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ABSTRACT: Separation of methanol-to-olefins (MTO) prod- o
ucts to obtain high-purity C,H, and C;H¢ is of great \eﬂ &« & o .9‘
importance, since it provides an alternative process for such Be X 89— . P 8
important industrial raw materials. However, developing s, 8¢ Polymer Grade C,H,
adsorbents with high C,H,/C;H selectivity and productivity «

remains challenging. Herein, we report an ultrastable layered MG oc nMitoe

hydrogen-bonded framework (HOF-NBDA), which features <

C;H4 preferred pore with multiple interlaminar interactions "eso% g &
with C;H. It delivers an ultrahigh C;H, uptake (3.6 mmol g™') TG 3;‘

at 10 kPa, while absorbs only 0.3 mmol g' C,H, and shows a
high C,H,/C;Hj selectivity (11.1). Experimental breakthroughs
show that HOF-NBDA can efficiently separate C;Hq/C,H, (50/
50, v/v) at different flow rates, temperatures, as well as relative humidities and provides a high C,H, productivity (5.7 mol
kg™!, purity >99.95%). Meanwhile, 4.5 mol kg™' C;H¢ (purity >99.5%) can also be collected during the desorption process.
Additionally, thanks to ultrahigh stability, good scalability, and easy regeneration, HOF-NBDA is considered as a promising
material for one-step energy-efficient separation of MTO products.

Polymer Grade C;Hg

s the most important fundamental raw materials in the common separation process of C;Hy and C,H, mixtures
Apetrochemical industry worldwide, ethylene (C,H,) mainly depends upon cryogenic distillation at high pressure,
and propylene (C;Hg) have been widely applied to requiring large energy consumption that does not match the
manufacture various chemicals."™ For instance, C,H, is an requirements of green chemistry.
essential feedstock for the production of polyethylene, Adsorptive separation sensibly has been deemed as an
synthetic rubber, and other organic chemical products.4 At energy-efficient and practical technology, considering that the

the same time, C;Hg has been widely used in the field of
polypropylene, propylene oxide, and acrylonitrile.” With the
vigorous development of the chemical manufacturing industry,
the global annual production of C,H, and C;H{ has exceeded
200 million tons and maintains an annual growth trend.®””
However, with the shortage of petroleum resources on which
low-carbon olefins production depends, the methanol-to-olefin
(MTO) process, an emerging sustainable method for low-
carbon olefin preparation, has been considered as an effective
compensation for the urgent demand for low olefins. The

conventional separation processes of cryogenic distillation and
alkaline washing are highly energy- and capital-intensive. In
this case, the use of porous materials for adsorption separation
is proposed as a prospective alternative method. Adsorption
separation is more energy efficient than traditional techniques,
but is closely dependent on adsorbents that require high
adsorption capacity and selectivity for gas mixtures.'® Over the
past two decades, numerous types of porous sorbents, such as

MTO reaction is an advanced method for preparing C,H, Received: January 12, 2024
from coal and natural gas, where the products contain ~21 Revised: ~ March 4, 2024
wt% CsHg and ~51 wt% C,H,.'"”'® Therefore, the Accepted:  March 4, 2024

purification of MTO products to obtain high-purity C;Hg
and C,H, is essential for downstream applications and the
sustainability of the chemical manufacturing industry. The
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conventional activated carbons and zeolites, as well as
emerging metal—organic frameworks (MOFs) and covalent
organic frameworks (COFs), have been widely investigated as
new promising adsorbents for the separation of light
hydrocarbons mixtures, such as C,Hq/C,H,, C;Hg/C3H,
C,H,/CO0,, C,H,/C,H,, and so on."”~>* Unlike other gas
separation systems such as C,H,/C,Hg and C;Hy/C;Hjg, which
have different functional groups, both C,H, and C;H, have the
same unsaturated C=C chemical bonds, and the physical and
chemical properties are much more similar. Consequently,
some porous materials with open metal sites which can be
weakly coordinated by C=C chemical bonds or electro-
negative functional groups which can interact with positively
charged H atoms in olefins, will meanwhile increase the
interactions with C,H, and C;H,, which are not conducive to
separating the two components.”*">° More recently, although
several adsorbents have been constructed for C,H,/C;Hq
separation, the comparatively low C,H,/C;Hy selectivity and
productivity motivate the development of high-efliciency
C,H,/CsH¢ separation materials. Closer inspection of the
C;Hg and C,H, molecules reveals a subtle difference: the C;H,
molecule possesses an extra sp” hybrid carbon atom, which not
only enlarges the molecule size of C;Hg, but also provides
more C—H bonds than C,H,, but also increases its
polarizability (polarizability of C;Hg = 62.6 X 107 cm?;
polarizability of C,H, = 42.52 X 107> cm®). Therefore,
constructing porous materials by pure organic aromatic ligands
with nonpolar surfaces, which can provide more C—H-xw
interactions, is beneficial for trapping C;H, molecules.””

Hydrogen-bonded organic frameworks (HOFs), which
represent a kind of emerging porous material which is
generally self-assembled by conjugated organic units through
intermolecular hydrogen-bonding interactions, usually possess
nonpolar channels and have been proven to be greatly
beneficial for trapping gas molecules with higher polar-
izability.”* ™" For example, HOF-76a,>> reported by Chen
and Li et al, can prefer absorbing ethane (C,H4) over C,H,
and realize the one-step purification of C,H, from the C,H,/
C,H{ mixture. Consequently, it is speculated that HOFs may
also exhibit excellent potential in capturing C;Hg from C,H,/
C;H{ mixtures. At the same time, consecutive 7**7 interactions
are always employed to stabilize the frameworks of HOFs in
the self-assembly progress,*>™>® which may result in a two-
dimensional (2D) layered structure. Therefore, more supra-
molecular interaction sites for large gas molecules such as
C;Hg can be available across these different layers, which is
conducive to the efficient separation of C,H,/CiHg’>"**
Additionally, for actual industrial applications, a desired
adsorbent should not only have optimal balance between
adsorption capacity and selectivity, but also have excellent
performance in stability, regeneration, and easy scalability of
synthesis.”” "' And then, since HOFs aggregate together
through the supramolecular interactions, they can be
regenerated by simple recrystallization on a large scale.*””*
Thus, designing HOFs with layered structure and a specific
pore environment could not only realize efficient C,H,/C;Hj
separation but also be meaningful to achieve practical
application in rigorous industrial environments.

Based on the above considerations, we herein report a
layered hydrogen-bonded organic framework HOF-NBDA,
which is created by an organic ligand for a planar
hexacarboxylic acid and possesses a two-dimensional (2D)
structure with a particular —ABCD— stacking model.
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Benefiting from the particularity of its structure and nonpolar
pore surface, HOF-NBDA exhibits a large difference between
the affinity of C;H, and that of C,H,. At 298 K and 1 bar,
HOF-NBDA shows a high uptake of C;Hg (5.3 mmol g™'),
while the absorption capacity of C,H, is relatively low (2.9
mmol g™'). More importantly, the uptake of C;Hg at 10 kPa
can reach 3.6 mmol g~', while the uptake of C,H, is only 0.3
mmol g~'. The uptake ratio is 10.5, surpassing all reported
porous materials. Due to the significant difference in C;Hg and
C,H, uptakes, HOF-NBDA performs well in separating C,H,/
C3H (50/50, v/v). After one circle of the separation and
desorption experiment under ambient conditions, 5.7 mol kg™
of high-purity (>99.95%) C,H, and 4.5 mol kg™" of C;H, with
a purity of >99.5% could be obtained. In addition, HOF-
NBDA can retain excellent C,H,/C;H; separation perform-
ance under different gas flow rates, temperatures, and relative
humidity conditions, which is rarely seen in gas separation
materials. Furthermore, theoretical calculations reveal that the
2D structure and nonpolar surfaces of HOF-NBDA supply
many more supramolecular interactions with C;Hy than C,H,,
which play a crucial role in their remarkable C,H,/C;Hq
separation performance. This nonpolar pore environment
strategy provides a new way to design porous materials with
excellent C,H,/C;Hg separation performance.

HOF-NBDA can be obtained as yellow crystals by a simple
solution diffusion method. As shown in Figure 1la, six
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Figure 1. (a) The molecular structure of H{NBDA. (b)
Representation of the two kinds of hexagonal windows and the
resulting monolayer network in HOF-NBDA. (c) The layered
frameworks are stacked in slippage in an —ABCD— manner
without interpenetration. (d) 1D channel in the framework.

carboxylic acid groups in the HINBDA molecule exist in one
plane and connect with three adjacent H{NBDA through
carboxylic acid dimers to form a honeycomb net with two
types of hexagonal windows (Figure 1b). Then, 2D hexagonal
sheets in HOF-NBDA are arranged in a particular —ABCD—
manner through interlaminar 7—7 interactions, resulting in a
1D channel with a moderate size of ca. 8.4 A (calculated by a
zeo++ package) along the a-axis (Figures lc and 1d). For the
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Figure 2. (a, b) Single-component adsorption isotherms of C;Hy and C,H, at 273—328 K. (c) Comparison of adsorption isotherms of C;Hg
and C,H, at 298 K. (d) IAST selectivity of HOF-NBDA for 50/50 C,H,/C;Hy at 298, 303, 308, 318, and 328 K, respectively. (e)
Comparison of C,H,/C;H; selectivity and the C;H, uptake at 10 kPa for HOF-NBDA and top-performing C;Hg-selective materials. (f) Five
cycles of C;H, adsorption at 298 K and C;Hg adsorption isotherms after different treatments for HOF-NBDA at 298 K.

HOFs with a planar honeycomb net, the hexagonal layers
generally stack in the AA mode and interpenetrate with each
other,46751 which is entirely different from HOF-NBDA.
Furthermore, the unique stacking model results in the
staggered arrangement of carboxylic acid dimers and benzene
rings in adjacent layers in HOF-NBDA, which may provide
more synergistic supramolecular interaction sites for gas
molecules with more C—H groups.

Motivated by the particular layer structure and special pore
environment of HOF-NBDA, we have conducted single-
component adsorption isotherms for C;Hg and C,H, in the
range of 273—328 K. As shown in Figures 2a and 2b, HOF-
NBDA manifests steep and high uptakes of C;H¢, while the
adsorption isotherms of C,H, are relatively flat at the same
temperature. At 298 K, when the pressure rises to 1 bar, the
uptake of C;H, reaches 5.3 mmol g™ (Figure 2c), which is
considerably higher than well-known porous materials with top
performance of C,H,/C;H4 separation, including
Zn,(oba),(dmimpym) (3.4 mmol g™*),>* UPC-33 (4.2 mmol
g™"),>’ and NEM-7-Cu (3.4 mmol g™*).>* Under the same
conditions, the C,H, uptake is only 2.9 mmol g "
Furthermore, the adsorption isotherms of C;Hg increased
more sharply than that of C,H, especially in the low-pressure
region. At 10 kPa, the adsorption capacity of C;H, at 298 K
can reach 3.6 mmol g~', surpassing almost all reported
outstanding materials for C,H,/C;H¢ separation (see Figure
2e, as well as Table S1), such as Zn-BPZ-SA (2.1 mmol g~'),*
iso-MOF-4 (2.2 mmol g™'),>> spe-MOF (1.3 mmol g_l),26
NEM-7-Cu (1.1 mmol g~!),** and Mn-dtzip (3.1 mmol g~*).*°
In comparison, the C,H, uptake of HOF-NBDA at 10 kPa and
298 K is only 0.3 mmol g, which is much lower than the
corresponding uptake of C;H Under these conditions, the

1390

absorption ratio of C;Hy to C,H, can be as high as 10.5
(Figure 2e). This significant difference in the adsorption
capacity for C;Hg and C,H, at low pressure indicates that the
framework may have a higher affinity for C;H,, which benefits
the C,H,/C;Hy separation. Another feature of HOF-NBDA is
that the uptakes of C;Hy have no obvious decrease when
raising the temperature. Even at 328 K, for HOF-NBDA, the
C,Hj uptake is still up to 4.6 mmol g~'. The high uptakes at
high temperatures promise good C,H,/C;Hg separation
potential over a wide temperature range.

To further assess the different adsorption behaviors of C;Hg
and C,H,, the heat of adsorption (Q,) was calculated using the
adsorption isotherms. As depicted in Figures S1 and S2 and
Table S1, the Q, value for C;Hy at zero coverage is 25.7 kJ
mol ™!, which is much higher than that for C,H, (18.8 kJ
mol "), suggesting that HOF-NBDA exhibits certainly stronger
affinity for C;Hg and shows great potential for the efficient
separation of C;Hy and C,H,. Even more interestingly, as for
HOEF-NBDA, the Q, for C;Hg is indeed lower than those of all
other C;Hg-selective materials, such as zeolite 4A (29.9 kJ
mol™),”” HOF-ZSTU-2a (38.1 k] mol™),”® CR-COF-1 (29.0
k] mol™),>” and iso-MOF-4 (30.9 kJ mol™),> and only
slightly higher than its vaporation enthalpy of 18.5 kJ mol™.>
This moderate Q,, value for C;Hy indicates the feasibility of
easy regeneration of HOF-NBDA in an ambient environment,
and the adsorbed C;Hg in a fixed bed can be desorbed under
much more mild conditions.”” To further evaluate the
separation ability of the HOF-NBDA for C,H,/C;Hy, an
ideal adsorbed solution theory (IAST) calculation was
employed on the base of the single-component C;Hy and
C,H, adsorption isotherms at 298 K. As shown in Figures 2d
and 2e, as well as Table S1, the IAST selectivity for C,H,/
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C;H, with the ratio of 50/50 (v/v) can climb to 11.1 as the
pressure rises to 1.0 bar, which is only lower than that of
Zn,(oba),(dmimpym) (15.6),>* which is the reported highest
value to date. This result confirms the excellent preferential
capture ability of C;Hy over C,H, in the separation process.
More importantly, with the temperature gradually increasing,
there is no significant decrease in C,H,/C;Hj selectivity. And
even when the temperature reaches 328 K, the selectivity
remains 8.0. The result above indicates that HOF-NBDA has
an excellent C,H,/C;H¢ separation potential. Considering its
actual application, the repeatability and stability of HOF-
NBDA were also tested through C;H, adsorption experiments.
As demonstrated in Figure 2f, after five adsorption cycles, or
exposing the as-synthesized samples in air, water, and boiling
water for 7 days, or activating the sample under 200 °C, the
C;Hg adsorption isotherms still correspond well to the fresh
HOF-NBDA, indicating the good stability and potential
application for HOF-NBDA. Moreover, the water adsorption
isotherm shows HOF-NBDA hardly adsorb water molecules
when reaching the saturated vapor pressure (Figure S3),
indicating that HOF-NBDA is not permeable to water.

To gain structural insights into the host—guest interactions
between HOF-NBDA and the gas molecules and to investigate
the mechanism of gas adsorption and separation potential in
depth, we performed theoretical calculations to determine the
adsorption sites of C,H, and C;Hy in the framework. As shown
in Figure 3a, the C,H, molecule is slightly tilted in the pores of

b)
T

(a)

S >

~ i - ‘ /}j
e = S ~
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Figure 3. Calculated optimized adsorption sites for (a) C,H, and
(b) CyHg in HOF-NBDA. (Legend: C, gray; O, red; N, blue; H,
white.) The C—H--O interactions are shown as dashed purple
lines, and the C-*-C separations between the gas molecule and the
pore surface are shown as dashed green lines interactions). For
clarity, C,H, and C;H4 molecules are shown in orange, and the H
atoms in benzene rings are omitted.

HOF-NBDA and interacted with two adjacent layers of
skeleton through two C—H-z (corresponding C-+C separa-
tions, 3.88 and 3.98 A, respectively) and three C—H++O (H--
O distances, 2.88, 2.90, and 2.92 A, respectively) interactions.
The corresponding calculated static binding energy is 31.0 kJ
mol™". Similar to C,H,, the C;Hg molecule is also laying on the
pore surface. However, with a larger molecular size, C;Hg
could interact with the adjacent three-layer framework (Figure
3b). Moreover, the methyl groups of C;Hy are close to two
layers of the framework, contributing to the formation of
multiple van der Waals interactions. The C;Hg; molecule
interacted with the two nearest phenyl rings and two carboxylic
acids through five C—H**7 and three C—H*+O interactions
(corresponding C-C separations, 3.73, 3.76, 3.96, 3.98, and
4.05 A and H--O distances, 2.74, 2.89, and 2.99 A,
respectively). The corresponding static binding energy for
C,Hg is 38.4 kJ mol ™, much higher than that for C,H,. These
results comprehensively indicate that the nonpolar pore surface
and two-dimensional layered structure of HOF-NBDA are

1391

undoubtedly beneficial for capturing C;Hy from C,H,/C;Hq
mixtures.

Transient breakthrough simulations were conducted for
HOF-NBDA in a packed column to determine the feasibility of
MTO product separation. As shown in Figure S4, efficient
separation can be accomplished by HOF-NBDA for C,H,/
C3Hg (50/50, v/v), wherein C,H, breakthrough occurs first
and C;Hg passes through the fixed bed after a certain time.
Next, we conducted dynamic breakthrough experiments with a
C,H,/C;H¢ mixture (50/50, v/v) under various conditions. As
shown in Figure 4a, at 298 K with a flow rate of 1.7 mL min~},
C,H, passes through the packed column at first at 60.5 min g~*
and the C;Hy gas is not detected until 147.4 min g~'.
Therefore, high-purity C,H, (>99.95%) can be obtained for a
long period of 86.9 min g~'. There is an excellent match
between the experimental and simulated breakthrough curves
(Figure S4). The calculated C,H, productivity is 5.7 mol kg ™/,
which is the highest value and superior to that of all promising
porous materials for C,H,/C;Hy separation to date, such as
Zn,(oba),(dmimpym) (1.6 mol kg™'), Mn-dtzip (1.2 mol
kg™'), Zn-BPZ-SA (1.0 mol kg™'), and Zn-BPZ-TATB (4.5
mol kg™')°" (see Table S2). In addition, after five cycling
experiments, or exposing HOF-NBDA to the atmosphere for
five weeks, no obvious changes in retention time were
observed (see Figure 4a, as well as Figure S5), simultaneously
indicating that HOF-NBDA performs good reusability for
C,H,/C;Hg separation. To further verify that HOF-NBDA can
work well under the actual conditions, we also investigated the
C,H,/C;Hg separation performance at different gas flow rates
(2.5, 34, 42, and 5.0 mL min™') and under different
temperatures (303, 308, 318, and 328 K). It can be seen
from Figures 4b and 4c that the flow rates have little effect on
the separation performance. At flow rates of 2.5, 3.4, 4.2, and
5.0 mL min~}, the separation time is 54.1, 41.5, 31.4, and 26.3
min g, respectively, and the corresponding C,H, productivity
is 5.6, 5.6, 5.6, and 5.5 mol kg_l, respectively (see Table S3).
When the temperature reaches 303, 308, 318, and 328 K, the
corresponding C,H, productivity is 5.2, 5.1, 5.0, and 4.6 mol
kg™, respectively (Table S4). Furthermore, given good water
resistance and the unavoidability of water vapor in the
environment,”*"** we also tested the C,H,/C;Hy separation
performance of HOF-NBDA under different humidity
conditions. As shown in Figure 4d, the separation performance
only shows a slight decline in the relative humidity (RH) range
of 33%—100%.

Desorption experiments were also conducted to evaluate
C;3Hg productivity. It is noteworthy that benefiting from the
moderate interactions between the C;Hy and framework, the
adsorbed C;Hj in the fixed bed can be completely purged out
with He flow (flow rate = 15 mL min™") at room temperature
within 2 h. As depicted in Figures S6 and S7, when the He flow
was switched into the fixed bed, a small amount of C,H, was
eluted quickly. Then high-purity C;Hg (>99.5%) could be
continuously collected. After one circle of desorption test,~4.5
mol kg™' of polymer-grade C;H4 could be obtained.
Furthermore, corresponding desorption experiments were
also performed when the breakthrough tests were handled
under different conditions. The various test results shown in
Figures S8—S29 and Tables S3—SS indicate that the flow rate,
humidity, and temperature have a minimal effect on the
desorption results. These results show that HOF-NBDA
exhibits superior C,H,/C;Hg separation performance.
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Figure 4. Breakthrough experiments of HOF-NBDA for C,H,/C;H, (50/50, v/v). (a) Cycling breakthrough tests of HOF-NBDA for C,H,/
C;H, with a flow rate of 1.7 mL min~". (b) Separation experiments of HOF-NBDA at different gas flow rates at a temperature of 298 K. (c)
Separation experiments of HOF-NBDA under different temperatures with a gas flow rate of 1.7 mL min~'. (d) The breakthrough

experiments of HOF-NBDA at different relative humidities with a gas flow rate of 1.7 mL min

“!and a temperature of 298 K. (e)

Comparation of the productivities for C,H, and C;H, under different flow rates in break-through experiments at 298 K. (f) Comparation of

the productivities for C,H, and C;H at different temperatures with a flow rate of 1.7 mL min™

1

Considering the real industrial applications, an ideal
adsorbent should have some other characteristics besides
good separation potential, such as excellent stability, easy
scalability of synthesis, and good regeneration performance.
For HOF-NBDA, a simple method can be employed for its
synthesis on a large scale (see the Supporting Information and
Figure S30). Furthermore, injured HOF-NBDA can be
redissolved in a solvent of DMF, and only if poor solvents
like methanol are added to it, the fresh HOF-NBDA can be
regenerated with a yield of more than 98%. PXRD and the
C;Hg adsorption curve indicated that the regenerated HOF-
NBDA had excellent crystallinity and porosity (see Figures S31
and S33). Taken as a whole, HOF-NBDA meets almost all of
the criteria required for industrial adsorbents, which is quite
different from some benchmark materials that have been
reported, rendering that HOF-NBDA has the potential to serve
as a practical method for C,H,/C;H{ separation.

In summary, we have reported a porous layered hydrogen-
bonded organic framework HOF-NBDA, which provides a
C;Hg preferred pore environment. The significant difference in
the uptakes of C;H4 and C,H,, especially at low pressure,
endows it with the second-highest C,H,/C;H¢ IAST
selectivity. The above result indicates that there are stronger
interactions between C;Hg and the pore, which also has been
demonstrated by the theoretical calculation. Practical break-
through experiments under ambient conditions show that
polymer-grade C,H, and C;Hy can be obtained in the
separation and desorption process from the mixture of
C,H,/C;H, (50/50, v/v). More importantly, after one circle
of breakthrough experiments, record-high productivities of
C,H, and C;Hg could also be directly obtained, i.e., 5.7 mol
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kg™' C,H, with a purity of >99.95% and 4.5 mol kg~' C;H;
with a purity of >99.5%. Additionally, HOF-NBDA retains
good C,H,/C;Hg separation performance at different gas flow
rates, temperatures, and relative humidities, which has rarely
been seen in the C,H,/C;Hy separation materials previously.
These results indicate that HOF-NBDA can achieve efficient
C;H¢/C,H, separation and potentially purify MTO products.
This work illustrates the importance of the layered hydrogen-
bonded organic frameworks in promoting the separation of gas
mixtures, as well as the viable prospect of HOF as the
separation materials, which provide guidance for the design of
highly efficient and regeneratable materials for MTO product

separation in the future.
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Materials and Instrumentation

Unless otherwise stated, all reagents and solvents used in studies were purchased from commercial
sources and were used without further purification. Powder X-ray diffraction (PXRD) patterns were
performed on a MiniFlex 600 diffractometer equipped using Cu Ka (A = 1.5406 A), scanning at 1°/min
in a range of 4~50°. The thermogravimetric analysis (TGA) was performed on a NETZSCH STA 449C
unit at a heating rate of 10 °C-min-! under nitrogen atmosphere. 'H nuclear magnetic resonance (NMR)
spectra was obtained on a Bruker AVANCE III 400 (400 MHz) spectrometer. Fourier transform
infrared (FT-IR) spectra was obtained from 4000 to 400 cm™! using a Vertex70 spectrometer with a

Smart Golden Gate ATR attachment. Scanning electron microscopy (SEM) images were taken with a

ZEISS SIGMA 300 microscope.
Scale-up synthesis of HOF-NBDA

To obtain a good deal of sample in one batch for adsorption and separation experiments, HINBDA
(10.0 g, 13.5 mmol) was dissolved in 150 mL dry DMF in a beaker and the mixture was filtrated by a
filter membrane (50 mm, 0.22 pm). Then 500 mL dry methanol was slowly added to the mixture with
stirring, and yellow crystals were rapidly precipitated. The product was separated by suction filtration

and further washed several times with methanol, which can be characterized by PXRD patterns.!!]

Regeneration of HOF-NBDA

The damaged sample can be easily reproduced by dissolving in DMF solution.!!]

Gas sorption experiments

All gas adsorption measurements were measured on Micromeritics 3Flex. The fresh sample of HOF-
NBDA was exchanged with dry methanol for 7 days. Then the sample was evacuated at ambient
temperature for 10 h and subsequently 373 K for 10 h until the outgas rate was 5 umHg min-!' before
measurement. Guest-free HOF-NBDA was transferred to Micromeritics 3Flex to experiment. The
sorption experiments were maintained at 77 K with liquid nitrogen or under 273 - 328 K in a water
bath. Water adsorption isotherm was measured using a Bel Japan Inc. model BELSOPR-Max analyzer

at 298 K. The sample was activated at 373 K under vacuum for 10 h before the analysis was started.

Calculation of isosteric enthalpy of adsorption (Qy)

2



The isosteric enthalpies of adsorption for CsHg and C,H,4 were calculated using the isotherms at 298
K, 308 K and 318 K were fitted to a virial equation (Eqn (1)). The fitting parameters were then used

to calculate the isosteric heat of adsorption (Qy) using Eqn (2).

InP=InN+ %2;”: OaiNi + 2:.’: obiNi (D
Ost=- RZ;": OCliNi 2

where P is the pressure (mmHg), N is the adsorbed quantity (mmol-g-"), T is the temperature (K), R is
the gas constant (8.314 J-K-"'mol"), a; and b; are virial coefficients required to detailed describe the
isotherms, and m and n represent the number of coefficients required to adequately describe the

isotherms. The obtained Viral model fitting parameters for C,H, and C3;H¢ adsorption isotherms of

HOF-NBDA:

Parameter Value ]S)iz:;:;?l Parameter Value ls)ttx;:;z(;

a -3.097754E+3  1.980164E+2 g -2.26683E+3 3.305805E+1
a; 2.033683E+0  5.556653E+0 a; -3.135850E+0  2.743241E+0
a -4.483549E-2  4.519638E-2 a 8.004988E-2 5.354565E-2
as -3.568750E-5  3.915081E-4 as -2.750922E-3 1.159499E-3
ay 2.720613E-7 1.901894E-6 ay 3.573652E-5 1.60819E-5

C3Hs as 5.345503E-10  3.321541E-9 Gt as -1.623249E-7 7.814944E-8
by 9.759127E+0  6.374390E-1 by 9.705288E+0 1.073082E-1
b; -9.945533E-3  1.711595E-2 b; 5.201098E-3 8.923776E-3
b, 1.651870E-4 7.985172E-5 b, 5.798322E-5 1.482136E-4
R? 0.99990 R? 0.99997
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Figure S1. Viral equation fits (lines) of the HOF-NBDA (a) C;H¢ and (b) C,H,4 adsorption isotherms
(points) measured at 298 K, 308 K and 318 K.

Calculation of selectivity via IAST

Single-component gas equilibrium adsorption isotherms were fitted with dual-site Langmuir—

Freundlich (DSLF) model, given by the following equation:

b1pcl bzpc2
N=Ar b Ay ()
1+bip 1 +by

where N is the amount of adsorbed gas (mmol-g-"), p is the bulk gas phase pressure (atm), 4; and 4
are the adsorption saturation capacity for site 1 and site 2 (mmol-g'!), b; and b, are the affinity
coefficients of site (1/kPa), ¢; and c; are the Langmuir—Freundlich exponent (dimensionless) for two
adsorption sites A and B indicating the presence of weak and strong adsorption sites.

The parameters of 4, A,, b;, b, and c;, ¢, were then used to predict the adsorption selectivity based

on IAST, which is finally defined as:
X1 2
$i=()0) (4)

2
In equation (4), S is the ideal selectivity of component 1 over component 2, where x; and y; are the
mole fractions of component i (i = 1 and 2) in the adsorbed and bulk phases, respectively. Dual-site
Langmuir-Freundlich parameter fits for C;Hg and C,Hs in HOF-NBDA. The fits are based on

experimental isotherm data at 298 K:

Gsat, 4 b4 V4 sat, B bg Vg R-
cm3-g-! kPa’! dimensionless cm3-g! kPa’! dimensionless ~ Square
C3H; 2.95618 0.09383 0.72251 3.13814 0.03276 2.06977 0.99999
+0.02854 +0.002 +0.01547 +0.06866 +0.00131 +0.02836
C,H, 4.46848 4.1512E-4 1.68367 1.13758 0.02815 1.00749 0.99999
+0.20183 +6.05363E-5 +0.03217 +0.17345 +0.00398 +0.00482




Computational details

The binding sites for CsHg and C,H4 in HOF-NBDA were determined through classical molecular
simulations. The single X-ray crystallographic structures were subject to geometry optimization
through the Dmol3 module implemented with the Materials Studio program, using the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional and the double
numerical plus d-functions (DNP) basis set. The energy, force, and displacement convergence criteria
were set as 1 x 1075 Ha, 2 x 1073 Ha/A and 5 x 1073 A, respectively. The calculated electrostatic
potential for HOF-NBDA was mapped onto the Connolly surface with a probe radius of 1.0 A.
Simulated annealing (SA) calculations were performed for a single molecule of C;Hg and C,H,4 through
a canonical Monte Carlo (NVT) process, and all HOF atoms were kept fixed at their positions
throughout the simulations. The initial configurations were further optimized to ensure a more efficient
energy landscape scanning for every HOF-CH, complex, and the optimized configuration having the
lowest energy was used as the global minimum for the subsequent analysis and calculation. The static

binding energy (at T= 0 K) was then calculated: AE = Enor + Egas — EHOF+gas-

Transient breakthrough simulations

Transient breakthrough experiments were carried out for binary 50/50 C,H4(1)/C3Hg(2) mixtures at
a total pressure of 0.16 MPa and 298 K. The sample mass of HOF in the packed bed, m,q4s is 0.7936 g.
The flow rates at the inlet, O, = 1.7 mL-min"!. Transient breakthrough simulations were carried out
for the exact same set of operating conditions as in the experiments, using the methodology described
in earlier publications®”. In these simulations, intra-crystalline diffusion influences are ignored. There

is good match between the experiments and simulations.

Column breakthrough experiments

The breakthrough separation experiments of HOF-NBDA for C,H,/C;Hg (50/50, v/v) were
conducted in a fixed bed under ambient conditions. The mass of HOF-NBDA that was fed into the
column (4.0 x 200 mm) was 0.7936 g. The flow rate of the gas was regulated by a mass flow controller,
and the gas flow out of the chromatographic column was detected by a gas chromatography (GC) with
TCD detector. Before breakthrough experiments, HOF-NBDA in the column was activated for 10
hours at 80°C with continuous He input (flow rate = 15 mL-min!). After the column was cooled to
room temperture, C,H,/CsH¢ gas mixture with a specific flow rate was switched into the column. The

gas flow at the outlet of fixed bed was detected by a gas chromatography with TCD detector. When
5



the mixture of C,H,; and C;Hg at the outlet reached equilibrium, He flow (flow rate = 15 mL-min!)
was purged out into the fixed bed contained HOF-NBDA at room temperature. The adsorbed gases in
the fixed bed could be completely eluted out and the HOF-NBDA could realize regeneration in this
progress. Desorption experiments were performed after C,H4/C;sHg equilibrated at the outlet. When
the mixture was equilibrated, the breakthrough column was maintained at room temperature. And then
He was purged (flow rate = 15 mL-min'). Therefore, desorption progress could be realized. In
desorption tests, outlet gas from the column were continuously monitored by gas chromatography for

determining the gas composition and purity.



Additional experimental details, supplementary data, and photograph of material

objects:
50
40 -
S 30
E P——
-
-
ol B I —
n
o
10 ~-C,H,
--C.H,
0 I T I T T T T T T T I
0 1 2 3 4 5

Gas uptake (mmol/g)

Figure S2. Calculated isosteric heats of adsorption of CsHg and C,H,; in HOF-NBDA.
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Figure S3. Water vapor adsorption isotherm of HOF-NBDA at 298 K.
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Figure S4. (a) The simulated and (b) experimental breakthrough curves of HOF-NBDA for C,H4/C5Hg

(50/50, v/v) mixture with gas flow rate of the 1.7 mL-min! at 298 K.
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Figure SS. The breakthrough experiments of HOF-NBDA for C,H4/C;H¢ (50/50, v/v) after one day,
one week to five weeks with a flow rate of 1.7 mL-min-! at 298 K, respectively.
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Figure S6. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 1.7
mL-min-! at 298 K.
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Figure S7. The C;Hg recovery of 4.5 mol-kg™! with purity >99.5% during desorption process with flow
rate of 1.7 mL-min-! at 298 K.
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Figure S8. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 2.5
mL-min-! at 298 K.
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Figure S9. The C;Hg recovery of 4.5 mol-kg-! with purity >99.5% during desorption process with flow
rate of 2.5 mL-min-! at 298 K.
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Figure S10. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 3.4
mL-min-! at 298 K.
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Figure S11. The C3Hg recovery of 4.5 mol-kg™! with purity >99.5% during desorption process with
flow rate of 3.4 mL-min-! at 298 K.
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Figure S12. The adsorption capacity of C;Hs during the breakthrough process with flow rate of 4.2
mL-min-! at 298 K.
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Figure S13. The C3Hg recovery of 4.5 mol-kg™! with purity >99.5% during desorption process with
flow rate of 4.2 mL-min-! at 298 K.
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Figure S14. The adsorption capacity of CsHg during the breakthrough process with flow rate of 5.0
mL-min! at 298 K.
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Figure S15. The C3Hg recovery of 4.4 mol-kg™! with purity >99.5% during desorption process with
flow rate of 5.0 mL-min-! at 298 K.
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Figure S16. The adsorption capacity of C;Hs during the breakthrough process with flow rate of 1.7
mL-min-! at 303 K.
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Figure S17. The C;Hg recovery of 4.3 mol-kg! with purity >99.5% during desorption process with
flow rate of 1.7 mL-min-! at 303 K.
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Figure S18. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 1.7
mL-min-! at 308 K.
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Figure S19. The C;Hg recovery of 4.1 mol-kg! with purity >99.5% during desorption process with
flow rate of 1.7 mL-min-! at 308 K.
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Figure S20. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 1.7
mL-min-! at 318 K.
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Figure S21. The C;Hg recovery of 3.6 mol-kg! with purity >99.5% during desorption process with
flow rate of 1.7 mL-min-! at 318 K.
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Figure S22. The adsorption capacity of C;Hs during the breakthrough process with flow rate of 1.7
mL-min-! at 328 K.
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Figure S23. The C3Hg recovery of 3.1 mol-kg™! with purity >99.5% during desorption process with
flow rate of 1.7 mL-min-! at 328 K.
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Figure S24. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 1.7
mL-min! under 33% RH atmosphere.
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Figure S25. The C;Hg recovery of 4.4 mol-kg! with purity >99.5% during desorption process with
flow rate of 1.7 mL-min-! under 33% RH atmosphere.
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Figure S26. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 1.7
mL-min! under 75% RH atmosphere.
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Figure S27. The C;Hg recovery of 4.4 mol-kg! with purity >99.5% during desorption process with
flow rate of 5.0 mL-min! under 75% RH atmosphere.



2.0 -

1.5
oc’ Area=142.92612
a 1.0 — D e
|
®
[
0.5 1

!
X
.
......
...... .
.....................
0.0 - 7

0 50 100 150 200 250 300 350
Time (min/g)

Figure S28. The adsorption capacity of C;Hg during the breakthrough process with flow rate of 1.7
mL-min-! under 100% RH atmosphere.
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Figure S29. The C;Hg recovery of 4.3 mol-kg! with purity >99.5% during desorption process with
flow rate of 1.7 mL-min-! under 100% RH atmosphere.
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Figure S30. The photograph of the scale-up synthesized HOF-NBDA crystals.
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Figure S31. The Power X-ray diffraction (PXRD) patterns of HOF-NBDA.
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Figure S32. TGA curve of HOF-NBDA under nitrogen atmosphere.
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Figure S33. (a) N, (77 K) and (b) C;H¢ (298 K) adsorption isotherms of as-synthesized HOF-NBDA
and the regenerated HOF-NBDA.

22



13.42
3
3
9
9
9
6
7
5

36
1
1
0
0
9

TeaBRRNN BRI

0 00 60 60 M N M e o oinioioin

—

9.00-=
6.02—=
6.00-=

1 (ppm)
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Figure S35. FT-IR spectrum of HOF-NBDA.
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Figure S36. SEM images of HOF-NBDA.

Table S1. Summary of adsorption capacities and Qg values of C3Hg and C,H, respectively as well as

C,H4/C3Hg (50/50, v/v) selectivity for different MOFs at 298 K under 100 kPa.

C,H,
L C;Hg uptake
«(CoH «(CsH uptake
Adsorbents IAST Qu(C:Hy) - Ou(C3He) P (mmol-g) Ref.
(kJ'mol')  (kJ'mol') (mmol-g?)
100 kPa 10 kPa 100 kPa
This
HOF-NBDA 11.1 18.8 25.7 29 3.6 5.3
work
Mn-dtzip 8.6 24.6 35.1 34 3.1% 9.6 [8]
/n-BPZ-SA 4.8 23.1 33.6 2.8 2.1 3.0 [9]
/n-BPZ-TATB 7.4 18.3 28.1 4.1 3.5% 5.1 [10]
spe-MOF 7.7 22.5 29.6 2.2 1.3 10.5 [9,11]
Zn,(oba),(dmimpym) 15.6 25.8 333 2.2 24 34 [12]
C-600 10.6 21.0 23.0 2.0* 1.4% 4.0* [13]
UPC-33 5.7 10.3 48.9 1.4 1.1 4.2 [9,14]
NEM-7-Cu 8.6 22.5 36.9 1.3 1.1 34 [9,15]
1s0-MOF-4 7.7 25.4 30.9 3.3 2.2 11.4 [16]

*These values are estimated from the adsorption isotherms reported before.
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Table S2. The comparison of C,Hy (299.95%) and CsHg (299.5%) productivities for C,H4/CsHg

(50/50,v/v) mixture.
Separation
Productivity of Productivity of
Adsorbents Temperatur Ref.
C,H,4 (299.95%) C;Hg (299.5%)
e
This
HOF-NBDA 298 K 5.7 mol-kg"! 4.5 mol-kg!
work
273K 1.4 mol-kg'! -
Mn-dtzip [8]
298 K 1.2 mol-kg'! -
273 K 1.8 mol-kg! -
Zn-BPZ-SA [9]
298 K 1.0 mol-kg! -
273K 4.8 mol-kg! 3.5 molkg'!
Zn-BPZ-TATB [10]
298 K 4.5 mol-kg™! 2.7 mol-kg!
spe-MOF 298 K 3.0 mol-kg™! - [11]
Zn(oba)y(dmi ) 273 K 2.2 mol-kg! - 2]
n,(oba),(dmimpym
R Py 298 K 1.6 mol-kg"! i

Table S3. The C,H4 (299.95%) and C;Hg (299.5%) productivities for HOF-NBDA at different flow

rates.

Flow rate

Productivity of C;H4 (>99.95%)

Productivity of C;Hg (>99.5%)

1.7 mL-min!

2.5 mL‘min!

3.4 mL-min!

4.2 mL-min’!

5.0 mL-min!

5.7 mol-kg-!
127.34 Lkg'!
5.6 mol-kg'!
125.49 L-kg'!
5.6 mol-kg'!
125.24 Lkg'!
5.6 mol-kg-!
12432 Lkg'!
5.5 mol'kg'!
124.13 L-kg'!

4.5 mol-kg'!
100.64 L-kg!
4.5 mol-kg!
100.30 L-kg"!
4.5 mol-kg!
100.90 L-kg"!
4.5 mol-kg'!
100.37 L-kg!
4.4 mol-kg!
99.33 Lkg'!
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Table S4. The C,Hy (299.95%) and Cs;Hg (299.5%) productivities for HOF-NBDA at different

temperatures.
Separation
Productivity of C,H, (=99.95%) Productivity of C;Hg (=99.5%)
temperature

5.7 mol-kg™! 4.5 mol'kg!

298 K
127.34 Lkg"! 100.64 L'kg"!
5.2 mol-kg™! 4.3 mol-kg!

303K
117.09 L-kg! 96.47 L-kg!
5.1 mol-kg-! 4.1 mol-kg!

308 K
114.83 L-kg! 92.17 L'kg!
5.0 mol-kg"! 3.6 mol-kg!

318 K
112.45 L-kg"! 80.16 L-kg"
4.6 mol-kg! 3.1 mol'kg"!

328K
102.92 L-kg! 70.26 L-kg!

Table S5. The C,Hy (299.95%) and CsHg (299.5%) productivities for HOF-NBDA under different

humidity.
Separation
Productivity of C,H, (=99.95%) Productivity of C3;Hg (=99.5%)
humidity
5.7 mol-kg! 4.5 mol-kg!
0%
127.34 L-kg! 100.64 L-kg!
5.4 mol-kg! 4.4 mol-kg!
33%
119.91 L-kg! 98.31 L-kg!
5.3 mol-kg™! 4.4 mol-kg!
75%
117.86 Lkg! 97.69 L-kg!
5.2 mol-kg! 4.3 mol-kg!
100%

115.43 L'kg"! 97.24 L'kg'!
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