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ABSTRACT: Compound {(Me,NH,);[Eu,(u;-
0),(TBAPy);(H,0)¢]-12.SDMF}, (JXNU-S), constructed
from the 1,3,6,8-tetrakis(4-carboxylphenyl)pyrene (TBAPy*")
ligand and one-dimensional (1D) europium carboxylate rods, is
presented. JXNU-S has a three-dimensional framework with 1D
channels. The strong coordination bonds between Eu™ ions
with high charge densities and carboxylate O atoms as well as
strong 7---7-stacking interactions between pyrenes lead to a
water-resistant JXNU-S, which was verified by powder X-ray
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diffraction and surface area measurements. The breakthrough simulations and experiments demonstrate that an efficient C,H,/
CO, (50/50 mixture) gas separation at ambient conditions was achieved with JXNU-S. The calculation results show that the
dominating interactions between the absorbed C,H, molecules and host framework are hydrogen bonds associated with the
carboxylate O atoms exposed on the pores. Thus, an elegant example of a water-stable metal—organic framework for effective

C,H,/CO, separation is demonstrated.

B INTRODUCTION

Acetylene (C,H,) is the simplest alkyne and an important raw
chemical for the preparation of a variety of fine chemicals
including plastic, methyl acrylate, and vinyl derivatives, as well
as electronic materials." In addition, C,H, is an important gas
fuel for the production of oxyacetylene flame, which is widely
used for welding and metal cutting. C,H, is generated
primarily by the oxidative coupling of methane in industry.”
As a result, carbon dioxide (CO,) is one of the byproducts in
the process of oxidative coupling of methane to produce C,H,.
Therefore, C,H,/CO, separation is an important industrial
separation but a significant challenge because of the
physicochemical similarities of C,H, and CO,. C,H, and
CO, both have linear molecular shapes (3.32 X 3.34 X 5.7 and
3.18 X 3.33 X 5.36 A® for C,H, and CO,, respectively) and
similar boiling points [189.3 K (C,H,) and 194.7 K (CO,)]?

Adsorption-based separation by porous solid materials is
recognized as an energy-efficient and promising approach for
industrial separation. As an important type of crystalline
porous solid material, metal—organic frameworks (MOFs) are
extensively investigated with respect to gas storage/separa-
tion,* catalysis,5 proton conduction,’ and drug delivery.7
However, in view of their similarities, C,H,/CO, separations
are only realized for a few MOFs.” Even so, claims of C,H,/
CO, separation performance for most MOFs are solely
supported by their single-component adsorption data. The
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breakthrough experiments based on a binary mixture,” which
provides the actual separation performance of porous
materials, are absent for most MOFs.

On the other hand, water or moisture is usually in the
presence of an industrial process. Water-stable MOFs are
desirable for industrial gas separations. Unfortunately, lots of
MOFs lose their porosities upon exposure to water or
moisture, which has limited their practical applications. For
MOFs with crystalline structures and porosity, their water
stability is usually verified by powder X-ray diffraction (PXRD)
and surface area measurements. However, claims of water
stability of a large number of MOFs are solely evidenced by
their PXRD patterns. 1,3,6,8-Tetrakis(4-carboxylphenyl)-
pyrene (H,-TBAPy), with a central pyrene skeleton
surrounded by four benzoate moieties, is expected to be an
appropriate ligand for the construction of MOFs. The
carboxylate O atoms and extensive 7 systems of the TBAPy-
based MOFs may provide the preferential binding sites for the
acidic H atoms of the C,H, molecule, leading to promising
candidates for C,H,/CO, separation. Herein, a three-dimen-
sional (3D) structure, {(Me,NH,);[Eu,(p;-
0),(TBAPy);(H,0)]-12.5SDMF}, (JXNU-5), constructed
from the TBAPy*~ ligand and the infinite one-dimensional
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(1D) europium carboxylate rods based on the linear trinuclear
Eu;(COO); clusters and planar tetranuclear Eu,(y;-O),
clusters was synthesized and characterized. JXNU-S§ shows a
high water stability, as evidenced by the PXRD and surface
area measurements. The detailed gas sorption experiments,
including breakthrough simulations and experiments, demon-
strate that JXNU-S exhibits efficient C,H,/CO, separation
performance.

B EXPERIMENTAL SECTION

Gas Adsorption Measurements. N, (99.999%), C,H,
(99.999%), and CO, (99.999%) gases are used in the gas adsorption
measurements. Gas adsorption was carried out in a Micromeritics
ASAP2020 HD88 surface area analyzer. The as-prepared samples
were exchanged with ethanol for 10 days. The exchanged samples
were filtered and vacuumed at 25 °C for 4 h and then vacuumed
under high vacuum at 85 °C for 28 h to give the guest-free framework
(JXNU-5a).

Ideal Adsorbed Solution Theory (IAST) Calculations of the
Adsorption Selectivity and Isosteric Heat of Adsorption. The
IAST was applied to calculate the adsorption selectivity based on the
experimental isotherm data of pure C,H, and CO, fitted using a dual-
site Langmuir model.'® The adsorption selectivity for a binary mixture
of components A and B is defined by
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where g; represents the molar loading (mol kg™') at the adsorbed
equilibrium of component i. y; is the mole fraction in a bulk fluid
mixture.

The isosteric heat of adsorption (Q,,) was calculated using the virial
method"" from fits of the adsorption isotherms at 273 and 298 K.

Breakthrough Simulations. The previous simulation method-
ology for transient breakthrough simulation was used here.'” In the
breakthrough simulations, the total bulk gas phase is 100 kPa and the
temperature is 298 K. The partial pressures of both C,H, and CO, are
50 kPa in the inlet feed gas mixture. The parameters for the
breakthrough simulations are described in the Supporting Informa-
tion. During a certain time interval, Ay, pure CO, (>99.95%) can
be recovered in the gas phase.

Breakthrough Separation Experiments. The breakthrough
separation experiments were measured on a homemade apparatus'
for a 50/50 (v/v) C,H,/CO, mixture at 298 K and 1 atm. A stainless-
steel column with a length of 120 mm and an inner diameter of 3 mm
was used. A 0.46 g sample was packed into the adsorption column.
Outlet gas from the column was monitored using a mass spectrometer
(OmniStar, GSD 320 Ol, Pfeiffer Vacuum) with a C-SEM/
Faraday(M) detector (detection limit <50 ppm).

Synthesis of {(Me,NH,);[Eu;(us-0),(TBAPy)5(H,0)s]"
12.5DMF}, (JXNU-5). Eu(NO;);-6H,0 (12 mg, 0.027 mmol),
1,3,6,8-tetrakis(p-benzoic acid)pyrene (17.2 mg, 0.025 mmol), 2-
fluorobenzoic acid (17.5 mg, 0.125 mmol), and 0.3 mL of HNO; (3.5
M) were mixed with 3 mL of water and 3 mL of N,N-
dimethylformamide (DMF), which was stirred at 30 °C for 0.5 h.
The resulting mixture was transferred into a Parr Teflon-lined
stainless-steel vessel, which was sealed and heated at 140 °C for 72 h.
The pale-yellow crystals were washed with DMF to give JXNU-5.
Yield: 13.2% based on Eu(NO,;);-6H,0. Anal. Calcd for JXNU-$§
(5648.98): C, 56.02; N, 3.84; H, 4.16. Found: C, 56.11; N, 3.76; H,
4.11. IR spectrum (cm™): 3412 (w), 1660 (s), 1604 (s), 1585 (s),
1530 (s), 1413 (s), 1179 (w), 1101 (w), 1007 (w), 856 (w), 834 (w),
815 (w), 788 (m), 771 (w), 716 (m), 661 (w), 643 (w), 542 (w), 443
(w).

Structure Determination. X-ray diffraction data were collected
on a Rigaku Oxford SuperNova diffractometer with Mo Ka radiation
(4 = 0.71073 A) and an EOS detector. Absorption correction and
data reduction were conducted with the CrysAlisPro package.'* The
structure solution and refinement were established by SHELXT"® and
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SHELXTL.'® All atoms except for H atoms were refined with
anisotropic thermal parameters. H atoms attached to C atoms were
placed geometrically. Water H atoms are not located. Removal of the
scattering of the disordered Me,NH, cations and guest DMF
molecules using the SQUEEZE tool of PLATON leads to a new set
of solvent-free 1kl reflections.'” Table 1 lists the final refinement data.
It should be noted that the Me,NH, and guest DMF molecules are
not included in the formula in the refinement data.

Table 1. Crystallographic Data for JXNU-5“

formula Cyy0H122Eu;048

fw 4596.89

temp (K) 293(2)

cryst syst triclinic

space group P1

V4 1

a (A) 15.9745(8)

b (A) 16.4434(6)

c (A) 23.8952(11)

a (deg) 99.146(3)

B (deg) 108.266(4)

v (deg) 90.310(3)

vV (A3%) 5874.4(5)

Dy (g cm™) 1.299

u (mm™) 1.906

no. of reflns collected 65115

indep reflns 23968

obsd reflns [I > 26(I)] 17988

F(000) 2267

Ry 0.0530

R, [I > 20(D)] 0.0596

wR, (all data) 0.1516

CCDC 1891457
“R, = YIF| — IFI/YIF| and wR, = {Z[W(FDZ - E2»)?Y/
SIw(E)TH

B RESULTS AND DISCUSSION

Crystal Structure. JXNU-S has a 3D framework based on
1D europium carboxylate rods featuring 1D channels. The
Eu™ ions display different coordination geometries with
coordination numbers of 8, 9, and 10. The Eul ion is located
in an inversion center and 10-coordinated to 10 carboxylate O
atoms from 6 TBAPy*™ ligands (Figure S1). The Eu2 ion is
nine-coordinated to eight carboxylate O atoms from six
TBAPy*~ ligands and one water molecule. Eu3 and Eu4 both
have a coordination number of 8 but exhibit different
coordination environments. The Eu3 ion is coordinated to
seven carboxylate O atoms from six TBAPy*~ ligands and one
#5-O atom (Figure S1), while the Eu4 ion is eight-coordinated
by four carboxylate O atoms from four TBAPy*~ ligands, two
U5-O atoms, and two water O atoms. The Eu—O bond
distances vary from 2.322(4) to 2.894(5) A (Table S1). As
shown in Figure 1a, the Eul, Eu2, and Eu2C atoms are bridged
by the carboxylate groups to give a centrosymmetric linear
trinuclear Euy(COO)g cluster with a Eul---Eu2 separation of
4.04 A. Four Eu atoms (Eu3, Eu3J, Eu4, and Eu4]) are linked
by a pair of u;-O atoms to generate a centrosymmetric
tetranuclear Bu,(u;-0),(COO)j; cluster, wherein the four Eu--
Eu edges are spanned by carboxylate groups. It was found that
the four Eu atoms and two y;-O atoms are coplanar (Figure
1b), which is unusual because the two p3-O atoms usually
serve as the capping atoms located above and below Ln, (Ln =
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Figure 1. (a) Linear trinuclear cluster, (b) planar tetranuclear cluster, (c) 1D europium carboxylate rod, (d) organic ligand, and (e) 3D framework
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Figure 2. N, adsorption curves at 77 K for the as-synthesized JXNU-
5a (close circles) and JXNU-5a after being immersed in water for 10
days (open squares).

lanthanide) square in the reported Ln,(u;-O), units.'® The
Eu3---Eu4, Eu3--Eu4J, and Eu4---Eu4] separations in the
Eu,(u5-0), cluster are 4.29, 3.98, and 3.96 A, respectively. As
depicted in Figure lc, the linear trinuclear Euy(COO)¢ and
tetranuclear Eu,(¢3-0),(COO);s clusters are bridged by
carboxylate groups to generate a 1D europium carboxylate

Total gas pressure, P (kPa)

Figure 4. IAST calculations of the adsorption selectivities for a 50/50
C,H,/CO, mixture at 298 K for MOFs.

rod extending to the ¢ axis. The trinuclear Eu;(COO)4 and
tetranuclear Eu,(p;-0),(COO)g clusters are alternately
arranged in the 1D rod (Figure 1c). The 1D rodlike lanthanide
carboxylates are commonly observed in the lanthanide
compounds.'” However, such a lanthanide carboxylate rod
constructed from two types of different clusters are rarely
observed. The three crystallographically independent TBAPy*~
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Figure 3. (a) C,H, and CO, adsorption isotherms of JXNU-5a (adsorption, close circles; desorption, open circles). (b) C,H, and CO, adsorption
curves for JXNU-5a (circles) and JXNU-5a treated with water for 10 days (squares).
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Figure S. Simulated transient breakthrough curves for a 50/50 C,H,/
CO, mixture at 100 kPa for JXNU-5a (C,/C, = outlet concentration/
feed concentration).
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Figure 6. Experimental breakthrough curves for a 50/50 C,H,/CO,
mixture for JXNU-5a at 298 K and 1 atm.

ligands adopt three coordination modes bridging seven or
eight metal ions (Figure S2). As depicted in Figure le, each
TBAPy*~ ligand bridges four 1D europium carboxylate rods
and links the 1D rods to give a 3D framework featuring 1D
channels with an irregular aperture propagating along the ¢
axis. The disordered DMF solvent molecules fill the channels
and account for 31.2% of the volume of the unit cell.'” The

phase purity of the bulk materials was confirmed by PXRD
(Figure S3). The results of thermogravimetric analysis (TGA)
of JXNU-S show that the first weight loss occurred from 30 to
330 °C (Figure S4), which is the loss of all guest molecules and
coordinated water molecules (weight loss: measured, 20.58%;
theoretical, 20.51%). The TGA curve of the ethanol-exchanged
JXNU-§ sample indicates that the guest molecules can be
removed from the framework below 90 °C. Thus, the ethanol-
exchanged JXNU-S5 sample was evacuated under dynamic
vacuum to give the activated sample of JXNU-5a.

Gas Adsorption Properties. The N, adsorption isotherm
at 77 K for JXNU-Sa shows a type I isotherm (Figures 2 and
SS), indicating a microporous nature of the material. JXNU-5a
takes up N, sharply at P/P° < 0.01 with a saturate amount of
141.5 cm® (STP) g™* at 1 atm. The Brunauer—Emmett—Teller
(BET) and Langmuir surface areas are 406 and 591 m” g™
derived from the N, adsorption isotherm. The total pore
volume of 0.22 cm’ g~' obtained from the N, adsorption
experiment is close to the calculated one (0.24 cm® g™!) from
the crystal data. By analysis of the N, adsorption isotherm
using the nonlocal density functional theory (NLDFT) model
to give the narrow distribution of the micropores at 4.6 and 6.7
A (Figure SS, inset). The PXRD patterns of the sample after
adsorption and the pristine one are well-matched, indicating
that the 3D framework is maintained during the adsorption
process (Figure S3).

The porous nature of JXNU-5a encourages us to investigate
its potential application in gas separation. The C,H, and CO,
adsorption isotherms have been collected on JXNU-5a at 273
and 298 K (Figures 3 and S6). Interestingly, JXNU-Sa shows
much different adsorption amounts for C,H, and CO,,
indicating its potential for C,H,/CO, separation. At 273 K,
the C,H, and CO, adsorption amounts for JXNU-5a under 1
atm are 70.3 and 54.6 cm® g™, respectively. JXNU-5a takes up
55.9 and 34.8 cm® ¢! of C,H, and CO, at 298 K and 1 atm
(Figure 3a). The C,H,/CO, uptake ratio of 1.61 for JXNU-5a
at 298 K is higher than those of Zn-MOF-74 (1.02 at 295 K),*°
FJU-22a (1.03 at 296 K),”® NKMOF-1-Ni (1.19 at 298 K),”
and UTSA-74a (1.52 at 298 K).*' It is worth noting that the
amount of absorbed C,H, for JXNU-5a increases rapidly at
low pressure, while CO, uptake nearly increases linearly with
the pressure in the test pressure region (Figure 3). Such

Figure 7. Favorable binding sites for C,H, adsorption in JXNU-5a.
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different adsorption behaviors for C,H, and CO, enable
JXNU-5a to be a desirable material for C,H,/CO, separation.
In view of the 3D structure (Figure le), plenty of carboxylate
O atoms of the 1D europium carboxylate rods are exposed on
the pore wall, which are desirable sites for the acidic H atoms
of C,H, molecules but are unfavorable sites for CO, molecules
with two electronegative O atoms. Such a structural feature is
favorable for C,H,/CO, separation.

To explore the feasibility of C,H,/CO, separation for
JXNU-5a, the IAST calculation provided by Myers and
Prausnitz'® was conducted on the equimolar C,H,/CO,
mixture. As depicted in Figure 4, at ambient pressure (100
kPa), the calculated adsorption selectivity (S,4,) for JXNU-5a
is larger than those of Z_]U-6Oa,22 PCP-33,”® and Zn-MOEF-
74, while at low pressure, S, ; of JXNU-5a still exceeds those
of PCP-33 and Zn-MOF-74 but is only slightly lower than that
of ZJU-60a. Although HOF-3a displays the highest S 4 value
among all of these MOFs,** its C,H,/CO, separation
performance is significantly hampered by its very small BET
surface area (165 m*> g™') and low C,H, (47 cm® g™!) and CO,
(21 ecm® g™') sorption capacities. The isosteric heat of
adsorption Q,, at zero coverage fitted from the adsorption
isotherms at 273 and 298 K are 32.9 and 25.2 kJ mol™" for
C,H, and CO,, respectively (Figures S7 and S8), which are
comparable with those of UTSA-74a.”'

Water Stability. To check the water stability, the freshly
as-synthesized samples of JXNU-5 were filtered and washed
with DMF three times and then soaked in distilled water. After
immersion in water for 10 days, the samples were filtered and
dried under ambient conditions. The PXRD pattern of the
sample treated with water is depicted in Figure S3, which
shows that the diffraction peaks of the sample treated with
water match well with those of the pristine sample. Thus, the
JXNU-S material can maintain the crystallinity and structural
integrity in aqueous solution. Furthermore, N, adsorption data
at 77 K for the sample treated with water for 10 days were
collected. The N, sorption curves of the pristine and water-
treated samples overlap at the low-pressure region and display
a slight disparity at high pressure (Figure 2), demonstrating
JXNU-S with retention of the porosity after exposure to water.
As shown in Figure 2, the saturated N, uptake for the water-
treated sample is 154.3 cm® (STP) g~', which is slightly higher
than that of the as-synthesized sample. The BET surface area
of 425 m” g~' for the water-treated sample is larger than that of
the as-synthesized sample. Although the whole structural
integrity and crystallinity of the compound after soaking in
water were retained, few defects in the structure were
generated. Such defects in the structure enhance the porosity,
which is responsible for the larger N, uptake and surface area.
Finally, the C,H, and CO, adsorption data at 298 K for the
samples soaked in water for 10 days were further measured. A
slight difference was observed in the C,H, and CO, adsorption
curves for the as-synthesized and water-treated samples (Figure
3b). These results reveal that the gas adsorption performance
of JXNU-5a was maintained after exposure to water.

Careful examination of the structure showed that the strong
face-to-face 7+ interactions between the central pyrenes in an
offset fashion are observed in JXNU-$§ (Figure S9). Moreover,
the coordination bonds between the trivalent Eu™ ions with
high charge densities and carboxylate O atoms are much
stronger than the coordination bonds between the divalent
metal jons and carboxylate O atoms. Thus, the robust
coordination bonds between the Ln ions and carboxylate O
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atoms and strong #---7-stacking interactions between -
conjugated pyrenes account for the water-resistant ability of
JXNU-S.

C,H,/CO, Separation. To evaluate the C,H,/CO,
separation performance of JXNU-Sa, transient breakthrough
simulation was carried out using the established methodology
by Krishna.'” An equimolar C,H,/CO, mixture with a total
pressure of 100 kPa was fed to a adsorption bed packed with
the JXNU-Sa sample at 298 K. As shown in Figure 5, CO,
elutes first from the adsorption bed to give an effluent gas
containing pure CO, until C,H, starts to break through at a
breakthrough time, 7y, Tyrear is defined as the time at which
the concentration of C,H, in the outlet gas is less than 500
ppm. For JXNU-5a, the 7, value is 153, which leads to 1.54
mol L' of purified CO, (containing <500 ppm of C,H,)
before the time 7y, Such a result indicates that a clean C,H,/
CO, separation can be realized at room temperature by the
material of JXNU-Sa (Figure 5).

The actual C,H,/CO, separation performance of JXNU-5a
was established by the dynamic gas breakthrough experiments
at 298 K and 1 atm with a 2 mL min™" flow rate of a 50/50 (v/
v) C,H,/CO, mixture. As depicted in Figure 6, CO, eluted
through the packed column with the JXNU-5a solid first. C,H,
breakthrough occurred at 14.0 min g~'. The C,H, break-
through time toward C,H,/CO, of JXNU-3a is shorter than
the value of 19.1 min g~ for FJU-22a"" and 35.1 min g ! for
NKMOF-1-Ni’® but longer than those of ZJU-196a (9.1 min
g_l)gd and UTSA-300a (12 min g_l).25 It is notable that the
concentration of C,H, is below 50 ppm for the CO, outlet
effluent before C,H, breakthrough. The amount of captured
C,H, by the JXNU-5a material was calculated to be 726 mmol
L™ during the breakthrough process. Apparently, a complete
separation of the C,H,/CO, mixtures was established with the
JXNU-5a material. From the experimental breakthrough
curves, the separation factor @ = quyp/qya’’ is determined
to be 9.9 for an equimolar C,H,/CO, mixture. The separation
factor of JXNU-5a is larger than those of FJU-89a (3.0),%
HOF-3a (2.0),** and FJU-22a (1.9)°" but lower than the value
of 20.1 for UTSA-74a’' and 13 for DICRO-4-Ni+i.*’
Furthermore, the recycling experiments showed that the first-
and second-cycle breakthrough curves are well-matched
(Figure S10), indicating a good recyclability for C,H,/CO,
separation. Thus, JXNU-5a exhibits a highly efficient
separation performance toward the challenging C,H,/CO,
mixture.

Finally, we performed grand canonical Monte Carlo
(GCMC) simulations and dispersion-corrected density func-
tional theory (DFT-D) calculations for understanding the
adsorption behaviors of C,H, and CO, in JXNU-5a. The
calculated results show that the preferential adsorption sites for
C,H, and CO, are located at the channels nearby the 1D
europium carboxylate rods. A C,H, molecule forms strong
hydrogen bonds with carboxylate O atoms with H---O
distances of 2.58 and 2.65 A (Figure 7). In addition, a weak
M-z interaction between the open metal site (M) and the
C,H, molecule is also observed, while CO, only forms a weak
interaction between the electronegative O atom and positively
charged open metal site (Figure S11). Such distinct
interactions between guest molecules and the host framework
lead to an excellent C,H,/CO, separation performance.
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B CONCLUSIONS

In summary, an europium carboxylate framework of JXNU-§
with a large central pyrene skeleton ligand has been presented.
JXNU-5 with a porous structure shows a high water stability.
An excellent C,H,/CO, separation performance for JXNU-5a
has been established by both breakthrough simulations and
experiments. The adsorbed C,H, molecules were found to
have interacted with the carboxylate O atoms of JXNU-Sa
through hydrogen bonds, while CO, molecules interact loosely
with the framework of JXNU-Sa through electrostatic dipole
interactions. Thus, we demonstrate an elegant example of a
water-resistant MOF for effective C,H,/CO, separation.
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Experimental Section

Chemicals. All chemicals were purchased commercially.

Physical Measurements. FT-IR spectrum was recorded from KBr disc on a Perkin-Elmer Spectrum
One FT-IR spectrometer ranging from 400 to 4000 cm™. Thermogravimetric analyses were performed
under a nitrogen atmosphere with a heating rate of 10 <T/min using a PE Diamond thermogravimetric
analyser. Powder X-ray diffraction analyses were performed on a Rigaku Dmax2500 diffractometer
with Cu-Ka radiation (A = 1.5418 A).

Ideal adsorbed solution theory (IAST) calculations of adsorption selectivity and isosteric heat of
adsorption. The IAST was used to predict mixed gas behavior from experimentally measured single-
component isotherms.! The experimentally measured loadings for C2H; and CO- at 298 K in JXNU-

5a were fitted with the dual-site Langmuir isotherm model.

S1



Where p (unit: kPa) is the pressure of the bulk gas at equilibrium with the adsorbed phase, g (unit: mol
kg ) is the adsorbed amount per mass of adsorbent, gasat and gg sat (Unit: mmol g 1) are the saturation
capacities of two different sites, ba and bg (unit: 1/kPa) are the affinity coefficients of these sites. The

Langmuir parameters for each site is temperature-dependent.

E E
bA = bAO EXp (R_.?j; bb = bBO EXP (R_-T_j

The fitting parameters of dual-site Langmuir isotherm model are provided in Table S2. The adsorption

selectivity for binary mixture (A and B) using the Langmuir fitting parameters is defined by

S — qA/qB
ads
YalYs

(where the ga and gg represent the molar loadings (mol kg2). The ya and ys (ys = 1 — ya) are the mole
fractions in a bulk fluid mixture.).

The isosteric heat of adsorption, Qs is defined as

olnp
=RT?| ——
Qu ( ot jq

The C2H2 and CO- adsorption data were fitted using a Virial-type expression (Figure S7).2 Then the

Qst values for C2H2 and CO> are calculated based on the fitting parameters with the above expression.

Transient breakthrough simulations. The performance of industrial fixed bed adsorber is dictated
by a combination of adsorption selectivity and uptake capacity. We perform transient breakthrough
simulations using the simulation methodology described in the literature.>* 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 transient breakthrough

tu
r=

simulation results are presented in terms of a dimensionless time, 7, defined as el

During the initial transience, the effluent gas contains pure CO> and this continues until CoH; starts

breaking through because its uptake capacity in the MOF has been reached.
During a certain time interval, A7, pure CO2 can be recovered in the gas phase. We set the purity
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of CO2 t0 99.95%. The MOFs are all compared on the basis of the moles of 99.95% pure CO> produced
per L of adsorbent material.

Breakthrough experiments. The breakthrough separation experiments were measured on a
homemade apparatus for C2H2/CO (v/v = 50/50) mixture at 298 K and 1 atm. The stainless steel
column with a length of 120 mm and an inner diameter of 3 mm was used. 0.46 g sample was packed
into the adsorption column. The column was placed in a temperature-controlled environment (298 K).
The mixed gas flow rate during the breakthrough process is 2 mL min™ of a C;H2/CO> (v:v =50:50) at
1 atm. Outlet gas from the column was monitored using a mass spectrometer (OmniStar, GSD 320 O1,
Pfeiffer vacuum) with a C-SEM/Faraday(M) detector (detection limit < 50 ppm). From the
experimental breakthrough curves, the separation factor defined by a = (gays)/ (Jsya),” can be
determined (g is the equilibrium adsorption capacity of gas i (mmol g?) and y; is the molar fraction

of gas i (i = A, B) in the gas mixture). On the basis of the mass balance, the gas adsorption capacity

5

-G X t(l F)dt
M= 22axm”™ ), " TR

(gi) can be determined as follows:

Where g is the equilibrium adsorption capacity of gas i (mmol g1), Ci is the feed gas concentration,
V is the volumetric feed flow rate (cm® min™), 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).

Sample information in breakthrough experiment:

Length of adsorption bed: L =120 mm
Inner diameter of adsorption bed: ¢ =3 mm
Total flow: 2 mL/min
Temperature: 298 K

Total pressure: 1 atm
weight of MOF sample 0.46 ¢

Grand canonical Monte Carlo (GCMC) simulation and Density Functional Theory (DFT)
Calculation. All the GCMC simulation was performed using the Materials Studio 5.5 package. The
adsorption sites of CoH» and CO; at 298 K were obtained from GCMC simulations through the fixed
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loading task in the Sorption module. The host framework and the guest molecules were both regarded
as rigid. The simulation box consisted of eight unit cell and the Metropolis method based on the
universal forcefield (UFF) was used. The Qeq derived charges and the ESP charges derived by DFT
were employed to the host framework and guest atoms, respectively. The cutoff radius was chosen as
15.5 A for the Lennard-Jones (LJ) potential, and the equilibration steps and production steps were both
setas 5 x10°. We first optimized the IJXNU-5a structure using the DFT method with periodic boundary.
The widely used generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional and the double numerical plus d-functions (DND) basis set were used. An accurate DFT
Semi-core Pseudopots (DSPP) was employed for the metal atoms. For all the DFT calculations, the
energy, gradient and displacement convergence criterions were set as 1 x107° Ha, 2 x107% Aand 5 x

1072 A respectively.
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Figure S1. The coordination environments of the Eu(l11) ions in IXNU-5.(Symmetry codes: A x — 1,
y,z;B2-x,1-y,2-72;C1-x,1-y,2-7z;Dx-1,1+y,2;Ex,1+y,2;F2-%x,2-vy,2-7;G 1
+X,y-1zH1+xvy,z1Ixy-1,2J1-x1-y,1-2;K-x,2-y,1-7z;L1-x,2-y,1-2)

Figure S2. Schematic view of the coordination modes of the organic ligands in JXNU-5.
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Figure S3. PXRD patterns for JXNU-5.
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Figure S4. TGA curves.
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Figure S5. N2 adsorption isotherm and pore-size distribution of JXNU-5a.
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Figure S6. CoH, and CO; adsorption isotherms of JXNU-5a at 273 K.(Adsorption and desorption

branches are represented as closed and open symbols, respectively).
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Figure S7. The Virial fits of C2H2 and CO> isortherms for JXNU-5a.
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Figure S8. The Qst of C2H2 and CO» adsorption for JXNU-5a.

Figure S9. View of the n---m interactions in JXNU-5.
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Figure S10. Cycling column breakthrough curves for CoH2/CO: separation (50/50, v/v) with IXNU-

ba at 298 K and 1 atm.

Figure S11. DFT-D-calculated the preferential binding sites for CO2 adsorption in IXNU-5a.
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Table S1. Selected Bond Lengths (A) of JXNU-5.

Eul-O4A“

Eul-04B

Eul-020A

Eul-020B

Eul-0O18

Eul-018C

Eul-O19A

Eul-O19B

Eul-017

Eul-017C

Eu2-017

Eu2-0O7E

“symmetry Codes, A:x—1,y,z;B:2—x,1—-y,2—2z;C: 1 —x,1 —y,2—z; D:x—1,1+y,z;
Ex,1+y,z;F:2-x2-y,2-zG: 1+x,y—1L,zzH: 1 +x,y,z; Lx,y—1,z;J: 1 —x,1—},
l-zzKi—x,2-y,1—-z;L: 1 —x,2—yp, 1 —z.

2.353(5)
2.353(5)
2.454(6)
2.454(6)
2.455(5)
2.455(5)
2.784(7)
2.784(7)
2.821(5)
2.821(5)
2.352(5)

2.373(4)

Eu2-02

Eu2-03A

Eu2—-06D

Eu2-0O19A

Eu2-01W

Eu2-05D

Eu2-04A

Eu3-09

Eu3-O11H

Eu3—0O8E

Eu3—0l1

Eu3-021

2.398(5)
2.399(4)
2.440(6)
2.483(6)
2.492(5)
2.528(5)
2.894(5)
2.338(5)
2.343(5)
2.345(5)
2.353(4)

2.383(4)

Eu3-015I

Eu3-013G

Eu3-014G

Eu4-021

Eu4-010

Eu4-0O16L

Eu4-012J

Eu4-021J

Eu4-0O3W

Eu4-014K

Eu4—-02W

2.397(5)
2.457(5)
2.568(5)
2.322(4)
2.326(6)
2.335(6)
2.349(6)
2.384(4)
2.441(6)
2.450(5)

2.465(7)

Table S2. Dual-site Langmuir fit parameters for CoHz, and CO; in JXNU-5a.

4 A sat bao (B, sat bgo
mol kg pa-1 mol kg! pg-l
CoHy 1.7 1.64E-11 2.1 1.28E-10
CO2 1.5 1.09E-12 2.5 6.22E-10
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