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ABSTRACT: Ultramicroporous materials can be highly effective at trace gas
separations when they offer a high density of selective binding sites. Herein, we P
report that sql-NbOFFIVE-bpe-Cu, a new variant of a previously reported :
ultramicroporous square lattice, sql, topology material, sql-SIFSIX-bpe-Zn, can
exist in two polymorphs. These polymorphs, sql-NbOFFIVE-bpe-Cu-AA (AA) and
sql-NbOFFIVE-bpe-Cu-AB (AB), exhibit AAAA and ABAB packing of the sql
layers, respectively. Whereas NbOFFIVE-bpe-Cu-AA (AA) is isostructural with sql-
SIFSIX-bpe-Zn, each exhibiting intrinsic 1D channels, sql-NbOFFIVE-bpe-Cu-AB
(AB) has two types of channels, the intrinsic channels and extrinsic channels
between the sql networks. Gas and temperature induced transformations of the two
polymorphs of sql-NbOFFIVE-bpe-Cu were investigated by pure gas sorption,
single-crystal X-ray diffraction (SCXRD), variable temperature powder X-ray
diffraction (VT-PXRD), and synchrotron PXRD. We observed that the extrinsic pore structure of AB resulted in properties with
potential for selective C;H,/C;Hy separation. Subsequent dynamic gas breakthrough measurements revealed exceptional
experimental C;H,/C3Hg selectivity (270) and a new benchmark for productivity (118 mmol g~') of polymer grade C;H¢ (purity
>99.99%) from a 1:99 C;H,/C;H, mixture. Structural analysis, gas sorption studies, and gas adsorption kinetics enabled us to
determine that a binding “sweet spot” for C;H, in the extrinsic pores is behind the benchmark separation performance. Density-
functional theory (DFT) calculations and Canonical Monte Carlo (CMC) simulations provided further insight into the binding sites
of C;H, and C;H¢ molecules within these two hybrid ultramicroporous materials, HUMs. These results highlight, to our knowledge
for the first time, how pore engineering through the study of packing polymorphism in layered materials can dramatically change the
separation performance of a physisorbent.
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Bl INTRODUCTION small gas molecules including CO, and hydrocarbons
(HCs)."#720112027=37 Most HUMs are based on rigid organic

Metal— i terials (MOMs)' such tal— i
etal—organic materials (MOMs)  such as metal—organic linkers (e.g., pyrazine, 4,4-bipyridine) and pillared by inorganic

frameworks (MOFs)*™* and porous coordination polymers

(PCPs)° are of topical interest because of their potential utility
in, for example, §as storage, catalysis, biochemical imaging, and
drug delivery.®™ With respect to design, the diversity of their
structures and compositions makes MOMSs amenable to crystal
engineering,'’ which can enable systematic tuning of
composition to control pore size, shape, and chemistry, i.e.
“pore engineering”.'' "> Established approaches to pore
engineering include interpenetration, flexibility, open metal
sites (OMSs), functionalized ligands, counterion substitution,
and pore space partition, which tend to lower pore volume.">~"”
To our knowledge, pore engineering by different packing of
adjacent layers, i.e. polymorphism, has not yet been reported.
Hybrid ultramicroporous materials (HUMs), a subclass of
MOMs, are based on inorganic pillars such as MFSIX (e.g.,
GeF¢*, TiFs*, SiF¢*", SnF*"), FOXY (e.g, NbOF¢*"), and
M’FFIVE (e.g.,, AlF;>", FeF;>"). HUMs are of topical interest
thanks to their strong and selective binding interactions with
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anions to afford three-dimensional rigid networks. Whether
interpenetration of the networks occurs depends mainly on the
length and rigidity of linker ligands (Table §2).'%!%*!72338740
Flexible linker ligands, e.g. 4,4'-dipyridylsulfide (dps), 4,4'-
dipyridylsulfone, 4,4'-dipyridylsulfoxide, 1,2-bis(4-pyridyl)-
ethane (bpe), and 1,3-bis(4-pyridyl)propane (bpp), have the
potential to form spiro-linked 1D coordination polymers that,
when pillared by inorganic anions, afford 2D square lattice (sql)
coordination networks (Scheme 1 and Table §3).>%*7*!~** sql-
SIFSIX-bpe-Zn, SIFSIX = SiFs*", exemplifies such structures
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Scheme 1. Rigid Linker Ligands Tend to Generate sql
Topology Coordination Networks (Above) Whereas Flexible
Linkers Can Afford Either sql Networks or Spiro-Linked 1D
Coordination Polymers (Below)
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and was reported to exhibit high binding affinity for C,H, via an
induced fit mechanism enabled by flexibility.””

Herein, we report that solvent-mediated crystallization can
result in packing polymorphs of the related material sql-
NbOFFIVE-bpe-Cu, sql-NbOFFIVE-bpe-Cu-AA, AA, and
sql-NbOFFIVE-bpe-Cu-AB, AB, which exhibit AAAA and
ABAB packing of their sql layers, respectively, and study the
effect of crystal packing upon the C3 sorption properties of sql-
NbOFFIVE-bpe-Cu. C3 sorption is relevant because propylene
(C3Hg) is a feedstock for the production of commodity
chemicals such as acrylonitrile, propylene oxide, and poly-
propylene.””~* Worldwide propylene production capacity was
as high as 140 million tons in 2020, second only to that of
ethylene among chemical building blocks."* Further purification
of C4H, is needed because trace amounts (~1%) of propyne
(C3H,) must be removed to afford polymer-grade (>99.95%)
C,H, for downstream applications.””*® That C;H, and C;Hj
exhibit similar physicochemical properties (Scheme 2 and Table

Scheme 2. Comparison of the Molecular Structures and
Physical Properties of C;H, and C;Hj
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S1)* makes it a challenge for porous materials to produce
polymer-grade C;H. The C3 sorption properties of AA and AB
are addressed through a series of experimental and computa-
tional studies.

B EXPERIMENTAL SECTION

All reagents and solvents were purchased commercially and used as
received without further purification, except the precursor CuNbOFj-
4H,0, which was prepared by adapting a reported procedure.™

Synthesis of pcu-NbOFFIVE-bpe-Cu ([Cu(NbOF;)(bpe).,],). In
a typical reaction, bpe (6.3 mg, 0.035 mmol) in 2 mL of methanol was
carefully layered onto CuNbOF;-4H,0 (7 mg, 0.026 mmol) in 2 mL of
water. Blue block single crystals were obtained after 4 days in
quantitative yield, collected by filtration and washed with methanol
three times.

Synthesis of sql-NbOFFIVE-bpe-Cu-AA-a, AA-a, ([Cu-
(NbOF;)(bpe),l,). In a typical reaction, CuNbOF-4H,0 (0.0345 g
0.13 mmol) and bpe (0.0276 g, 0.15 mmol) were added to 11.0 mL of
H,0/CH;0H (v/v = 9:2). The solution was then sealed in a 14.5 mL
vial and settled for 1 h. A light blue powder was obtained. This reaction
can be readily scaled. When the reaction was conducted at room
temperature or 60 °C for 2 months, blue block crystals of AA-a were
obtained which were suitable for single-crystal X-ray diffraction
(SCXRD) testing.

Preparation of sql-NbOFFIVE-bpe-Cu-AA-f, AA-f. A single
crystal of the methanol exchanged phase of AA-ar was activated at 333 K
in situ on the goniometer of an SCXRD instrument. After 10 min
SCXRD data showed that AA-a had transformed to AA-f. Bulk samples
were prepared through activation at 333 K under vacuum.

Synthesis of sql-NbOFFIVE-bpe-Cu-AB-a, AB-a, ([Cu(NbOF;)-
(bpe),l,). In a typical reaction, a solution of CuNbOF;-4H,0 (7 mg,
0.026 mmol) in 1 mL of water was carefully layered onto bpe (6.3 mg,
0.035 mmol) in 4 mL of 1,2-dichlorobenzene. Block shaped dark blue
single crystals of AB-& were obtained after 3 days. The crystals were
collected by filtration and washed with methanol three times, yield 85%.

Preparation of sql-NbOFFIVE-bpe-Cu-AB-f;, AB-#;. Methanol
exchanged AB-a was activated by heating at 333 K under vacuum for 12
h and then exposed to air or soaked in water to yield AB-f;.

B RESULTS AND DISCUSSION

Solvent diffusion of CuNbOF;-4H,O and bpe in various organic
solvents and water at room temperature afforded single crystals
of three polymorphs of [Cu(NbOF;)(bpe),],: a 3D pcu
network; two 2D sql networks. When using 1:1 H,0/CH;0H
(v/v), single crystals of the 3D pcu network, pcu-NbOFFIVE-
bpe-Cu, were obtained with bulk purity (Figures 1 and S12).

, C
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7 E ‘:‘&%&:w

pcu-NbOFFIVE-bpe-Cu

| _ b 3
CuNbOF; +2
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Figure 1. Synthetic conditions used and crystal structures of pcu-
NbOFFIVE-bpe-Cu, sql-NbOFFIVE-bpe-Cu-AA-a, and sql-NbOF-
FIVE-bpe-Cu-AB-a. Color code: turquoise, Cu; green, Nb; red, O;
bright green, F; blue, N; gray, C. Hydrogen atoms are omitted for
clarity.
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Figure 2. Comparisons of sql-NbOFFIVE-bpe-Cu-AA-@ (2, b, c) and sql-NbOFFIVE-bpe-Cu-AB-a (d, e, f). Simplified crystal structure of sql-
NbOFFIVE-bpe-Cu-AA- along the b (a) and a axes (b); (c) 1D channels in sql-NbOFFIVE-bpe-Cu-AA-a; Simplified crystal structures of sql-
NbOFFIVE-bpe-Cu-AB-a along the a (d) and c axes (e); (f) 3D channels in sql- NbOFFIVE-bpe-Cu-AB-a. Color code: blue = NbOFg; black =
hydrogen bonds; Adjacent layers colored orange, green, and blue. Hydrogen atoms omitted for clarity.

SCXRD revealed that pcu-NbOFFIVE-bpe-Cu had crystallized
in the tetragonal space group P4/n (Table S4). The non-
interpenetrated network exhibits ~9 X 9 A pores, but crystals of
pcu-NbOFFIVE-bpe-Cu did not survive guest removal, making
it a first generation porous coordination polymer as classified by
Kitagawa and co-workers (Figure $3).> When the ratio of H,0/
CH;OH was changed to 9:2 (v/v), single crystals of a 2D sql
network variant, AA-a, were isolated (Figures 1, SI and SS
upper). SCXRD analysis revealed that AA-a had crystallized in
the monoclinic space group C2/c (Table S4). A 4:1 ratio of 1,2-
dichlorobenzene and water (v/v) afforded single crystals of a
polymorph of the same sql network, AB-a (Figures 1, S2, and S$
lower). SCXRD analysis revealed that AB-a had crystallized in
tetragonal space group P4,/mmc (Table S5). Bulk purities of
AA-x and AB-@ were confirmed by powder X-ray diffraction
(PXRD, Figure S13).

Each Cu®" cation in AA-@ and AB-a is six-coordinate,
coordinated by four N atoms from bpe ligands as well as one O
atom and one F atom from two NbOF;*~ anions (Figure S4).
The pyridyl moieties are oriented in a gauche conformation
about the C—C single bond backbone, resulting in a V-shaped
bis(monodentate) linking mode. The layers in AB-& and AA-&
stack differently. AA-a formed an AAAA layer arrangement
similar to other sql topology HUMs (Figures 2, SS, and S6, some
presented using simplified structures).'"***”*'~*5! Adjacent
layers form H-bonds C(bpe ligand)—H:--F(NbOF;) of 2.40 and
2.46 A that result in an arrangement reminiscent of a zipper.
With respect to AB-&t, NbOF>~ anion pillared Cu(bpe), chains
along the g-axis and b-axis lie in the ab-plane (Figures SS and

S7). AB-a was found to exhibit ABAB stacking of layers,
resulting in a pore structure distinct from that of AA-a and
related materials.”” The resulting ultramicroporous channels
(3.96 X 5.56 A%, after subtracting the van der Waals radii, Figure
2f) represent 29.9% of the unit cell volume as calculated by
PLATON.” The 1D channels in AA-& resulted in a solvent-
accessible space of 24.7% of the unit cell volume (Figure 2c). We
anticipated that the inherent flexibility of bpe might enable
induced fit or preferential binding toward C;H, over C;H,'® and
that the electronegative NbOF;*~ anions lining the channels
might preferentially bind alkynes vs alkenes (Figure 2c and
2f).2*53373 We therefore undertook a study of the separation
performance of these polymorphs toward C;H, and C;H.
As-synthesized AB-a transformed to a narrower-pore phase,
AB-f, after methanol exchange at 333 K under vacuum for 12 h.
We were unable to directly determine the crystal structure of
activated (anhydrate) AB-f, as it captured water from air at low
relative humidity (RH), as revealed by dynamic vapor sorption
(DVS) (Figure S26). Figures S27 and S28 reveal that water
vapor was adsorbed within minutes at 30% RH, 298 K. The
SCXRD structure determined in air, AB-f;, was found to be a
hydrate with twisted pores, twisted NbOF>~ anions, and
undulating pillars, unlike AB-a (Figure S9). TGA data collected
after holding at 80 °C for 2 h revealed no weight loss, further
indicating that AB-f is fully activated and that water vapor was
captured from the laboratory atmosphere (Figure S18). AB-f,
crystallized in the tetragonal space group P4,/mnm (Table SS).
The distance between F atoms (dj...5) in adjacent pillars changed
from 6.33 A in AB-a to 6.91 and 5.37 A in AB-f}; (Figure S10).
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Figure 3. (a) C;H, and C;H, adsorption isotherms of sql-NbOFFIVE-bpe-Cu-AB collected at 298 K; (b) S-PXRD (1 = 0.35424308 A) patterns of
C;H,-loaded and C;Hg-loaded sql-NbOFFIVE-bpe-Cu-AB-a compared with the PXRD patterns calculated from SCXRD and modeling data; (c)
Pawley profile fit for sql-NbOFFIVE-bpe-Cu-AB-f. The experimental S-PXRD data are presented in black, calculated in red, and the difference
between experimental and calculated in blue. Bragg reflections are shown as green bars. Crystal system = Tetragonal, Space group = P4,/mnm,a=b =
12.4888(4) A, ¢ = 18.8761(6) A, V'=2944.1(2) A’, r wp = 3.216%, r_exp = 1.821%, r_p = 3.127%, GOF = 1.766; (d) C;H, and C,H adsorption
isotherms of sql- NbOFFIVE-bpe-Cu-AA at 298 K; (e) S-PXRD (4 = 0.35424308 A) patterns of C;H,-loaded and C;H4-loaded sql-NbOFFIVE-bpe-
Cu-AA-a compared with their corresponding PXRD patterns calculated from SCXRD and modeling data; (f) S-PXRD patterns of experimental sql-
NbOFFIVE-bpe-Cu-AA-f compared with calculated PXRD of sql-NbOFFIVE-bpe-Cu-AA-f from SCXRD.

Activation of AA-a resulted in AA-B. Heating at 333 K in situ on
the SCXRD goniometer enabled structural determination of
AA-f (Figure S8), which had crystallized in the monoclinic
space group 12/m (Table S4). The dp. j value decreased from
7.1104 A in AA-& to 6.9260 A in AA-f (Figure S11).

These transformations were also investigated by variable-
temperature PXRD (VT-PXRD). AA-a converted to AA-f§ by
heating at 333 K under N,, the PXRD pattern matching that
calculated from the SCXRD structure (Figure S16a). Methanol
exchanged AB-a transformed to desolvated AB-f after heating
at 393 K under N, (Figure S16b). Methanol exchanged AB-a
can also transform to AB-f by heating at 333 K under vacuum
for 6 h (Figure S16c). The partially loaded AB-f, phase was also
observed by VT-PXRD at 333 K, its PXRD diffractogram
matching the calculated PXRD pattern of AB-f;. AB-f was
observed to transform to AA-f after heating at 473 K under N,
(Figure S16b).

To investigate the porosity of AA and AB, gas sorption
isotherms of CO,, at 195 K, and N,, at 77 K, were collected
(Figure S19). Prior to collection of sorption data, methanol
exchanged AA and AB were activated at 333 K for 12 h under
vacuum to generate their respective ff forms. CO, adsorption by
AB revealed a stepped isotherm profile with an inflection at low
pressure (ca. 0.024 bar) and an uptake of ca. 1.5 mmol g after
the first step.”” A saturated CO, uptake of ~2.9 mmol g™
corresponds to almost 4 CO, molecules per unit cell. In the case
of N, adsorption, an uptake of ~2.0 mmol g~ was observed. The
corresponding values for AA revealed CO, and N, uptakes of
~3.5 mmol ¢! and ~1.0 mmol g~’, respectively. Langmuir
surface areas of 356 m* g~* for AA and 295 m* g™ for AB were

calculated from 195 K CO, isotherms. The maximum pore size
distributions derived from 195 K CO, data were determined to
be 3.55 for AA and 6.04 A for AB, matching the pore sizes
derived from SCXRD data (Figure S19). For a larger probe size,
such as N, at 77 K (3.6 A for N, vs 3.3 A for CO,), AA shows
lower uptake than that of AB because of its narrower pore.

Next, we studied the C;H, and C;H, adsorption properties of
AB and AA at 273 and 298 K (Figures 3a, 3d, S20, and S21). The
C;H, sorption isotherm of AB revealed steep uptake at low
pressure and an uptake of 3.04 mmol g~' at 1 bar and 298 K,
significantly higher than its C;H, uptake (2.10 mmol g™') under
the same conditions. We note that the uptake of C;H, was
negligible at low pressure (0.01 mmol g™" at 0.001 bar; 0.1 mmol
g ' at 0.01 bar; 0.23 mmol g ™" at 0.1 bar), reflecting the stepped
sorption isotherm.”” The corresponding C;H, uptakes were
higher (1.20 mmol g™" at 0.001 bar; 1.93 mmol g™" at 0.01 bar;
2.40 mmol g~" at 0.1 bar, Figure S21). Similar stepped isotherms
were reported for GEFSIX-dps-Cu, ELM-12, and ZU-13.""%%
The uptake ratio of C;H,/C3;H, for AB at 1 mbar is higher than
that of NKMOF-11."> Sample regeneration was realized by
exposure to vacuum at 333 K for as little as 10 min. Multiple
sorption tests were performed, and similar sorption isotherms
were observed, indicating good recyclability (Figure $22).

The differences between the single-component isotherms of
C;3H, and C;Hj are indicative of potential utility for separation
of C;H,/C;H binary mixtures. In the case of AA, the uptake
ratio of C;H,/C;Hg at 1 mbar (~3.8) is much lower than that of
AB (~120), although AA shows a similar uptake of C;H, at 1 bar
and lower uptake of C;Hy than AB (Figure S21). These results
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Figure 4. (a) Simulated breakthrough curves of sql-NbOFFIVE-bpe-Cu-AB for separation of C3H,/C3;H (1/99) mixture at 298 K; (b) Experimental
breakthrough separation of sql-NbOFFIVE-bpe-Cu-AB for C;H,/C;Hs (1/99) at 298 K (gas velocity: 1.0 cm® min™"); (c) Experimental
breakthrough separation of sql-NbOFFIVE-bpe-Cu-AA for C;H,/C;H, (1/99) at 298 K (gas velocity: 1.0 cm® min™"); (d) Gravimetric kinetics of
sql-NbOFFIVE-bpe-Cu-AB for C;H, and C;Hg uptake (0—1.0 bar) at 303 K; (e) Gravimetric kinetics of sql-NbOFFIVE-bpe-Cu-AA for C;H, and
C3Hj uptake (1.0 bar) at 303 K; (f) Comparison of C;H4 productivity in representative benchmark materials for separation of 1/99 C;H,/C;H,

mixture.

indicate that AB offers stronger potential for separation of
C;H,/C;H; than AA.

Synchrotron PXRD (S-PXRD) data were collected for
activated as well as C;H, and C;Hg-loaded samples to study
the guest-induced structural change. As shown in Figure 3b and
3e, S-PXRD diffractograms of C;H, and C;H4-loaded AA and
AB support the presence of the corresponding & phases. The S-
PXRD pattern of activated AA-f# obtained by heating at 333 K
under vacuum is consistent with the calculated pattern (Figure
3f). Pawley fitting for AB-ff revealed tetragonal space group P4,/
mnm (Figure 3c) and a unit cell volume of AB-f (2944.1(2) A%)
slightly smaller than that of AB-f; (2954.6(4) A®). These results
indicate that both C;H, and C;Hj can induce phase changes
from the narrow-pore phases (AA-f and AB-f) to the respective
open phases (AA- and AB-a).

To quantify the potential of AB for separation of the
challenging C;H,/C;Hg binary mixtures, ideal adsorption
solution theory (IAST) calculations were conducted using
Dual-site Langmuir—Freundlich (DSLF) and 3-site Langmuir—
Freundlich isotherm shape models®* ™ (Figures S23 and S24,
Tables S6 and S7). The calculated adsorption selectivity values
for 1:99 and 1:1 C;H,/C;H, binary mixtures are up to 220 and
over 180 at 298 K and 1 bar, respectively. Simulated
breakthrough data using a methodology described previously
predicts excellent separation performance for C;H,/C;Hg
(Figure 4a).63_67

In order to experimentally evaluate the C;H,/C;Hq
separation performance of AA and AB, we conducted dynamic
column breakthrough (DCB) experiments that mimic typical
process conditions with an inlet gas mixture composition of 1:99
(v/v) C3H,/C3Hg.'>** This C;H,/C;Hj gas mixture with a flow

rate of 1.0 cm® min ™' was passed through a fixed bed column (8
mm diameter) packed with sorbent at 1 bar and 298 K. The fixed
beds of methanol exchanged samples were first activated by
heating at 353 K in a 20 cm® min™~" flow of Helium for about 6 h.
DCB experiments were commenced after samples were cooled
to room temperature. Gas chromatography (GC) was used to
monitor eluted components quantitatively at short sampling
intervals (Figure S29; see Supporting Information for the
experimental setup). As expected (Figure 4b and 4c), AB was
indeed found to be more effective for C;H,/C;Hy separation
than AA. For AB, C;H, breakthrough occurred at 10 min g,
well before C;H, (2710 min g™'). This represents a C;H, uptake
capacity (1.2 mmol g™, Table S8) comparable to that of the
previous benchmark sorbent, NKMOF-1-Ni (1.21 mmol g™')
and Ni@FAU (1.59 mmol g_l).49’68 During the time lag 0f 2710
min g_1 before breakthrough, GC data showed that the
concentration of C;H, in the effluent gas stream was <1 ppm
(Table S8). According to the DCB profile obtained from a 1/99
mixture, the polymer-grade C;Hg productivity (>99.99% purity)
of AB sets a new benchmark value of 118 mmol g~', beyond that
of previous benchmark materials (NKMOF-11, 74.4 mmol g_1 ;
UTSA-200, 62.0 mmol g'; ZNU-2-Si, 52.9 mmol g~'; ZNU-2,
42 mmol g~'; SIFSIX-3-Nji, 20.05 mmol g~' and SIFSIX-2-Cu-i,
26.64 mmol g~', Figure 4f) 1 213:38,48,69 Separation selectivity
(anc) was calculated to be 270, exceeding that of reported
HUMs with sql topology GeFSIX-dps-Cu (82.1), GeFSIX-dps-
Zn (65.6)."" That AB outperformed previous benchmark
materials in terms of C;Hg productivity demonstrates that
HUMs can offer both high selectivity and high uptake for
challenging gas separations.
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We also studied the pure gas adsorption kinetics for C;H, and
C;Hg using methanol exchanged samples, whereby activated
samples of AA and AB were exposed to a constant flow of 10 cm?®
min~! C3H, and C;Hy at 303 K and 1.0 bar. As presented in
Figure 4d, the slope of the kinetic curve for AB is much steeper
for C;H, than that of C;Hy, indicating faster adsorption kinetics
for C3H,. The kinetic curves of C;H, and C;Hg level off at 6.8 wt
% (1.7 mmol g') after ca. 10 min and 2.5 wt % (1.2 mmol g™*)
after ca. 60 min, respectively. Regeneration tests were performed
by heating the samples at 353 K under N, flow for ca. 1 h (flow
rate: 60 cm® min™"), and no changes in uptake were observed
after successive cycles (Figure S25). With respect to AA, the
slope of the kinetic curve is almost the same for C;H, and C;Hj,
indicating similar adsorption kinetics for C;H, and C;Hg
(Figures 4e and S25). That gas adsorption kinetics in AB favors
C;H, over C3Hy is desirable for efficient gas separation during
dynamic DCB tests.

Hydrolytic stability of a sorbent is a prerequisite for utility,
prompting us to soak crystals of AB in water and perform water
vapor sorption experiments using DVS. The water sorption
experiment revealed a type I isotherm with approximately 15 wt
% uptake at about 90% RH, which is consistent with the weight
loss observed in the TGA curve (~12 wt %, Figures S17 and
$26). Cycling tests were performed 10 times and revealed that
the sample retained stability when exposed to humidity (Figure
$28). Crystals soaked in water for S days retained crystallinity
(Figure S14).

Insight into the distinct sorption properties of AA and AB was
gained through DFT calculations, which revealed that AA and
AB have similar lattice energies, the AB to AA transformation
being predicted to be exothermic by —13.2 kJ mol™' per
Cu,Nb,O,Fo(bpe), formula unit. DFT was also used to identify
the most plausible binding sites and their adsorption enthalpies
whereas Canonical Monte Carlo (CMC) simulations were
conducted to obtain adsorbate occupancy or the density map
comprising the binding site regions (see Supporting Information
for further details on the computational methodology). For each
framework, the energetically most plausible orientations for
C;H, and C;Hy are represented in Figure 5. The binding sites
were identified using DFT calculations in which atomic
positions were optimized so that the binding pockets can
adapt to each adsorbate.

The resulting adsorption enthalpies C;H, and C;Hy in AA
were calculated to be —62.7 (C3H,) and —65.2 (C;H,) k] mol ™,
respectively. These similar adsorption enthalpies and Gibbs free
energy differences are indicative of poor selectivity for C3
hydrocarbons. These values are also in line with experimental
data (Figure 4c). In contrast, the adsorption enthalpies of —69.0
(C3H,) and —53.0 (C3Hg) kJ mol™ calculated for AB suggest
enhanced binding of C;H, and weaker C;H, binding compared
to A4, also in line with experimental observations (Figure 4b).
The 16 kJ mol™" difference in adsorption enthalpy for AB is also
found in the adsorption Gibbs free energy differences AG,4, of
—24.4 (C;H,) and —8.5 (C3Hg) kJ mol ™, where a difference of
only 4.4 kJ mol™ was calculated for AA, with AG,4 values of
—19.6 (CyH,) and —15.0 (C3H,) kJ mol™!, respectively. For
both adsorbates, there are hydrogen bonds between H atoms of
the adsorbates and framework F atoms (Figure 5), as is typical
for HUMs."™”® A detailed analysis of these binding sites,
including adsorption energy and distances, is summarized in
Table S9. Binding site isosurfaces from CMC simulations are
visualized in Tables S11 and S12 and reveal that the density
fields, comprising adsorbate mass-middle point occupancies of

Figure S. Binding sites of (a) C;H, and (b) C;H, in sql-NbOFFIVE-
bpe-Cu-AB (a, b) and sql-NbOFFIVE-bpe-Cu-AA (¢, d). The closest
contacts (A) between framework atoms and adsorbates are highlighted
in orange for C—H--F, green for C—H-x, and red for C—H (with
another framework)---z.

successful insertion moves, of C;H, are larger than those of
C;Hg for all frameworks. This can be attributed to the more
linear geometry of C;H, resulting in a larger binding area.
Furthermore, the CMC results validate the preferred positions
of the adsorbates in the framework and its channels in the
vicinity of framework F atoms, which can be observed by
merging the binding site outcomes from DFT and CMC
(Figures S31 and S32). The four modeled crystal structures were
used to calculate PXRD patterns, which are a good match for
both the experimental S-PXRD data and the PXRD patterns
calculated from SCXRD data (Figure 3b, 3e).

B CONCLUSIONS

In summary, two packing polymorphs of an sql network with
intrinsic ultramicropores, AA and AB, exhibit AAAA and ABAB
packing of the sql layers, respectively. AA is isostructural with
sql-SIFSIX-bpe-Zn and exhibits intrinsic 1D channels within
each sql network. AB exhibits both intrinsic channels and
extrinsic channels between the sql networks that arise from the
different crystal packing of adjacent layers. Both polymorphs
were found to display phase transformations induced by
pressure and temperature. AB was found to be the most
interesting sorbent in terms of sorption properties, as it exhibits
excellent C;H,/C;H, separation performance as indicated by a
new high for C;H,/C;H experimental selectivity (270) and a
new benchmark for polymer-grade C;H, productivity (118
mmol g') from a 1:99 C;H,/C;H; binary mixture. Modeling
studies provided insight into the selective binding sites for C;H,.
This work has not only resulted in a new benchmark for C;H,
separation from C;H, but also brings a new approach to pore
engineering. Specifically, whereas the packing polymorphs
exhibit similar surface areas, their pore chemistry, size, and
shape are distinctly different.
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Characterization, Experimental Methods and Sorption Studies

1. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction patterns were recorded on a PANalytical X’Pert MPD Pro (Cu Ka, A =
1.5418 A) with a 1D X’Celerator strip detector. Experiments were conducted in continuous
scanning mode with the goniometer in the theta-theta orientation. Incident beam optics included
the Fixed Divergences slit with anti-scatter slit PreFIX module, with a 1/8° divergence slit and a
1/4° anti-scatter slit, as well as a 10 mm fixed incident beam mask and a Soller slit (0.04 rad).
Divergent beam optics included a P7.5 anti-scatter slit, a Soller slit (0.04 rad), and a Ni B filter.
The data were collected in the range of 20 = 3-50. Raw data was then evaluated using the X’ Pert
HighScore Plus™ software V 4.1 (PANalytical, The Netherlands).

2. In-situ Variable Temperature Powder X-ray Diffraction (VT-PXRD)

Diffractograms at different temperatures were recorded using a PANalytical X Pert Pro-MPD
diffractometer equipped with a PIXcel3D detector operating in scanning line detector mode with
an active length of 4 utilizing 255 channels. Anton Paar TTK 450 stage coupled with the Anton
Paar TCU 110 Temperature Control Unit was used to record the variable temperature
diffractograms. The diffractometer is outfitted with an Empyrean Cu LFF (long fine-focus) HR
(9430 033 7300x) tube operated at 40 kV and 40 mA and Cu Ka radiation (A, = 1.54056 A) was
used for diffraction experiments. Continuous scanning mode with the goniometer in the theta-
theta orientation was used to collect the data. Incident beam optics included the Fixed
Divergences slit, with a 1/4° divergence slit and a Soller slit (0.04 rad). Divergent beam optics
included a P7.5 anti-scatter slit, a Soller slit (0.04 rad), and a Ni-p filter. In a typical experiment,
20 mg of sample was ground into a fine powder, and was loaded on a zero background sample

holder made for Anton Paar TTK 450 chamber. The data was collected from 4°-40° (26) with a
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step-size of 0.0167113° and a scan time of 50 seconds per step. Crude data were analyzed using
the X Pert HighScore Plus™ software V 4.1 (PANalytical, The Netherlands). The sample was
heated up to 453 K under N; atmosphere.

3. Thermogravimetric analysis (TGA)

Thermograms were recorded under nitrogen using TGA instrument TA Q50 V20.13 Build 39.
Aluminium pans and a flow rate of 60 cm?® min! for the nitrogen gas were used for the
experiments. The data was collected in the High Resolution Dynamic mode with a sensitivity of
1.0, a resolution of 4.0, and a temperature ramp of 10 °C min™! up to 550 °C. The data was
evaluated using the T.A. Universal Analysis suite for Windows XP/Vista Version 4.5A.

4. Dynamic Vapor Sorption (DVS)

Dynamic water vapour sorption studies were performed on the sample using a dynamic vapour
sorption system (Surface Measurement Systems, DVS Adventure) which gravimetrically
measures the uptake and loss of vapour using air as a carrier gas. Pure water was used as the
adsorbate for these measurements and temperature was maintained at 298 K by enclosing the
system in a temperature-controlled incubator. Prior to measurement, the sample was in-situ
activated at 100 °C, 0 RH. The mass of the sample was determined by comparison to an empty
reference pan and recorded by a high resolution microbalance with a precision of 0.1 pg.
Sorption isotherm was measured from 0 to 95% RH step-wise with a convergence equilibrium
criterion dm/dt =0.05 %/min. The minimum and maximum equilibration times for each step were
10 and 360 min, respectively. The kinetics were measured between two points 0 and 30% RH
with a convergence equilibrium criterion dm/dt =0.05 %/min. The recyclability test was done by
performing 10 cycles, each cycle consisting of 15 min adsorption step (90% RH) and 30 min

desorption step (0% RH).
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5. Gas sorption measurements.

For gas sorption experiments, gases were used as received from BOC Gases Ireland: He
(99.999%), N2 (99.9995%), CO2 (99.995%), C3H4 (97.0%), CsHg (99.5%). Before sorption
measurements, activation of sql-NbOFFIVE-bpe-Cu-AB and sql-NbOFFIVE-bpe-Cu-AA
were achieved by degassing the air-dried samples on a SmartVacPrep™ using dynamic vacuum
and heating for 12 h (the sample heated from RT to 333 K with a ramp rate of 1°C min™!). About
100 mg of activated samples were used for the measurements on Micromeritics Tristar IT 3030 or
Micromeritics 3Flex surface area and pore size analyzer 3500. A Julabo temperature controller
was used to maintain a constant temperature in the bath throughout the experiment. The bath
temperatures of 273 and 298 K were precisely controlled with a Julabo ME (v.2) recirculating
control system containing a mixture of ethylene glycol and water. The low temperatures at 77 K
and 195 K were controlled by a 4 L Dewar filled with liquid N> and dry ice/acetone,
respectively. At every interval of two independent isotherms recorded for any sorbent, samples
were regenerated by degassing over 30 min under high vacuum at 333 K, before commencing the
next sorption experiment.

6. Breakthrough experiments.

In typical breakthrough experiments, MeOH exchanged sql-NbOFFIVE-bpe-Cu-AB (~0.5 g) or
MeOH exchanged sql-NbOFFIVE-bpe-Cu-AA (~0.35 g) was placed in quartz tubing (8§ mm
diameter; 8 mm x 6 mm x 400 mm) to form fixed beds. First, the adsorbent bed was purged
under a 20 cm?® min™! flow of He gas at 353 K for 6 hours prior to breakthrough experiment.
Upon cooling to room temperature, the gas flow was switched to the desired C3H4/C3Hs gas
mixture compositions (1:99), maintained at a total flow rate of 1.0 cm?® min!. Then, 1:99

C3H4/C3He binary breakthrough experiments were conducted at 298 K. The outlet composition
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was continuously monitored by a Shimadzu Nexis GC-2030 gas chromatograph until complete
breakthrough was achieved.
The CsHs productivity (q) is defined by the breakthrough amount of C3He, which is calculated by

integration of the breakthrough curves f(t) during a period from T 1 to T2 where the C3Hs purity

is higher than or equal to a threshold value p:

g-— GGH)
C(CH¢)+C, (C3H4

y<(l, 70

7. Single Crystal X-ray diffraction

Single crystal X-ray diffraction data were collected on a Bruker Quest diffractometer equipped
with a IuS microfocus X-ray source Cu Ka, (A = 1.54178 A); Mo Ko, (A = 0.71073 A);
Synchrotron (A = 0.4859 A), and CMOS detector. APEX3 or APEX4 was used for collecting,
indexing, integrating and scaling the data.! An open-flow nitrogen attachment (Oxford
Cryosystems) was used for low temperature measurements. Absorption corrections were
performed by multi-scan method.? Space groups were determined using XPREP? as implemented
in APEX3. All the scaled data were solved using intrinsic phasing method (XT)* and refined on
F? using SHELXL? inbuilt in OLEX2 v1.5 (2020) program.® All non-hydrogen atoms present in
the frameworks were refined anisotropically. Hydrogen atoms were located at idealized positions
from the molecular geometry and refined isotropically with thermal parameters based on the
equivalent displacement parameters of their carriers. Crystallographic data reported in this paper
are summarized in Tables S4 and Table S5. These crystal structures have been deposited to the
Cambridge Crystallographic Data Centre (CCDC 2154469-2154473, and 1973753).

8. Fitting of experimental data on pure component isotherms

The isotherm data for C3H4 in the flexible MOF at 298 K were fitted with the 2-site Langmuir-

Freundlich model,® where we distinguish two distinct adsorption sites A and B:
g p
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S (1)

The isotherm data for C3Hs in the flexible MOF at 298 K were fitted with the 3-site Langmuir-

Freundlich model,” '° where we distinguish three distinct adsorption sites A, B, and C:
g p

bApVA beVB bcp"(,‘ (2)

9 =9 45a —v+ sa v ,sa v
- t1+bAp a0 [1+b3p » 0 t1+bcp <

The unary isotherm fit parameters are provided in Tables S6 and S7.

9. Adsorption Selectivity Calculations.
The detailed methodology for calculating the amount of A and B adsorption from a mixture by
ideal adsorbed solution theory (IAST) is described elsewhere.!! The adsorption selectivity is

finally defined as:

Q/
Selectivity = A IS (3)
p/
Py
where q; (1= A or B) is the uptake quantity in the mixture and pi is the feeding partial pressure of
component i.

10. Breakthrough simulations

The performance of industrial fixed bed adsorbers is dictated by a combination of adsorption
selectivity and uptake capacity. Transient breakthrough simulations were carried out for 1/99
CsH4/CsHe mixtures in the flexible MOF operating at a total pressure of 100 kPa, and
temperatures of 298 K, using the methodology described in earlier publications.!*'¢ In these
simulations the intra-crystalline diffusional influences are considered to be of negligible

importance. The breakthrough simulations are plotted as follows. The y-axis is the
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dimensionless concentrations of each component at the exit of the fixed bed, normalized

with respect to the inlet feed concentrations, ¢/ ¢,. The x-axis is

t (time in min) i o
~ (2 MOF packed in tube) 8

m

ads

11. Separation factor / Separation selectivity calculations.

The amount of adsorbed gas i (¢;) is calculated from the breakthrough curve as follows:

t
ViTo = Vaeaa— J,° VAT

m

qi =

Here, V; is the influent flow rate of gas (cm?® min!), V, is the effluent flow rate of gas (cm? min),
Vieaa is the dead volume of the system (cm?), T, is the adsorption time (min) and m is the mass of
the sorbent (g).!”

On approximation, this simplifies to:

_ VpATP,
- m

di
Vy is the total flow rate of gas (cm® min™!), P; is the partial pressure of gas i (bar) and AT is the
time for initial breakthrough of gas i to occur (min).!* The separation factor, also known as
separation selectivity (aac) for the breakthrough experiment i.e. breakthrough derived selectivity
is determined as follows:

a= ql Y2
q2y1

yi 1s the partial pressure of gas i in the gas mixture. In the case where one gas component has
negligible adsorption, the amount of gas adsorbed is treated as < 1 cm? for calculations.

12. Modeling Studies
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Periodic Density Functional Theory (DFT) calculations were performed using the projected
augmented wave (PAW) formalism®*® as implemented in the Vienna Ab Initio Simulation
Package (VASP 5.4.4),*% on 1x2x1 and 2x2x1 supercells for sql-NbOFFIVE-bpe-Cu-AA-a,
and sql-NbOFFIVE-bpe-Cu-AB-a, respectively, employing the BEEF-vdW exchange-
correlation functional.*® Subsequently, the adsorption of C3Hs and C3Hs was studied in both
supercells, and plausible binding sites were optimized at the I'-point (using the experimental cell
parameters) with the conjugate gradient algorithm with force and electronic convergence criteria
of 0.01 eV/A and 10 eV, a Gaussian smearing of 0.02 eV, an energy cut-off of 550 eV, and
assuming a ferromagnetic coupling between of the unpaired electrons on each Cu atom (one
unpaired electron per Cu). A partial Hessian vibrational analysis was performed by numerically
displacing the atomic coordinates of the investigated adsorbates in x, y, and z-directions with
+0.01 A to verify the binding sites as local minima on the potential energy surface. Furthermore,
the adsorption enthalpies (at 298 K) and zero-point corrected adsorption energies and adsorption
Gibbs free energies (at 298 K) were calculated with the post-processing toolkit TAMKIN.?’

Canonical Monte Carlo (CMC) simulations®® were performed to confirm the main binding site
locations for the adsorbates C3Hs and C3Hs in the frameworks. CMC simulations were performed
using RASPA3% % and Materials Studio*! at 298.15 K on 1x2x1 and 2x2x1 supercells of sql-
NbOFFIVE-bpe-Cu-AA-a and sql-NbOFFIVE-bpe-Cu-AB-a, respectively, with each of the
supercells containing 4 CuxNb2OzFio(bpe)s formula units. For the CMC simulations, the
frameworks were considered rigid with atoms fixed at their DFT-optimized positions, and a fixed
loading of eight sorbate molecules (per supercell) was considered, which corresponds with a
loading of 1 adsorbate molecule per Cu and is about half of the maximum loading observed in

experiments (Figure 2). In the canonical ensemble, the Metropolis sampling method
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considered different moves, such as translation (corresponds to translation of the center-of-
mass of the selected adsorbate molecule), rotation (rotating the selected adsorbate molecule),
regrowth (removing a selected adsorbate molecule from the system and reintroduces it at a
random position with random orientation), and conformer (collects sorbates multiple
conformations), with relative probabilities of 1, 1, 0.1 and 1, respectively. Each CMC

simulation included 2x10° loading steps, followed by 2x10° equilibration steps, and finally, 2 x
10° production steps to ensure reasonable ensemble averages. The output of the CMC
simulations can be visualized as an isosurface (Table SI11 and S12, Figures S31 and S32),
encompassing the mass-middle points of all successfully inserted adsorbates during adsorbate
insertion moves. The force field for the CMC simulations was parameterized as follows; the
point charges for all framework atoms and adsorbates were determined via the extended charge
equilibration (EQeq) method,** as implemented in the RASPA 3% 40 The Lennard-Jones (LJ) pair
coefficients were taken from the Universal Force Field (UFF).** 4 The applied Lennard-Jones
pair coefficients for framework and adsorbates are given in Table S10. The point charges used
for the adsorbates are given in Figure S30, while the point charges [e] for the framework atoms
are supplied in Supplementary CIF-files (AA_type opt with EQeq point charges.cif,
AB type opt with EQeq point charges.cif). To compute the van der Waals potentials, the

Lorentz-Berthelot mixing rules were used to calculate LJ interaction parameters between unlike
1 . . .
atoms (g;; = /€& and 05 = 5 (al- it o j), where € is the depth of the potential well, o is the

finite distance at which the inter-particle potential is zero).
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Physical and Electronic Parameters of Sorbent

Table S1. List of physical and electronic parameters for the C3Ha, and C3He.

o ¥

Adsorbate molecules CsH4 (propyne) C3Hs (propylene)

Boiling point (K) 250 225

Dipole moment (XIO18 / e.s.u. cm) 0.75 0.366
o 25 3

Polarizability (x10 cm ) 555 62.6

Kinetic diameter (A) 4.2 4.7

Summary of hybrid ultramicroporous materials (HUMS)

Table S2. Typical rigid bipyridine based ligands used to construct inorganic pillar based hybrid

ultramicroporous materials (HUMSs) with three dimensional networks.?!

Linker Compound Refcode Year Ref.
7\
NN SIFSIX-3-Zn FUDQIF 2013 19
7\ .
N_N AIFFIVE-1-Ni DAXNOI 2017 20
N//:\\_\/N FeFIVE-1-Ni DAXPAW 2017 20
H,N
N>/—\\N SIFSIX-17-Ni UQAVAM 2021 21
\—/
N N SIFSIX-1-Zn ZESFUY 1995 22
N =} | SIFSIX-2-Cu-i | YEMTIV 2013 19
O~OOCN | SIFSIX-5-Zn-i LIfWII 2011 23

[a] 1 = interpenatrated
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Table S3. Flexible bipyridine based ligands used to construct inorganic pillar based hybrid

ultramicroporous materials (HUMs) with sql coordination networks.®!

Layer Gas
Linker Compound Solvent Year Ref.
Arrangement Separation
[Zn(SiFe)(bpp)ala Coplanar M&gi‘;"l NP 2006 24
\N‘, Q ‘N> %%Dgo
LS (=58 EtOH
i i ¢ 5353 [Zn(SiF¢)L,]n Coplanar CHCI NP 2010 25
< S < 3
@@iN\ :I (j\::g_—lc
[Zn(dps)2(SiFe)]n Methanol C,H,/CO,
(UTSA-300) Coplanar Methanol CHyCH, | 2017 26
N= [Cu(dps)2(SiFe)]
W (NCU-100 or Coplanar M&gi‘;"l CoHo/CoH,y 2020 27
s UTSA-300-Cu)
* 4 [Cu(dps)2(GeFo)]n
Eg;;igzd(}‘;'g]“) Coplanar Methanol giﬁiﬁgiﬁi 2020 28
(GeFSIX-dps-Zn)
[Cu(L1)2(NbOF3)],
| (zuL-200)
Q& Q| ICua0uon), Methanl
(:5 (:_;:0 o./s.o [Cu(dps)s(NbOFs)]s Coplanar DMF or C,H,/CyHy 2020 29
2 $2 G) | (zuL-220) Water
[Cu(L1)(TiFg)]n
(ZUL-100)
[Zn(SiFs)(bpe)2]n Methanol C,H,/CO,
(sql-SISTX-bpe-zn) |  CoPlanar Methanol CoHo/CoH,y 2021 30
[Cu(dps)2(SiFe)]
(SIFSIX-dps-Cu or Coplanar M\iﬁgi‘;"l C,H,/CO, 2022 31
NCU-100)
[Cu(NbOFs)(bpe)a]n .
(sql-NbOFFIVE- Coplanar M&f;‘fe';"l C3Hy/C3Hg - vf(l)‘r‘ls(
bpe-Cu-AA)
1,2-
[Cu(NbOFs)(bpe)z]n One layer . > .
(sq-NbOFFIVE- rotated for D'ch"’lf:benze C3H4/C3H; - T(l)‘r'ls(
bpe-Cu-AB) 90°C W
Water

[b] Abbre:/iations: NP = not provided; bpp = 1,3-Bis(4-pyridyl)propane; L = 1,2-bis(pyridin-4-
ylthio)ethane, or 1,3-bis(pyridin-4-ylthio)propane, or 1,4-bis(pyridin-4-ylthio)butane, or S,S'-
(ethane-1,2-diyl) bis(pyridine-4-carbothioate), or S,S'-(thiobis(ethane-2,1-diyl)) bis(pyridine-4-
carbothioate), or S,S'-((ethane-1,2-diylbis(sulfanediyl))bis(ethane-2,1-diyl)) bis(pyridine-4-
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carbothioate); dps = 4,4’-dipyridylsulfide; L1 = 4,4’-dipyridylsulfone; L2 = 44’-
dipyridylsulfoxide; bpe = 1,2-bis(4pyridyl)ethane.

Tables of Crystal Data

Table S4. Crystallographic data and refinement parameters of pcu-NbOFFIVE-bpe-Cu, sql-

NbOFFIVE-bpe-Cu-AA-a and -p.

pcu-NbOFFIVE-bpe-Cu  sql-NbOFFIVE-bpe-Cu-AA-0.  sql-NbOFFIVE-bpe-Cu-AA-B

CCDC Number 2154469 2154470 2154471
Empirical formula C24H24CuFsN4yNbO Ca6H3,CuFsN4NbO3 C24H24CuFsN4sNbO
Formula weight 635.92 700.00 635.92
Temperature/K 120 100.00 333.00(10)
Crystal system tetragonal monoclinic monoclinic
Space group P4/n C2/c 2/m

a/A 18.6068(3) 20.1537(5) 8.5344(10)
b/A 18.6068(3) 8.5345(2) 18.513(2)
c/A 8.3522(2) 19.4208(4) 9.5971(11)
a/° 90 90 90

pre 90 117.2220(10) 96.835(11)
y/° 90 90 90
Volume/A? 2891.64(12) 2970.43(12) 1505.5(3)
Z 2 4 2
Peatcg/cm’ 0.730 1.565 1.403
wmm'! 0.593 4.608 1.138
Radiation Mo Ka CuKa Mo Ka
x?:;ggns 43292 12499 12846
i 3531 2287 1379
Dpodness-ofit on ) 79 1.079 1.046

R [[>25(1)]! 0.0825 0.0554 0.0792
WR[[>26(1)] 4 0.2765 0.1627 0.2445
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[c] Ri = Z||Fo| — |F/Z|F).

[d] wR2= {E[w(Fo> — F2?/Z[w(F2)]} "2

Table S5. Crystallographic data and refinement parameters of sql-NbOFFIVE-bpe-AB-a phase

and -B1 phase.

sql-NbOFFIVE-bpe-AB-a

sqI-NbOFFIVE-bpe-AB-B;

sqI-NbOFFIVE-bpe-AB-B;

(Synchrotron)
CCDC Number 2154472 2154473 1973753
Empirical formula C24H24CuFsN4yNbO C24H24CuFsN4sNbO C24H26CuFsN4NbO,
Formula weight 635.92 635.92 653.94
Temperature/K 295.0(2) 293(2) 293(2)
Crystal system tetragonal tetragonal tetragonal
Space group P4r/mmc P4>/mnm P4,/mnm
a/A 9.0177(7) 12.5384(7) 12.40990(10)
b/A 9.0177(7) 12.5384(7) 12.40990(10)
c/A 18.9558(15) 18.7936(12) 18.8877(3)
a/° 90 90 90
pre 90 90 90
y/° 90 90 90
Volume/A3 1541.5(3) 2954.6(4) 2908.81(7)
Z 2 4 4
Peatcg/cm’ 1.37 1.43 1.493
wmm'! 4.337 1.16 1.141
Radiation CuKa Mo Ka Synchrotron
Reflections collected 3988 30190 81311
Independent reflections 894 1502 5243
Goodness-of-fit on F2 1.081 1.098 0.992
R{[[>25(1)]! 0.0856 0.0998 0.0624
WR[[>26(1)] 4 0.2632 0.2436 0.2372

[c] Ri = Z||Fo| — |F/Z|F).

[d] wR2= {E[Ww(Fo> — FEVZ[w(F2)]} 2.
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Optical Image

Figure S1. Optical image of as-synthesized sql-NbOFFIVE-bpe-Cu-AA-a.

Figure S2. Optical image of as-synthesized sql-NbOFFIVE-bpe-Cu-AB-a.

Crystal Structures
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Figure S3. Structural representations of pcu-NbOFFIVE-bpe-Cu, a 3D non-interpenetrated

|
-

network, across different planes.
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V/AANS

Figure S4. Coordination environment of Cu?* cation in the structures of sql-NbOFFIVE-bpe-

Cu-AA-a and sql-NbOFFIVE-bpe-Cu-AB-a.

Simplified

Figure S5. Simplified structures of sql-NbOFFIVE-bpe-Cu-AA-a (above array) and sql-

NbOFFIVE-bpe-Cu-AB-a (below array).

Figure S6. Packing structures for sqI-NbOFFIVE-bpe-Cu-AA-a along with the [100], [010],
and [001] direction, respectively.
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Figure S7. Packing structures for sql-NbOFFIVE-bpe-Cu-AB-a along with the [100], [010],

and [001] direction, respectively.

a)

Figure S8. Packing structures of sql-NbOFFIVE-bpe-Cu-AA-B along with the [100], [010],

and [001] direction, respectively.

Figure S9. Packing structures of sql-NbOFFIVE-bpe-Cu-AB-f; along with the [110], [110],

and [001] direction, respectively.
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Figure S10. Comparison of different phases for sql-NbOFFIVE-bpe-Cu-AB-a (a, c) and sql-

NbOFFIVE-bpe-AB-f: (b, d) (Van der Waals radius is included for the distance measurements).
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Figure S11. Comparison of Packing modes for sql-NbOFFIVE-bpe-Cu-AA-a (a, ¢) and sql-
NbOFFIVE-bpe-Cu-AA-f (b, d) (Van der Waals radius is included for the distance

measurements).
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PXRD Patterns
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Figure S12. PXRD patterns of as-synthesized sample pcu-NbOFFIVE-bpe-Cu, along with the
calculated XRD pattern from the single-crystal X-ray structure.
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Figure S13. PXRD patterns of as-synthesized sample sql-NbOFFIVE-bpe-Cu-AA-a (a) and
sql-NbOFFIVE-bpe-Cu-AB-a (b), along with the simulated XRD pattern from the single-

crystal X-ray structure.
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After H20 soaked phase for 5 days
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Figure S14. Comparison of experimental and calculated PXRD patterns of sql-NbOFFIVE-

bpe-Cu-AB-a and water-soaked phase.
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B1 phase (Calc.)
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Figure S15. Comparison of PXRD patterns for sql-NbOFFIVE-bpe-Cu-AB after gas sorption

and calculated 1 phase.
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Figure S16. Variable temperature PXRD patterns for MeOH exchanged sql-NbOFFIVE-bpe-
Cu-AA (a), sql-NbOFFIVE-bpe-Cu-AB (b), and comparison of PXRD patterns for MeOH
exchanged sql-NbOFFIVE-bpe-Cu-AB after heating the sample at 60 °C under vacuum for 6

hours with VT-PXRD pattern at 120 °C (c).
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Figure S17. Thermogravimetric analysis profile of the as-synthesized sample sql-NbOFFIVE-

bpe-Cu-AA-a (a) and sql-NbOFFIVE-bpe-Cu-AB-a. (b).
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Figure S18. Thermogravimetric analysis profile of MeOH exchanged sample sql-NbOFFIVE-

40% ~

Percentage mass

20%

bpe-Cu-AB-a with different procrdure.

Sorption Studies
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Figure S19. Low-temperature CO> and N sorption isotherms of sqI-NbOFFIVE-bpe-Cu-AA (a)
and sql-NbOFFIVE-bpe-Cu-AB (b); Horvath-Kawazoe pore size distribution of sql-

NbOFFIVE-bpe-Cu-AA (c) and sql-NbOFFIVE-bpe-Cu-AB (d) derived from 195 K COa.
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Figure S20. C3H4 and CsHs adsorption isotherms of sql-NbOFFIVE-bpe-Cu-AA (a) and sql-

NbOFFIVE-bpe-Cu-AB (b) at 273 K.
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Figure S21. Log scale plot of single-component (C3H4 and C3Hs) gas adsorption isotherms of

sql-NbOFFIVE-bpe-Cu-AA (a) and sqI-NbOFFIVE-bpe-Cu-AB (b) at 298 K (0-1 bar).
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Figure S22. Three cycles of C3H4 adsorption and desorption on sqI-NbOFFIVE-bpe-Cu-AB at

298 K (0-1 bar).
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Figure S24. IAST selectivity of sql-NbOFFIVE-bpe-Cu-AB calculated for C3H4/C3He gas

mixtures for 1:1 and 1:99 ratios at 298 K.

Fitting Related Parameter

Table S6. 2-site Langmuir-Freundlich parameter fits for C3Ha.

st/ mol kg 1.46

gBsat /mol kgt 2

b /P 3.691E-03
Be/Pa" 1.292E-02
va / dimensionless 1.36

18 / dimensionless 0.46

Table S7. 3-site Langmuir-Freundlich parameter fits for CsHe.

gasac/ mol kgt 1.39

@Bsac / mol kg! 0.18
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gosae/ mol kg'! 1.2

ba/Pa " 1.153E-245
b/ Pa" 7.128E-04
be/Pa e 2.584E-06
va / dimensionless 54.9

18 / dimensionless 1.072

v / dimensionless 1.1

Experimental Breakthrough Related Data

Table S8. The data related to breakthrough measurement for sqI-NbOFFIVE-bpe-Cu-AB at 1.0

bar and 298 K.
sql-NbOFFIVE-bpe-Cu-AB
C3Ha inlet flow (cc min™) 0.01
C3Hg inlet flow (cc min™) 0.99
C3Has uptake (mmol g™!) 1.20
CsHs uptake (mmol g™!) 0.44
CsHs productivity (mmol g!) 118
OAC 270
Minimum effluent CsHs purity 99.99%
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Gravimetric Kinetics
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Figure S25. C3Hs and C3Hg adsorption kinetics plot at different temperatures and 1.0 bar for sql-

NbOFFIVE-bpe-Cu-AB (a, b) and sql-NbOFFIVE-bpe-Cu-AA (c, d).

Gravimetric uptakes were recorded under pure C3Hs and CsHs flows using TGA instrument TA

Q50 V20.13 with sample mass 11.6540 mg and 11.3050 mg for sqI-NbOFFIVE-bpe-Cu-AB, as

well as 6.6080 mg and 7.3480 mg for sql-NbOFFIVE-bpe-Cu-AA, respectively. C3Hs4 and C3He

flow rates of 10 cm*/min were used in these experiments, and gas flows were controlled by pre-

callibrated Bronkhorst Mass Flow Controllers. Desorption at 353 K was performed under N»

flow of 60 ¢cm?® /min. The data was evaluated using the T.A. Universal Analysis suite for

Windows. The procedure we used is listed as follows.

Step | Action Step | Action
1 Select gas 2 23 Isothermal for 30.00 min
2 Mass flow 60.00 mL/min 24 Mark end of cycle 3
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3 Isothermal for 20.00 min 25 Select gas 2

4 Mark end of cycle 0 26 Mass flow 10.00 mL/min

5 Select gas 1 27 Isothermal for 90.00 min

6 Mass flow 60.00 mL/min 28 Mark end of cycle 4

7 Isothermal for 30.00 min 29 Select gas 1

8 Ramp 20.00 °C/min to 80.00 °C | 30 Mass flow 60.00 mL/min

9 Isothermal for 60.00 min 31 Isothermal for 30.00 min

10 | Ramp 20.00 °C/min to 30.00 °C | 32 Ramp 20.00 °C/min to 80.00 °C
11 | Isothermal for 30.00 min 33 Isothermal for 60.00 min

12 | Mark end of cycle 1 34 Ramp 20.00 °C/min to 30.00 °C
13 | Select gas 2 35 Isothermal for 30.00 min

14 | Mass flow 10.00 mL/min 36 Mark end of cycle 5

15 | Isothermal for 90.00 min 37 Select gas 2

16 | Mark end of cycle 2 38 Mass flow 10.00 mL/min

17 | Select gas 1 39 Isothermal for 90.00 min

18 | Mass flow 60.00 mL/min 40 Mark end of cycle 6

19 | Isothermal for 30.00 min 41 Select gas 1

20 | Ramp 20.00 °C/min to 80.00 °C | 42 Mass flow 10.00 mL/min

21 | Isothermal for 60.00 min 43 Mark end of cycle 8

22 | Ramp 20.00 °C/min to 30.00 °C

Note: gas 2 is target gas (C3Ha4 or C3He); gas 1 is No.
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Figure S26. Water vapor sorption isotherm of sql-NbOFFIVE-bpe-Cu-AB at 298 K.
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Figure S27. Vapor adsorption kinetics plot of sqI-NbOFFIVE-bpe-Cu-AB at 298 K.
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Figure S28. Adsorption-desorption cycles for sql-NbOFFIVE-bpe-Cu-AB at 298 K (adsorption

at 90% RH and desorption at 0 RH).

Experimental Setup of DCB

/ Extractor \

V7 v-8 f \ Gas -

Chromatograph
% » N/

=N

(-]
o
Saturator
N R }
Furnace / Reactor

)

Gas mixing unit Separation Analysis

Figure S29. Schematic of dynamic gas breakthrough separation experimental setup, including

gas mixing unit, gravimetric gas uptake analyser and gas separation analyser.>?
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Modeling Studies

Table S9. Details on the binding sites (two possible orientations of the adsorbates), obtained

from DFT calculations.

Adsorption
Adsorbent | Adsorbate File Name enthalpy Adsorption Enthalpy Distance (A)
(kJ mol?)
< C-H-'F 2.49,2.60, 2.88, 2.61
< sql-NbOFFIVE-bpe-Cu-
z CsHy AL binding < -62.7
3 -C3Ha binding site C-H(Ligand)-m(CsHs) 2.98
=
=
= C-H--F 2.50,2.43,2.58,2.76
= sql-NbOFFIVE-bpe-Cu-
S CHs | i pe -65.2
A AA-CsHs binding site C-H(Ligand)-m(CsHe) 3.09
- C-H-F 2.35,2.36
< sql-NbOFFIVE-bpe-Cu-
= -
Q Gt AB-C:Hs binding site 0 . 2.77,3.04,2.85, 3.10,
3 C-H(Ligand)---n(CsHa) i
) 3.09 (with another layer)
=
= CHF 2.64,2.83,2.91,2.79,
S sql-NbOFFIVE-bpe-Cu- ] 2.43,2.64,2.93,2.85
2 CsHg . -53.0
4 AB-C3Hs binding site
= C-H(Ligand)--n(C5Hs) No

Table S10. Lennard-Jones (LJ) interaction parameters representing framework atoms. The

interaction with the sorbate molecules was calculated using Lorentz-Berthelot mixing rules.

Atom e/ks [K] o [A]
Nb 29.68992 2.819694
Cu 2.516095 3.113691

F 25.16095 2.996983
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0] 30.19314 3.118146

N 34.72211 3.260689

C 52.83799 3.430851

H 22.14164 2.571134
C3H4 and C3Hs

C 52.83799 3.430851

H 22.14164 2.571134

Figure S30. Atomic structures and point charges [e] of (a) C3H4 and (b) C3Hs.
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Table S11. Visualization from different view angles of C3Hs and C3Hg binding site isosurfaces

from CMC simulations with 8 adsorbates in a 1x2x1 sqI-NbOFFIVE-bpe-Cu-AA-a supercell.

sql-NbOFFIVE-bpe-Cu-AA_C;Hs | sql-NbOFFIVE-bpe-Cu-AA_C3Hs

View 1

View 2

View 3

Table S12. Visualization from different view angles of C3Hs and C3Hg binding site isosurfaces

from CMC simulations with 8 adsorbates in a 2x2x1 sql-NbOFFIVE-bpe-Cu-AB-a supercell.

sql-NbOFFIVE-bpe-Cu-AB_C3Hy | sql-NbOFFIVE-bpe-Cu-AB_C3H
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View 1

View 2

View 3
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L-

Figure S31. Visualization binding sites of (a) C3Hs and (b) C3Hg by CMC (pink isosurfaces) and

DFT (light green ball and stick model) for sql-NbOFFIVE-bpe-Cu-AA-o. framework.
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Figure S32. Visualization binding sites of (a) C3Hs and (b) C3Hg by CMC (pink isosurfaces) and

DFT (light green ball and stick model) for sql-NbOFFIVE-bpe-Cu-AB-a framework.

Notation

b Langmuir-Freundlich constant, Pa™
T2ads mass of adsorbent in fixed bed, kg

D pressure, Pa

q component molar loading, mol kg
Geat saturation loading, mol kg™
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0) volumetric flow rate of gas mixture at inlet to fixed bed, L s’!

Greek letters

1% Freundlich exponent, dimensionless

T time, dimensionless
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