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ABSTRACT: The removal of carbon dioxide (CO,) from acetylene )  Rotation
(C,H,) is a critical industrial process for manufacturing high-purity b e N, / % \
C,H,. However, it remains challenging to address the tradeoff & ¢ (7
between adsorption capacity and selectivity, on account of their t} c
similar physical properties and molecular sizes. To overcome this
difficulty, here we report a novel strategy involving the regulation of

a hydrogen-bonding nanotrap on the pore surface to promote the tj c
separation of C,H,/CO, mixtures in three isostructural metal— e a
organic frameworks (MOFs, named MIL-160, CAU-10H, and CAU-

23, respectively). Among them, MIL-160, which has abundant CH. o,
hydrogen-bonding acceptors as nanotraps, can selectively capture
acetylene molecules and demonstrates an ultrahigh C,H, storage capacity (191 cm® g7/, or 213 cm® cm™) but much less CO,
uptake (90 cm® g™') under ambient conditions. The C,H, adsorption amount of MIL-160 is remarkably higher than those for the
other two isostructural MOFs (86 and 119 cm® g~' for CAU-10H and CAU-23, respectively) under the same conditions. More
importantly, both simulation and experimental breakthrough results show that MIL-160 sets a new benchmark for equimolar C,H,/
CO, separation in terms of the separation potential (Agpeq = 5.02 mol/kg) and C,H, productivity (6.8 mol/kg). In addition, in situ
FT-IR experiments and computational modeling further reveal that the unique host—guest multiple hydrogen-bonding interaction
between the nanotrap and C,H, is the key factor for achieving the extraordinary acetylene storage capacity and superior C,H,/CO,
selectivity. This work provides a novel and powerful approach to address the tradeoff of this extremely challenging gas separation.
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Bl INTRODUCTION linkers through coordination linkages*>*” and have been well
demonstrated to be promising in addressing many important
gas separations (e.g, flue gas, oleﬁn/parafﬁn).zg_35 It is a
daunting challenge for a porous adsorbent in gas separation
and purification to have both a high storage capacity and a high
selectivity, the so-called tradeoff. For instance, MOFs with a
high density of open metal sites (OMS; e.g, MOF-74 and
HKUST-1) can improve the storage capacity of C,H,;
however, it has also been shown that a high affinity for CO,
can result in lower separation selectivity.”° *>° On the other
hand, several ultramicroporous MOFs exhibit a high separation
selectivity of C,H,/CO, yet have a limited acetylene uptake

Gas separation and purification are crucial processes in the
chemical industry to manufacture polymers, fuel, and
plastics.l_4 Acetylene (C,H,) is not only an important gaseous
fuel but also a fundamental building block for modern
commodity chemicals.” However, impurity components (e.g.,
CO,) are inevitably produced during the production of
acetylene.® Since these two gas molecules have very similar
molecular sizes/shapes (C,H,, 3.34 X 3.32 X 5.70 A% CO,,
3.33 X 3.18 X 5.36 A*) and physical properties (boiling points:
C,H,, 189.3 K; CO,, 194.7 K),” the separation of a C,H,/CO,

. . . . 8—10
mixture is one of the most challenging separation tasks. In .. 40— .
i g S¢b . capacity.**™* Therefore, there is an added value to develop an
recent years, a gas separation approach based on the physical . . . .
. . effective approach to address this tradeoff and achieve efficient
adsorption of porous adsorbents has attracted extensive

attention due to its low cost and energy-saving prospects,’ '~ separation of C;H,/CO, mixtures.
in comparison to the traditionally energy intensive cryogenic
distillation technology.'®

The emerging metal—organic frameworks (MOFs
feature high modularity, large surface areas, and abundant
functionality, in comparison with traditional solid adsorbents
(e.g, zeolite and activated carbon).”** They can be readily
constructed by combining metal ions/clusters with organic
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Due to their nearly identical kinetic diameters (ca. 3.3 A),
effective separation of a C,H,/CO, mixture cannot be
achieved simply through fine-tuning the pore size, unlike the
case for other gaseous mixtures (e.g, CO,/CH,, alkyne/
alkene),%45 Notably, there is a significant difference in the
quadrupole moments and electrostatic potentials of carbon
dioxide and acetylene (—13.4 X 10~* and +20.5 X 107* C m?
for CO, and C,H,; Figure $1).**” Thus, it is essential to
fabricate specific functional sites within the porous MOFs that
can preferentially bind with C,H, over CO,. Inspired by the
concept of specific recognition of crown ether complexes and
macrocyclic molecules (Scheme 1a),** ™ we hypothesize that

Scheme 1. (a) Crown Ether Complex According to
Pedersen”® and (b) Selective Capture by a Hydrogen-
Bonding Nanotrap of a Target Molecule through Host—
Guest Multiple Hydrogen-Bonding Interactions
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if the hydrogen-bonding nanotrap®" (as acceptor) is immobi-
lized on the pore surface of porous MOFs, it will not only
provide strong hydrogen-bonding interactions to capture
acetylene molecules (as donors) but also would not sacrifice
the intrinsic pore volume (Scheme 1b).

In this regard, MIL-160, first reported by Serre and co-
workers,”” containing high-density hydrogen-bonding nano-
traps within the pore surfaces, could be a promising candidate
to achieve the aforementioned mission. To further demon-
strate our strategy, here we synthesized three isostructural
aluminum-based MOFs (named MIL-160, CAU-10H, and
CAU-23, respectively)’> >* on the basis of the isoreticular
features of MOF chemistry and explored their binding abilities
for C,H, and C,H,/CO, separation selectivity for comparison.
As expected, MIL-160 with the highest density hydrogen-
bonding nanotraps has an excellent C,H, storage capacity (191
cm® ¢!, or 213 cm® cm™) but a much lower uptake of CO,
(90 cm® g7') at 298 K and 100 kPa. Notably, the separation
performance (storage capacity and selectivity) for C,H,/CO,
mixtures in MIL-160 is significantly higher than that of CAU-
10H and CAU-23. Meanwhile, the simulation and exper-
imental breakthroughs have fully demonstrated MIL-160 to be
the best porous adsorbent reported thus far for equimolar
C,H,/CO, separation with regard to the separation potential
(Agpreax = 5-02 mol/kg) and C,H, productivity (6.8 mol/kg).
Moreover, computational modeling studies and in situ FT-IR
tests both reveal that the ultrahigh acetylene storage capacity
and superior C,H,/CO, selectivity of MIL-160 can be mainly
attributed to the unique host—guest multiple interactions
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between the hydrogen-bonding nanotrap and C,H, molecule.
This research provides a novel perspective to address the
tradeoft for this challenging gas separation.

B RESULTS AND DISCUSSION

In these three isostructural MOFs MIL-160, CAU-10H, and
CAU-23, each Al(III) atom is coordinated by six O atoms from
two hydroxyl and four carboxylate groups, respectively, with a
typical AlO4 octahedral geometry. Notably, in MIL-160 and
CAU-10H, the two hydroxyl groups lie in cis positions, bridge
the adjacent Al centers through a vertex-sharing mode, and
form a 1D helical chain secondary building unit (SBU) along
the ¢ axis (Figure 1, top left). In contrast, another type of 1D

cis-u,-OH

trans-,-OH

cis-jt,-OH cis-u;-OH

1D cis helical chains [Al(z,-OH)(COO),], 1D cis/trans mixed chains [Al(u,-OH)(COO),],

MIL-160 CAU-10H

CAU-23

Figure 1. 1D chains [Al(u,-OH)(COO),], and V-shaped ligands
(H,FDC, m-H,BDC, and H,TDC) assemble into three isostructural
3D frameworks of MIL-160, CAU-10H, and CAU-23, respectively.
Hydrogen atoms are omitted for clarity. Color code, Al: pale blue; O,
red and rose; C, 50% gray.

chain SBU in CAU-23 is formed by four consecutive
alternating units of trans and cis corner-sharing AlOq
octahedra; this constructs a novel straight and helical mixed
chain (Figure 1, top right). The above two types of 1D chains
are quite different from the linear 1D chain with trans-
connected mode in MIL-53 series of MOFs.>> These 1D
chains are further linked to four adjacent chains by the V-
shaped ligands (FDC, m-BDC, and TDC) and extended into a
three- dimensional (3D) open framework of MIL-160, CAU-
10H, and CAU-23, respectively. After removal of the guest
molecules, these three isostructural MOFs exhibit one-
dimensional (1D) square channels, with pore aperture sizes
of 4.6 X 9.8, 3.6 X 9.2, and 6.3 X 7.6 A%, respectively (Figures
S3—S5). Furthermore, some basic characteristics (e.g., FT-IR,
TGA, and PXRD) of these three MOFs are provided in Figures
S6—S14 (see the Supporting Information for details).

The permanent porous behaviors of these three MOFs were
first investigated at 77 K with N, adsorption experiments. All
of them exhibit a fully reversible type I adsorption behavior,
with Brunauer—Emmett—Teller (BET) surface areas of 1138,
680, and 1320 m* g~' for MIL-160, CAU-10H, and CAU-23,
respectively (Figures S15—S17), which are consistent with the
previously reported values.”> >* In addition, the pore-size
distributions (PSD) of these three MOFs were analyzed by
employing the 77 K N, isotherms according to the Horvath—
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Figure 2. (a—c) Single-component C,H, and CO, adsorption isotherms of MIL-160, CAU-10H, and CAU-23, respectivley, at 298 K under 100
kPa. (d) C,H, volumetric uptake of MIL-160 in comparison to other best-performing MOF materials for C,H,/CO, separation at room
temperature. (e) Comparison of C,H,/CO, selectivity and uptake ratio among these three MOFs at 298 K and 100 kPa. (f) Comparison of the
heat of adsorption (Q,) of C,H, and CO, at near-zero coverage for MIL-160, CAU-10H, and CAU-23.

Kawazoe cylinder model. All of them display narrow pore size
distributions with main peaks at 7.0, 6.0, and 6.8 A,
respectively (Figure S18), consistent with the pore size
determined by the crystal structure.

The permanent porosity and suitable pore size of these three
MOFs provide us the initial motivation to explore their
adsorption behaviors toward C,H, and CO,. Therefore, the
adsorption isotherms of C,H, and CO, were collected at 273
and 298 K under 100 kPa pressure. As shown in Figure 2a—c,
the C,H, uptake values at 298 K and 100 kPa are 191, 86, and
119 cm® g7' for MIL-160, CAU-10H, and CAU-23,
respectively. Notably, the gravimetric C,H, uptake value
(191 cm® g7') of MIL-160 is remarkably higher than those
of the other two isostructural MOFs and is also superior to
those of most of the top-performing materials for C,H,/CO,
separation, such as SIFSIX-Cu-TPA (185 cm® g™!),*® FJU-90a
(180 cm® g™'),”” UTSA-74a (108 cm® g™!),>" FeNi-M'MOF
(96 cm® g71),>” Cu@FAU (79.5 cm® g71),%’ and Cu!@Ui0-66-
(COOH), (52 cm® g™')** and is only lower than that of the
benchmark material FJI-H8 (224 cm® g_l),61 which has high-
density open Cu sites under similar conditions (Table S6). In
the actual separation process, the role of the volumetric storage
capacity is even more important than the corresponding
gravimetric capacity because it can make full use of the fixed-
bed space and minimize the cost of energy regeneration. Under
ambient conditions, MIL-160 exhibits the second highest
volumetric C,H, adsorption capacity among the reported
porous materials with a value of 213 cm® cm™. This value is
only slightly lower than the record of 230 cm® cm™ for
CoMOF-74 with high-density OMS®* and is significantly
higher than those of other best-performing C,H,/CO,
separation materials (e.g, 196 cm® cm™ for FJI-H8,"' 147
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cm® em™ for FJU-90a,” and 145 cm® cm™ for UTSA-74a;*
Figure 2d) under similar conditions. For equimolar C,H,/CO,
separation, the uptake value of C,H, at a partial pressure of 0.5
bar is another key indicator that needs to be considered. In this
regard, the C,H, volumetric uptake of MIL-160 reaches up to
192 cm® cm ™ (7.7 mmol g~') at 298 K and 0.5 bar and is also
superior to most of the best-performing materials for this
separation (Figure 2d).

In addition, the density of the adsorbed acetylene in the
channels can be determined as 518, 341, and 262 g/L for MIL-
160, CAU-10H, and CAU-23 at 298 K and 100 kPa,
respectively, on the basis of their C,H, adsorption capacities
and corresponding pore volumes (Table S6). The packing
density of C,H, in MIL-160 is notably higher than those of the
other two isostructural MOFs and is also about 440 times the
density of gaseous C,H, (1.1772 g/L, at 273 K and 101.3 kPa)
and is close to the density of solid C,H, at 189 K (729 g/L),*
indicating that the acetylene molecules can be efficiently
packed in the channels of MIL-160. On the other hand, MIL-
160 shows the second highest safe acetylene storage density
(0.247 g cm ™, slightly lower than the record of 0.267 g cm™
for COMOEF-74; Table S6) in bulk material at 298 K and 100
kPa, which is about 100 times higher than the safe compression
limit (0.2 MPa 0.0021 g cm™®) of C,H, at room
temperature.” For the practical application of acetylene storage,
a promising adsorbent should have good repeatability and
structural stability. Thus, we carried out five consecutive
acetylene adsorption—desorption isotherm tests. As expected,
there was no loss of C,H, storage capacity in MIL-160 after
five cycles at 298 K, indicating that MIL-160 is a promising
material in refillable C,H, storage (Figure S39).
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In contrast, the CO, uptake capacities of MIL-160, CAU-
10H, and CAU-23 are only 90, 65, and 72 cm® g~', giving
C,H,/CO, uptake ratios of 210%, 130%, and 160% (Figure
2e), respectively, at 100 kPa and 298 K. To further assess the
separation performance of MIL-160, CAU-10H, and CAU-23
toward C,H,/CO, mixtures, the separation selectivity was
calculated by using the widely studied ideal adsorbed solution
theory (IAST).°* As shown in Figure S37b, the IAST
selectivity of MIL-160 for equimolar C,H,/CO, mixtures is
up to 10 at 298 K and 100 kPa, which is about 2.6 and 4.0
times higher than the corresponding values in CAU-23 (3.8)
and CAU-10H (2.5) and higher than those of some of the
benchmark porous MOF materials, such as UTSA-74a (8.2),"
FJU-90a (4.3),>” MUE-17 (6.0),”> SIESIX-21-Ni (7.8)," and
TIFSIX-2-Cu-i (6.5)°” under similar conditions. Although
some porous materials feature relatively higher C,H,/CO,
selectivity, their adsorption capacity of C,H, is relatively low
(usually less than 100 cm’ g~' under ambient condi-
tions).”***® The high uptake ratio and IAST selectivity
both suggested the potential of MIL-160 for effective C,H,/
CO, separation.

The affinity between the host framework and the guest
molecule can be evaluated by the low-coverage heat of
adsorption (Q,). The coverage-dependent Q,, values of MIL-
160, CAU-10H, and CAU-23 for C,H, and CO, were obtained
by fitting the single-component gas isotherms collected at 273
and 298 K. As shown in Figure 2f, the near-zero coverage Q,,
value of C,H, (31.8, 26.2, and 26.7 k] mol™" for MIL-160,
CAU-10H, and CAU-23, respectively) in these three
isostructural MOFs is obviously higher than their correspond-
ing values of CO, (26.9, 22.3, and 20.0 kJ mol™}), indicating
that these MOFs have a stronger affinity for C,H, over CO,.
Unlike CAU-23, the Q,, value of C,H, in MIL-160 and CAU-
10H gradually increases with an increase in C,H, loading
(Figures S21, S24, and S27). This implies that C,H, molecules
may form intermolecular interactions during the adsorption
process,”” "> which is consistent with the results of high-
density C,H, storage in MIL-160 and CAU-10H. Additionally,
the Q, value of C,H, in MIL-160 is lower than those of some
benchmark porous materials with high density of OMS, such as
Cu-ATC (79.1 kJ mol™),'® ZJU-74a (45 kJ mol™!),” Cu'@
Ui0-66-(COOH), (74.5 k] mol™),** and Cu@FAU (50.0 k]
mol™).°° The moderate Q,, value of C,H, indicates that MIL-
160 can be regenerated under mild conditions, which give it a
great potential for energy-efficient C,H,/CO, separation.

To accurately evaluate the separation performance of porous
materials in a fixed bed, we must consider not only the
separation selectivity but also the adsorption capacity. To
resolve this dilemma, a combined metric, termed the
separation potential (Agq), was defined by Krishna.”*”
Subsequently, transient breakthrough simulations were per-
formed for binary 50/50 or 90/10 C,H,/CO, mixtures in
these three MOFs (Figure S40), operating at a total pressure of
100 kPa and 298 K, by employing the previously reported
methodology.”””*~7® As shown in Figure 3a, the equimolar
C,H,/CO, mixtures can be effectively separated by MIL-160,
accompanied by the highest retention time (A7 = 304; Table
S2). Moreover, we compared the two types of separation
potential (Aqyeq and Agrasr) of MIL-160 with those of other
top-performing porous materials for C,H,/CO, separation
under ambient conditions (Figure 3b and Table $2).%" 777
It is worth noting that MIL-160 has not only the highest
Agiast (calculated on the basis of the static adsorption
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Figure 3. (a) Transient breakthrough curves of equimolar C,H,/CO,
mixtures for MIL-160 at 298 K and 100 kPa. (b) Comparison of the
separation potential Aq of MIL-160 with those other benchmark
porous materials. Note: the separation potentials Aqy,., and Agpgr
were calculated on the basis of the transient breakthrough simulations
and the static adsorption isotherms for C,H,/CO, (50/50) mixtures.
(c) Experimental breakthrough curves for C,H,/CO, (50/50) gas
mixtures in a laboratory-scale fixed-bed packing with a MIL-160
sample under ambient conditions (298 K, 1 bar). (d) Single-
component static C,H, uptake at a partial pressure of 0.5 bar and
dynamic C,H, capture amount of equimolar C,H,/CO, mixtures by
MIL-160 in comparison with those of top-performing porous
materials at room temperature (black balls, the dotted line, and
blue balls indicate that 0.5 bar C,H, uptake is larger than, equal to,
and less than dynamic C,H, capture, respectively).

isotherms) value of 6.0 mol/kg for equimolar C,H,/CO,
mixtures but also the highest Agy,, (5.02 mol/kg, calculated
on the basis of the transient breakthrough simulations) value,
indicating that MIL-160 has the best separation ability for this
gas mixture. In addition, the separation potentials Agy,.,; and
Agasr have a good positive linear relationship (R* = 0.996),
with the equation y = 0.82x + 0.12. The linear range of this
equation is approximately twice that of previously reported
results.”””® Therefore, this empirical equation can be used to
predict porous materials for challenging C,H,/CO, separation
after their Agj,gr values have been calculated.

The record-high separation potential prompted us to
evaluate the separation performance of MIL-160 for
challenging C,H,/CO, mixtures under real conditions. We
performed laboratory-scale dynamic breakthrough experi-
ments, with the equimolar C,H,/CO, mixtures being flowed
through a packed column filled with an activated sample (~1.2
g) at a total flow rate of 2 mL min~" under ambient conditions.
As shown in Figure 3¢, the C,H,/CO, mixture can be
efficiently separated, in which the CO, is eluted first at 64 min
and rapidly reaches up to a pure grade without acetylene
outflow, and this process continued for ~86 min, a remarkable
time to obtain pure CO,, until the saturated uptake of
acetylene and thus breakthrough (at 150 min). According to
the breakthrough curve, the dynamic C,H, capture amount
(also named productivity) was found to be 6.8 mol/kg for a
given cycle, which is highly consistent with the equilibrium
adsorption of C,H, under similar conditions (7.7 mol/kg, at
298 K and 0.5 bar). Notably, the dynamic C,H, productivity of
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MIL-160 is among the highest values achieved and is much
higher than those of most benchmark porous materials (Figure
3d, Table S3), such as FeNi-M'MOF (2.96 mol/kg),59 ZJU-
74a (3.64 mol/kg),”* and Cu'@Ui0-66-(COOH), (2.89 mol/
kg).** Therefore, MIL-160 establishes a new benchmark for
the separation of challenging C,H,/CO, mixtures under actual
conditions. Considering the need for recyclability in industrial
applications, we carried out a multicycle mixed-gas break-
through experiment under the same conditions. The results
indicate no notable loss in the breakthrough time and C,H,
capture capacity of MIL-160 in four consecutive cycles
(Figures S41—S43), which proves that it maintains excellent
repeatability for C,H,/CO, separation.

In situ infrared (IR) spectroscopic measurements were
conducted to further probe the interaction of C,H, within
three MOF structures: namely, MIL-160, CAU-23, and CAU-
10H. C,H, is well-known to have an acidic nature and thus
tends to form hydrogen bonds within the basic sites, as
observed in several MOFs.”*””*" Similar to the well-studied
OH stretching vibration,®" the v,(C,H,) band undergoes a
downward shift with reference to the gas-phase value at 3287
cm™" when it is subjected to a hydrogen-bonding interaction
and the frequency shift is a measure of intermolecular H
bonds. Figure 4 presents the stretching band of adsorbed

a b
( )[o.os ( )10_1 v(C,H,) v,.(CO0) v, (coc)
"(Csz) i v,,(COC)+5(CH),
3224 (-63) Sum v,(COC)+(CC)

o

H v 4
2 . ~10 min

2 : : .

[=]

3

<[3232 (-55) I0-2

3243 (-44)
MIL-160

3150 3000 1800 1600 1400 1200

Wavenumber cm™

32‘50 32‘00 33IOO

Figure 4. (a) IR spectra showing the stretching band of adsorbed
C,H, inside MIL-160 (blue), CAU-23 (brown), and CAU-10 (green)
upon loading C,H, gas at ~400 Torr (see full spectra in Figure 4b
and Figure S45). The signal of gas-phase C,H, is subtracted. The
values in parentheses show the shift of the 1,(C,H,) band with
respect to the gas phase at 3287 cm™. (b) The top five difference
spectra showing the unloading of C,H, from MIL-160 upon
evacuation of the gas phase for ~10 min; each is referenced to the
bottom spectrum of activated MIL-160 under vacuum. Notation and
acronyms: v, stretch; §, deformation; as, asymmetric; s, symmetric; ip,
in plane; sum, summation band; fu, furan ring.

acetylene upon loading C,H, at ~400 Torr into three MOFs
and its desorption from MIL-160 after evacuating the gas
phase. As shown in Figure 4a, v,((C,H,) bands occur at 3224,
3232, and 3243 cm™! in MIL-160, CAU-23, and CAU-10H,
respectively. The trend of band position shift indicates that
hydrogen-bonding interactions follow the order MIL-160 >
CAU-23 > CAU-10H. In addition, different spectra shown in
Figure 4b show that vibrational modes associated with the
organic linker, including the COC symmetric and asymmetric
stretch at 1178 and 1133 cm™}, the coupled COC stretch/CC
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stretch/in-plane C—H deformation at 1242—1224 cm™’, the
furan ring carbon stretch at 1514 cm™', the carboxylate
asymmetric stretch at 1580—1602 cm™,*” and the out-of-plane
C-H summation band at 1743 cm™.,*’ are appreciably
perturbed upon loading acetylene into MIL-160 (see assign-
ment in Table S4). With desorption of the trapped acetylene
from MIL-160, the perturbations of these modes gradually
disappeared, as seen in Figure 4b. These observations point to
the direct interaction of loaded C,H, molecules with both
COO- and the O-containing ring of the FDC linker, as further
verified by our modeling studies (Table S4).

To gain insight into the binding sites of C,H, and CO, in
MIL-160, modeling studies based on simulated annealing
calculations and canonical Monte Carlo (CMC) simulations
were performed (see the Supporting Information for details).
As shown in Figure S46, three and two possible binding sites of
C,H, and CO, were found in MIL-160, respectively. Here, we
focus on discussing and comparing the primary binding site of
C,H, and CO, in MIL-160, and discussions on other binding
sites are provided in the Supporting Information. It was
observed that the orientation of the C,H, (I) molecule is
roughly perpendicular to the MOF channel (Figure S46a),
where it forms multiple H—C=C—H?’"---0°" hydrogen-
bonding interactions with the nearby carboxylate groups and
furan rings, forming a nanotrap on the pore surface, with close
interaction distances ranging from 2.51 to 3.57 A (Figure 5a).

AE (C,H,) = 37.8 kJ/mol

AE (CO,) = 32.7 kJ/mol

Figure S. Canonical Monte Carlo (CMC) simulated primary binding
sites of (a) C,H, and (b) CO, in MIL-160. Distances are given in A.

In contrast, the CO, (I) molecule is oriented parallel to the ¢
axis in the channels (Figure S46b),** in which (CO,)C%*"--0%"
electrostatic interactions with the carboxylate groups and the
furan O atom (distances ranging from 3.06 to 3.47 A) and
CH%".--0°°(CO,) interactions with the nearby furan rings
(distances ranging from 3.19 to 3.52 A) were observed (Figure
5b). Overall, C,H, exhibits typically shorter interaction
distances with MIL-160 at the primary binding site in
comparison to CO,, which accounts for the stronger affinity
of C,H, with the adsorbent. The calculated binding energies
(37.8 vs 32.7 kJ mol™) for single C,H, and CO, molecules
positioned at their global minimum in MIL-160 from CMC
simulations were consistent with the trend in the experimental
low-coverage Q, values (31.8 vs 26.9 kJ mol™") from single-
component adsorption isotherms (Table SS). In summary, the
binding configurations in MIL-160 calculated herein combine
key features that cause stronger C,H, binding versus CO,:
multiple H—C=C—H’"--O°~ hydrogen-bonding interactions
and weak CO,—sorbent electrostatic interactions.

The diffusion of C,H, and CO, molecules inside MIL-160
was investigated by looking at various transition-state
configurations of the molecules traveling through the MOF
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channel using the climbing nudged elastic band (cNEB)
method.*>*® To better understand the interaction taking place
during molecular diffusion, induced charge densities were
mapped for the initial, transition, and final states, as shown in
Figure S48. For the initial configuration (at 0% progress), both
C,H, and CO, molecules occupy the space near their
respective primary binding sites, giving the lowest energy to
this configuration. Subsequently, the gas molecules move along
the channel, getting to the highest energy configuration with
diffusion barriers of 157 meV for C,H, and 161 meV for CO,,
respectively. At the initial state, C,H, and CO, show
interactions with the MOF linkers, as evidenced by the
yellow/blue induced charge densities in Figure S48. However,
at the transition configuration CO, shows a reduced
interaction with the surrounding linkers, as evidenced by the
reduction in induced charge density. In contrast, C,H, still
exhibits strong interaction with the linker atoms (see Figure
S48a for the transition state). This results in a transition
configuration that is more stable for C,H, in comparison to
CO,. Therefore, the diffusion energy barrier of C,H, is slightly
lower, leading to a faster molecular transport along the MOF
channel, indicating that less energy is required for acetylene
molecules to leave the strong binding site and diffuse along the
MOF channel. The higher binding energy and lower diffusion
kinetic barrier well explain the high separation selectivity of
C,H,/CO, in MIL-160.

B CONCLUSIONS

To conclude, we have successfully demonstrated that the high-
density hydrogen-bonding nanotrap within the pore surface of
porous MOFs can achieve highly selective C,H,/CO,
separation. By virtue of the isoreticular principle in MOF
chemistry, we can fine-tune the hydrogen-bonding acceptors
on the pore surface, as illustrated in three isostructural MOFs.
Notably, MIL-160 features the highest density of hydrogen-
bonding nanotraps and exhibits a high acetylene storage
capacity and superior separation selectivity simultaneously,
supplying a new benchmark for C,H,/CO, separation with an
excellent separation potential and high C,H, productivity
under ambient conditions. This research provides an out-
standing example of a MOF-based hydrogen-bonding nanotrap
to address this challenge of gas separation/purification and
thus provides a new perspective for rationally designing porous
MOF materials in this very active research area.
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Experimental Section

Materials and Instrumentation. All reagents and solvents were used directly as received
from the chemical supplier without further purification. Fourier-transform infrared spectra (FT-IR)
were recorded on a PerkinElmer Spectrum One FT-IR instrument from 4000 to 400 cm™!. The
powder X-ray diffraction (PXRD) data were collected using a Bruker D8 Advance, Cu-Ka radiation
of 40 mA, 40 kV, A = 0.15418 nm, 26 scanning range of 5~50°, a scan step size of 0.02° and a time
of 3 s per step. The simulated pattern was produced using the Mercury V1.4 program and reported
cif file. The TA Instruments TGA Q50 was used to record thermal gravimetric analysis (TGA) data
from room temperature to 800 °C at a heating rate of 10 °C/min under N2 atmosphere.

Gas Adsorption Measurements. The single-component gas (C2H2, CO2 and N2) adsorption
measurements were performed on an automatic volumetric adsorption apparatus Micromeritics
ASAP 2020 HD88 surface area analyzer. Prior to the gas adsorption analyses, the as-synthesized
samples were activated according to the reported procedure (see Experimental step for details). The
experimental temperatures were controlled by liquid nitrogen bath (77 K), ice-water bath (273 K),

and water bath (298 K), respectively.
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Synthesis of MIL-160

MIL-160 was synthesized according to the literature.! AI(OH)(CH3COO)2 (7.5 mmol, 1.171 g)
and 2,5-furandicarboxylic acid (7.5 mmol, 1.216 g) were added to a round-bottomed flask (100 mL)
containing distilled water (25 mL). The mixture was then stirred under reflux for approximately 24
h. The resulting white solid was recovered by filtration, washed with ethanol, and dried in the oven
at 100 °C. The phase purity of the as-synthesized sample was further confirmed by PXRD patterns.
Prior to gas adsorption analyses, the sample was activated at 150 °C for 10 h under reduced
pressure condition.
Synthesis of CAU-10H

CAU-10H was synthesized according to the reported procedure with slightly modification.? A
mixture of AI(NO3)3-9H20 (1.345 g, 3.59 mmol), isophthalic acid (0.595 g, 3.59 mmol) and
acetonitrile (10 mL) were placed in a PTFE lined steel autoclave (20 mL). After that, the autoclave
was heated at 130 °C oven for 1 day. After the reaction mixture cooled down to room temperature,
the crude product (slightly yellowish solid) was obtained via filtration. For purification (removal of
impurities), 1 g of crude product was stirred (400 rpm) in 50 mL of deionized water for 3 hours at
room temperature, yielding 0.58 g of a white solid after filtration. The phase purity of CAU-10H
was further confirmed by PXRD patterns. Prior to gas adsorption analyses, the purified sample was

activated at 150 °C for 10 h under reduced pressure condition.

Synthesis of CAU-23

CAU-23 was synthesized according to the literature.® 2,5-thiophenedicarboxylic acid (6.26
mmol, HTDC) was mixed with 12.75 mmol of NaOH and stirred in 25 mL de-ionized H20O until a
clear solution of Na>TDC was achieved. After complete dissolution of HoTDC, 1 eq. of AI** from
two aqueous solutions of aluminum chloride hexahydrate (A1C13-6H20; 1.0 mol L™!; 4.69 mL; 4.69
mmol) and sodium aluminate (NaAlO2:0.2H20; 0.5 mol L™!; 3.1 mL; 1.56 mmol) was added to the
above linker solution. The resulting suspension was then stirred under reflux conditions for 6 h.

The cooled down suspension was centrifuged to recover a white product. The precipitate was
dispersed three times in 45 mL each of de-ionized water and afterwards centrifuged. In a final step,
the product was dispersed in 45 mL de-ionized water and stirred for at least 16 h before being
centrifuged again. The resulting white solid was dried in a vacuum oven at 60 °C for not less than
24 h. The phase purity of the as-synthesized sample was confirmed by PXRD patterns. Prior to gas

adsorption analyses, the sample was activated at 150 °C for 10 h under reduced pressure condition.
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The isosteric heat of adsorption (Qst): The isosteric heat of adsorption for C2Hz and CO2 was
calculated using the data collected at 273 and 298 K. The data were fitted first using a virial-type
expression composed of parameters ai and bi (eq 1). Then, the Qst (kJ mol™) was calculated from
the fitting parameters using eq 2, where p is the pressure (mmHg), T is the temperature (K), R is the
universal gas constant (8.314 J-mol*-K™), N is the amount adsorbed (mg g*), and m and n

determine the number of terms required to adequately describe the isotherm.

In p:InN+T£ZaiNi+ZbiNi (1)
i=0

i=0

Qst :_RzaiNi (2)

Prediction of the Gas Adsorption Selectivity by IAST. The ideal adsorption solution theory
(IAST)* was used to predict the binary mixture adsorption from the experimental pure gas isotherms.
To perform the integrations required by IAST, single-component isotherms should be fitted by the
correct model. In practice, several methods are available; for this set of data we found that the
single-site Langmuir-Freundlich equation was successful in fitting the results.

1/n
N:Nmaxxlf'z7 3)

where p is the pressure of the bulk gas in equilibrium with the adsorbed phase (kPa), N is the
amount adsorbed per mass of adsorbent (mmol g1), N™ is the saturation capacities of site 1 (mmol
g ), b is the affinity coefficients of site 1 (1/kPa) and n represents the deviations from an ideal
homogeneous surface. The fitted parameters were then used to predict multi-component adsorption
with IAST. The adsorption selectivity based on IAST for mixed C2H2/CO: is defined by the

following equation:

X2 Y5
Xz Ya

“4)

SAm =

where xi and yi are the mole fractions of component i (i = A, B) in the adsorbed and bulk phases,

respectively.



Table S1. Comparison of C2H2 and CO2

Gas molecules Dynamic Size (A) Molecular size (A% Boiling point (K) Quadrupole Moment (C-m?)

CH, 3.3 3.32x3.34x5.70 189.3 20.5 x 1074

" —3.33A—

CO, 3.3 3.18 x3.33 x 5.36 194.7 —13.4x 1074

-37.6

m Hnﬁ
:—5.36 A—n --12.6

co,
-37.6
e -12.6
'»‘

570 A—p° --12.6

C,H,

[—3.3¢ A—

Figure S1. Comparison of molecular size and electrostatic potential difference of (a) CO2 and (b)
C2Ha. The gradation on the scale bar is in kcal mol™'. Reproduced with permission.>¢ Copyright
2021, Wiley-VCH.
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Figure S2. The organic linkers used in this work and their opening angles.
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Figure S3. Accessible Connolly Surface calculated with the Connolly radius of 1.4 A and the Grid
interval of 0.25 A for MIL-160. Grey represents the outside surface of the channel, and pink
represents the inner surface.
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Figure S4. Accessible Connolly Surface calculated with the Connolly radius of 1.4 A and the Grid
interval of 0.25 A for CAU-10H. Grey represents the outside surface of the channel, and khaki
represents the inner surface.

Figure S5. Accessible Connolly Surface calculated with the Connolly radius of 1.4 A and the Grid
interval of 0.25 A for CAU-23. Grey represents the outside surface of the channel, and violet
represents the inner surface.
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Figure S6. FT-IR spectrum of MIL-160.
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Figure S7. FT-IR spectrum of CAU-10H.
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Figure S8. FT-IR spectrum of CAU-23.

S-9



— After adsorption
As-synthesized
—— Simulated

MIL-160

Intensity (a.u.)

5

Figure S9. The powder X-ray diffraction patterns for MIL-160.
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The powder X-ray diffraction patterns for CAU-23.
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Figure S12. The TGA curve for MIL-160 under N2 atmosphere with a heating rate of 10 K min.
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Figure S13. The TGA curve for CAU-10H under N2 atmosphere with a heating rate of 10 K min-.
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Figure S14. The TGA curve for CAU-23 under N2 atmosphere with a heating rate of 10 K min-.,
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Figure S15. BET calculation for MIL-160 based on their corresponding N2 adsorption isotherms at

77 K.
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Figure S16. BET calculation for CAU-10H based on their corresponding N2 adsorption isotherms

at 77 K.
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Figure S17. BET calculation for CAU-23 based on their corresponding N2 adsorption isotherms at
77 K.
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Figure S30. The graphs of the Single-site Langmuir-Freundlich equations fit for adsorption of C2Hz
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Figure S31. The graphs of the Single-site Langmuir-Freundlich equations fit for adsorption of CO2
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Figure S36. Mixture adsorption isotherms of CAU-23 for C2H2/CO2 (50/50) at 273 K and 298 K as
predicted by IAST.
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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 binary
50/50 or 90/10 C2H2/CO2 mixtures in MIL-160, CAU-10H, CAU-23, FJU-90, FeNi-M’MOF,
UTSA-74, ZJU-74, BSF-3, TIFSIX-2-Cu-i, JCM-1, MUF-17, and DICRO-4-Cu-i, operating at a
total pressure of 100 kPa and 298 K, using the methodology described in the earlier publications.’-10
For the breakthrough simulations, the following parameter values were used: length of packed bed,
L = 0.3 m; voidage of packed bed, ¢ = 0.4; superficial gas velocity at inlet, u= 0.04 m/s. The x-axis
is the dimensionless time, T =t x u / (L % &), defined by dividing the actual time, t, by the
characteristic time, Le/u.

During the initial transience, the effluent gas contains pure CO2 and this continues until C2H:
starts breaking through because its uptake capacity in the MOF has been reached. As in previous
works,2 we define the breakthrough time for C2H2 7,,.. as the time at which the CaH:
concentration in the outlet gas mixture is < 0.05%. The gravimetric C2H2 capture capacity during
the time interval 0 to Tp,eqr, €Xpressed in mols per kg adsorbent, is determined from a material
balance. The breakthrough simulations demonstrate the potential of separating C2H2 from CO:2

during a certain time interval At.
Separation potential calculation

The separation performance in fixed bed adsorbers is dictated not only by selectivity, but also
the uptake capacity. For this reason, a combined metric, called the separation potential (Aq), was
introduced recently by Krishna.” 1% This combined metric Aq, represents the difference of moles of
component 1 (the more strongly adsorbed species) and component 2 (the less strongly adsorbed
species) adsorbed in the per kg of adsorbent in the fixed bed.

Aq =q1—q22 (5)
Y2

where g1, g2 are the molar loading (units: mol/kg) for mixture adsorption, calculated from the
IAST or breakthrough simulation. The values of Aqiast were determined from IAST calculation.
The values of Aqoreak Were determined from a rigorous material balance performed for each of the

breakthrough simulations to determine the component uptakes.
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Table S2. Summarized Az, AQiasT, AQoreak and Qbreak Values of representative porous materials for
separation of binary 50/50 C2H2/CO2 mixtures.

Separation

Separation potential based . C2H:2 adsorbed
Materials At on IAST calculation potential in the during 0-7break ref
(Agiast, mol/kg) fixed bed (gbreak, mol/kg)
’ (Agbreak, mol/kg) ’
MIL-160 304 6.00 5.02 5.82 This work
CAU-10H 77 1.56 1.40 2.16 This work
CAU-23 178 2.90 2.49 3.35 This work
UTSA-74a 214 3.41 2.99 3.47 1
FJU-90a 170 4.50 3.75 5.10 8
FeNi-M’MOF 207 3.76 3.32 3.51 12
ZJU-74 151 3.06 2.70 2.94 13
BSF-3 113 2.78 2.44 2.64 14
TIFSIX-2-Cu-i 100 2.58 2.18 3.35 14
JCM-1 145 2.43 2.12 2.87 14
MUF-17 134 2.10 1.79 3.64 14
DICRO-4-Cu-i 76 1.43 1.26 1.49 14

For comparing the performance of MIL-160 and other representative MOFs, the Aqiast and
AQpreak were all calculated for them. It is noteworthy that for all MOFs, the Agbreak in the fixed bed
adsorber is lower than the corresponding Aqiast value because of the distended nature of the
breakthroughs in the fixed bed.

The Az, Agiast and Agureak Were summarized above, which also indicate that MIL-160 has the
best separation ability. Generally speaking, the larger the capacity difference (Agbreak), the better

separation performance the material has.
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Figure S40. (a-b) Transient breakthrough simulations for the separation of C2H2/COz2 (50/50 and
90/10, v/v) gas mixtures using MIL-160, CAU-10H, and CAU-23 at 298 K and 100 kPa.

As shown in Figure S40, the binary 50/50 or 90/10 C:H2/CO2 mixtures can be effectively

separated by these three MOFs. Notably, the retention time (A7) and C2Hz productivity of MIL-160

is significantly higher than that of the other two MOFs under similar conditions (Table S2).
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Column Breakthrough Experiments

The breakthrough experiments were carried out in a self-made dynamic mixed gas
breakthrough set-up.® A stainless steel column with inner dimensions of ¢4 x 150 mm was used for
sample packing. Microcrystalline sample with particle size of 220-320 um obtained via sieving was
then packed into the column. The mixed gas flow and pressure were controlled by using a pressure
controller valve and a mass flow controller. Outlet effluent from the column was continuously
monitored using gas chromatography (GC-2014, SHIMADZU) with a thermal conductivity detector
(TCD). The column packed with activated sample was firstly purged with He flow (50 mL min™')
for 1 h at room temperature. The mixed gas flow rate during breakthrough process is 2 mL min™!
using 50/50 (v/v) C2H2/COz at room temperature (298 K). After the breakthrough experiment, the
sample was regenerated by purging the He gas flow (50 mL min™!) for 2 h at room temperature.

Based on the mass balance, the gas adsorption capacities can be determined as follows:

CV t F
q = ><J‘0 (1_E0)dt (6)

' 22.4xm

Where @i is the equilibrium adsorption capacity of gas i (mmol g?), Ci is the feed gas
concentration, V is the volumetric feed flow rate (mL min1), t is the adsorption time (min), Fo and

F are the inlet and outlet gas molar flow rates, respectively, and m is the mass of the adsorbent (g).
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Figure S41. Experimental breakthrough curves for a cycling test of the equimolar C2H2/CO2
mixture in a packed column with MIL-160 at 298 K and 1 bar.
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Figure S42. Cycling data of MIL-160 for successive C2H2 adsorption and desorption. Adsorption
capacities are expressed in terms of percentage of uptake relative to the first cycle. Adsorption (blue
circles) was collected at 298 K and 1 bar. Desorption (red circles) occurred by applying a helium
gas flow (50 standard cubic centimeters per minute) for about 2 hours at 298 K.
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Figure S43. The values of C2H2 adsorption capacity of MIL-160 in multiple breakthrough
experiments.
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Figure S44. Experimental breakthrough curves for the adsorption of equimolar C2H2/CO2 mixtures
flowing through a fixed-bed of MIL-160 at 298 K with a total gas flow of 2 mL/minute at
atmospheric pressure. After breakthrough of the C2H2 and reach up to an equimolar mixture
composition, a helium purge was applied, leading to desorption of the C2Ha.

Table S3. Comparison of C2H2/COz separation performances for some representative MOFs under
ambient condition.

C2H; uptake st
] (cm3r/)g) cO: IAS_T_ CaHz T (kJ?moI)
Materials 05 10 uptake selectivity Capture ) —  Ref
bar bar (cm®/g)  (C:H/COz2)  (mol/kg) C,H, CO»
MIL-160 172 191 90 10 6.8 298  31.8 269 This
work
SIFSIX-Cu-TPA 168 185 107 53 6.25 298  39.1 257 15
SNNU-45 114.1 134 97.4 4.5 5.67 298 40 27.1 16
ZJU-280a 95 106 71 18.1 4.1 296 50.6 388 17
FeNi-M’MOF 91 96 61 24 2.96 298 27 24.5 12
ZJU-74a 76.7 85.7 66.3 36.5 3.64 296 45 30 13
BSF-3 69.6 80.4 473 16.3 2.9 208 4277 224 14
ZJUT-2a 72 76 49 8.5 2.3 206 415 355 18
JCM-1 63.5 75 38 13.7 2.2 298  36.7 333 19
JNU-1 60.5 64 50.5 3.6 2.92 298 13 24 2
Cu'@Ui0-66-(COOH), 43 52 20 185 2.89 208 745 289 3
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In situ Infrared (IR) spectroscopy: /n-situ IR measurements were performed on a Nicolet
6700 FT-IR spectrometer using a liquid N2-cooled mercury cadmium telluride (MCT-A) detector.
The spectrometer is equipped with a vacuum cell that is placed in the main compartment with the
sample at the focal point of the infrared beam. The samples (~5 mg) were gently pressed onto KBr
pellet and placed into a cell that is connected to a vacuum line for evacuation. The samples were
activated by overnight evacuation at 150 °C, and then cooled back to room temperature for C2Hz
gas adsorption measurement.

Theoretical method for frequency calculation: MIL-160 linker was separated from the MOF
and terminated using H atoms. ab-initio calculations were performed to optimize the structure of the
linker. Vibrational frequency for the MIL-160 linker was calculated in VASP, using density
functional theory (DFT). The finite difference method was used, where each ion was displaced by
0.1 A along the coordinates and symmetry was utilized to calculate the Hessian matrix and obtain

the vibrational frequencies by diagonalizing the resulting matrix.
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Figure S45. Full IR difference spectra showing the stretching band of adsorbed C2H: inside
CAU-23 (brown line in a) and CAU-10H (green line in b) upon loading C2Hz gas at ~400 Torr,
referenced to the activated CAU-23 and CAU-10H, respectively, as represented in the bottom grey
spectra. The signal of gas phase C2Hz is subtracted.

S-28



Table S4. Summary of selected MIL-160 vibrational modes associated with FDC linker.

Assignment Position

Exp. Cal.

Summation band 1743

1as(COO0) 1602-1580

U CC) of furan ring 1514 1529
15(COC)+ Y CC)furan ring 1242 1264
1as(COC)+6(CH)ip 1224 1214
15(COC) of furan ring 1178 1193
1as(COC) of furan ring 1133 1149
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Modeling Studies

The binding sites for C2H2 and CO2 in MIL-160 were determined through classical molecular
simulations. The single X-ray crystallographic structure that was published in reference?! for the
material was used as a starting point to perform the parametrizations and simulations. All H atoms
that were originally absent in the crystal structure were manually inserted where appropriate (i.e.,
on the 2,5-furandicarboxylate linkers and bridging hydroxide groups). The resultant structures were
subject to geometry optimization, which was implemented with the CP2K program?? with the
crystallographically determined basis vectors held constant.

All atoms of the optimized structure of MIL-160 were treated with Lennard-Jones (LJ)
parameters (¢ and ©),22 point partial charges, and point polarizabilities in order to model
repulsion/dispersion, stationary electrostatic, and many-body polarization interactions, respectively.
The LJ parameters for all atoms were taken from the Universal Force Field (UFF).?* The partial
charges for the unique atoms in MIL-160 were determined through the extended charge
equilibration (EQeq) method.?> The exponential damping-type polarizability values for all C, H, and
O atoms were taken from a carefully parametrized set provided by the work of van Duijnen and
Swart.?6 The polarizability parameter for AI®* was determined by fitting a molecular polarizability
tensor to one that was obtained from quantum mechanical calculations for a fragment containing
this ion using the method described in previous work.?” The optimal polarizability value for Al
was calculated to be 2.3980 A3

Simulated annealing (SA) calculations?® were performed for a single molecule of each
adsorbate through a canonical Monte Carlo (NVT) process ina 1 x 1 x 2 supercell of MIL-160. All
MOF atoms were kept fixed at their crystallographic positions throughout the simulations. A
spherical cut-off distance of 10.48995 A, representing half the shortest supercell dimension length,
was used for the simulations. C2Hz and CO2 were modeled using polarizable potentials of the
respective adsorbates that were developed previously.?*-3° The total potential energy of the MOF—
adsorbate system was calculated through the sum of the repulsion/dispersion, stationary electrostatic,
and many-body polarization energies. These were calculated using the LJ potential,?? the Ewald
summation technique,®-32 and a Thole-Applequist type model,33- respectively. SA calculations for

each adsorbate utilized an initial temperature of 500 K, and this temperature was scaled by a factor
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of 0.99999 after every 10° Monte Carlo (MC) steps. The simulations continued until 108 MC steps
were reached; at this point, the temperature of the system is below 10 K and the adsorbate is already
localized in its energy minimum position in the MOF. All simulations were carried out using the
Massively Parallel Monte Carlo (MPMC) code.3"-38

Next, canonical Monte Carlo (CMC) simulations was performed for a single molecule of C2H»
and COgz, individually, positioned at their global minimum in MIL-160. This was done in order to
evaluate the averaged classical potential energy for all three adsorbates about their energy minimum
position in the material. The CMC simulations were performed at a temperature of 20 K and a
pressure of 1.0 atm. These simulations ran for a total of 10® MC steps to ensure reasonable
ensemble averages for the total potential energy of the system. The averaged classical potential
energies for C2Hz, and COz localized about their energy minimum position in MIL-160 are

presented in Table SS.

Table S5. Calculated averaged total potential energies (in kJ mol™") for a single C2Hz2, and CO2
molecule, individually, positioned at their global minimum in MIL-160 as determined from CMC
simulations at 20 K/1.0 atm.

MOFs Adsorbate  MOF-Adsorbate Energy (kJ mol=)

site | -37.8

C2H2  sitell -35.0

MIL-160 site 111 -35.6
site | -32.7

€Oz ~Ge i 29.7
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AE, (C,H,) = 35.0 kJ/mol AE, (C,H,) = 35.6 klimol  AE, (CO,) =29.7 kJ/mol

Figure S46. The canonical Monte Carlo (CMC) calculated adsorption configurations of (a) C2Hz
(orange = primary site, pink = secondary site, green = tertiary site) and (b) CO2 in MIL-160 (blue =
secondary site). (¢) Simulated secondary binding site of C2Hz, (d) tertiary binding site of C2Hz, and

(e) secondary binding site of CO2 in MIL-160. (The distances unit is A)

d (H-C=C-H?%..C%) =2.46 to 3.46 A

Figure S47. (a-b) Snapshot of canonical Monte Carlo runs of a saturated corridor loaded with C2Hz
illustrating favorable adsorbate-adsorbate interactions.
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An additional series of Simulated annealing (SA) calculations were performed on C:H2 and
COz in MIL-160 in the same manner described above, with the exception that a temperature scaling
factor of 0.999 was applied, in order to locate local energy minima. For C:H2, secondary and
tertiary sorption sites were found (Figures S46a, ¢, and d), while CO2 exhibited only a secondary
binding site (Figures S46b and e). The binding energies, obtained in the manner discussed above,
were found to be between 2 ~ 3 kJ/mol less than those observed at the primary binding site (Table
S5).

Further investigation of adsorption sites in MIL-160 was undertaken via examination of a
simulation cell with a single saturated column. This system was subjected to CMC simulations at
273 K. In the case of C2Haz, the three adsorption sites reported above were observed in the system.
Of particular note is that all adsorption C2H2> molecules are all roughly perpendicular to the
constricted MOF channels. This results in significant favorable adsorbate-adsorbate interaction as
the molecules stack in brick-like layering with hydrogen atoms on one C2H2 coordinating to one or
more carbon atoms on proximal neighbors (Figure S47). Approximating the QOst of the system by
taking the average intermolecular energy per adsorbate provides a value of 35.7 kJ/mol. A single
particle run under the same conditions produced an average intermolecular energy of 31.5 kJ/mol
showing that adsorbate-adsorbate interactions increase adsorption strength by 4.2 kJ/mol in a
saturated corridor. These values are in reasonable agreement with Qs derived from the experimental

adsorption isotherms (Figure S24) and explain the derivation of the increasing trend of the graph.
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Ab initio calculation method: All results were obtained by ab initio calculations performed in

VASP (Vienna Ab Initio Simulation Package) using density functional theory (DFT).3**" The
vdW-DF functional was used to take into account important van der Waals interactions.*!**> The
MOF unit cells were optimized until the force acting between atoms is below 5 meV/A, with SCF
convergence of 0.1 meV and the plane-wave energy cut-off set at 600 eV. The diffusion of guest
molecules through the MOFs was studied by determining the transition state energies using the
climbing nudged elastic band (¢(NEB) method.***** The vibrational frequency calculation was started
by separating the linker from the MOF and terminated using H atoms. Ab initio calculations were
performed to optimize the structure of the linker. Vibrational frequencies for the linker were
calculated using the finite difference method. Each ion was displaced by 0.1 A along the
coordinates and symmetry was utilized to calculate the Hessian matrix and obtain the vibrational

frequencies by diagonalizing the resulting matrix.
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Figure S48. Induced charge densities at an iso-level of 0.0002 electrons/A3 of initial, transition, and
final state configurations for (a) C2Hz and (b) COz2 diffusion along MIL-160. Yellow areas represent
a charge accumulation and blue areas a depletion upon interaction with the molecules. The
corresponding diffusion barrier energies of C2H2 and COz are also provided.

s

S-35



Table S6. Comparison of C2Hz storage performances at ambient condition for some representative MOFs.

Materials Seet Vi b (g/em?) CzH. uptake (1 bar) T (K) Ostn=0 OMS density® Storage density” Ref
(m%g)  (cm®/g) (cm3g)  (cm¥/cm?d) (kJ/mol) (mmol/g) (g/cm?)

CoMOF-74 1018 0.51 1.169 197 230 295 50.1 6.41 0.267 4
MIL-160 1138 0.428 1.117 191 213 298 31.8 0 0.247 This work
CAU-23 1320 0.528 1.074 119 128 298 26.7 0 0.148 This work

CAU-10H 680 0.294 1.159 86.4 100 298 26.2 0 0.116 This work
CPM-733-dps 1883 0.750 0.872 234 204 298 25.7 1.88 0.237 46
FJI-H8 2025 0.82 0.873 224 196 295 32.0 3.59 0.228 47
ZJU-12a 2316 0.938 0.799 239 191 298 29 3.13 0.222 48
HKUST-1 1781 0.70 0.881 201 177 295 34.0 4.96 0.205 49
NJU-Bail7 2423 0.914 0.787 222.4 176 296 38 4.03 0.204 30
SIFSIX-Cu-TPA 1330 0.52 0.924 185 171 298 39.1 0 0.198 15
MgMOF-74 927 0.607 0.909 184 167.2 296 34.0 8.24 0.194 4
SIFSIX-1-Cu 1178 0.57 0.864 190.4 164.5 298 30 0 0.191 31
ZJU-40a 2858 1.06 0.750 216 162 298 34.5 3.44 0.188 32
ZINU-54 2134 0.871 0.761 211 160 295 35.4 3.66 0.186 53

MFM-188a 2568 1.12 0.666 232 155 295 32.5 33 0.180 4

NOTT-300 1370 0.433 1.062 142 150.8 293 32 0 0.175 33
FJU-90a 1572 0.65 0.816 180 147 298 25.1 0 0.171 8
ZINU-47 2638 1.031 0.689 213 146.8 295 35.0 3.44 0.170 36

UTSA-74a 830 0.39 1.34 108 145.0 298 31.5 3.08 0.168 1

FJU-101a 1935 0.77 0.835 172.5 144 296 359 2.79 0.167 37

Cu-TDPAT 1938 0.93 0.782 178 139.2 298 30.8 3.74 0.162 58

MOF-505 1547 0.60 0.926 148 137 296 24.7 441 0.159 49
ZINU-34(NH>) 2459 0.969 0.706 193.8 136.9 298 34.2 3.68 0.159 9
SNNU-27-Fe 1570 0.876 0.74 182.4 135 298 24.1 0 0.157 60
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ZJU-5a 2823 1.074 0.679 193 131 298 35.8 3.87 0.152 61
PCN-16 2273 1.06 0.724 176 127.4 296 34.5 4.19 0.148 62
Cug(DDC)3 2410 0.98 0.757 164 1241 298 33.5 3.37 0.144 63
Cu-EBTC 1852 1.000 0.772 160 123.5 295 34.5 4.19 0.143 64
NOTT-101 2755 1.058 0.657 184 121 298 32.8 3.44 0.140 62

a2 \/p: pore volume (cm® g?)

b p: crystal density (g cm™)

¢ OMS density: The OMS density of MOFs was calculated based on the crystal structure information files, OMS = open metal site.

d Storage density: Density of adsorbed C2Hz in bulk material.
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