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EXPERIMENTAL SECTION

In this work, for each structural module, we have selected the following: five types of metal trimers (Mgs,
Cos, Ni3, Co,V, and Ni, V), two L1 ligands (cdc, bep), and two L2 ligands (tpt, tppy). There are 20 target
combinations, ignoring possible variations in M?Z*/M3* ratios and difference in extra-framework
charge-balancing ions. Below, we present the synthesis of 9 combinations (2 from cdc-tpt, 1 from cdc-tppy,
5 from bep-tpt, and 1 from bep-tppy), together with a procedure to optimize the synthesis of CPM-33a
(Ni3-bdc-tpt).

1. The cdc-tpt (cubane L1-triazine L2) based homo- and hetero-metallic system

Synthesis of CPM-125a-Ni [Ni;OH(cdc)s;tpt][CH3),NH,] (pacs-Ni3-cdc-tpt, CCDC No. 2159094). In a
15 mL glass vial, 47 mg of nickel(I) chloride hexahydrate (NiCl,.6H,O, ~0.2 mmol), 38 mg
cubane-1,4-dicarboxylic acid (H,cde, ~0.2 mmol), and 21 mg 2.,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt, ~0.67
mmol) were dissolved in 2.5 g dimethylacetamide (DMA) and 0.5 g water. After being stirred for an hour,
the vial was placed in a 120 °C oven for 3 days, and the mixture was then cooled to room temperature. Green
polyhedral crystals were obtained. The phase purity was supported by powder X-ray diffraction.

Synthesis of CPM-125a-CoV [Co;7V13(OH/O)(bep)stpt] (pacs-CoV-bep-tpt). In a 15 mL glass vial, 60
mg of cobalt(Il) nitrate hexahydrate (Co(NOs3), * 6H,0, ~0.2 mmol), 16 mg vanadium (II) chloride (VClI;,
~0.2 mmol), 57 mg cubane-1,4-dicarboxylic acid (Hcdc, ~0.3 mmol), and 31 mg
2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt, ~0.1 mmol) were dissolved in 6.0 g N-methylformamide (NMF) with
1 drop of concentrated hydrochloric acid. After being stirred for an hour, the vial was placed in a 130 °C
oven for 3 days, and the mixture was then cooled to room temperature. Dark-red micro crystals were

obtained. The phase purity was supported by powder X-ray diffraction.
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2. The cdc-tppy (cubane L1-pvridine L2) based homometallic system

Synthesis of CPM-125b-Ni [Ni;OH(cdc)s;tppyl[(CH3),NH;] (pacs-Ni3-cdc-tppy). In a 15 mL glass vial,
47 mg of nickel(Il) chloride hexahydrate (NiCl,.6H,O, ~0.2 mmol), 38 mg cubane-1,4-dicarboxylic acid
(Hyede, ~0.2 mmol), and 21 mg 2,4,6-tri(4-pyridyl)pyridine (tppy, ~0.67 mmol) were dissolved in 2.5 g
dimethylacetamide (DMA) and 0.5 g water. After being stirred for an hour, the vial was placed in a 120 °C
oven for 3 days, and the mixture was then cooled to room temperature. Green polyhedral crystals were

obtained. The phase purity was supported by powder X-ray diffraction.

3. The bep-tpt based homo- and hetero-metallic System

Synthesis of CPM-111a-Ni [Ni;OH(bcp)s;tpt][(CH3),NH;] (pacs-Ni3-bep-tpt, CCDC No. 2159092). In a
15 mL glass vial, 47 mg of nickel(Il) chloride hexahydrate (NiCl,.6H,O, ~0.2 mmol), 31 mg
bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (H,bep, ~0.2 mmol), and 21 mg
2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt, ~0.67 mmol) were dissolved in 2.5 g dimethylacetamide (DMA) and
0.5 g water. After being stirred for an hour, the vial was placed in a 120 °C oven for 3 days, and the mixture
was then cooled to room temperature. Green polyhedral crystals were obtained. The phase purity was
supported by powder X-ray diffraction.

Synthesis of CPM-111a-CoV [Co,4V1.4(O/OH)(bcp);tpt] (pacs-CoV-bep-tpt). In a 15 mL glass vial, 120
mg of cobalt(Il) nitrate hexahydrate (Co(NOj3), * 6H,0, ~0.4 mmol), 32 mg vanadium (II) chloride (VClI;,
~0.2 mmol), 94 mg bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (Hbcp, ~0.6 mmol), and 62 mg
2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt, ~0.2 mmol) were dissolved in 3.0 g dimethylformamide (DMF). After
being stirred for an hour, the vial was placed in a 130 °C oven for 3 days, and the mixture was then cooled to
room temperature. Dark-red micro crystals were obtained. The phase purity was supported by powder X-ray

diffraction.
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Synthesis of CPM-111a-NiV [Ni; ¢V1;OH(bcp);tpt] (pacs-NiV-bep-tpt). In a 15 mL glass vial, 116 mg of
nickle(Il) nitrate hexahydrate (Ni(NOs), * 6H,0, ~0.4 mmol), 32 mg vanadium (II) chloride (VCl;, ~0.2
mmol), 94 mg bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (H;bcp, ~0.6 mmol), and 62 mg
2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt, ~0.2 mmol) were dissolved in 3.0 g dimethylformamide (DMA) and
0.5 g of H,O with the addition of 4 drops of concentrated hydrochloric acid. After being stirred for an hour,
the vial was placed in a 130 °C oven for 3 days, and the mixture was then cooled to room temperature.
Yellow micro crystals were obtained. The phase purity was supported by powder X-ray diffraction.
Synthesis of CPM-111a-Co [Cos(bcp);tpt(CH3),NH;]] (pacs-Co3-bep-tpt, CCDC No. 2159091). In a 15
mL glass vial, 143mg of cobalt(Il) chloride hexahydrate (CoCl, * 6H,O, ~0.6 mmol), 94 mg
bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (H,bep, ~0.6 mmol), and 62 mg
2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt, ~0.2 mmol) were dissolved in 4.0 g dimethylacetamide (DMA) and 2
ml 1,3-dimethyl 3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) with the addition of 28 uL
1,1,1,5,5,5-hexafluoro-2,4- pentanedione (HFP). After being stirred for an hour, the vial was placed in a 130
°C oven for 4 days, and the mixture was then cooled to room temperature. Red polyhedral crystals were
obtained. The phase purity was supported by powder X-ray diffraction.

Synthesis of CPM-111a-Mg [Mgs(bep)stpt(CH3),NH,]] (pacs-Mg3-bep-tpt, CCDC No. 2159093). In a
15 mL glass vial, 75 mg Mg(NOs3),*6H,0 (0.3 mmol), 47 mg bicyclo[1.1.1]pentane-1,3-dicarboxylic acid
(Hybep, ~0.3 mmol), and 31 mg 2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt, ~0.1 mmol) were dissolved in 4.0 g
dimethylacetamide (DMA) and 2 ml 1,3-dimethyl 3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) with the
addition of 28 pL 1,1,1,5,5,5-hexafluoro-2,4- pentanedione (HFP). After being stirred for an hour, the vial
was placed in a 120 °C oven for 4 days, and the mixture was then cooled to room temperature. Yellowish
polyhdral crystals were obtained. Alternatively, CPM-111a-Mg can be synthesized in a similar condition

except that the solvent of DMA and DMPU was replaced by 6 mL N-methylformamide (NMF). The
s4



samples synthesized in NMF was used for gas adsorption measurements. The phase purity was supported by

powder X-ray diffraction.

4. The bep-tppy based system

Synthesis of CPM-111b-Ni [NizOH(bcp);tppy(CH3),NH;]] (pacs-Ni3-bep-tppy). In a 15 mL glass vial,
47 mg of nickel(Il) chloride  hexahydrate = (NiCl,.6H,O, ~0.2 mmol), 31 mg
bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (H,bcp, ~0.2 mmol), and 21 mg 2,4,6-tri(4-pyridyl)pyridine
(tppy, ~0.67 mmol) were dissolved in 2.5 g dimethylacetamide (DMA) and 0.5 g water with addition of 1
drop of concentrated hydrochloric acid. After being stirred for an hour, the vial was placed in a 120 °C oven
for 3 days, and the mixture was then cooled to room temperature. Green polyhedral crystals were obtained.

The phase purity was supported by powder X-ray diffraction.

5. The bdc-tpt based system

Synthesis of CPM-33a [Ni;OH(bdc);tpt(CH3),NH,]] (pacs-Ni3-bdc-tpt). CPM-33a was repeated using a
modified synthetic procedure.5! In a 15 mL glass vial, 87 mg of nickel nitrate hexahydrate (Ni(NOj3),.6H,0,
~0.3 mmol), 50 mg terephthalic acid (H,bdc, ~0.3 mmol), and 31 mg 2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt,
~0.1 mmol) were dissolved in 4.0 g dimethylformamide (DMF) and 0.5 g water with the addition of 80 pL
concentrated HCI. After being stirred for an hour, the vial was placed in a 130 °C oven for 5 days, and the
mixture was then cooled to room temperature. Green polyhedral crystals were obtained. The phase purity

was supported by powder X-ray diffraction.

Single-Crystal X-ray Diffraction Characterization. The single-crystal X-ray diffraction measurements

were performed on a Bruker diffractometer using graphite-monochromated MoKa (A= 0.71073 A) radiation
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at room temperature. Diffraction data were integrated and scaled by ‘multi-scan’ method with the Bruker
APEX software. The structure was solved by intrinsic phasing which was embedded in ‘APEX III” software
and the refinement against all reflections of the compound was performed using ‘APEX II’. All
non-hydrogen framework atoms were refined anisotropically. All the hydrogen atoms were calculated.
CCDC 2159091-2159094 contain the supplementary crystallographic data for this paper. These data are

provided free of charge by the Cambridge Crystallographic Data Centre.

Powder X-ray Diffraction (PXRD) Characterization. Powder X-ray diffraction experiments were
performed on a PANalytical X’Pert Pro MPD diffractometer, equipped with a linear X’Celerator detector,
which was operating at 40 kV and 35 mA (Cu Ko radiation, A = 1.5418 A). The data collection was
performed at room temperature in the range from 5° to 40° with a step size of ~0.008°. The simulated

powder pattern was obtained from the single crystal data.

Thermogravimetric (TG) Measurement. A TA Instruments TGA Q500 thermal analyzer was used to
measure the TG curve by heating the sample from 30 °C to 800 °C with heating rate of 5°C/min under

nitrogen flow. The flow rate of the nitrogen gas was controlled at about 60 milliliters per minute.

TH NMR Spectra. A Bruker Avance DPX-300 NMR Spectrometer (400 MHz) was used to test 'H NMR
spectra. The relaxation delay (d1) was set to 20 seconds to ensure that reliable integrals were obtained,

allowing for the relative concentrations of the molecular components to be accurately determined.

Water Stability Tests for CPM-111a-Ni (Ni3-bcp-tpt) and CPM-33 (Ni3-bdc-tpt). To avoid the
influence from different synthetic batches on gas uptake, samples after gas adsorptions were used to test
water stability. Around 120 mg post-adsorption sample were put in 40 mL water. After 24 hours, the
samples were washed by ethanol and dried in vacuum oven, which were used for PXRD and gas adsorption

experiments.
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Energy dispersive spectroscopy (EDS). The semi-quantitative elemental analyses of heterometallic MOF
samples were performed by using a TESCAN Vega3 SBH emission scanning electron microscope equipped
with 30 mm? SD energy dispersive spectroscopy (EDS) detector. Data acquisition was performed with an
accelerating voltage of 15-20 kV and 20 s accumulation time.

Gas Sorption Measurement. Gas sorption measurements were carried out on a Micromeritics ASAP 2020
and ASAP 2020 PLUS Physisorption Analyzers. Prior to the measurement, the as-synthesized sample was
purified by DMF and immersed in methanol (extra dry) for three days. During each day, the solution was
refreshed. After solvent exchange, the upper solvent was decanted. The sample was first dried under air flow
gently and was subsequently transferred into the test tube. The degas process was performed under room

temperature for 2 hours and further dried at 60 °C for another 10 hours.

Isosteric Heat of Adsorption (Qy). The isosteric heats of adsorption for all the gases were calculated using
the isotherms at 273 K and 298 K, following the Clausius-Clapeyron equation. It was done with the
calculation program embedded in the software of ASAP 2020 plus. High accuracy of the Qg was found in all

the calculations as evidenced by the linearity in the isosters.

Selectivity by IAST. To evaluate the C,H,/CO, separation performance, the selectivity was calculated by
ideal adsorbed solution theory (IAST). Dual-Site Langmuir-Freundlich (DSLF) model was employed to fit

the gas adsorption isotherms over the entire pressure range. DSLF model can be written as:

N: AlBl]?l/n1 . Aszpl/nz (1)
1+Blp1/nl 1+sz1/nz

Where N is the quantity adsorbed, p is the pressure of bulk gas at equilibrium with adsorbed phase, 4; is the
saturation loadings for adsorption site 1 (i=1 or 2), and B; are the affinity parameters. 1/n; is the index of

heterogeneity. The R factors for all the fitting are close to or higher than 99.999%.
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The detailed methodology for calculating the amount of A and B adsorption from a mixture by IAST is

described elsewhere.>? The adsorption selectivity is finally defined as:

q

E
q
4

selectivity =
/2

Ps
()

where ¢; (1= A or B) is the uptake quantity in the mixture and p; is the feeding partial pressure of component

Separation Potential.5? The separation potential (AQ) is a combined metric, which considering both uptake
capacity and selectivity. It is defined to quantify mixture separations in fixed bed adsorbers. For a C,H,/CO,
mixture with mole fractions yconz, and ycoo=1-ycomz, the gravimetric separation potential AQ, is calculated

from TAST using the formula

Yeo,
AQ=gq,, y ~dco, 3)

where qconp and qeo, are C,H, and CO, uptake in the mixture, respectively, which are calculated based on

IAST theory. For 50/50 mixture, the formula (3) can be simplified as
AQ = dc,n, ~Yco, 4)

The physical significance of AQ is that it represents the maximum amount of pure C,H, that can be

recovered during the adsorption phase of fixed bed separations.

Breakthrough Experiments. The breakthrough experiments were performed by a homemade breakthrough
experimental setup. The crystals of Ni3-bcp-tpt were synthesized and were immediately subject to solvent
exchange in methanol for 3 days. After solvent exchange, the samples were activated in a vacuum oven at
room temperature overnight and were further degassed on Micromeritics ASAP2020 gas adsorption

instrument at 80 degree for three days. The activated samples are pelletized and broken into fragments.
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Samples with size between 250 to 354 micron were selected by sieves and collected. 1.598 g samples were
loaded into a U shape glass tube. A C,H,/CO,/He mixture (1/1/2 mL/min) flowed through the U shape tube
with effluent gas monitored by Shimdazu GC-2030 gas chromatography with FID and TCD detectors.

Samples are regenerated by heating at 80 °C under 10 mL/min He overnight.
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Figure S1. Trimer building blocks in bcp-based CPM-111 series and cdc-based CPM-125 series projected
down the ¢ and a axes, respectively. Metal: green; O: red; N: blue; Carbon: gray. The hydrogen atoms are
deleted for clarity. The pore surface for CPM-111 series viewed along a axis (left) and c axis (right) is also

shown.

S10



Co2V-bcp-tpt
—— Mg3-bep-tpt
—— Ni3-bcp-tppy
80 Ni3-bep-tpt
Co3-bep-tpt
= —— Ni2V-bcp-tpt
S 604
=
D
(]
< 40
20
D T T T T
200 400 600 800
Temperature (°C)
100 -
— Ni3-cdc-tpt
Co2V-cdc-tpt
80 1 —— Ni3-cdc-tppy
X 60-
=
2
S 40-
20 1
0

200 400 600 800
Temperature (°C)

Figure S2. TGA data of solvent-exchanged bcp-based pacs (CPM-111 series) and cdc-based pacs

(CPM-125 series) reported in this work.
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Figure S3. Simulated, Experimental PXRD patterns for all the MOFs reported in this work. PXRD pattern of samples after gas adsorption is also

shown, which demonstrates their robust nature. The simulated pattern for CPM-111 series and CPM-125 series are generated from

CPM-111a-Ni and CPM-125a-Ni, respectively.
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three measurements from different crystals.
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Figure SS. Gas adsorption properties of CPM-111a-Ni. a: N, adsorption isotherm at 77 K; b: DFT pore
size distribution; c: C,H, adsorption isotherms at 273 K and 298 K; d: CO, adsorption isotherms at 273 K
and 298 K; e: Adsorption enthalpy (Qy) for C;H, and CO,; f: IAST selectivity for 50/50 C,H,/CO,. g: C3Hg
and C;Hg adsorption isotherms at 298 K. h. IAST selectivity for 50/50 CsH¢/C3;Hg. The pressure range of

P/Py < 1073 was applied to calculate the pore size due to the micro-porous feature of this family of materials.
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Figure S6. Gas adsorption properties of CPM-111a-CoV. a: N, adsorption isotherm at 77 K; b: DFT pore
size distribution; c: C,H, adsorption isotherms at 273 K and 298 K; d: CO, adsorption isotherms at 273 K
and 298 K; e: Adsorption enthalpy (Qy) for C,H; and CO,; f: IAST selectivity for 50/50 C,H,/CO,. g: C5;Hg
and C3;Hg adsorption isotherms at 298 K. h. IAST selectivity for 50/50 C3H¢/C5;Hg. The pressure range of

P/Py < 103 was applied to calculate the pore size due to the micro-porous feature of this family of materials.
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Figure S8. Gas adsorption properties of CPM-111b-Ni. a: N, adsorption isotherm at 77 K; b: DFT pore
size distribution; c: C,H, adsorption isotherms at 273 K and 298 K; d: CO, adsorption isotherms at 273 K
and 298 K; e: Adsorption enthalpy (Qy) for C;H, and CO,; f: IAST selectivity for 50/50 C,H,/CO,. g: C3Hg
and C;Hg adsorption isotherms at 298 K. h. IAST selectivity for 50/50 CsH¢/C3;Hg. The pressure range of

P/Py < 1073 was applied to calculate the pore size due to the micro-porous feature of this family of materials.
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Figure S9. Gas adsorption properties of CPM-125a-Ni. a: N, adsorption isotherm at 77 K; b: DFT pore
size distribution; c: C,H, adsorption isotherms at 273 K and 298 K; d: CO, adsorption isotherms at 273 K
and 298 K; e: Adsorption enthalpy (Qy) for C;H, and CO,; f: IAST selectivity for 50/50 C,H,/CO,. g: C3Hg
and C;Hg adsorption isotherms at 298 K. h. IAST selectivity for 50/50 CsH¢/C3;Hg. The pressure range of

P/Py < 1073 was applied to calculate the pore size due to the micro-porous feature of this family of materials.
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Figure S10. Gas adsorption properties of CPM-125a-CoV. a: N, adsorption isotherm at 77 K; b: DFT
pore size distribution; ¢: C,H; adsorption isotherms at 273 K and 298 K; d: CO, adsorption isotherms at 273
K and 298 K; e: Adsorption enthalpy (Qy) for C,H, and CO,; f: IAST selectivity for 50/50 C,H,/CO,. g:
Cs;Hg and C;Hg adsorption isotherms at 298 K. h. IAST selectivity for 50/50 CsH¢/C3;Hg. The pressure range
of P/Py < 10 was applied to calculate the pore size due to the micro-porous feature of this family of

materials.
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Figure S11. Gas adsorption properties of CPM-33a. a: N, adsorption isotherm at 77 K; b: DFT pore size
distribution; c: C,H, adsorption isotherms at 273 K and 298 K; d: CO, adsorption isotherms at 273 K and
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103 was applied to calculate the pore size due to the micro-porous feature of this family of materials.
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Chemical Shift Assignments
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Figure S13. 'H NMR spectrum of activated CPM-111a-Ni digested in a mixture of DMSO-dg, DCI in D,O.
Minor impurities have been observed and are attributed to residual solvents in the pore. The observation of

methyl peaks from [NH,(CHj3),]" indicates the anionic feature of the framework.
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Figure S14. '"H NMR spectrum of activated CPM-111a-CoV digested in a mixture of DMSO-dg, DCI in
D,0. Minor impurities have been observed and are attributed to residual solvents in the pore. The absence of

methyl peaks from [NH,(CHj3),]|" indicates the neutral feature of the framework.
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Figure S15. Three cycles of Breakthrough curves at 1 atm and 298 K with a flow of C,H,/CO,/He (1/1/2
mL/min) for Ni3-bcp-tpt. The breakthrough time of the second and third cycles is close and is a little bit

longer than the first one, which could be caused by the more complete activation.
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Figure S16. Multiple C,H, adsorption tests of Ni3-bcp-tpt at 298 K, showing almost no loss of capacity

during 5 cycles.
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Figure S17. PXRD of Ni3-bdc-tpt (CPM-33a) and Ni3-bep-tpt (CPM-111a-Ni) before and after in H,O for
24 hours. The samples after gas adsorptions were used for water treatments so that their gas adsorption

isotherms can be directly compared.
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Figure S19. DSLF fitting of C,H, and CO, adsorption isotherms of all MOFs reported in this work
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Figure S20. DSLF fitting of C3Hg and CsHg adsorption isotherms of all MOFs reported in this work.
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Table S1. The numbering scheme and names for the MOFs reported in this work

Numbering Metal trimers Dicarboxylic Partitioning Composition
Code ligand Ligand code
CPM-111a-Ni Ni3 bep tpt Ni3-bep-tpt
CPM-111a-CoV Coy V34 bep tpt CoV-bep-tpt
CPM-111a-NiV Nix Vi bep tpt NiV-bep-tpt
CPM-111a-Mg Mg3 bep tpt Mg3-bep-tpt
CPM-111a-Co Co3 bep tpt Co3-bep-tpt
CPM-111b-Ni Ni3 bep tppy Ni3-bep-tppy
CPM-125a-Ni Ni3 cdc tpt Ni3-cdc-tpt
CPM-125a-CoV Coy V34 cde tpt CoV-cdc-tpt
CPM-125b-Ni Ni3 Cdc tppy Ni3-cdc-tppy
CPM-33a8! Ni3 bdc tpt Ni3-bde-tpt
CPM-7338%4 CoV bde tpt CoV-bdc-tpt
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Table S2. Crystal data and structure refinement for pacs-Ni3-cdc-tpt

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Ni3-cdc-tpt

C48 H30 N6 Ni3 O13

1074.91

296(2) K

0.71073 A

Hexagonal

P63/mmc

a=16.857(4) A o=90°.
b=16.857(4) A B=90°.
c=14.734(4) A vy =120°.
3626(2) A3

2

0.985 Mg/m?3

0.818 mm-!

1096

1.964 to 27.495°.

-21<=h<=21, -16<=k<=21, -18<=I<=18
25517

1585 [R(int) = 0.0716]

99.9 %

Full-matrix least-squares on F 2
1585/0/71

1.272

R1=0.0399, wR2 =0.1443
R1=0.0547, wR2 =0.1509

0.470 and -0.688 ¢.A-3
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Table S3. Crystal data and structure refinement for pacs-Ni3-bep-tpt

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.241°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Ni-bep-tpt

C39 H30 N6 Ni3 O13

322.27

296(2) K

0.71073 A

Hexagonal

P63/mmc

a=16.950(19) A o=90°.
b=16.950(19) A B=90°.
c=12.062(14) A vy =120°.
3001(7) A3

2

1.070 Mg/m3

0.981 mm-!

988

2.185 to 25.241°.

-20<=h<=20, -20<=k<=19, -14<=I<=14
18346

1061 [R(int) = 0.0391]

99.9 %

Full-matrix least-squares on F 2
1061/77/83

1.273

R1=0.0626, wR2 =0.1522
R1=0.0647, wR2 =0.1532
0.841 and -0.849 e.A-3
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Table S4. Crystal data and structure refinement for pacs-Mg3-bep-tpt.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Mg3-bcp-tpt

C39 H30 Mg3 N6 O13

863.62

296(2) K

0.71073 A

Hexagonal

P63/mmc

a=16.910(8) A o=90°.
b=16.910(8) A B=90°.
c=12.375(6) A v =120°.
3065(3) A3

2

0.936 Mg/m?3

0.098 mm-1

892

1.390 to 25.409°.

-19<=h<=16, -19<=k<=18, -14<=I<=14
9547

1098 [R(int) = 0.1081]

100.0 %

Full-matrix least-squares on F 2
1098/0/71

0.984

R1=0.0538, wR2 =0.1456
R1=0.0873, wR2 =0.1660
0.574 and -0.272 e.A-3
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Table S5. Crystal data and structure refinement for pacs-Co3-bcp-tpt.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Co3-bep-tpt

C39 H30 Co3 N6 O13

967.48

296(2) K

0.71073 A

Hexagonal

P63/mmc

a=16.866(5) A o=90°.
b=16.866(5) A B=90°.
c=12.601(4) A y=120°.
3104.1(19) A3

2

1.035 Mg/m3

0.840 mm-!

982

2.135 to 25.424°.

-15<=h<=15, -20<=k<=14, -15<=I<=15
9702

1118 [R(int) = 0.0942]

99.9 %

Full-matrix least-squares on F?
1118/21/71

1.039

R1=0.0410, wR2 =0.1078
R1=10.0603, wR2 =0.1177

0.419 and -0.420 ¢.A"3
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Table S6. Comparison of gas adsorption properties of MOFs reported in this work.

MOF compositions

Ni3-bep-tpt

Co2V-bcep-tpt

Mg3-bcp-tpt

Ni3-bcp-tppy

Ni3-cdc-tpt

Co2V-cdc-tpt

Ni3-bdc-tpt

Co2V-bdc-tptS*5

BET/Langmuir surface area (m?/g) 741.8.3/800.7 | 977.3/1074.8 | 295.8/308.5. | 774.2/806.9 | 1221.6/1441.4 | 1404.6/1527.7 | 1268.7/1378.8 1328.5/1501.7
DFT pore size (A)° 5.9 6.8 N.A.d 5.9 59 59 6.8 7.3
Uptake, 298 K, Gravimetric (cm?/g) 133.0 144.1 140.7 141.9 130.7 175.9 162.1 176
C,H, 1 atm Volumetric (cm?/ cm?) 142.3 N.A. 131.7 N.A. 128.7 N.A. 144.9 157
273 K, latm (cm?/g) 145.7 169.1 151.6 154.2 158.7 212.4 210.7 251
QY% (-kJ/mol) 37.5 42.8 46.4 454 335 29.8 30.7 22.9
298 K, 1 atm (cm?/g) 81.3 88.4 67.3 102.9 72.0 67.0 76.0 87
CO, 273 K, latm (cm3/g) 108.0 121.2 110.2 126.2 130.7 128.8 142.0 171
QY% (-kJ/mol) 37.4 29.3 35.8 33.9 273 19.1 22.4 23.8
C,H,/CO; Selectivity (50/50)? 20.1 8.6 29.0 14.7 4.6 6.6 3.4 29
Separation Potential (mmol/g) 5.0 4.4 53 52 34 5.2 3.2 3.1
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CsHg uptake at 298 K, 1 atm (cm?/g) 92.0 92.1 78.8 84.6 105.7 128.3 127.1 168.7
C;H; uptake at 298 K, latm 583 84.9 61.4 65.0 99.1 113.7 117.3 170.2
C;H¢/CsHg selectivity 32 2.6 4.2 5.8 1.3 1.7 1.2 0.84

a: The selectivity at 298 K and 1 bar is used; b: The pore size refers to the peak position from DFT pore size distribution. c. N.T.: not tested; d: the pore size of

111a-Mg is not available due to the small number of adsorption points at low pressure.
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Table S7. Summary for benchmark MOFs for highly selective C,H,/CO, separation with selectivity higher

than 12. The MOFs are arranged in descending sequence of gravimetric C,H, uptake.

MOFs C,H, C,H; Uptake (STP) at1 Q0% Selectivity | Separation | Density | Reference
Uptake atm (-kJ/mol) Potential | (g/cm3)®
(STP,
(STP) at (mmol/g)
Gravimetric | Volumetric 50/50)
01bar
CPM-111b-Ni 447 141.9 N.A. 45.4 14.7 52 N.A. This work
CPM-111a-Mg 401 140.7 131.7 46.4 29.0 53 0.936 | This work
CPM-111a-Ni 4.02 133.0 142.3 375 20.1 5.0 1.070 | This work
ATC-Cu 3.83 112.2 158.1 79.1 53.6 N.A. 1.409 56
FeNi-M'MOF 3.37 96.1 133 27 24 3.76 1.375 87
ZJU-74a 3.39 85.7 116.0 45 36.5 3.06 1.353 S8
BSE-3 2.22 81.8 77.7 42.7 16.3 2.78 0.95 §9
JCM-1 1.83 75 99.8 36.9 13.7 2.43 1.331 S10
UTSA-300 1.34 68.9 107.6 57.6 743 N.A. 1.562 st
MOF-OH 1.38 68.2 107.7 17.5 25 N.A. 1.579 Si2
Mg(HCOO), 1.98 66 91 >45 12.7¢ N.A. 1.379 §13,14
NKMOF-1-Ni 2.12 61.0 109.8 60.3 20.5 N.A. 1.800 SI15
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Zny(bpy)(btec)! 1.16 51.5 93.5 28.7 333 N.A. 1.692 S16

Cu!@Ui0-66- 1.34 51.7 N.A. 74.5 185 2.89 N.A. S17
(COOH),

DICRO-4-Ni-i 1.07 43 52.2 37.7 13.9 1.43 1.215 SI8

a: The uptake at 0.1 bar is either calculated based on the fitting equations or by digitalizing the adsorption isotherm.

b: The density is calculated based on the cif file with any solvent or gas being removed. The removal of solvent or gas is based on the fact that

the activated materials for gas adsorption have no solvents or gas inside.

c: The selectivity value of Mg(HCOO), is derived from the Henry constant calculation for this temperature.

d: The discrepancy was found in the density calculated from the cif file and from ratio of volumetric uptake to gravimetric uptake reported in the

reference.
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Table S8. Summary for benchmark MOFs for C,H,/CO, separation with uptakes comparable or higher than

CPM-111a-Ni. The MOFs are arranged in descending sequence of selectivity.

MOFs CH, Selectivity C,H, Uptake (STP) QY% Separation | Density | Reference
Uptake (-kJ/mol) | Potential | (g/cm?3)
(STP, Gravimetric | Volumetric
STP) at mmol/,
( ) 30/50) (cm3lo) (cm3/em3) ( g)
CPM-111a-Mg 4.01 29.0 140.7 131.7 46.4 53 0.936 | This work
CPM-111a-Ni 4.02 20.1 133.0 142.3 375 5.0 1.070 | This work
CPM-111b-Ni 4.47 14.7 141.9 N.A. 454 52 N.A. This work
MIL-160 3.74 10 191 213 31.8 6.0 1.1 S19
UTSA-74 2.54 9 108.20 145 31 3.41 1.34 520
FJI-H8-Me 3.13 5.7 229 200.3 33.7 5.52 0.875 szl
NBU-8 1.21 5.4 182.9 170.6 34.6 N.A. 0.933 822
Cu-TPA 5.06 5.3 185 184.1 39.1 N.A. 0.995 523
SNNU-45 2.23 4.5 134 113.1 40 N.A. 0.844 524
FIU-90 2.68 4.3 180 146.9 25.1 4.52 0.816 825
CAU-10-H 1.11 4.0 89.8 100.6 ~27 1.56 1.12 826
SNNU-27-Fe 0.96 2.0 182.4 N.A. 24.1 <1.0 N.A. 827

a: The value is calculated by digitalizing the graph. B. The value is calculated through volumetric uptake and the density of UTSA-74a
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Table S9. Summary of the refined parameters with Dual-Site Langmuir-Freundlich fitting for gas adsorption

isotherms
MOFs Gases A B, 1/n; A5 B, 1/n; R2
(mmol g') (barl/nl) (mmol g') (bar1/m2)
CH, 6.48703 8.23521 0.70416 0.38471 0.58055 2027086 0.99998
CPM-111a-Ni o, 4.69523 1.52083 120731 0.81427 23.56205 121380  >0.99999:
Ni3-bep-tpt CsHg 3.65444 9.16574 0.70487 0.78052 606.332 8.92402 0.99981
C;Hg 2.64084 2.03008 0.63560 0.83953 72.3910 0.85304 >0.99999
CH, 7.18245 6.26768 0.60956 0.11897 1325060 2.61527 0.99998
CPM-111b-Ni CO;, 8.18733 1.14733 0.89246 0.18659 330.646 2.29232 >0.99999
Ni3-bep-tppy C3Hq 1.58349 127151 0.54025 2.91352 78.1474 0.93495 0.99998
CsHg 2.50606 4.19124 0.65806 0.88426 88.5875 0.98228 >0.99999
CH; 4.52276 19.15969 0.95105 3.05733 1.53178 1.07827 >0.99999
CPM-1112-CoV Co, 0.10225 197.113 3.21438 7.00423 1.20148 1.05369 >0.99999
CoV-bep-tpt CsHg 0.51346 0.79011 1.24908 3.98675 36.8406 0.77717 >0.99999
C;Hg 2.99789 6.06708 0.72845 1.21314 1100.58 1.19812 >0.99999
CH, 5.83495 6.107 0.86049 1.19338 1643.48 1.22293 0.99932
CPM-111a-Mg o, 4.45086 0.85145 1.01679 1.19217 3.77602 0.94925 >0.99999
Mg3-bep-tpt CsHg 2.93285 28.9764 0.80731 1.75559 0.63106 0.62839 0.99999
C;Hg 0.89991 46.6557 0.87963 2.34593 3.76923 0.67797 0.99999
CH, 7.29054 2.77010 0.95882 0.43883 589.259 3.31963 0.99998
CPM-125a-Ni CO;, 14.39640 0.26076 0.99482 0.20306 3950.52 9.96117 0.99998
Ni3-cde-tpt C3Hq 2.66862 048115  0.67782 4.03401 18.7534 0.83549 0.99993
C;Hg 4.06018 3.35596 0.67387 1.27946 188.063 1.16825 0.99997
CH,; 1.73783 103.952 2.44120 8.17535 2.92099 0.98736 0.99999
CPM-1252-CoV o, 222175 0.000122 091260 0.22117 195.734 4.43803 0.99986
CoV-cde-tpt CsHg 2.80297 0.44348 0.68644 5.06504 23.1262 0.86414 0.99999
C;Hg 3.98783 5.82682 0.74895 1.67568 100.403 1.08117 0.99999
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C,H, 3.14764 6.58061 1.96083 8.43478 1.12847 0.95606 >0.99999
CPM-33a CO, 0.17050 33.93321 1.14966 9.71562 0.48892 1.32942 >0.99999
Ni3-bde-tpt C;Hg 4.03783 146.484 1.19717 4.90891 0.50701 0.42833 0.99999
C;Hg 2.22224 3.01011 0.56811 3.57372 218.566 1.26371 0.99999

CH, 5.28437 2.11031 0.99831 6.39745 1.93489 1.77337 >0.99999

CPM-733 CO, 1.53444 2.49538 1.08306 9.65928 0.37583 1.59810 >0.99999
Co2V-bde-tpt CsH, 5.73030 148.178 1.31020 2.64614 2.17397 0.92405 0.99834
C;Hg 4.71097 325213 1.42007 7.03738 0.68984 0.50399 0.99999

a: >0.99999 indicates the R? is at least 0.999995.
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