes
record-high C,H, productivity of 87.5 mmol g™! per cycle with
purity higher than 99.9999% and simultaneous production of
the high purity C,H, (97%) via a simple recovery operation.

Ideal molecular sieves, while very difficult to achieve, indeed
can provide a promising energy-efficient route to address the
industrially important gas separations. Through fine tuning of
pore size in molecular sieves to selectively exclude the C,H,
but to retain the strong binding sites for the record-high C,H,
adsorption capacity, our findings demonstrated, for the first
time, that it is possible and feasible to target microporous MOFs
with ideal molecular sieve performance through the elaborated
fine tuning of the pore sizes and the introduction of specific
binding sites for the preferred gas molecules. SIFSIX-14-Cu-i/
UTSA-200 can readily remove trace amount of C,H, from 1/99
C,H,/C,H, mixture, affording benchmark high selectivity as
well as benchmark C,H, capture capacity and thus record-high
C,H, production scale as demonstrated in the breakthrough
experiments. Combined with the excellent recyclability and
resistance to other gases, SIFSIX-14-Cu-i/UTSA-200 represents
an ideal microporous solid material that has the potential to
be applied in the industry as an adsorbent for removing trace
acetylene from ethylene using a relatively simple and energy-
efficient process. The principle revealed in this work is general,
which will provide some guidance to facilitate the design and
implementation of ideal molecular sieves for other important
gas separations and purification as well.
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1. General Materials and MOF Synthesis

All starting chemicals and solvents were purchased from commercial companies and used
without further purification. Thermogravimetric analyses (TGA) were carried out using a
Shimadzu TGA-50 analyzer under N, atmosphere with a heating rate of 5 °C min™. Powder X—
ray diffraction (PXRD) patterns were measured by a Rigaku Ultima IV diffractometer operated
at 40 kV and 44 mA with a scan rate of 2.0 deg min™.

N, (99.999%), C,H, (99%), C,H, (99.99%), He (99.999%) and mixed gases of (1) CH,/CH, =
1/99 (v/v), (2) 100 ppm CO,, 1% C,H, and 98.99% CH,; (3) 1000 ppm CO,, 1% C,H, and 98.9%
C,H, were purchased from JnGong Company (China). Mixed gases of (4) 6 ppm H,O, 1% CH,
and 98.99% CH,, (5) 83 ppm H,0, 1% C,H, and 98.99% CH,, (6) 1340 ppm H,O, 1% CH,, and

2 4 20 14 20 121

98.86% CH,, and standard gases of C,H, and CH, were purchased from Shanghai Wetry

2" 14

Standard Reference Gas Analytical Technology Co. LTD (China).

Synthesis of [Cu(azpy),(SiF,)], (SIFSIX-14-Cu-i/UTSA-200). Saffron prism-shaped single
crystals of SIFSIX-14-Cu-i/lUTSA-200 were synthesized in quantitative yield at room
temperature by slow diffusion of a methanol solution of CuSiF, (2 mL, 0.15 mmol) into aDMSO
solution of 4,4 -azopyridine (azpy, 0.12 mmol) after one week. An alternative fast and direct
mixing method was used to produce large amount of powder samples of SIFSIX-14-Cu-i/UTSA-
200. A methanol solution (3 mL) of azpy (0.266 mmol) was mixed with an agqueous solution of
CuSiF, (2.5 mL, 0.247 mmol) at 80°C resulting in a bright grey precipitate, which was then
heated at 80°C for 15 min, additional 1 h at 50°C, and then at room temperature for 24 h (86%
yield based on azpy).

2. Gas sorption measurements

A Micromeritics ASAP 2020 surface area analyzer was used to measure gas adsorption
isotherms. To remove all the guest solvents in the framework, the fresh powder samples were
first solvent-exchanged with dry methanol at least 10 times within two days, and evacuated at
room temperature (298 K) for 36 h until the outgas rate was 5 mmHg min® prior to
measurements. The sorption measurement was maintained at 77 K or 196 K under liquid
nitrogen or dry ice-acetone bath, respectively. An ice-water bath (dush) and water bath were
used for adsorption isotherms at 273 and 298 K, respectively.
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3. Breakthrough tests

The breakthrough experiments were performed in dynamic gas breakthrough equipment
similarly to our previous work." All experiments were conducted using a stainless steel column
(4.6 mm inner diameter x 50 mm). The weight of sample packed in the column was: 0.158 g.
The column packed with sample was firstly purged with He flow (10 ml min™) for 12 h at room
temperature (25 °C). The mixed gas (C,H,/C,H,: 1/99, v/v) flow was then introduced at 1.25 ml
min®. Outlet gas from the column was monitored using gas chromatography (GC-8A or GC-
2010 plus, SHIMADZU) with aflame ionization detector (FID). The standard gases were used to
calibrate the concentration of the outlet gas. After the breakthrough experiment, the sample was
regenerated with He flow (7 to 14 ml min™) for 6 to 20 hours.

The captured C,H, by UTSA-200a during the breskthrough experiment can be recovered in a
two-step process by adsorption followed by desorption at 338 K. Detection of the composition of
gases during regeneration process is shown as follows. to analysis the composition of the
desorbed gases, we firstly introduced the mixed gas (71.775% CH,, 27.5N,, 0.725% CH,) into
the column (UTSA-200a) at 1.91 ml/min. When the breakthrough experiments were finished,
heated the column to 338 K with the unchanged flow rate of 71.775% CH,, 27.5 N,, 0.725%
C,H,. Outlet gas from the column was monitored using gas chromatography (GC-2010 plus) with
a thermal conductivity detector (TCD) coupled with a FID. It should be note that nitrogen in the
mixed gas was used to calibrate the change of flow rate during desorption process. By
subtracting the background signal from the collected data, we got the composition of the

desorbed CH, and CH,.

In the processes of production of high-purity CH

2" 4

the feed gases for the unit of C,H, removal

are contaminated with trace levels of CO, (< 50 ppm), H,O (< 5 ppm), and O, (< 5 ppm).”
Therefore, the effect of trace levels of CO, (< 100 ppm), H,O (< 1340 ppm), and O, (< 2200 ppm)
on the separation of C,H,/C,H, mixtures was also investigated. Breakthrough tests of mixed gas
(CH,/CH,/CO, or CH,/C,H,/O,): The mixed gas flow was introduced at 1.25 ml min®. Outlet
gas from the column was monitored using gas chromatography (GC-2010 plus) with a thermal

conductivity detector (TCD) coupled with a FID. The gas mixture was separated by a capillary
column (Agilent GSSGASPRO, 0.32 x 60 M) at 373 K with a He flow rate of 8 mL/min. The
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concentration of CO, or O, in the outlet gas was monitored by a TCD and the concentration of
CH, and CH, were detected by a FID. Breakthrough tests of mixed gas (C,H,/C,H,/H,0): the
mixed gas flow was introduced at 1.25 ml min™. Outlet gas from the column was monitored
using two gas chromatography in a series. The first gas chromatography is a GC-2010 plus with
a TCD and a capillary column (Agilent HP-PLOT/Q, 053 x 30 M). The second gas
chromatography isa GC-8A with a FID and a packed column (No. 15092203, JeDao Tech). The
concentration of H,O in the outlet gas was monitored by a TCD (GC-2010 plus) and the
concentration of CH, and C H, were detected by aFID (GC-8A).

4. Single-crystal X-ray crystallography

Crystal data of UTSA-200 were collected using synchrotron radiation, = 0.41325 , at the
Advanced Photon Source, Chicago, IL. Indexing was performed using APEX2 (Difference
Vectors method).” Data integration and reduction were performed using SaintPlus 6.0.°
Absorption correction was performed by multi-scan method implemented in SADABS.” Space
groups were determined using XPREP implemented in APEX2.> The structure was solved by
direct methods and refined by full matrix least-squares methods with the SHEL X-97 program
package.”” The solvent molecules in the compound are highly disordered. The SQUEEZE
subroutine of the PLATON software suite was used to remove the scattering from the highly
disordered guest molecules.’ The resulting new files were used to further refine the structures.
The H atoms on C atoms were generated geometrically. The crystal data are summarized in
Table S2.

5. Neutron diffraction experiment

Neutron diffraction data were collected using the BT-1 neutron powder diffractometer at the
National Institute of Standards and Technology (NIST) Center for Neutron Research. A Ge(311)
monochromator with a 75° take-off angle, A = 2.0787(2) A, and in-pile collimation of 60 minutes
of arc was used. Data were collected over the range of 1.3-166.3° (20) with a step size of 0.05°.
Fully activated UTSA-200a sample was loaded in a vanadium can equipped with a capillary gas
line and a packless valve. A closed-cycle He refrigerator was used for sample temperature
control. The bare MOF sample was measured first at the temperatures of 6 K, 100 K, 200 K, and
300 K. To probe the acetylene adsorption locations, a pre-determined amount of C,D, (~1.64

C,D, per UTSA-200a; note that deuterated acetylene was used because H has large incoherent
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neutron scattering cross section, and thus would introduce large background in the diffraction
data) was loaded into the sample at room temperature, and the sample was slowly cooled to 200
K (at which point, nearly all gas molecules were adsorbed into the sample). Diffraction data were
then collected on the C,D,-loaded MOF samples.

Rietveld structural refinement was performed on the neutron diffraction data using the GSAS
package.” Refinement on lattice parameters, atomic coordinates, thermal factors, gas molecule
occupancies, background, and profiles all converge with satisfactory R-factors. The structural

data are summarized in Table S3 and S4.

6. Density-functional theory calculations

Neutro First-principles density-functional theory (DFT) calculations were performed using
the Quantum-Espresso package. A semi-empirical addition of dispersive forces to conventional
DFT was included in the calculation to account for van der Waals interactions.'> We used
Vanderbilt-type ultrasoft pseudopotentials and generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) exchange correlation. A cutoff energy of 544 Ev and a 2x2x4 k-
point mesh (generated using the Monkhosrt-Pack scheme) were found to be enough for the total
energy to converge within 0.01 meV/atom. We first optimized the structure of UTSA-200a. The
optimized structures are good matches for the experimentally determined crystal structures of the
coordination networks. Various guest gas molecules were then introduced to various locations of
the channel pore, followed by a full structural relaxation. To obtain the gas binding energy, an
isolated gas molecule placed in a supercell (with the same cell dimensions as the MOF crystal)
was also relaxed as a reference. The static binding energy (at T = 0 K) was then calculated using:
EB = E(MOF) + E(gas) - E(MOF+gas).

7. Fitting of pure component isotherms

The pure component isotherm data for C,H, and C,H4 in UTSA-200 were fitted with the dual-

site Langmuir-Freundlich isotherm model

bA pVA bB p
— _BF 1
q qA,sat 1 bA pVA qB,sat 1 bB po ( )

with T-dependent parameters ba, and bg
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E E
bA = bAo eXp[ﬁj; bB = bBO eXp[ﬁj (2)

The fitted parameter values are presented in Table S6. For all other MOFs, the isotherm data

are taken from Cui et al. and Hu et al.»*!

8. Isosteric heat of adsorption

The binding energy of C,H, isreflected in the isosteric heat of adsorption, Q,, defined as

Q. =RT2[8'” pj 3

oT

Fig. S10 presents a comparison of the heats of adsorption of CH, for UTSA-200a with
SIFSIX-2-Cu-i; the calculations are based on the use of the Clausius-Clapeyron equation.

9. IAST calculations of adsorption selectivities

We consider the separation of binary CH,/CH, mixtures. The adsorption selectivity for
C,H,/CH, separation is defined by
0 /d,
e = @
" p/p,

In equation (4), g1 and g, are the molar loadings in the adsorbed phase in equilibrium with the
bulk gas phase with partial pressures p;, and p,. Fig. 3a presents IAST calculations of the
adsorption selectivity and uptake capacity of C,H./C,H4 mixtures containing 1% C,H,, as a
function of the total bulk gas pressure.

10. Transient breakthrough of C,H,/C,H, mixturesin fixed bed adsorbers

The performance of industrial fixed bed adsorbers is dictated by a combination of adsorption
selectivity and uptake capacity. For a proper comparison of various MOFs, we perform transient

12,13

breakthrough simulations using the ssimulation methodology described in the literature.™™ For
the breakthrough simulations, the following parameter values were used: length of packed bed, L
= 0.12 m; voidage of packed bed, = 0.75; superficial gas velocity at inlet, u = 0.003 m/s. The

transient breakthrough simulation results are presented in terms of a dimensionless time, ,

defined by dividing the actual time, t, by the characteristic time, Lu—g
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We investigated the separation performance of UTSA-200a for the separation of 1/99
CH,/CH, feed mixtures. The transient breakthrough smulations in Fig. 3c show the molar
concentrations of C,H,/CH, in the gas phase exiting the adsorber packed with UTSA-200a as a
function of the dimensionlesstime, . In these simulations, the total bulk gas phase is at 298 K
and 100 kPa; the partia pressures of CH, and CH, in the inlet feed gas mixture are,
respectively, p, = 1 kPa, p, = 99 kPa. Analogous breakthrough simulations were performed for
UTSA-200a. On the basis of the gas phase concentrations, we can calculate the impurity level of
C,H, in the gas mixture exiting the fixed bed packed with UTSA-200a; see Fig. S13. At a certain
time, . theimpurity level will exceed the desired purity level of 40 ppm that corresponds to
the purity requirement of the feed to the polymerization reactor. The adsorption cycle needs to be
terminated at that time break and the regeneration process needs to be initiated. From a material

balance on the adsorber, the amount of CH, captured during the time interval O - |, can be

break

determined. Table S7 provides a summary of the breakthrough times for various MOFs and

7 bresk

the amount of C,H, captured, expressed in mmol per L adsorbent in fixed bed. Fig. 3d presents a

plot of the amount of C,H, captured plotted as a function of the time interval The hierarchy

break *
of capture capacitiesis directly related to the corresponding hierarchy of breakthrough times, ..
UTSA-200 has a significantly higher capture capacity, by more than a factor two, than other

MOFs.

11. The studies of recyclability and the effect of moisture

The recyclability studies on C,H, adsorption and breakthrough experiments were evaluated in
UTSA-200a. The CH, adsorption isotherms were tested over 20 cycles on UTSA-200a. As
shown in Fig. S24, the CH, uptake capacity shows no apparent loss after the cycling test.
Similarly, we performed multiple mixed-gas (C,H,/CH, a 1/99) column breakthrough tests to
examine the preservation of separation performance of UTSA-200a at ambient conditions. The
recycling measurements revealed that UTSA-200a retains the C,H, capture capacity and
breakthrough time over at least 12 cycles (Fig. S21 and S23).

The effect of moisture on breakthrough experiments was carried out on UTSA-200a for the
1/99 C,H./C,H, mixtures containing trace H,O (from 6 to 1340 ppm). The presence of trace H,O
has a negligible effect on the breakthrough performance of UTSA-200a (Fig. S20). When
exposed the sample to a high humidity for a long time, UTSA-200 shows a very sow phase
change, as indicated by PXRD peak shifts and the appearance of additional peaks. It is worth
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noting that the changed sample can be regenerated to the original material by soaking into the
methanol solution for 1 day, as confirmed by PXRD analyses (Fig. S25). Gas sorption
measurements indicated that the regenerated sample remains the molecular sieving effect for
C,H,/CH, separation without loss of the C,H, adsorption capacity over three regeneration cycles
(Fig. S26).
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Table S1. Comparison of the adsorption uptakes, selectivities, and heat of adsorption data for
C,H, and CH, in UTSA-200a with some other reported MOFs.

oRe (Sn? ZE/T;) Por(('e&sjize A(;i::;ption uf:tjijb Selectiviy’ Qs (KJ/mol)®  AE (KJ/mol) Ref.
(mmol/g)  (mmol/g) CH,  CHy o CoHp - CoH,

UTSA-200a 612°  3.4x3.4 3.65 0.63 6320" 40  27/37° 560 - This

work
SIFSIX-2-Cu-i 503  4.4x44  4.02 2.19 44.54 419 307 529 398 1
M’MOF-3a 110  3.4x3.8 1.9 0.4" 24 25 - - - 14
UTSA-100a 970  4.3x43  4.27° 1.66° 10.72 22 - - - 11
SIFSIX-1-Cu 1178  8.0x8.0 8.50 4.11 10.63  30/37° 235 446 272 1
SIFSIX-3-Zn 250  4.2x4.2 3.64 2.24 8.82 21/319 288 503 474 1
SIFSIX-2-Cu 1881  11x11 5.38 2.02 6.0 263 208 346 - 1
SIFSIX-3-Ni 368 4.2x4.2 3.30 1.75 5.03 305 203 - - 1
NOTT-300 1370  6.5%x65  6.34' 4.28' 2.17 32 - - - 15
Fe-MOF-74 1350  11x11 6.8 6.1 2.08 46 - - - 16

2 BET surface area calculated from N, isotherms at 77 K.

® At a temperature of 298 K.

¢ IAST selectivity for C,H,/C,H, mixtures containing 1% C,H, at 1 bar.
d Q. Vvalues at low surface coverage.

¢ BET surface area calculated from CO, isotherms at 196 K.

" Only for the qualitative comparison.

9The highest Qg values at various surface coverage.

" At a temperature of 296 K.

' At a temperature of 293 K.

I At a temperature of 318 K.
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Table S2. Crystallographic data and structure refinement results of UTSA-200.

UTSA-200
Formula C20H16CuFsNsgSi
Formula weight 574.04
Temperature/K 150(2)
Crystal system Tetragonal
Space group I-4
a, b (A) 13.0634(12)
c(A) 8.1827(7)
a(°) 90.00
Q) 90.00
7 (°) 90.00
V (A% 1396.4(3)
VA 2
Dealed (g cM™) 1.365
u (mm™) 0.211
F(000) 578.0

Crystal size/mm?®
GOF
Rint

Ry, WR2 [I>=20 (I)]

R1, WR> [aII data]

Largest diff. peak and hole

CCDC number

0.008 x 0.006 x 0.005
1.108
0.1181
0.0744, 0.1943
0.0802, 0.2079
0.714 and -0.870 e/A*
1540995

S10



Table S3. Structural data of the desolvated UTSA-200a.

Unit cell parameters of UTSA-200

Formula
Formula weight
Temperature/K
Crystal system

Space group
a, b (A)
c(A)
(%)

B ()

7 (%)
V(A%

Z
Deatca (g €M)
Rup, Rp
CCDC number

C20H16CuFgNgSI
574.04
200(2)

Tetragonal
P4/nnc
13.0468(11)
7.9013(7)
90.00
90.00
90.00
1344.95(30)
2
14175
0.0260, 0.0206
1541108
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Table S4. The C,D,-loaded structural data for UTSA-200a-1.64C,D-.

Unit cell parameters of UTSA-200-1.64C,D,

Formula C23.28H16CUD3 28F6Ng 00 Si
Formula weight 619.98
Temperature/K 200(2)
Crystal system Triclinic

Space group P-1
a (A) 13.0777(23)
b (A) 13.0935(22)
c(A) 8.1177(13)
o (°) 87.240(13)
B (%) 89.680(14)
y (°) 89.866(31)
V (A% 1388.4(5)
VA 2

Rup, Rp 0.0312, 0.0247

CCDC number 1540994
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Table S5. Comparison of C,H, and C,H4 uptake (cm*/cm®) from gas sorption isotherms at
various pressures, and the C,H,/C,H, uptake ratio at 0.01/0.01 bar and 0.01/0.99 bar for various
MOF materials indicated in this study.

C,H, uptake CoH,/CoH, Framework
MOFs ([:érl;:‘% gr;;tasl](ae [cm® cm™] uptake ratio Densitsy Ref.
0.0lbar 05bar 0.99bar 0.01/0.01° 0.01/0.99° [gcm™]
UTSA-200a 57.8 0.062 45 18.4 929 3.41 1.417 v-\cg:sk
SIFSIX-2-Cu-i 42.1 1.7 44.4 61.0 25.2 0.70 1.247 1
M’MOF-3 6.5 0.5 9.3 13.7 13.0 0.51 1.040 17
SIFSIX-1-Cu 19.8 1.7 47.4 76.0 11.8 0.26 0.864 1
SIFSIX-3-Zn 17.8 1.6 69.8 75.7 11.1 0.23 1.578 1
UTSA-100a 18.1 5.7 36.4 42.4 3.2 0.43 1.062 11
Fe-MOF-74 31.7 22.7 129.6 151.6 14 0.20 1.126 16
NOTT-300 6.4 4.2 76.5 99.8 15 0.06 1.146 15
Mg-MOF-74 50.4 34.4 127.1 142.1 15 0.35 0.909 14
& The C,H, uptake capacity at 0.01 bar and room temperature.
b The ratio from C,H; uptake at 0.01 bar/C,H, uptake at 0.01 bar (0.01/0.01).
¢ The ratio from C,H, uptake at 0.01 bar/C,H, uptake at 0.99 bar (0.01/0.99).
Table S6. Dual-site Langmuir-Freundlich parameter fits for C,H, and C,H4 in UTSA-200.
Site A Site B
A sat bao va Ea OB sat beo va Es
molkg®  pgA kImol*  molkg®  pgB kJ mol™
C:H, 2.1 2.85x10° 1 22 2.3 2.93x10™° 1 40
CoHa 1.3 1.36x10™ 4.4 173 1.3 6.21x10™ 1 25.4
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Table S7. Breakthrough calculations for separation of C;H,/C;H4 mixture containing 1 mol%
CyH, at 298 K. The data for FeMOF-74 is at a temperature of 318 K; this is the lowest
temperature used in the isotherm measurements of Bloch et al."® The data for NOTT-300 is at
293 K, for which the isotherm data is available in Yang et al.® The product gas stream contains
less than 40 ppm C,H,.

Dimensionless breakthrough time C,H, adsorbed during 0-tyreax

MOFs Threak )
mmol L
UTSA-200 1746.1 2113.3
SIFSIX-2-Cu-i 644.90 780.00
SIFSIX-1-Cu 219.83 265.33
SIFSIX-3-Zn 175.16 211.00
UTSA-100a 112.39 135.33
SIFSIX-3-Ni 103.73 124.67
FeMOF-74 89.40 100.67
M'MOF-3a 58.45 69.67
NOTT-300 56.28 68.33
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Figure S1. PXRD patterns of as-synthesized powder (red) and single-crysta samples (blue) of
UTSA-200 (red), and activated UTSA-200a (pink) along with the smulated XRD pattern from
the single-crystal X-ray structure (black).
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Figure S2. TGA curves of as—synthesized UT SA-200.
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SIFSIX-2-Cu-i SIFSIX-2-Cu-isC,H, SIFSIX-2-Cu-isC,H,

o

e

Figure S3. Structure description of SIFSIX-2-Cu-i. (a) The pore size channel structures in the
diameter of 4.4 A for SIFSIX-2-Cu-i viewed along the ¢ axes. (b, ¢) DFT-D-calculated C;H; (b)
and C;H, (c) adsorption models in SiFSIX-2-Cu-i viewed along the ¢ axis, indicating that the
pore size can allow the passage of both C,H, and C;H, molecules. The different nets are
highlighted in gray and purple for clarity.

UTSA-200a

Figure S4. Structure description of SIFSIX-2-Cu-i (upper) and UTSA-200a (below), viewed
along the ¢ (a, c) and b (c, d) axes, respectively, showing a certain degree of titling of both of
pyridine rings in UTSA-200a due to the flexibility nature of azpy molecule. The different net is
highlighted in purple blue for clarity. Colour code: Cu (turquoise), Si (dark green), F (red), N
(blue), C (grey), and H (green spheres).
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UTSA-200a

Figure S5. Solvent-accessible pore surface structure of SIFSIX-2-Cu-i and UTSA-200a: (a, c),
viewed along the c axes; (b, d) and viewed along the b axes. Unlike the channel of SIFSIX-2-
Cu-i, UTSA-200a shows the idealized pore channels as ideal molecular sieve, in which larger
cavities in the diameter of about 4.6 A are interconnected by very narrow apertures (molecular
sieving dimension: ~3.4 A). The different net is highlighted in dark blue for clarity. Colour code:
Cu (turquoise), Si (dark green), F (red), N (blue), C (grey), and H (green spheres).
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Figure S6. The calculated pore size distributions (PSD) of UTSA-200a. PSD was calculated
using the well-known method by Gubbins et al.'® The van der Waals diameters of the framework

atoms were adopted from the Cambridge Crystallographic Center.

Figure S7. DFT-D—calculated C;H; adsorption binding sites in UTSA-200a (the different nets
are highlighted in purple and dark green for clarity). Color code: D, white; C (in C,H,) orange.
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Loading C,H,

Figure S8. DFT-D-calculated C,H4 adsorption configuration in UTSA-200a (right structure),
indicating that the N=N bond and pyridine rings on the azpy linker need to be rotated to make
the dynamic pore size slightly larger under higher pressure (larger than 0.7 bar) to take up small
amount of C,H, gas molecules. The different net is highlighted in purple for clarity. Colour code:
Cu (turquoise), Si (dark green), F (red), N (blue), C (grey), and H (green spheres).
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Figure S9. Comparison of C,H4; uptake (cm®cm®) from gas sorption isotherms at various

pressures for various MOF materials used in this study.
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Figure S10. Comparison of Qs of C,H, adsorption in UTSA-200a and SIFSIX-2-Cu-i.
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Figure S11. Neutron powder diffraction patterns for the Rietveld refinement of bare UTSA-200a
(@) and C,D-loaded UTSA-200a (b). Goodness of fit data: (a) Rwy=0.0260, R,=0.0206; (b)

Rwp=0.0312, R,=0.0247.
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Figure S12. Comparison of C,H,/C,H, uptake ratio at 0.01/0.01 bar (a) and 0.01/0.99 bar (b) for
UTSA-200a with respect to other top-performing MOF materias as indicated.
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Figure S13. Ppom CH
containing 1% C,H, mixture in an adsorber bed packed with various MOFs. At a certain time,

, In the outlet gas of transient breakthrough of C,H,/CH, mixture

the impurity level will exceed the desired purity level of 40 ppm.

break !
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Figure S14. Experimental column breakthrough curves for C,H,/C,H, (1/99, v/v) separation with
UTSA-200a and SIFSIX-2-Cu-i at 298 K and 1.01 bar. The inset picture indicates that the CH,
gas broke through the fixed UTSA-200a bed immediately due to the nearly fully molecular
exclusion of C,H, molecules, whereas the C,H, gas passed through the fixed SIFSIX-2-Cu-i bed

after afew minutes.
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Figure S15. The concentration of C,H, and the purity of C,H, in the outlet gas of the adsorber.
The inserted figure shows the C,H, content in the outlet gas in ppm. Experimental breakthrough
was conducted on a stainless steel column packed with UTSA-200a ( 4.6x50 mm) with
C,H,/CH, mixture (1/99) as feed gas at 1.25 ml/min and 298 K.
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Figure S16. The signals of the desorbed C,H, and C,H, during regeneration process under flow
of a 71.775/27.5/0.725 gas mixture of CH,, N,, and CH, at 338 K (Related to Experimental
Procedures) at 338 K. The signal of CH, and C,H, were processed with the subtraction of
background signal. Nitrogen in the mixed gases was used to calibrate the change of the flow rate

during desorption process.
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Figure S17. The calculated relative purity (cumulative) of desorbed C,H, during desorption
process at 338 K. This relative purity was calculated with the subtraction of background signa
(inlet gas) and nitrogen content. Nitrogen in the mixed gases was used to calibrate the change of
the flow rate during desorption process.
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Figure S18. Experimental column breakthrough curves for C,H,/C H, separations (1/99, v/v) on
UTSA-200a at 298 K and 1 bar with 2200 ppm O, and without O,. The breakthrough
experiments were carried out in a column packed with UTSA-200a ( 4.6 x 50 mm) at a flow

rate of 1.25 ml/min.
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Figure S19. Experimental column breakthrough curves for C,H,/C,H, (1/99, v/v) separations at 298
K and 1 bar in the absence and presence of 100 ppm CO,. The breskthrough experiments were
carried out in a column packed with UTSA-200a ( 4.6 x 50 mm) at a flow rate of 1.25 ml/min.
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Figure S20. Experimental column breakthrough curves for C,H,/C H, separations (1/99, v/v) on
UTSA-200a at 298 K and 1 atm with different amounts of H,O. (1) 3.8 ppm H,O, 1% C,H, and
98.99% CH,; (2) 83 ppm H,O, 1% CH, and 98.99% CH,; (3) 1340 ppm H,O, 1% CH, and

98.86% C,H,. The breakthrough experiments were carried out in a column packed with UTSA-
200a( 4.6 x 50 mm) at aflow rate of 1.25 ml/min.
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Figure S21. Cycling column breakthrough curves for C,H,/CH, separations (1/99, v/v) with
UTSA-200a at 298 K and 1 bar. The breakthrough experiments were carried out in a column

packed with UTSA-200a ( 4.6x50 mm) at a flow rate of 1.25 ml/min. Regeneration with He
flow (7 to 15 mL/min) for 7 to 12 h at 308 or 313 K.
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Figure S22. Experimental desorption curvesfor CH, at different temperatures and He flow rates.
Before desorption, the breakthrough experiments for C,H,/C,H, (1/99, v/v) mixture was carried
out in acolumn packed with UTSA-200a( 4.6x50 mm) at 298 K.
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Figure S23. Cyclic breakthrough experiments on UTSA-200a at 298 K and 1 bar, indicating that
UTSA-200a maintained the CH, eluted amount from the outlet effluent and the C,H, captured
amount during the separation processes over at least 12 times.
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Figure S24. Cyclic C,H, adsorption measurements on UTSA-200a at 298 K and 1 bar, indicating
that UTSA-200a maintained its C,H, uptake capacity over at least 20 times.
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Figure S25. PXRD patterns of as-synthesized samples (black), the samples after exposed to air
for two days (red), and the regenerated UT SA-200 (blue) in methanol solution.
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Figure S26. C,H, and C,H, adsorption isotherms of UTSA-200a (red) and the regenerated
sample after exposure to air (blue) over three cycles.
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Figure S27. PXRD patterns of as-synthesized samples (black) and the samples after the multiple
adsorption tests (blue) and breakthrough tests (red).
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