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Section 1. Experimental sections

Materials and general methods. All chemical reagents were obtained from commercial sources
and, unless otherwise noted, were used as received without further purification. Elemental analyses (C,
H, and N) were performed on a Perkin-Elmer 240 analyzer. The IR spectra were obtained in the 4000~400
cm! on a VECTOR TM 22 spectrometer using KBr pellets. Thermal gravimetric (TG) analyses were
performed under N, atmosphere (100 ml min'') with a heating rate of 5 °C min! using a 2960 SDT
thermogravimetric analyzer. Powder X-ray diffraction (PXRD) data were collected on a Bruker D8
ADVANCE X-ray diffractometer with Cu/Ka radiation. Variable-temperature power X-ray diffraction
(VT-PXRD) measurements were performed on a Bruker D8 Advance X-ray diffractometer. The 'H NMR

spectra were recorded on a Bruker DRX-500 spectrometer with tetramethylsilane as an internal reference.
1.1 Preparation of the ligands

The organic linkers, 5-(pyridin-3-yl) isophthalic acid (H,L;) and 5-(pyridin-4-yl) isophthalic acid
(H,L,) were prepared according to literatures! and characterized by 'H NMR.

1.1.1 Preparation of dimethyl 5-(pyridin-3-yl) isophthalate.

Into a flask flushed with N, pyridin-3-ylboronic acid (1.6 g, 13 mmol), dimethyl 5-iodoisophthalate
(3.2 g, 10 mmol), and Na,COs (3.7 g, 34.9 mmol) were placed, 125 mL of toluene, 30 mL of ethanol and
10 mL of water were added. Then Pd[P(Ph);]4 (0.5 g, 0.43 mmol) was added to the reaction mixture with
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stirring, and heated to 85 °C overnight under N, atmosphere. The resultant mixture was evaporated to
dryness, dissolved in CH,Cl, and washed with water. The organic layer was dried over MgSO,, filtered,
concentrated, and purified by silica gel flash column chromatography with an eluent of acetone: petroleum
ether = 1:11 (v/v). The volatiles were removed by evaporation under reduced pressure, and the solid

residue was finally dried in a vacuum oven at 40 °C. Yield =2.5 g (92.2 %).
1.1.2 Preparation of 5-(pyridin-3-yl) isophthalic acid (H,L,).

The dimethyl 5-(pyridin-3-yl) isophthalate (2.5 g, 10.3 mmol) was dissolved in a solution of 35 mL
of THF and 35 mL of EtOH, followed by the addition of a solution of KOH (2.5 g, 44.6 mmol) in 35 mL
of water. This solution was stirred for 24 h at 50 °C and the volatiles were removed by evaporation under
reduced pressure. The residue dissolved in 100 mL of water was acidified to pH~2-3 using 2.0 M HCL
The white precipitate was separated by filtration, washed with water, and dried. Yield = 2.3 g (92.3 %).
"H NMR (400 MHz, DMSO-dg, 6 ppm): 13.46 (s, 2H, COOH), 8.96 (d, /= 1.8 Hz, 1H, ArH), 8.65 (d, J
=4.8, 1.5Hz, 1H, ArH), 8.51 (t, /= 1.5 Hz, 1H, ArH), 8.42 (d, /= 1.5 Hz, 2H, ArH), 8.23 ~8.15 (m, 1H,
ArH), 7.58 ~7.50 (m, 1H, ArH).

1.1.3 Preparation of dimethyl 5-(pyridin-4-yl) isophthalate.

Into a flask flushed with N, pyridin-4-ylboronic acid (1.6 g, 13 mmol), dimethyl 5-iodoisophthalate
(3.2 g, 10 mmol), and Na,COs (3.7 g, 34.9 mmol) were placed, 125 mL of toluene, 30 mL of ethanol and
10 mL of water were added. Then Pd[P(Ph);]4 (0.5 g, 0.43 mmol) was added to the reaction mixture with
stirring, and heated to 85 °C overnight under N, atmosphere. The resultant mixture was evaporated to
dryness, dissolved in CH,Cl, and washed with water. The organic layer was dried over MgSQO,, filtered,
concentrated, and purified by silica gel flash column chromatography with an eluent of acetone: petroleum
ether = 1:11 (v/v). The volatiles were removed by evaporation under reduced pressure, and the solid

residue was finally dried in a vacuum oven at 40 °C. Yield = 1.5 g (55.6 %).
1.1.4 Preparation of 5-(pyridin-4-yl) isophthalic acid (H,L,).

The dimethyl 5-(pyridin-4-yl) isophthalate (1.5 g, 6.2 mmol) was dissolved in a solution of 20 mL
of THF and 20 mL of EtOH, followed by the addition of a solution of KOH (1.5 g, 26.7 mmol) in 20 mL
of water. This solution was stirred for 24 h at 50 °C and the volatiles were removed by evaporation under
reduced pressure. The residue dissolved in 100 mL of water was acidified to pH~2-3 using 2.0 M HCL
The white precipitate was separated by filtration, washed with water, and dried. Yield = 1.3 g (86.7 %).
'"H NMR (400 MHz, DMSO-d6, 4 ppm): 13.53 (s, 2H, COOH), 8.70 (d, J = 5.9 Hz, 2H, ArH),

8.55(t,J=1.4 Hz, 1H, ArH), 8.49 (d, J = 1.5 Hz, 2H, ArH), 7.86 ~ 7.79 (m, 2H, ArH).
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Scheme 1. The synthetic routes of H,L; and H,L,.
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Figure S1.

1.2 Synthesis of NJU-Bai62, {{Co,(L,),DMF]-1.5SDMF-0.75MeOH"-1.5H,0}.,

A solution of Co(NOs),-6H,0 (29.0 mg, 0.1 mmol) in 0.5 mL MeOH was mixed with the H,L; (10
mg, 0.04 mmol) in 1.5 mL DMF. To this solution, 25 uL concentrated HCI was added. Then, the mixture
was sealed in a Pyrex tube and heated to 130 °C for 72 h. The purple block crystals obtained were filtered
and washed with DMF. Yield: 8 mg (48 %); Selected IR (cm!): 3381, 3063, 2935, 1664, 1624, 1580,
1560, 1488, 1451, 1423, 1372, 1296, 1252, 1192, 1160, 1108, 1053, 912, 869, 777, 724, 657, 576, 544,
504, 433. Elemental analysis (%) calcd. for Cs4,5H375C0,N45015.75: C 49.32, H 4.53, N 7.56; found: C

49.36, H4.01, N 7.62.
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1.3 Synthesis of NJU-Bai63, {[{Co,(L,),;] 2DMA-H,0}.,

A solution of CoCl,-6H,0 (9.5 mg, 0.04 mmol) in 0.5 mL MeOH was mixed with the H,L, (10 mg,
0.04 mmol) in 1.5 mL of DMA. Then, the mixture was sealed in a Pyrex tube and heated to 85 °C for 72
h. The dark purple block crystals obtained were filtered and washed with DMA. Yield: 9 mg (57 %);
Selected IR (em!): 3382, 3047, 2928, 1630, 1587, 1481, 1445, 1413, 1374, 1301, 1265, 1195, 1109, 1053,
1032, 1013, 960, 932,917,877, 817, 777, 724, 655, 619, 591, 576, 522, 472, 442. Elemental analysis (%)
caled. for C34H34C0o,N4O4;: C 51.53, H 4.32, N 7.06; found: C 50.64, H 4.32, N 7.03.

1.4 Synthesis of NOTT, {[Co,(L,),] 4DMF-2H,0},,

A solution of Co(NOj3),-6H,0 (29.0 mg, 0.1 mmol) in 0.5 mL of MeOH was mixed with the H,L,
(10 mg, 0.04 mmol) in 1.5 mL of DMF. To this solution, 25 pL concentrated HCl was added. Then, the
mixture was sealed in a Pyrex tube and heated to 130 °C for 72 h. The dark purple block crystals obtained
were filtered and washed with DMF. Yield: 7 mg (38 %); Selected IR (cm™'): 3434, 3.74, 2930, 2846,
2319, 1983, 1847, 1671, 1607, 1508, 1448, 1371, 1296, 1256, 1215, 1087, 1023, 920, 839, 780, 716, 652,
568, 508, 456. Elemental analysis (%) calcd. for C3gH4C0,NgO14: C 49.15, H 4.99, N 9.04; found: C
49.56, H 4.87, N 8.91.

Section 2. Single-crystal X-ray structure determination

Single crystals of NJU-Bai62 were loaded inside a cell and were evacuated for 20 h at 150 °C using
Quantachrome Autosorb 1Q-2 surface area and pore size analyzer to obtain the guest-free the activated

NJU-Bai62 for structural determination.

Single-crystal X-ray diffraction data of NJU-Bai62 was measured on a Bruker Apex II CCD
diffractometer at 296 K using graphite monochromated Mo(Ka) radiation (A = 0.71073 A). The data of
the activated NJU-Bai62 and NJU-Bai63 were collected on Bruker D8 Venture Photon II detectors at
223 K and 190 K respectively with a radiation source of Ga(Ka) (A = 1.34139 A). Data reduction was
made with the Bruker SAINT program. The structures were solved by direct methods and refined with
full-matrix least squares technique using the SHELXTL package.? Non-hydrogen 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 1.2 x U,, 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
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molecules and thereby, to produce a set of solvent-free diffraction intensities; structures were then refined

again using the data generated.

A summary of the crystallographic data are given in Table S1. CCDC 2006010-2006012 contain the
supplementary crystallographic data for NJU-Bai62, NJU-Bai63, and the activated NJU-Bai62. The data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge

Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK.

Table S1. Crystallographic Data of NJU-Bai62, the activated NJU-Bai62 and NJU-Bai63.

MOFs NJU-Bai62 the activated NJU-Bai62 NJU-Bai63
CCDC number 2006010 2006012 2006011
Empirical formula CssH1CosNgOi5 Cy6H14C0,N,0g C13H,CoNOy

Formula weight 1346.70 600.25 300.13
Temperature 296 (2) K 223 (2) K 190 (2) K
Wavelength 0.71073 A 1.34139 A 1.34139 A

Crystal system Triclinic Monoclinic Monoclinic
Space group P1 Cc P2,/c

Unit cell dimensions

a =10.298(10) A
b =10.352(10) A
c=17.615(17) A
a = 105.643(16)°
B =103.514(15)°

a =14.3091(15) A
b =14.5181(15) A
¢ =17.5565(18) A
a = 90°
B = 104.706(9)°

a =10.696(2) A
b=13.078 (3) A
¢ =12.460(2) A
a =90.00(3)°
B =108.793)°

y = 90.658(14)° y = 90° » = 90.00(3)°
Volume [A3] 1753(3) A3 3527.7(6) A3 1650(6) A3
Z 1 4 4
Density (calculated) 1.276 g cm3 1.130 g cm?3 1.208 g cm™3
Absorption coefficient 0.995 mm’! 5.384 mm’! 5.755 mm’!
F (000) 684 1208 604
Crystal size [mm?] 0.2x0.15x0.13 0.3x0.2x0.1 0.2x0.15x0.13

Theta range for data
collection

2.050 to 27.809 °©

3.839 t0 53.938 °

4.391 to 54.047 °

Limiting indices

-13<=h<=13
-13<=k<=13
22<=1<=23

-17<=h<=16
-17<=k<=17
21<=1<=20

-12<=h<=12
-15<=k<=15
-10<=1<=15
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Reflections collected
unique
Reflections unique

15160/ 11462
[R(int) = 0.0704]

20896 / 6290
[R(int) = 0.1277]

13659 /3039
[R(int) = 0.0477]

Completeness 973 % 99.9 % 99.6 %
Data/ reStraelrr;tS/ paramet | 146511232 /755 6290 /2 / 344 3018 /0/ 172
Goodness-of-fit on F/2 1.065 0.884 0.723
Final R indices R1=0.1096, wR2¢ = R1=0.0492, wR24 = R1=0.0335, wR2% =
[[>2sigma(])] 0.2793 0.0984 0.0814
R indices (all data) R1=0.1403, wR24 = R1=10.0920, wR24 = R1=0.0387, wR2% =
0.3079 0.1156 0.0844

Largest diff. peak and
hole

1.756 and -1.346 e. A

0.364 and -0.269 e. A

0.898 and -0.448 e. A

“R1=Z|F| = [FllIFol; WR2 = [Ew(ZF,> — F2)Ew(F,?)]'.
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Figure S2. (a, b, ¢, and d) The binuclear Co-clusters in NJU-Bai62, the activated NJU-Bai62, NJU-

Bai63, and NOTT, respectively (The gray, red, violet, and blue spheres represent carbon, oxygen, cobalt,

and nitrogen atoms, respectively); (e, f, g, and h) The coordination environment of the binuclear Co-

clusters in NJU-Bai62, the activated NJU-Bai62, NJU-Bai63, and NOTT, respectively; (i, j, and k) The
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coordination modes of the H,L; ligand in NJU-Bai62, the activated NJU-Bai62, and NJU-Bai63,
respectively; (1) The coordination mode of H,L, ligand in NOTT.

(b) oo,

\ p e \
“{ { I Y
J_H ) \ . \

NJU-Bai62

Figure S3. Assembly of NJU-Bai62, NJU-Bai63, and NOTT. (a) The binuclear Co-clusters are linked
by the H,L ligands in mode 1 to form the 2D hcb layers, which are further pillared by the H,L; ligands
in mode 2 (lime) to construct the 3D NJU-Bai62; (b) Co-paddlewheel clusters are connected by
isophthalic acid moieties to form the 2D sql layers, which are further pillared by pyridyl groups of H,L,
ligands to construct the 3D NJU-Bai63; (c) Co-paddlewheel clusters are connected by isophthalic acid
moieties to form the 2D sql layers, which are further pillared by pyridyl groups of H,L, ligands to
construct the 3D NOTT.
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Figure S4. (a, d, and g) The Ligands and binuclear Co-clusters in NOTT, NJU-Bai63, and NJU-Bai62,
respectively; (b, e, h, and j) The 1D channel along the a axis in NOTT, the 1D channel along the a axis
in NJU-Bai63, the 1D channels along the a and b axis in NJU-Bai62, and the 1D channel along the
direction of the (a+b) or (a-b) axis in the activated NJU-Bai62, respectively; (c, f, i, and k) The 3D porous
frameworks of NOTT, NJU-Bai63, NJU-Bai62, and the activated NJU-Bai62, respectively.

(b)

Figure S5. (a) and (b) The (3,3,6)-connected network of NJU-Bai62 and the activated NJU-Bai62,
respectively; (¢) and (d) The rtl topology of NJU-Bai63 and NOTT, respectively.
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Figure S6. The edge-to-face C-H---w interactions and C-H---O hydrogen bonding observed in NJU-Bai62
(a and c¢) and the activated NJU-Bai62 (b and d). Green dash lines represent C-H--'x interactions and C-
H---O hydrogen bonding in NJU-Bai62 and the activated NJU-Bai62.
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Table S2 The edge-to-face C-H--'n interactions and C-H--O hydrogen bonding in NJU-Bai62 and the
activated NJU-Bai62.

Contacts NJU-Bai62 the activated NJU-Bai62
C42-H42--02 3.23 3.10
C44-H44---04 2.77 2.67
C17-H17--010 2.48 242
CI1-H1---0O11 2.40 2.39
(A)
C4-H4--016 2.38 242
C14-H14---03 2.34 2.39
C30-H30--012 3.26 2.67
C16-H16- ring center 3.45
C-H--rin 2.84
) & C3-H3- ring center 3.26
center
(A) C15-H15- ring center 2.99 1
C2-H2--- ring center 2.81

Section 3. PXRD and IR analyses
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(b)

NJU-Bai63 after desolvation

| I NJU-Bai63 as-synthesized

NJU-Bai63 simulated

A A A " i
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2Theta (deg)

(c)

NOTT after desolvation

NOTT as-synthesized
VR T G RN T |
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A

5 10 15 20 25 30 35 40 45
2Theta (deg)

Figure S7. The PXRD patterns of NJU-Bai62 and the activated NJU-Bai62 (a); NJU-Bai63 (b);
NOTT (¢).
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Figure S8. IR spectra of NJU-Bai62 and the activated NJU-Bai62.

Section 4. Thermal stability analyses
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(b)
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Figure S9. VT-PXRD patterns of NJU-Bai62 (a); NJU-Bai63 (b); and NOTT (c).
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(c)
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Figure S10. TG curves of NJU-Bai62 (a); NJU-Bai63 (b); NOTT (c).

Table S3. Summary of the thermal stabilities of NJU-Bai62 and other MOFs.

i BET surface area
SBUs Linker Tl}%??;;;gglw (i g Res.
Zny(BTP), [Zny(PZ)b] H;BTPe 510 °C 930 [4]
MIL-140C [ZrO(COO),], H,BPDC 500 °C 670 [5]
MIL-53(Al) [AI(OH)(COO),], 1,4-H,BDC* 500 °C 155 i(r’fgjgfg‘)m [6]
NJU-Bai62 C0x(CO,)uN; H,L, 450 °C 1076.1 In our work
MIL-140A [ZrO(COO),], 1,4-H,BDC 450 °C 415 [5]
Ui0-66-Br Z1404(0H)4(COO), H,BDC-Br/ 450 °C SSI?rf(;zlnag:él;ir [7]
ZIF-8 [ZnN] mIMg 450 °C 1079 [8]
Nis(BTP), [Nig(PZ)g] H;BTP 450 °C 1650 [4]
CAU-10-H [AI(OH)(COO),], 1,3-H,BDC” 430 °C 635 [9]
NJU-Bai52 Fe;0(CO,)s TPBTM! 420 °C 1908 [10]
NJU-Bai53 Sc;0(CO,)g TPBTM 420 °C 1844 [10]
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NJU-Bai35 CuyOClL(COy)4Ny HIN/ 420°C 862.8 [11]
MIL-47 [V(OH)(COO),]. 1,4-H,BDC 400 °C 930 [12]
MIL-140B [ZrO(COO0);], H,NDC* 400 °C 460 [5]
Al-s0c-MOF-1 ALO(COY)g H,TCPT' 400 °C 5585 [13]
Cus(BTP), [Cus(PZ)s] H,BTP 390 °C 1860 [4]
MIL-121 [AI(OH)(COO),], H.BTEC” 380°C 162 [14]

o 1500 (Langmuir
MIL-53(Cr) [Cr(OH)(COO),]a 1,4-H,BDC 375°C wrface oees) [15]
Uio-66-CO,H Z1s04(0OH)4(COO0); H,BDC-CO,H" 360 °C 842 [16]
MIL-125 TigOg(OH)4(COO)1, 1,4-H,BDC 360 °C 1550 [17]
467-MOF [AI(OH)(COO),]. H;BTTB® 350 °C 725 [18]
Ns(L3)s Nig(OH)4(H,0), H,Ls? 350 °C 1770 [19]
AL-FUM [AI(OH)(COO),], FUMY 330°C 1080 [20]
Uio-66-NO Zrs04(OH)4(COO) H,BDC-NO, 310°C 836 (Langmuir [7]

2 64 4 12 2 2 surface area)

300°C for24 hin | 2900 (Langmuir
MOF-3 Zn40(CO)s 14-H,BDC air (PXRD) surface area) [21]

. . o 1250 (Langmuir
Uio-66-NH, | Zre04(OH)(CO0), | H,BDC-H,N 290 °C arface s [7]
NJU-Ba17 CU2(C02)4N2 H2L| 250 OC 1155 [1]
NJU-Bai8 Cuy(COy)4N; Lt 250 °C 1103 [1]
Cu-tbo-MOF-5 Cuy(CO,),s HyL" 250°C 3971 [22]
lew Cua(CO,)s H,L» 250 °C 1580 [23]

_ ZI'604(OH)4(C02)(,(C W o

MOF-808 H,CO0); H;BTC 230 °C 1606 [24]
Uio-66-SOsH | Zr04(OH),(CO0),, | H,BDC-SO,H* 220°C 769 [16]
an“?f(‘;ch(da Zny(CO,)N, TmbdcY. dabco* 200 °C 1400 [25]
SYSU CUQ(C02)4N2 H2L2 125 OC 1100 [1]
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¢ Metal-containing secondary building units. ? pyrazolate rings. ¢ 1,3,5-tris(1H-pyrazol-4-yl)benzene.
4 4,4’ -biphenyldicarboxylic acid. ¢ 1,4-benzenedicarboxylic acid./ 2-bromo-benzenedicarboxylic acid. &
2-methylimidazole.  * 1,3-benzenedicarboxylic  acid. ¢  N,N’,N”-tris(isophthalyl)-1,3,5-
benzenetricarboxamide. / Isonicotinic acid. * 2,6-naphthalenedicarboxylic acid. ! 3,3",5,5"-tetrakis(4-
carboxyphenyl)-p-terphenyl. ” pyromellitic acid. ” benzene-1,2,4-tricarboxylic acid. ° 4,4',4"-Benzene-
1,3,5-triyltris(oxy))tribenzoate. ? 4,4’-benzene-1,4-diylbis(1H-pyrazole). ¢ fumarate. ” 2-nitro-
benzenedicarboxylic acid. $2-amino-benzenedicarboxylic acid. ! 5-(pyrimidin-5-yl) isophthalic acid. “ 3,6-
dimetheyl-1,2,4,5-tetra-(biphenyl-3’,5'-dicarboxylic acid)benzene. ¥ fluorinated, angular tetracarboxylic
acid. " 1,3,5-benzenetricarboxylate. * 2-sulfoterephthalic acid. » tetramethylterephthalate. # 1,4-
diazabicyclo[2.2.2]octane.

Table S4. Summary of the thermal stabilities of NJU-Bai62 and other typical Co-MOFs.

Thermal stability | BET surface area
MOFs SBUs? Linker Res.
(VT-PXRD) (m2 gl
; o In our
NJU-Bai62 COz(C02)4N2 H2L1 450 C 1076.1 work
ZIF-67 [CoNy] mIM? 425°C 1587 [26]
BP-DMF Co; cluster tipb* 420 °C - [27]
Hoptad
. bmip¢. o
[C0145(bm1p)0_5(bpdc)1.5(DMF)2]H CO3(C02)6N2 bpdcf 400 C - [28]
A Cos(k3- Hepydcs., o
Co-pydc-TPB OH)(COO)(H;0): TPB 400 °C 572 [29]
MAF-25 [CoNg] Hdpt24' 370 °C 511 [30]
MFU-1 Co40(dmp7/)s H,BDPB* 270 °C 1525 [31]
. o I
NJU-Bai63 C0x(CO,)4(N), H,L, 250 °C - v‘:(;’r‘;:
[COgO(OH)4(H20)4(iHa)g](NO3)2]‘2C2 I ° 459 (Langmuir
Hs;OH-4H,0O Cos(0)(OH)4(H20)s Ina 150°C surface area) [32]
[C03O(OH)4(H20)4(pba)g](NO3)2]8C2 m ° 1721 (Langmuir
HsOH-28H,0 Cos(0)(OH)(H20)s Pba 130°C surface area) [32]
o In our
NOTT Co0x(CO,).N, H,L, 50 °C - wor‘:{
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@ Metal-containing secondary building units. ? 2-methylimidazolate. ¢ 1,3,5-tris(pimidazol-
ylphenyl)benzene. ¢ terephthalic acid. ¢ 1,3-bis(2-methylimidazolyl)propane. / biphenyl-4,4'-dicarboxylic
acid. ¢ 5,5',5"-(pyridine-2,4,6-triyl)tri-isophthalic acid. ” tris(3-pyridyl)-1,3,5-benzene.  3-(2-pyridyl)-5-
(4-pyridyl)-1,2,4-triazolate. J 3,5-dimethylpyrazolate. k

1,4 - bis[(3,5 - dimethyl)pyrazol - 4 - yl]benzene. / isonicotinate. " 4-pyridylbenzoate.

Section 5. Low pressure gas sorption measurements

Sample activation. Before the sorption experiments, as-synthesized NJU-Bai62 samples were

activated at 150 °C under vacuum for 20 h.

Low-pressure adsorption isotherms of N, (99.999 %) and CO, (99.999 %) were performed on
Quantachrome Autosorb 1Q-2 surface area and pore size analyzer. Before analysis, about 100 mg samples
were activated by using the “outgas” function of the surface area analyzer. Helium (99.999 %) was used
for the estimation of the free space (warm and cold), assuming that it was not adsorbed at any of the
studied temperatures. The specific surface area was determined using the Brunauer-Emmett-Teller (BET)
and the Langmuir equation from the N, sorption data at 77 K. When applying the BET theory, we made
sure that our analysis satisfied the two consistency criteria as detailed by Walton and co-workers.?3 For

the Langmuir surface area, data from the whole adsorption data were used.

280 - 2
1 R*=1
240 £° %
2 { 4 *~e~e_,_ BET=1075.23m’g’
£ 2004 S
Q 4 s "*o...\.
= 160- e ~e.,
n_o 1 * 0.00012
E 120 — 0.00010
~ 4 g 0.00008
— 80- £ 0.00006
> 1 % 0.00004
40 - 0.00002
- - ! ' ' ' ' | .00 u‘ollu u.(;/sp?:.uzo u.ozs' 0.030
0.0 01 0.2 0.3 04

PIP,

Figure S11. The V[1-(P/Py)] vs. P/P, for NJU-Bai62, only the range below P/P, = 0.05 satisfies the
first consistency criterion for applying the BET theory. Inset: Plot of the linear region for the BET

equation.
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Section 6. Calculations of isosteric heats of adsorption

A virial-type’* expression comprising the temperature-independent parameters a; and b; was
employed to calculate the enthalpies of adsorption for CO, (at 273 and 298 K) on NJU-Bai62. In each

case, the data were fitted using the equation:

InP=InN+1/TY aN'+> bN' (1)

i=0 j=0
Here, P is the pressure expressed in Torr, N is the amount adsorbed in mmol g-!, T is the temperature
in K, a; and b; are virial coefficients, and m, n represent the number of coefficients required to adequately
describe the isotherms (m and n were gradually increased until the contribution of extra added a and b
coefficients was deemed to be statistically insignificant towards the overall fit, and the average value of
the squared deviations from the experimental values was minimized). The values of the virial coefficients

ay through a,, were then used to calculate the isosteric heat of adsorption using the following expression.

0,=-RYaN' ()

Oy 1s the coverage-dependent isosteric heat of adsorption and R is the universal gas constant. The
heat of CO, adsorption for NJU-Bai62 in the manuscript are determined by using the adsorption data
measured in the pressure range from 0 ~ 1 bar (273 and 298 K), which is fitted by the virial equation very

well (R2 > 0.9999).

8

{ —2713K e 273K
74 ——298k = 298K
6

—

e -

E 2 i R’= 0.999999448623259
£ 4 a,= -3766.93624639043
o a,= 228.0806995693
£ 3 a,= -96.1062317873073

i a,= 13.5651642531697
2- a,= -0.101053013209012
1 b,= 16.7457942003869
1- b,= -0.616618819206107

1 b,= 0.357620681890534
0- b,= -0.045244367072719

o 1 2 3 4 5 6 7
CO,adsorbed (mmol/g)

Figure S12. The details of virial equation (solid lines) fitting to the experimental CO, adsorption data

(symbols) for NJU-Bai62.
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Section 7. IAST Calculations

IAST (ideal adsorption solution theory)3® was used to predict binary mixture adsorption from the
experimental pure-gas isotherms. In order to perform the integrations required by IAST, the single-
component isotherms should be fitted by a proper model. In practice, several methods to do this are
available. We found for this set of data that the dual-site Langmuir-Freundlich equation was successful in
fitting the data. As can be seen in Figure S12-13 and Table S5-6, the model fits the isotherms very well
(R?>0.9999)

1/n1 1/n2

qmlblp qubzp

1/n1 1/n2

q:
1+bp (3)

1+b,p

Here, P is the pressure of the bulk gas at equilibrium with the adsorbed phase (kPa), ¢ is the adsorbed
amount per mass of adsorbent (mmol g), ¢,, ; and g, » are the saturation capacities of sites 1 and 2 (mmol
g!), b; and b, are the affinity coefficients of sites 1 and 2 (1/kPa), and n; and n; represent the deviations
from an ideal homogeneous surface. The fitted parameters were then used to predict multi-component

adsorption with IAST.

The selectivity Sy in a binary mixture of components A and B is defined as (x4/v,)/(x/yp), where x;

and y; are the mole fractions of component i (i = A, B) in the adsorbed and bulk phases, respectively.
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4 ® Adsorption of CO, —— DSLF fit of CO,

Adsorption of N, ——DSLF fit of N,

| A Adsorption of CH, —— DSLF fit of CH,

Gas Uptake (mmol/g)

00 02 04 06 08 1.0
Pressure (bar)
Figure S13. Low pressure gas adsorption isotherms and the dual-site Langmuir-Freundlich (DSLF) fit

lines of CO,, N,, and CH,4 in NJU-Bai62 at 273 K.

® Adsorption of CO, ——DSLF fit of CO,

— 5 T
g Adsorption of N, DSLF fit of N,
O 4-
E A Adsorption of CH, ——DSLF fit of CH,
' 3 -
Q
& 4
S 5
[}
p— | 4
) J
8§

0 -

00 02 04 06 08 1.0
Pressure (bar)

Figure S14. Low pressure gas adsorption isotherms and the dual-site Langmuir-Freundlich (DSLF) fit

lines of CO,, N,, and CH,4 in NJU-Bai62 at 298 K.
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Table S5. Dual-site Langmuir-Freundlich parameters for CO,, N,, and CH, isotherms of NJU-Bai62 at

273 K
NJU-Bai62
CO, N, CH,4

R? 0.999997377793359 0.999991131321574 0.999999313382157
Qm,1 2.20672128876562 0.266669187291003 5.27749314712527
Am,2 5.78647517073934 1.25383278087157 0.0428855473310917
b, 0.00026607861649554 0.000000108644226841755 0.00529617515182555
b, 0.0673487844842774 0.00437068339215435 0.0459085472703111
n 0.58713738381 0.29948715481 0.98638552427

n 1.03680670006 0.89372037539 0.78369490155

Table S6. Dual-site Langmuir-Freundlich parameters for CO,, N,, and CH, isotherms of NJU-Bai62 at

298 K
NJU-Bai62
CO, N, CH,4

R? 0.999998211251972 0.999962206925028 0.999998266825566
Jm.1 1.19002124246564 0.411484942589157 3.1303306079439
Am,2 6.5255415742154 0.346859598895987 0.111529303615421

b, 0.0279024514932539 0.00000356240071154528 0.00444656918764632

b, 0.0141773575299975 0.00615675153044862 0.00000000609968908412198
n 0.82047638631 0.4032896729 0.96746611245

n, 1.12318805968 0.83388083169 0.24766738197
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Figure S15. The fitting initial slopes for CO, and N, isotherms for NJU-Bai62 collected at 273 K (a)

and 298 K (b). CO; (red triangle) and N, (blue square).
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Figure S16. The fitting initial slopes for CO, and CH, isotherms for NJU-Bai62 collected at 273 K (a)

and 298 K (b). CO, (red triangle) and CH,4 (blue square).
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Table S7. The selective CO, adsorption properties of NJU-Bai62 and several reported Co-MOFs.

Uptakecoz 273k Uptakecoz 298 k
BET Qst.co2 Sconz
MOFs (wt %) (wt %)
(m?/g) (kJ/mol)
0.15 bar 1 bar 0.15 bar 1 bar 273 K 298 K
Co-mof-743¢ 957.0 - - - 14.2 24.9 - -
Bio-mof-1137 1040.0 45 - 20.9 54 15.2 81.0° 75.00
113.9¢ 65.5¢
NJU-Bai62 1076.1 31.3 11.1 20.4 5.9 15.2
55.0° 42.7%
Cos(SYSU) (HCOO); (vs-OH) ] ] . .
(H,0)% 1386.0 41 25.1 13.9 21 14
[Cos(OH)s(L),] 2DMF3 566.0 229 - 16.4 - 13.4 ; -
NJFU-24 1223.0 38.2 10.6 13.1 6.1 11.6 449.64 195.1¢4
MFOF-14! 2287.0 23.1 - 18.4 - 10.6 - -
IITKGP# 253.0 25 7.2 12.8 - - 52.3¢4 -
Co-pydc-TPB? 572 30 - 10.5 - 7.8 44¢ 65¢
JXNU-143 - 354 - 15.2 - 7.6 - -
21.0¢4 -
RH-1# 490 43.6 - 10.3 - 7.3
18.0% 66.7°
Co(timb)+H,0% ; 327 ; 9.7 - 7.2 59 200
(HoN(CH3)2)[Cog(u2-OH)4(ue3-
OH)4(us- 1500.0 - - 14.6 - 7.1 38¢ 40¢
OH)(Ina)s](H,0)5(DMA)o} 46
{[Coy(4,4’- “ “
bpy)(L)]'H20~0.5(DMF)}H47 224 31 - 9.6 - 6.7 194.7 70.5
[Co,0(DPB),(DMF),]-xS* 1668.2 26.2 - 11.8 - 6.5 19.4¢ 15.5¢
[Con(dpmndi)(bdc),)]- DMF* 69.4 32.41 - 13.1 - 6.1 ; -
CoIPA>° 283 30.2 - 5.1 - 35 61.4¢ 37.0¢4
Tripp-1-Co’! 822.0 25.6 - 13.1 - - 41.44 -
SNU-15%2 - - - 7.02 - - - -
[Co(DpyDCNP)J¢ 18H,05 249.9 25.7 - 47 - ; - ;
[Co(tipb)(adc)](DME)y(H,0), 5% 514.0 ; ; - - ; 27.80¢ ;

¢ JAST predicted selectivities for CO,/N, (0.15:0.85) mixture; ® Selectivities calculated from the ratio of
initial slopes based upon the isotherms; ¢ selectivities from Henry’s Law; ¢ Selectivities calculated from
the ratio of the adsorption amounts of CO, at 0.15 bar and N, at 0.85 bar. S=(qco2/qn2)/(Pco2/Pn2); €

Selectivity at 100Kpa.
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Table S8. The selective CO, adsorption properties of NJU-Bai62 and some typical (3,6)-connected MOFs
based upon bifunctional organic ligand.

Uptakecoz,zn K Uptakec02,29x K
BET Qst.con Scoana®
MOFs (wt %) (wt %)
(m%/g) (kJ/mol)
0.15 bar 1 bar 0.15 bar 1 bar 273 K 298 K
NJU-Bai7! 1155.0 40.5 11.8 13.9 8.0 12.8 97.1% 62.80
Cu[L]> 810.0 - 14.7 29.7 7.4 21.8 - -
113.9 65.5
NJU-Bai62 1076.1 31.3 11.1 20.4 5.9 15.2
55.00 42.7°
NJU-Bai8! 1103.0 37.7 10 12.5 54 11.2 111.3% 58.36
70.5
NJU-Bai32% 751.0 33.5 - - 4.7 - -
48.20
58.7 40.3
NJU-Bai3337 884.8 25.7 7.9 16.9 4.2 12.9
36.50 30.2°
SYSU! 1100.0 28.2 8.0 19.8 3.6 13.4 25.50 19.0°

@ JAST predicted selectivities for CO,/N, (0.15:0.85) mixture; ? Selectivities calculated from the ratio of
initial slopes based upon the isotherms; L = 5-(1H-Tetrazol-1-yl)isophthalic acid.

Section 8. Theoretical calculation of the MOFs

We used density functional theory (DFT) to calculate the energy and charge population of the MOFs
at the crystal structures and the DFT optimized structures, respectively. The geometry optimizations were
obtained by density functional theory (DFT), which were performed with CASTEP code>® in the Materials
Studio software.’® The generalized gradient approximation (GGA) method in Perdew-Burke-Ernzerhof
(PBE)® exchange-correlation functional with Grimme method for the DFT-D correction®! were applied.
The plane-wave cutoff energy was 450 eV and a 1X1X1 Monkhorst-Pack®? (MP) grid to sample the
Brillouin zone. The convergence criteria of geometry optimization were set to 2.0 x10-> eV/atom for

energy and 0.05 eV/A for force, respectively.
The electrostatic interactions are defined as

_ 4,4;
47T£07”l-j (4)

ele
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Where ¢; and g; was the charge of atom i and j calculated from DFT, respectively. The cutoff
electrostatic interaction was 18.5 A. The electrostatic interaction energy per atom was compared and can

be defined as E,;./Nm 1n which N, is the number of atoms in a cell.

(b)

] -0.6(-0.6)

1.36 (1.38) '°-Bf g-:-;‘ ;4)

(c)

Figure S17. The Mulliken charges of Co atoms and its surrounding atoms in the crystal structures and
the DFT optimized structures (in parentheses). (a) NJU-Bai62; (b) The activated NJU-Bai62; (c) NJU-
Bai63; (d) NOTT.

The actived NJU-Bai62 (Sim.)

— The actived NJU-Bai62 (Exp.)
—— The actived NJU-Bai62 (Diff.)

A AL
WA oLl

5 10 15 20 25 30 35 40 45
2 Theta (deg)

Figure S18. Pawley-refined XRD patterns of the activated NJU-Bai62 (black line), XRD patterns of the

NJU-Bai62 at 450 C (red line), and their difference (blue line). The simulated XRD is based on the

DFT optimized structure.
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Table S9 The calculated Gibbs free energy (G) at the crystal structures and the DFT optimized

structures. The Gibbs free energy is given in eV.

NJU-Bai62 The activated NJU-Bai63 NOTT
NJU-Bai62
Atom numbers 128 208 104 104
@ crystal structure -23295.25 -41469.11 -20737.09 -20732.47
@ DFT optimized structure -23322.12 -41499.79 -20750.57 -20750.87

Table S10. The comparison of the bond and angle between the crystal structures and the DFT optimized

structures.
@ crystal @ DFT optimized o
Variation
structure structure
bond 2.06 2.04 -0.01
(A) 1.99 2.02 0.03
2.10 2.07 -0.03
2.11 2.19 0.08
2.13 2.12 0.00
NJU-Bai62
2.29 2.37 0.07
angle 97.70 103.60 5.90
) 87.10 82.80 -4.30
86.80 86.30 -0.50
90.30 91.80 1.50
bond 2.14 2.12 -0.02
The activated NJU-
(A) 2.09 2.10 0.01
Bai62
2.02 1.98 -0.04
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2.08 2.09 0.01

2.15 2.17 0.02

2.15 2.17 0.02

angle 85.21 86.29 1.08
®) 93.23 93.95 0.72
86.21 83.47 -2.74

97.27 97.45 0.18

bond 2.02 2.02 0.00
(A) 2.90 2.39 -0.50
2.23 2.08 -0.15

1.98 2.00 0.01

NJU-Bai63 2.06 2.16 0.10
2.02 2.09 0.08

angle 105.07 99.92 -5.15
®) 57.59 76.56 18.98
93.79 85.36 -8.42

103.42 98.24 -5.19

bond 2.04 2.07 0.03
(A) 2.12 2.05 -0.07
2.85 223 -0.61

2.05 2.05 0.00

NOTT 2.10 2.05 -0.05
2.07 2.17 0.10

angle 80.70 86.36 5.66
() 82.44 91.32 8.87
100.10 95.45 -4.65

94.31 85.89 -8.41
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Table S11 The Mulliken charges of DMF at NJU-Bai62 on basis of the crystal structure and the DFT

optimized structure. The charges are given in e.

atom @ crystal @ DFT optimized variation
structure structure
DMF, O -0.54 -0.57 -0.03
N -0.32 -0.29 0.03
Cl 0.14 0.24 0.10
C2 -0.92 -0.64 0.28
C3 -0.93 -0.63 0.30
H1 0.36 0.24 -0.12
H2 0.37 0.29 -0.08
H3 0.38 0.28 -0.10
H4 0.40 0.29 -0.11
H5 0.37 0.29 -0.08
H6 0.37 0.29 -0.08
H7 0.39 0.27 -0.12
Sum 0.07 0.06 -0.01
DMF, 0) -0.55 -0.56 -0.01
N -0.31 -0.29 0.02
Cl 0.13 0.25 0.12
C2 -0.91 -0.65 0.26
C3 -0.90 -0.65 0.25
H1 0.35 0.23 -0.12
H2 0.37 0.29 -0.08
H3 0.36 0.28 -0.08
H4 0.40 0.29 -0.11
H5 0.37 0.29 -0.08
H6 0.33 0.27 -0.06
H7 0.40 0.29 -0.11
Sum 0.04 0.04 0.00
DMF;+DMF, Sum 0.11 0.11 0.00
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Table S12. The electrostatic interaction energy, E,., and the electrostatic interaction energy per atom,

E1e/Nuwm, at the DFT optimized structures, respectively. The energy is given in kcal/mol.

NJU-Bai62 The activated NJU-Bai63 NOTT

NJU-Bai62
Atom numbers 128 208 104 104
Eee -2218.90 -4409.05 -2045.83 -2006.89
Eeie/Natom -17.34 -21.20 -19.67 -19.30

Section 9. The computational simulation studies of gases adsorption

To better understand the interaction between the CO, molecules and the activated NJU-Bai62 and
predict the possible binding sites of CO, molecules, Grand Canonical Monte Carlo (GCMC) simulations
were carried out through the sorption module of the Materials Studio 7.0 package® according to the
literature.®® The unit-cell framework of the actived NJU-Bai62 was constructed from experimental crystal
X-ray diffraction data. The Locate and Metropolis methods®* were used. The maximum loading and
production steps were set as 1 x 10° and 1 x 107, respectively. The simulations were done by utilizing one
unit cell, and on the basis of the experimental data (1 bar). During the simulation, the CO, molecules and
framework were considered to be rigid. All atom charges were assigned by the COMPASS force field.®?
The Ewald summation method was used for electrostatic terms. Atom based on van der Waals was
included with a 18.5 A cutoff radius. The binding energy (E;) was calculated by using density functional
theory (DFT) with the PBE functional®® and obtained by calculating the energy difference between the
total energy of the complex system (Ey,) and the sum of individual energy of the MOF (Eyor) and CO,

(Econ), respectively, which was expressed as:

Ey, = Egys - Evior - Econ )
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Figure S19. Simulated locations of CO, molecules in NJU-Bai62 at 0.15 bar (a) and 1 bar (b).

At low CO, loading, CO, molecule is located between the two Co sites of the two binuclear Co-
clusters, where CO, molecule has a strong interaction with one Co atom (Co-+O = 3.117 - 3.169 A) and
a weak interaction with the other (Co-O = 3.601 - 3.649 A). With more CO, loading, CO, molecules
start to distribute inside the channel with the Co sites and CO, molecules distance of 3.204-3.760 A.

Figure S20. The CO, binding mode on NJU-Bai62.
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