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1. General Procedures and Materials. All starting reagents and solvents were purchased from
commercial companies and used without further purification. Powder X-ray diffraction (PXRD)
patterns were performed by a Rigaku Ultima IV diffractometer operated at 40 kV and 44 mA with a
scan rate of 2.0 deg min!.
2. Fitting of pure component isotherms

The experimentally measured loadings for CO, measured at temperatures of 273 K, and 296 K in

UTSA-120 and SIF-SIX-2-Cu-i were fitted with the dual-Langmuir-Freundlich isotherm model
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The parameters are provided in Table S2.

The isotherm data for CHy, and N, measured at temperatures of 273 K, and 296 K in UTSA-120

and SIF-SIX-2-Cu-1 were fitted with good accuracy with the single-site Langmuir model
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The parameters are provided in Table S3, and Table S4.

3. Virial Graph Analysis
Estimation of the isosteric heats of gas adsorption (Ost)
A virial-type expression of comprising the temperature-independent parameters a; and b, was

employed to calculate the enthalpies of adsorption for CO, (at 273 K and 296 K) on UTSA-120a. In

each case, the data were fitted use equation:
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InP=InN+1/TY a,N,+> b,N, (5)

i=0 j=0

Here, P is the pressure expressed in Pa, N is the amount absorbed in mmol g!, 7 is the temperature
in K, ai 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 till 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 ao through a» were then used to calculate the isosteric heat of

absorption using the following expression:
0, =—RY aN, (6)

Ost is the coverage-dependent isosteric heat of adsorption and R is the universal gas constant. The
heat enthalpy of CO2 sorption for complex UTSA-120a in this manuscript are determined by using
the sorption data measured in the pressure range from 0-1 bar (at 273 K and 296 K).

4. IAST calculations

The adsorption selectivity is defined by

Sads = ql/q2 (7)
D /pz

In equation (7), q;, and g, are the molar loadings in the adsorbed phase in equilibrium with the
bulk gas phase with partial pressures p;, and p.

Figure 2d presents IAST calculations for binary 15/85 CO,/N, mixtures at 296 K. The CO, uptake
is significantly higher in UTSA-120a as compared to SIF-SIX-2-Cu-i. The CO,/N, selectivity is
about an order of magnitude higher in UTSA-120a as compared to SIF-SIX-2-Cu-i.

Figure S12 presents IAST calculations for 50/50 CO,/CH4 mixtures at 296 K. Also in this case the

separations are better in UTSA-120a as compared to SIF-SIX-2-Cu-i.

5. Transient breakthrough of mixtures in fixed bed adsorbers
The performance of industrial fixed bed adsorbers is dictated by a combination of adsorption
selectivity and uptake capacity. For a proper comparison of various MOFs, we perform transient
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breakthrough simulations using the simulation methodology described in the literature.!> For the
breakthrough simulations, the following parameter values were used: length of packed bed, L = 0.3
m; voidage of packed bed, £ = 0.4; superficial gas velocity at inlet, = 0.04 m/s. The transient

breakthrough simulation results are presented in terms of a dimensionless time, 7, defined by

e . C Le
dividing the actual time, #, by the characteristic time, — .
u
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Notation

ba Langmuir-Freundlich constant for species i at adsorption site A, Pa™"*
bg Langmuir-Freundlich constant for species i at adsorption site B, Pa™"*
G molar concentration of species i in gas mixture, mol m-3

Cio molar concentration of species i in gas mixture at inlet to adsorber, mol m-
E energy parameter, J mol-!

L length of packed bed adsorber, m

Di partial pressure of species 7 in mixture, Pa

D total system pressure, Pa

qi component molar loading of species i, mol kg!

O« isosteric heat of adsorption, J mol!

t time, s

T absolute temperature, K

u superficial gas velocity in packed bed, m s°!

Greek letters

el voidage of packed bed, dimensionless

vil Freundlich exponent, dimensionless

pl framework density, kg m-3

7l time, dimensionless

Subscripts

i referring to component i

t referring to total mixture
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Table S1. The structural details for fully activated UTSA-120a, obtained from Rietveld refinement

of the neutron diffraction data.

Unit cell parameters UTSA-120a
Formula Co4H 6CuF¢N,Si
Formula weight 678.10
Crystal system Tetragonal
Space group [4/mmm
a,b(A) 15.123(11)
c(A) 7.8349(1)
a(°) 90.00
L) 90.00
7(°) 90.00
v (A3) 1791.89(34)
z 2
Deareq (g cm™>) 1.257
R,, R, 0.0207, 0.0170
cCcDC 1882294
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Table S2. Dual-Langmuir-Freundlich parameter fits for CO, in UTSA-120a and SIFSIX-2-Cu-i.
The fits are based on experimental isotherm data at 296 K.

Site A Site B
qAsat bao E\ Va qB sat by Ey 12
dimensionless
mol kg | Pa™ kJ mol- | dimensionless | mol kg- | Pa~™"® kJ mol-
1 1 1 1
0.57 4.81x1018 | 26.4 4.7 2.41x1011 | 31.3
UTSA-120a 2.65 1.34
124 7.87x1010 | 17.6 6 6.23x10°12 | 34.8
SIF-SIX-2-Cu-1 1.1 1..14
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Table S3. Langmuir parameter fits for CH, in UTSA-120a and SIFSIX-2-Cu-i. The fits are based on
experimental isotherm data at 296 K.

gsat b() E
mol kg! Pa”' kJ mol!
8
UTSA-120a 33 1.78x10 13.3
8
SIF-SIX-2-Ci 5 9.89x10 6.6
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Table S4. Langmuir parameter fits for N, in UTSA-120a and SIFSIX-2-Cu-i. The fits are based on
experimental isotherm data at 296 K.

gsat b() E
mol kg! Pa”'! kJ mol!
9
UTSA-120 1.75 4.63x10 14.6
7
SIF-SIX-2-Ci 4.1 1.35x10 4.3
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Table S5. Comparison of the CO, adsorption capacity and CO,/N, selectivity of UTSA-120a with
other high-performing materials at room temperature.

Adsorption uptake
MOFs 0.15bar 1.0 bar COz,fN? O (kJ/mol)  Ref.
(mmol ) (mmol ¢) selectivity

UTSA-120a 3.56 5.0 600 27-31 This work
Mg-MOF-74 5.31 8.04 148 47 3
Mgy(dobde)(NoHy), g 5.18 5.51 - 90 4
MAF-X250x 4.08 7.1 250 43 5
Co-MOF-74 3.48 5.53 100 37 6
Zeolite 13X 3.47 - 30.4 37.2 6
Ni-MOF-74 3.21 5.80 30 42 6
Mg-dobpdc-mmen 3.14 4.0 262 70 7
SGU-29 2.65 3.53 3515 51.3 8
UTSA-16 2.64 4.3 314 34.6 6
SIFSIX-3-Ni 2.5 2.55 1874 52 9
SIFSIX-3-Cu 2.46 2.46 10500 54 10
SIFSIX-3-Zn 243 2.54 1800 45 11
CuBTTRi-mmen 2.38 4.17 166 96 12
NbOFFIVE-1-Ni 2.25 2.25 - 50 13
SIFSIX-2-Cu-i 2.11 5.41 140 31.9 11
Zn,(Atz),(0x) 2.02 3.62 - 40.8 14
SERP-MOF-2 1.6 3.08 1084 33 15
SIFSIX-14-Cu-i 1.42 4.68 - 37.7 16
Bio-MOF-11 1.35 4.05 76.8 45 17
CPM-231 1.26 6.77 50 20.4 18
NJU-Bai8 1.2 2.51 58 37.7 19
Qc-5-Cu-sql 0.73 2.16 35000 36 20
PCN-88 0.69 4.20 18.1 27 21
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Table S6. Comparison of the CO, adsorption capacity, CO,/CHy4 selectivity, and Oy of UTSA-120a
with other high-performing materials at room temperature.

Adsorption uptake
MOFs 0.15bar 1.0 bar COZ/,C},L‘ O (kJ/mol)  Ref.
(mmol ) (mmol ¢) selectivity

UTSA-120a 3.56 5.0 96 27-31 This work
Qc-5-Cu-sql 0.73 2.16 3300 36 20
SIFSIX-3-Zn 2.43 2.54 231 45 11
Mg-MOF-74 5.31 8.04 105 47 6
NaX - 4.81 60 34.5 6
SIFSIX-2-Cu-i 2.11 5.41 33 319 11
UTSA-16 2.64 43 29.8 34.6 6
NJU-Bai8 1.2 2.51 159 37.7 19
Cu-TDPAT 1.73 5.09 13.8 42.2 22
ZIF-78 1.04 2.05 10.6 29 6
HKUST-1 1.15 5.44 7.4 35 6
Zn-MOF-74 1.83 5.32 5.0 31.7 23
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Table S7. The structural details of the CO,-loaded sample (UTSA-120a-2.6CQO,), obtained from

Rietveld refinement of the neutron diffraction data.

Unit cell parameters of UTSA-200-2.6CO,

Formula
Formula weight
Temperature/K
Crystal system

Space group
a(A)
b (A)
c(A)
(%)
B ()
7 (©)
V(A3)
Z
Ry R,
CCDC number

Ca6.60 Hi.00 Cu Fg Nz 09 Os 20 St

792.47
300
Tetragonal
[4/mmm
15.1068(7)
15.1068(7)
7.9980(8)
90.0
90.0
90.0
1825.3(4)

2
0.0238, 0.0198
1881280
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Figure S1. PXRD patterns of as-synthesized UTSA-120 (red) and activated UTSA-120a (blue)
along with the calculated XRD pattern based on the neutron diffraction structure of UTSA-120a
(black).

S13



= 15.1230(11); ¢ = 7.8349(5); |4/mmm
0.0207, R = 0.0170

20 40 60 80 100 120 140

206(degree)
7] a=b=15.1068(13); c = 7.9980(8); I4/mmm. g
1 pr= 0.0238, Rp= 0.0198 cal.
6 cel )0(229(3‘ ‘5131(4‘ 3 [ g}
ocla n.223(3; n'151(11} 0.144(7) ! Bragg.
1 Oclb 0.236@3) |0.201(15) |-0.144(7)
i 5 o occu~0.18(2)
8 x v F4
L cez 02293) |0181(4) [
o § Oc2a 0.198(7) |0252(4) |0.0016(1)
e 4- 1 Oc2b 0.2616) | 0.110(6) |-0.0016(1)
25 i occu~0.14(2)
o
=
wn
o
QL
=
=

20 40 60 80 100 120 140
20 (degree)

Figure S2. Rietveld refinements of the neutron powder diffraction data for bare UTSA-120a (the

upper panel) and CO,-loaded UTSA-120a (the lower panel). The goodness of fit data and the refined
CO, locations are shown in inset.
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After exposed to air in half year
After exposed to air in one month
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Figure S3. Experimental PXRD patterns of as-synthesized UTSA-120 sample and the sample after
exposure to the air for one week, one month and half year, respectively, indicating its good stability

toward moisture.
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Figure S4. Experimental PXRD patterns of as-synthesized UTSA-120 sample and the sample

exposed to variable humidity levels for one day.
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After exposed to air in one month
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Activated UTSA-120a

Calculated

Intensity

20/°

Figure SS. Experimental PXRD patterns of the activated UTSA-120a sample and the sample after
exposure to air for one week and one month, respectively, indicating that the framework of UTSA-
120a can be retained.
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Figure S6. Water vapor sorption isotherms of UTSA-120a at room temperature.
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After water sorption experiments
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Figure S7. PXRD patterns of the UTSA-120a sample after water vapor sorption experiments,

compared with the as-synthesized sample.
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Figure S8. Nitrogen isotherm at 77 K with consistency and BET plots for the activated UTSA-120a

sample.
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Figure S9. Comparison of CO, sorption isotherms and capture capacity (at 0.15 bar and room
temperature) for UTSA-120a with SIFSIX-2-Cu-i and SIFSIX-14-Cu-i.
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Figure S10. Adsorption isotherms of COy (circles), CHy (triangles) and N, (squares) for UTSA-120a
(red) and SIFSIX-2-Cu-i (black) at 296 K up to 1 bar.

S18



| —— UTSA-120a
—a— SIFSIX-2-Cu-i .

120

[o2]
o

.
o

Absorbed amount (cm*(STP)g™)

Figure S11. Adsorption isotherms of COy (circle), CHy (triangle) and N, (square) for UTSA-120a
(red) and SIFSIX-2-Cu-i (black) at 273 K up to 1 bar.
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Figure S12. IAST selectivity of UTSA-120a (red) for CO,/CH4 (50/50, v/v) at 296 K, as compared
with SIFSIX-2-Cu-i (black).
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Figure S13. Comparison of IAST selectivity of UTSA-120a versus the other best-performing
materials for CO,/CH, (50/50) separation.
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Figure S14. Heats of adsorption (Q) of CO, for UTSA-120a.
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BFl = 206K
e 273K

Fit curve of In(P) at 273 K

5 || ——Fit curve of In(P) at 296 K
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Figure S15. Virial fitting of the CO, adsorption isotherms for UTSA-120a.
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Figure S16. The binding sites and packing of CO, molecules in the channels of UTSA-120a, viewed

along the c axis.
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Figure S17. Transient breakthrough simulations of (a) CO,/N, (15:85, v/v) mixture (b) CO,/CH,4

(50:50) mixture on UTSA-120a versus SIFSIX-2-Cu-i at 298 K.
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Figure S18. Cycling column breakthrough curves for CO,/N, separation (15/85, v/v) with UTSA-
120a at 298 K and 1.01 bar. The breakthrough experiments were carried out in a column packed with
UTSA-120a (® 4.0 x 150 mm) at a flow rate of 2 mL/min.

After mutiple breakthrough tests
After adsorption tests
—UTSA-120a

Intensity

10 20 30 40
26/

Figure S19. PXRD patterns of as-synthesized samples (black) and the samples after the adsorption
tests (red) and multiple breakthrough tests (blue).
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Figure S20. Comparison of CO, adsorption isotherms of UTSA-120a (black) and the re-activated
sample after the exposure to air (red) for one week, confirming its good chemical stability.
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Figure S21. Schematic illustration of the apparatus for the breakthrough experiments.
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