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ABSTRACT: Porous coordination polymers (PCPs), con-
structed by bridging the metals or clusters and organic linkers,
can provide a functional pore environment for gas storage and
separation. But the rational design for identifying PCPs with
high efficiency and low energy cost remains a challenge. Here,
we demonstrate a new PCP, [(Cu,Cl)(BTBA); (CH;),NH,)-
(H,0)1,]-«Guest (PCP-33Dguest), which shows high poten-
tial for purification of natural gas, separation of C,H,/CO,
mixtures, and selective removal of C,H, from C,H,/C,H,
mixtures at ambient temperature. The lower binding energy of
the framework toward these light hydrocarbons indicates the
reduced net costs for material regeneration, and meanwhile,
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the good water and chemical stability of it, in particular at pH = 2 and 60 °C, shows high potential usage under some harsh
conditions. In addition, the adsorption process and effective site for separation was unravelled by in situ infrared spectroscopy

studies.

B INTRODUCTION

Due to the energy crisis and environmental concerns, the
efficient storage and separation of C1 and C2 hydrocarbons
(CH,, C,H,, C,H,, and C,Hy) have attracted a great deal of
research interest. This is because CH, with high heat of
combustion (55.7 kJ/g) is poised to become one of the most
important energy sources in the future.! Acetylene and ethylene
are widely used as feedstocks in industrial reactions of
polymerization, oxidation, alkylation, hydration, oligomeriza-
tion, and hydroformylation.”® To produce ethylene, acetylene
as the byproduct from the steam cracking of ethane shows
deleterious effect to the polyethylene reaction, and also it is
well-known to be a highly reactive molecule: it cannot be
compressed above 0.2 MPa or it explodes without oxygen, even
at room temperature. Furthermore, the separation of C,H,/
CO, mixtures is important in industry for production of pure
C,H,, which is required for a variety of applications in the
petrochemical and electronic industries. The C,H,/CO,
separation is particularly challenging in view of the similarity
of the molecular dimensions and boiling points.* Thus, the
challenges we now face are becoming more practical in nature,
that is, how to design and synthesize the safe and effective
materials for economic separation.s_7

In order to fully utilize these light hydrocarbons, the
separations are generally done by cryogenic distillation, which
entails high danger and large energy costs. Recently, in contrast
with carbon tube® and zeolites,” a new class of porous materials,
porous coordination polymers (PCPs) also called metal—
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organic frameworks (MOFS),4'10_21 demonstrate significant
promise for such task, since their easy tailorability could lead to
higher surface and functional pore environments for different
recognition abilities of each component.”>*® Thus, with great
versatility of their structures and pore surface nature, PCP
materials have been considered as the most promising
candidates for such separations.

Generally, the optimal candidate of PCP materials for gas
separation should satisfy at least four important factors:*’~>°
(1) high separation selectivity; (2) high separation capacity; (3)
good water and chemical stability; (4) low binding energy.
Although recent studies showed that some of the strategies,
such as immobilizing the strong recognition sites for higher gas
selectivity,”' > improving the pore volume for higher gas
capacity,”* and enhancing the coordination strength for stable
framework,***°7%” worked very well in each aspect, the
disadvantages of these strategies are also very obvious. For
example, the net energy cost for the regeneration process will
be increased in frameworks with high binding energies (50—90
kJ/ mol), but much lower binding energy will result in lower
selectivity.”> In many cases, the modified frameworks are very
sensitive to water and offer significantly reduced pore volume.
There is a need to optimize the required characteristics and
integrate all of these into one PCP framework. Our objective is
the construction of porous coordination polymers for a variety
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Figure 1. Structure of PCP-33: (a) molecular structure of well designed C,, symmetric ligand (H;BTBA); (b) the square-planar Cu,Cl cluster
surrounded by six tetrazolate and two carboxylate groups; (c, d) the view of two kinds of cages in PCP-33; (e) the packing view of the 3,8-connected

three-dimensional framework derived from the structure of PCP-33.

of applications.”” >>** Recently, we reported two water and
chemical stable frameworks for selective capture of CO,. The
high coordination number of the La** atom and well-packed
organic walls provide the increased bond energy and hydro-
phobic environment for a water-resistant framework. However,
the heats of adsorption are too low to achieve higher
performance for gas separation. In order to further optimize
the function of the candidate material, herein, we demonstrate a
PCP based on a new C,, symmetric ligand (3,5-bis(2H-tetrazol-
S-yl)-benzoic acid, H;BTBA) with heterocoordination groups
(Figure 1a). The generated PCP, with suitable pore size
distributions and exposed open metal sites, exhibits promising
characteristics of high separation capacity and high selectivity of
light hydrocarbons at room temperature. In addition, the lower
binding energy of the framework toward these light hydro-
carbons indicates the reduced net costs for material
regeneration, and meanwhile, the good water and chemical
stability of it shows high potential for usage under some harsh
conditions. Furthermore, the adsorption process and adsorp-
tion site for separation was well revealed by using an in situ
infrared spectroscopy study. Thus, PCP-33 is one of the
promising candidates that possess good performance character-
istics natural gas purification.

B EXPERIMENTAL SECTION

General procedures for the experiments, ligand synthesis, and
simulations can be found in the Supporting Information.

Synthesis and Structure of PCP-33. For synthesis of [(Cu,Cl)-
(BTBA)4-(CH,),NH,)-(H,0),]-xGuest, (PCP-33-xGuest), copper-
(II) chloride (10 mg), H;BTBA (6 mg), and HCI (30 yL) were mixed
with 2 mL of DMF/H,0 (5:1) in a 4 mL glass container, and the
container was tightly capped with a Teflon vial, and the mixture was
heated at 65 °C for 2 days. After cooling to room temperature, the
resulting green polyhedral crystals were harvested with high yield (65%
based on ligand) and washed by DMF.

Solvothermal reaction of CuCl,-2H,0 with H;BTBA in DMF/H,0
containing HCI afforded blue crystals of PCP-33-xGuest. Single crystal
X-ray diffraction shows that the chloride-centered square-planar
[Cu,Cl] units are linked by eight ligands to form a three-dimensional
framework as shown in Figure 1. The cubic sodalite-type framework of
PCP-33 is similar as that of Mn-BTT, even though their ligands have
different symmetry.>® The size of the open pore is around 11 A, while

the size of the cross point of the 3-D channel reached 20 A. In
addition, the anionic charge of the framework was balanced by
((CH;),NH,)*, derived from the hydrolysis of DMF in the presence
of HCI, which shows a little difference from the counterions
([Mn(CH;0H)]**) in Mn-BTT. The total accessible volume of the
fully desolvated PCP-33 is ca. 47.4%, calculated using the PLATON
program.*® The powder X-ray diffraction (PXRD) of the as-
synthesized and degassed form of PCP-33 was collected (Figure S6,
Supporting Information). With very good reliability factors (R, =
0.03306 and R,,, = 0.04469), Le Bail analysis of as-synthesized form
shows that the refined parameters (a = 17.5229 A) are very close to
the data from the single crystal (a = 17.5355(12) A), reflecting good
phase purity and also well-defined structure (Figure S7, Supporting
Information). In addition, the peak positions of the degassed form are
consistent with its as-synthesized form. Therefore, the framework of
PCP-33 is stable even after removing the guest molecules.
Thermogravimetric analysis (TG) of PCP-33 shows that PCP-33 is
thermally stable up to 200 °C under N, atmosphere.

Gas Adsorption. The permanent porosity of desolvated PCP-33
was established by N, sorption experiments at 77 K, which exhibits a
complete reversible type-I isotherm (Figure 2). The estimated
apparent Brunauer—Emmett—Teller surface area is ~1248 m?g™
(Langmuir surface ~1419.3 m>g™'). The calculated pore size
distributions according to N, isotherm (NLDFT/GCMC method)
are in the range 9—22 A, which matches well the parameters of the
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Figure 2. N, and Ar adsorption isotherms of PCP-33 at 77 and 87 K.
Inset, calculated pore size distributions. The calculated pore volume
reached 0.50 cm®-g™".
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crystal structure. The total pore volume calculated from the maximum
amount of N, adsorbed is 0.50 cm®-g™". The C1 and C2 hydrocarbons
and CO, adsorption isotherms of PCP-33 at 273 and 298 K have been
collected and fitted (Figure 3). The Langmuir—Freundlich parameters

fits Pure component isotherm fits;
6 A C,H; 298K;PCP-33
& CH,
5 v GCH,
e CO,
4 m CH,

L B

Component loading, g / mol kg™

[=]=]

60 80 100

40

0 20

Bulk gas phase pressure, p /kPa

Figure 3. Comparison of absolute component loadings for CH,, C2
hydrocarbons, and CO, at 298 K in PCP-33 with the isotherm fits.

for each pure component isotherms in PCP-33 are provided in Table
S1, Supporting Information. The adsorption hierarchies of these five
gases are very distinct, indicating good separability. The total uptake of
C,H,, C,H,, C,H,, CO,, and CH, in PCP-33 reached 121.8, 102.4,
86.8, 58.6, and 6.9 cm3-g’1, respectively, at 1 bar and 298 K. In
addition, all of the isotherms are completely reversible, and no
hysteresis is observed. Thus, these results motivated us to examine the
potential application of PCP-33 for C1 and C2 hydrocarbon and CO,
separation, given the fact that these five molecules have comparable
molecular sizes (Table S2, Supporting Information).

Adsorption Selectivity. The ideal adsorbed solution theory
(IAST) of Myers and Prausnitz*' was employed to predict
multicomponent adsorption behaviors from the experimental pure-
gas isotherms. Figure 4 presents IAST calculations of the component
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Figure 4. IAST calculations of CH,, C,H,, C,H,, C,Hy, and CO,
adsorption selectivities in PCP-33 at 298 K.

loadings for CH,, C,H,, C,H,, C,Hy, and CO, for adsorption of a five-
component equimolar mixture in PCP-33 at 298 K. The IAST
calculations show the following loading hierarchies at 100 kPa. On the
basis of the component loadings, we calculate the selectivities of
separation of the six constituent binary pairs: C,H,/CH,, C,H,/C,H,,
C,H,/C,H, C,H,/CO,, C,H4/C,H,, and CO,/CH,. The C,H,/CH,
selectivity is the highest and falls in the range of 40—6S, indicating the
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potential for separation. The predicted CO,/CH, selectivity, as well as
the C,H,/CO, selectivity, is around 6—10. In addition, we note that
the equimolar C,H,/C,H,, C,H,/C,Hy, and C,H¢/C,H, selectivities
are all close to unity, showing the separation of individual components
of C2 hydrocarbons is difficult. Thus, the IAST calculations in Figure 4
demonstrate high potential for natural gas purification, as well as the
possibility for selective removal of CO, from C2 hydrocarbons and
separation of C,H,/CO, mixtures at room temperature.

Isosteric Heat of Adsorption. To understand such high
separation ability better, the adsorption enthalpies were calculated.
The binding energies of C,H,, C,H,, C,Hy, and CO, in PCP-33 are
reflected in the isosteric heat of adsorption, Q. These values were
determined using the pure component isotherm fits. Figure S presents
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Figure S. Isosteric heats of adsorption for C,H,, C,H,, C,H,, and CO,
in PCP-33. The determination of the Q,, is based on the Clausius—
Clapeyron equation.

data on the loading dependence of Q,, for C,H,, C,H,, C,H,, and CO,
in PCP-33. We note that the binding energies are in the narrow range
of 22—27 kJ mol™". It is particularly note worthy that the Q,, for C,H,
in PCP-33 is about half the value reported for other MOFs with open
metal sites such FeMOF-74, MgMOF-74, CoMOF-74, and CuBTC,*
implying the significantly lower energy consumption during
regeneration of adsorbed C2 hydrocarbons in fixed bed absorbers of
PCP-33. This is because the large pore size (9—22 A) and organic
counterions of PCP-33 somewhat reduced the heat of adsorption.*’

Transient Breakthroughs. We also performed transient break-
through simulations in a fixed bed adsorber to investigate the
separation potential of PCP-33. Such simulations reflect the combined
influences of adsorption selectivity and uptake capacity. The
breakthroughs of an equimolar component mixture including CH,,
C,H,, C,H,, C,Hy, and CO,, using the methodology described in
earlier works,*** were explored at 298 K. The relative concentrations
of outflowing gas are shown in Figure 6. The simulation results for
transient breakthrough are presented in terms of a dimensionless time 7,
defined by dividing the actual time, t, by the characteristic time (Le/u).
The breakthrough hierarchy is dictated by the adsorption strengths;
the weaker the adsorption, the earlier the breakthrough.

Natural gas usually contains CO, and C2 hydrocarbons that require
removal by selective adsorption. Figure 6a presents simulation results
for equimolar five-component CH,/C,H,/C,H,/C,H,/CO, mixtures.
The partial pressures of these five gases were set as 20 kPa. It is clear
that pure CH, can be recovered because it is the least strongly
adsorbed component and elutes first. In addition, the result shown in
Figure 6b demonstrates that after recovery of CH,, the remaining
C,H,/C,H,/C,H;/CO, mixture can be separated to yield two
fractions: CO, and C2 hydrocarbons. Thus, we further simulate the
separation behavior of C,H,/CO,, since it is particularly challenging in
view of their similarity molecular dimensions and also boiling point.>
In view of the high selectivity for adsorption of C,H,, it is possible to
recover pure CO, during the adsorption phase in a fixed bed adsorber
(Figure 6¢). In addition, the significant time interval between the
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Figure 6. Transient breakthrough simulations for separation of equimolar 5-, 4-, 2-, and 2-component CH,/C,H,/C,H,/C,H,/CO, mixtures using
PCP-33 at 298 K, with partial pressures of 20, 25, 50, and 50 kPa for each component, respectively.

breakthroughs of C,H, and CH, in PCP-33 indicates excellent
separation at 298 K (Figure 6d).

We now consider C,H,/C,H, separations. In steam cracking of
C,Hj to produce C,H,, one of the byproducts is C,H,. C,H, has a
deleterious effect on end-products, such as polyethylene. Therefore,
recovery or removal of C,H, from C,H, streams is essential. Typically,
C,H, forms about 1% of the C,H, streams, and the impurity level of
40 ppm of C,H, needs to be met for C,H, feed to a polymerization
reactor. The selective removal of C,H, is conventionally carried out by
absorption in dimethylformamide; this process is energy-intensive.
Selective adsorption with PCP-33 could be an energy-efficient
alternative. The transient breakthrough simulations for C,H,/C,H,
(1/99) mixtures are shown in Figure 7. We note that for 7 < 170, the
outlet gas contains less than 40 ppm of C,H,. The adsorption cycle
needs to be terminated at 7 = 170 and the regeneration process needs
to be initiated. Due to the significantly low binding energy of C,H, in
PCP-33, the regeneration costs can be expected to be lower than that
of FeMOF-74, MgMOF-74, CoOMOEF-74, and CuBTC, which are also
suitable for this separation task.*

In order to further confirm such high separation capability of PCP-
33, pulse chromatographic simulations for varied gas mixtures were
carried out. Figure S12, Supporting Information, demonstrates the
good potential of PCP-33 for the purification of natural gas. The
remaining C,H,/C,H,/C,H,/CO, mixture can also be separated to
yield two fractions: CO, and C2 hydrocarbons. In addition, the
separation potential of CO,/C,H, in PCP-33 is clearly indicated. The
result of pulse chromatographic simulations match well with that of
the breakthrough curves presented in Figure 6.
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Figure 7. Transient breakthrough of C,H,/C,H, mixture containing
1% C,H, mixture in an adsorber bed packed with PCP-33. The partial
pressures of C,H, and C,H, in the inlet feed gas mixture are,
respectively, p, = 1 kPa, p, = 99 kPa.

In Situ Infrared Spectroscopy. Although the average adsorption
heat of the isolated frameworks can be estimated by the
calculation,***” exploring the interactions and adsorption behaviors
of the guest on each adsorption site becomes more important, since
the precise understanding of the information between host and guest
will guide the next material design. Indeed, it is better to load C,H,
inside the framework for the IR measurements, but because of its
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explosion risk, we employed the typical experiment of PCPs loaded
with H, for the experiments of in situ infrared spectroscopy.*®

For the pressure-dependent experiments, the in situ IR was
collected following the increased pressure from 0 to 5 bar at 102 K.
The collected IR spectra revealed clearly of the procedure of the H,
adsorption in them (Figure S17a, Supporting Information). For PCP-
33, the first peak appears at 4128 cm™' and subsequently grows and
shifts to 4130 cm™', with a weak shoulder at ~4100 cm™'. The
bathochromic frequency shifts, from the gas phase value from Raman
spectroscopy (4161 cm™) of the H—H stretching mode of free H,
molecule, about to 31 cm™. Thus, the broad nature of the absorption
band is attributed to the presence of the binding environments for H,
at the Cu* adsorption sites, owing to the partial solvation of the
[Cu,Cl]™ clusters throughout the material and similarly to what was
observed in a recent IR study for open metal center PCPs.**~*°
Further, temperature-dependent infrared spectra, shown in Figure
S17b, Supporting Information, also confirmed this interaction. One
bar of H, was dosed into the degassed PCP-33 at 102 K, and the IR
spectra were collected at intervals of 10 K increased to final
temperature of 172 K. During the temperature ramping, the pressure
of the sample cell was maintained at 1 bar. The enthalpy of H,
adsorbed on this site of PCP-33 was calculated by the peak integrals.
The high coverage AH, g, of these sites is around —4.2 kJ-mol ™, which
is lower than that of the adsorption heat of some microframeworks
and zeolites.*>>" This is because, compared with Mn-BTT, the organic
counterions of PCP-33 provide weaker interaction toward guest
molecules than Mn** counterions provide.

Water and Chemical Stability of PCP-33. Encouraged by these
interesting characters of PCP-33, we determined its water and
chemical stability, because such properties of PCP sorbents are the
important factors that will possibly restrict their feasible applica-
tion.*>**7%* Almost 20000 PCP structures have been reported to date;
however, very few of them can maintain their porosity after moisture,
water, and chemical treatment,”®>>™57 which is a key challenge for
PCP/MOF chemistry. In order to check the stability of PCP-33, fresh
crystals were soaked in harsh conditions: hot aqueous HCI (pH = 2),
aqueous NaOH (pH = 12), and water solutions for 24 h. After the
temperature cooled, we collected the PXRD for each of them. As
shown in Figure 8, we found that the PXRD of treated samples are

Figure 8. PXRD patterns of water and chemical treated PCP-33.

consistent with their as-synthesized form. Additionally, to further
confirm the integrity of the material, CO, adsorption isotherms at 195
K for PCP-33 were performed. The gas uptake of treated samples (pH
=2,7,and 12 at 25 °C; pH = 7 at 60 °C) displaying type I adsorption
isotherms are almost same as that of fresh sample. However, the gas
uptake of samples that treated under hot aqueous HCl (pH = 2) and
aqueous NaOH (pH = 12) decreased very little. Therefore, PCP-33 is
a rare sample with good water- and chemical-resistance. Taking the
crystal structure and designed ligand into consideration, the high
aqueous and chemical stability of PCP-33 should be attributed to the
increased coordination bond strength of Cu—N.»

Bl CONCLUSIONS

In conclusion, we utilized a heterodonor ligand containing
carboxylate and azolate groups and synthesized a new PCP

(PCP-33). Adsorption experiments, IAST, breakthrough, and
pulse chromatographic simulations strongly demonstrate that it
has very high potential to purify natural gas, separate C,H,/
CO, mixtures, and selectively capture of C,H, from C,H,/
C,H, mixtures at room temperature. More importantly, the
good water- and chemical-resistance of this framework indicates
realizable separation applications. Thus, we can expected that
the promising candidate of PCP-33 will not only offer energy
efficient separation of small hydrocarbons in the pressure swing
adsorption process but also facilitate the next exploration of
PCPs with improved functions.
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Synthesis and characterization, PXRD, TGA, IR, sorption
isotherms, IAST and breakthrough calculations, isotherm fitting
parameters, and video animations of transient breakthrough
simulations for five-component mixtures for PCP-33. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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General Procedures and Materials.

All air-sensitive reactions were carried out under a dry nitrogen atmosphere using
standard Schlenk techniques. All the reagents and solvents were commercially
available and used as received. The FTIR spectra were recorded in the range of
4000-400 cm™ on a Nicolet ID5 ATR spectrometer. Thermal analyses were performed
on a Rigaku TG8120 instruments from room temperature to 600 °C at a heating rate
of 5 °C/min under flowing nitrogen. *H and *3C NMR spectra were recorded on a
Bruker 500 FT-NMR spectrometer. Powder X-ray diffraction (PXRD) patterns were
collected using a Bruker AXS D8 Discover powder diffractometer equipped with a Cu
Ka X-ray source at 40 kV, 40 mA. Simulated powder patterns from single-crystal
X-ray diffraction data were generated using Mercury 1.4.2 software. For in-situ
infrared spectroscopy, the samples were evacuated at 333 K for 6 h, and final
activation was performed under a high vacuum by heating to 393 K for another 12h.
IR were collected using a Thermo Scientific Nicolet 6700 FTIR spectrometer
equipped with a cryogenic detector with the sample compartment modified to
accommodate the cryogenic head. The final spectra were each recorded at the

resolution of 0.125 cm 2.
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Scheme S1 The route for the ligand synthesis.
Synthesis of organic ligand
Synthesis of 3,5-Dibromo-benzoic acid methyl ester (2)
3,5-Diamino-benzoic acid methyl ester (7.9 g, 47.6 mmol) was dissolved in 220 ml 20%
HBr solution, cooled to 0 C. 50 ml of 2.5 M sodium nitrite solution was added slowly

accompanied by the rapid stirring, giving a solution of diazonium bromide. The



solution of diazonium bromide was added to solution containing 19.8 g CuBr and 90
ml HBr solution (20%) under stirring, and the temperature was kept under 0 ‘C. After
the addition was completed, it is kept on stirring under room temperature for 5 h.
Compound 2 (9.8 g, 33.6 mmol) was obtained. *H NMR (CHCls) ¢ : 8.11 (s, 2H) ,
7.82 (s, 1H), 3.90 (s, 3H).

Synthesis of 3,5-Dicyano-benzoic acid methyl ester (3)

3,5-Dibromo-benzoic acid methyl ester (1 g, 3.4 mmol) was dissolved in dry NMP
(30 ml) and copper cyanide (1.2 g, 13.6 mmol) was added, the reaction mixture was
heated to 160°C under N2 for 24 h. After the temperature cool down, the solution was
quenched with saturated NHA4CI solution. The reaction mixture was diluted with
EtoAc and filtered through celite plug. The filter was diluted with water and brine.
The solvent was evaporated and then the residue was purified by silica gel column
chromatography using hexane/CH,ClI, as eluent to give compound 3 as a pure white
solid (0.35 g, 18.8 mmol). *H NMR (CHCls) 6 : 8.07 (s, 2H), 7.79 (s, 1H), 3.896 (s,
3H).

Synthesis of 3,5-Bis-(2H-tetrazol-5-yl)-benzoic acid (5: H3TBA)

A mixture of 3,5-Dicyano-benzoic acid methyl ester (0.258 g, 1.387 mmol), NaN3
(0.542 g, 8.32 mmol), and triethylamine hydrochloride (1.14 g, 8.32 mmol) in 15 mL
of toluene and 3 mL of methanol was heated at reflux in a 50-mL round-bottom flask
for 3 days. Upon cooling to room temperature, 15 mL of an aqueous solution of
NaOH (1 M) was added, and the mixture was stirred for 30 min. The aqueous layer
was treated with ca. 20 mL of diluted HCI (1 M) until no further white precipitate
formed. The precipitate was then collected by filtration, dried in the air, and dissolved
in aqueous NaOH (1 M). The resulting clear, colorless solution was titrated with
diluted HCI (1 M) until the pH of the solution was 4-5. The ensuing white precipitate
was washed with successive aliquots of distilled water, methanol, and acetone to
afford white product. *H NMR (DMSO-d6) ¢ : 8.96 (s, 1H), 8.74 (s, 2H). MS (calc.)
m/z = 257.65 [M-H]".

Caution! Metal azides are water sensitive and potentially explosive and should be
handled with care.
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Fig. S2 Mass spectra of HsL



Synthesis of PCP-33.

Synthesis of [(CusCl)s(TBA®)s-(H20)12]-XG (G = solvent molecules), (PCP-33):
copper(Il) chloride (10 mg), HsTBA, 6 mg) and HCI (30 puL) were mixed with 2 ml of
DMF/H,0 (5:1) in a 4 mL glass container and tightly capped with a Teflon vial and
heated at 65 °C for two days. After cooling to room temperature, the resulting green

polyhedral crystals were harvested and washed with DMF.

Single crystal X-ray studies.

The single crystal X-ray diffraction measurement was performed at 173 K with a
Rigaku AFC10 diffractometer with Rigaku Saturn Kappa CCD system equipped with
a MicroMax-007 HF/VariMax rotating-anode X-ray generator with confocal
monochromated MoKa radiation. Data were processed using Crystal Clear TM-SM
(Version 1.4.0). The structure was solved by direct methods and refined using the
full-matrix least squares technique using the SHELXTL package’. Nonhydrogen
atoms were refined with anisotropic displacement parameters during the final cycles.
Organic hydrogen atoms were placed in calculated positions with isotropic
displacement parameters set to 1.2Ueq of the attached atom. The unit cell includes a
large region of disordered solvent molecules, which could not be modeled as discrete
atomic sites. We employed PLATON/SQUEEZE>® to calculate the diffraction
contribution of the solvent molecules and, thereby, to produce a set of solvent-free
diffraction intensities; the structure was then refined again using the data generated.

Adsorption Experiments.

Before the measurement, the solvent-exchanged sample (about 100 mg) was prepared
by immersing the as-synthesized samples in acetone for three days to remove the
nonvolatile solvents, and the extract was decanted every 8 h and fresh methanol was
replaced. The completely activated sample was obtained by heating the
solvent-exchanged sample at 120 °C under a dynamic high vacuum for 20 h. In the

gas adsorption measurement, ultra-high-purity grade were used throughout the



adsorption experiments. Gas adsorption isotherms were obtained using a Belsorp-mini
volumetric adsorption instrument from BEL Japan Inc. using the volumetric technique.
To provide high accuracy and precision in determining P/Py, the saturation pressure Py
was measured throughout the N, analyses by means of a dedicated saturation pressure

transducer, which allowed us to monitor the vapor pressure for each data point.

Water and chemical stability experiments

For chemical treatment, fresh PCP-33 was soaked in DMF for two days (for removing
the uncoordinated ligands) and then changed the solvents to methanol for another two
days. During these two days, the methanol was changed by fresh methanol in each
eight hours. PCP-33 (around 60 mg for each) was soaked into six bottles with water (4
ml), respectively. HCI and NaOH were used to turn the pH of the solution to 2, 7 and
12. Three bottles were kept at 25°C for 24 h and another three were kept at 60°C for

24 h. After the temperature cooling down, partial samples were used for PXRD
patterns collections and partial samples were used for gas sorption works (washed by
methanol three times and degassed at 120°C for 24h.

Fitting of pure component isotherms

The experimentally measured excess loadings for CH,4, C,H,, CoH4, CoHg, and CO»
in PCP-33 at temperatures of 273 K, and 298 K were first converted to absolute
loadings using the procedure described in detail by Wu et al.* For the purpose the pore
volume of 0.5024 cm®/g was used.

The isotherm data at both temperatures were fitted with the Langmuir-Freundlich

model
g
q - qsat 1+ bpv
with T-dependent parameter b
E
bA = bo EXp (ﬁj

The fitted parameter values are presented in Table s1.
As illustration of the goodness of the fits, Fig 2 and Fig S8 present a comparison of
absolute component loadings for CH,4, C,H,, CoH4, CoHg, and CO; at 298 K, and 273



K in PCP-33 with the isotherm fits. The fits are good for all components over the

entire pressure range.

Isosteric heat of adsorption

are reflected in For use of PCP-33 in a pressure swing adsorption device, the binding
energies of C,H,, CoH4, CoHg, and CO, in PCP-33 are important, because they largely

dictate the energy required in the regeneration cycle. The isosteric heat, Qg, defined as

olnp
=RT? ——
Qst ( a-l- jq

were determined using the pure component isotherm fits. The calculations of, Qs are

based on the use of the Clausius-Clapeyron equation.

Calculations of adsorption selectivity

The data on the pure component isotherms, along with the isosteric heats of
adsorption indicate that it is possible recover pure methane from a mixture containing
a wide variety of impurities such as CH,4, C,H,, CoHg4, CoHg, and CO,. The selectivity
of preferential adsorption of component 1 over component 2 in a mixture containing 1

and 2, perhaps in the presence of other components too, can be formally defined as

G/,
Sa s—
“ p/p,

Here, g1 and ¢, are the absolute component loadings of the adsorbed phase in the
mixture. In all the calculations to be presented below, the calculations of Syys are
based on the use of the Ideal Adsorbed Solution Theory (IAST) of Myers and

Prausnitz.’

Packed bed absorber breakthrough simulations

Fixed bed, packed with crystals of nanoporous materials, are commonly used for
separation of mixtures such adsorbers are commonly operated in a transient mode,
and the compositions of the gas phase, and within the crystals, vary with position and
time. For a given separation task, transient breakthroughs provide more a realistic
evaluation of the efficacy of a material, as they reflect the combined influence of

adsorption selectivity, and adsorption capacity.®’ To demonstrate the separation



potential of PCP-33, we carried out a series of transient breakthrough simulations
using the methodology described in earlier works.®®

For each separation task, two types of simulations were conducted.

(a) Pulse chromatographic simulations with injection of a short duration pulse of the
mixture to be separated. For simulation of pulse chromatographic separations, we use
the inlet conditions

0<t<t,; p,0,t)=p,; u0t)=u

where the time for duration of the pulse is to, and u is the superficial gas velocity at
the inlet to the adsorber. Subsequent to pulse injection, the adsorbed components are
desorbed by use of purge inert gas.

(b) Breakthrough simulations in which at time, t = 0, the inlet to the adsorber, z = 0,
is subjected to a step input of the gas mixture and this step input is maintained till the
end of the adsorption cycle when steady-state conditions are reached.

t>0;, p,0,t)=p, u(Ot)=u

The simulation results for transient breakthrough are presented in terms of a

dimensionless time, 7, defined by dividing the actual time, ¢, by the characteristic

. Le . . . o .
time, — . For the transient breakthrough simulations presented in this article, the
u

following parameter values were used: framework density of PCP-33. p = 1261 kg
m'3; length of packed adsorber bed, L = 1 m; fractional voidage of packed bed, ¢ =
0.4; superficial gas velocity at inlet to the adsorber, u= 0.04 m/s; time duration of

pulse, tp =10 s.

Estimation of the isosteric heats by temperature-dependent IR
The equations we used for the calculation of enthalpy and entropy”®:
Langmuir isotherm:
q=A/Am=K(T)p/[1+K(T)p] ()

where q is the coverage, A is the intensity of the IR adsorption band and Ay stands
for the intensity correspoding to full coverage (q =1). K is adsorption equilibrium
constant and p is the equilibrium pressure.
Vant’t Hoff equation:

K(T)=exp(-DH/RT)exp(DS"/R) (6)
the combination of the vant’t Hoff and Langmuir equations lead to the VTIR



equation:

IN[A/(Aw-A)p]=(-DHY%RT)+(DS"/R) (7

Plot the left-hand side of Equation (3) against the reciprocal of the temperature.

In addition, three assumptions, the Lambert-Beer law is valid; the adsorption process

is an ideal Langmuir-type process; both AH® and AS° are temperature independent,

should be taken into the considerations.

Notation

b
L
Pi
Pt
Qi
Qt
Osat

Langmuir constant, Pa™

length of packed bed adsorber, m

partial pressure of species i in mixture, Pa

total system pressure, Pa

component molar loading of species i, mol kg™
total molar loading in mixture, mol kg™
saturation loading, mol kg™

gas constant, 8.314 J mol™* K™

time, s

absolute temperature, K

superficial gas velocity in packed bed, m s*
distance along the adsorber, and along membrane layer, m

Greek letters

& voidage of packed bed, dimensionless
Yo framework density, kg m™

T time, dimensionless

Subscripts

i referring to component i

t referring to total mixture
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Fig. S3 The disordered ligand in PCP-33. In PCP-33, the symmetry of involved
ligand is C,y, however, the generated space group of final structure is Py.3m. Therefore,
the connection of one ligand to three clusters will show three possible directions
(highlighted by different colors).

Fig. S4 The SOD topology of PCP-33.
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Fig. S8 Infrared spectra of as-synthesized PCP-33 and ligand.

Fig. S9 Visual observation of colour change of PCP-33 upon activation, and (c)

completely activated samples.
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Fig. S10 Low pressure gas adsorption of PCP-33 at 195K.
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Fig. S11 Comparison of absolute component loadings for CH,4, C,H,, C;H,4, C2Hg, and
CO, at 273 K in PCP-33 with the isotherm fits.
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Fig. S15 Original temperature-dependent infrared spectra for H, binding within
PCP-33 at 1 bar. The resolution of in-situ IR is 0.125cm™.
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Fig. S16 An Arrhenius-type plot derived from the integral of absorption band
corresponding to the binding site for PCP-33. The solid lines represent the line of best

fit to each set of data.
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Fig. S17 Pressure- (a) and temperature- (b) dependent infrared spectra for H, binding
within PCP-33. The resolution of in-situ IR is 0.125cm™ . Background was subtracted

for each spectrum.
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Fig. S18 CO, gas sorption (195 K) of water and chemical treated PCP-33.

Table S1. Langmuir-Freundlich parameters for pure component isotherms in PCP-33.

Osat bo E Y
mol kg Pa™ kJ mol™ | dimensionless
CoHy | 12 1.12x10% | 22 0.8
CoHs| 125 | 6.22x10° | 17.8 0.75
CoHg| 95 | 1.85x10° | 19.3 0.87
CH, | 37 |[7.19x10%| 30.6 1
CO, | 96 |[218x10%| 253 0.96

Table S2, Kinetic diameter of C,H», CoHg, CoHa, CO, and CH4

Kinetic diameter c/A

CoH> 3.3
CoHe 4.4
CoH4 4.2
CO; 3.3

CH,4 3.8
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