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Experimental procedures: 

Materials and Methods:All reagents and solvents were purchased in high purity grade and used 

as received. Powder X-ray diffraction (PXRD) data were recorded on a BrukerD8 Advance X-

ray diffractometer at 20 kV, 5 mA for Cukα (λ = 1.5418 Å), with a scan speed of 0.5 s/step 

(6°/min) and a step size of 0.05° in 2θ at room temperature. The calculated XPD patterns were 

generated using Powder Cell for Windows Version 2.4 (programmed by W. Kraus and G. Nolze, 

BAM Berlin, 2000). Infrared spectra were recorded on a Nicolet Avatar 320 FT-IR spectrometer. 

Low pressure gas adsorption isotherms were measured on the Micromeritics ASAP 2020 Surface 

Area and Porosity Analyzer. 

 

Synthesis: 

[Ni(bpe)2WO4], WOFOUR-1-Ni (1) 

An aqueous solution (4mL) of NiCl2.6H2O (11.9 mg, 0.05 mmol) was mixed with an aqueous 

solution (4mL) of Na2WO4.2H2O (16.5 mg, 0.05mmol) in a long thin test tube, the resulting 

turbid solution was carefully layered under1,2-bis(4-pyridyl)ethene (bpe) (18.2 mg, 0.1 mmol) in 

4 mL of acetonitrile and water (v/v = 2:1). The tube was sealed and left undisturbed at room 

temperature. After one weeklight green block-shaped crystals were isolated. 

 

[Co(bpe)2WO4], WOFOUR-1-Co (2) 

Crystals of 2 were prepared in the same way as 1 except that CoCl2.6H2O (11.9 mg, 0.05mmol) 

was used instead of NiCl2.6H2O. After one week, the red block-shaped crystals were harvested. 
 
Scheme 1. Pillar substitution in mmo nets has little effect upon structure in CROFOUR-1-Ni, 
MOOFOUR-1-Ni and WOFOUR-1-Ni. 
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Figure S1. Self-catenated square grids (red and blue) connected with WO4
-2

 pillars (green) to 

afford mmo net. 

 

 

 

 

Figure S2.Infrared spectroscopy (diffuse reflectance) for WOFOUR-1-Co and WOFOUR-1-Ni. 
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Figure S3. Calculated and experimental (as-synthesized and air exposed sample)Powder X-ray 

diffraction(PXRD) patterns for WOFOUR-1-Co. 

Stability of WOFOUR-1-Ni 

 

Figure S4.PXRD patterns for WOFOUR-1-Ni addressing itsstability after activation, in water in 

air, in 0.1 M NaOH and in 0.01M HCl. 
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Figure S5.PXRD patterns for WOFOUR-1-Ni addressing its stability in boiling water for up to 

20 days. 

 

Figure S6. Variable temperature PXRD patterns for WOFOUR-1-Ni addressing its thermal 

stability. 
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Gas sorption properties: 

 

[Ni(bpe)2WO4], WOFOUR-1-Ni activation for gas sorption 
The as-synthesized crystals of WOFOUR-1-Ni were exchanged with acetonitrile for 48 h (2 times/day) 

then the crystals in acetonitrile are heated up in the ovenat 80
o
C for 3h. The resulting solid was filtered, 

evacuated at 60
o
Cfor 12 h and then at 80

o
C for 4 h under dynamic pressure. Due to the strong interaction 

between CO2 and the frameworkwhich is accompanied by slow CO2 sorption kinetics, we had increased 

the equilibrium time during the CO2 adsorption measurement. 

 

 

Table S1:Gas Adsorption Properties of CROFOUR-1-Ni, MOOFOUR-1-Ni, WOFOUR-1-Ni. 

 

MOM CROFOUR-1-Ni MOOFOUR-1-Ni WOFOUR-1-Ni 
Empirical Formula [Ni(bpe)2CrO4] [Ni(bpe)2MoO4] [Ni(bpe)2WO4] 
Langmuir Surface Area 

(m
2
/g) 

505 456 315 

CO2 Uptake (1 atm, 298 

K; cm
3
/g) 

43 55 52 

CO2 Uptake (1 atm, 298 

K; cm
3
/ cm

3
) 

52 69 76 

CO2 Uptake (0.15 atm, 

298 K; cm
3
/ g) 

23 27 22 

CO2 Uptake (0.15 atm, 

298 K; cm
3
/ cm

3
) 

28 33 33 

CO2Qst (zero loading; 

kJ/mol) 
50 56 66 

CO2/CH4selectivity 

(50/50; Zero loading, 298 

K) 

170 182 372 

CO2/CH4 selectivity 

(50/50; 1 atm, 298 K) 
25 40 26 

CO2/N2 selectivity (10/90; 

Zero loading, 298 K) 
1240 1820 2158 

CO2/N2 selectivity (10/90; 

1 atm, 298 K) 
195 96 179 
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Figure S7.CO2 isotherm of WOFOUR-1-Ni measured at 195 K. 

 

Figure S8. Reversible single component gas adsorption isotherms of WOFOUR-1-Ni. 
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Calculation of isosteric heat of adsorption(Qst): 

The Qstvalues for WOFOUR-1-Ni have been calculated according to virial equation using the 

fitted adsorption isotherms at 273 K and 298 K correspondingly it has been calculated using the 

fitting of the adsorption isotherms at five different temperatures; 273 K, 283 K, 298 K, 313 K 

and 323 K. 

Table S2: isosteric heat of adsorption (Qst) of CO2 at zero coverage in metal organic materials that showed high CO2 

affinity. 

MOM Isosteric heat of adsorption (-Qst) (kJ/mol) Reference 

CD-MOF-2 113.5 1 

Cu-BTTri-mmen 96 2 

Cu-BTTri-en 90 3 

Zn(DCTP)(DABCO) 77 4 

mmen-Mg2(dobpdc) 71 5 

WOFOUR-1-Ni 65.5 This work 

MIL-100(Cr) 62 6 

[(CH3)2NH2]2[Tb6(μ3-

OH)8(FTZB)6(H2O)6]∙(H2O)22 
58.1 7 

MOOFOUR-1-Ni 56 8 

NH2-MIL-53(Al), USO-1-Al-A 50 9 

CROFOUR-1-Ni 50 8 

CuTATB-30 48 10 

CAU-1 48 11 

Mg-MOF-74, CPO-27-Mg 47 12 

bio-MOF-11  45 13 

CuBDPMe 45 14 

MIL-101(Cr) 44 6 

Ni-MOF-74, CPO-27-Ni 42 15 

Zn2(ox)(atz)2 41 16 

Pd(μ-F-pymo-N1,N3)2 40 17 

SIFSIX-3-Zn 40 18 
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Figure S9.CO2isosteric heat of adsorption (Qst) for CROFOUR-1-Ni, MOOFOUR-1-Ni and 

WOFOUR-1-Ni. 

 

Figure S10.CO2 adsorption isotherms of WOFOUR-1-Ni at 273 K and 298 K fitted using the 

virial equation. 
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Figure S11. CO2isosteric heat of adsorption (Qst) for WOFOUR-1-Ni using the fitted data 

measured at 298 K and 273 K. 

 

 

Figure S12.CO2 adsorption isotherms of WOFOUR-1-Ni at 273 K, 283 K and 298 K fitted using 

the virial equation. 
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Figure S13. CO2isosteric heat of adsorption (Qst) for WOFOUR-1-Ni using the fitted data 

measured at 298 K, 283 K and 273 K. 
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Figure S14. CO2 adsorption isotherms of WOFOUR-1-Ni at 273 K, 283 K, 298 K, 313 K and 

323 K fitted using the virial equation. 

 

Figure S15. CO2isosteric heat of adsorption (Qst) for WOFOUR-1-Ni using the fitted data 

measured at 273 K, 283 K, 298 K, 313 K and 323 K. 

 

Ideal Adsorbed Solution Theory 

 

Ideal adsorbed solution theory, developed by Myers and Prausnitz,
19

 was used to estimate the 

selectivities of CO2/N2 (10:90) and CO2/CH4 (50:50) mixture compositions in WOFOUR-1-Ni 

from their respective single-component isotherms. The isotherms were fitted to the dual-site 

Langmuir-Freundlich equation:
20
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Here, n is the amount adsorbed per mass of adsorbent (in mol/kg), P is the total pressure (in kPa) 

of the bulk gas at equilibrium with the adsorbed phase, nm1 and nm2 are the saturation uptakes (in 

mol/kg) for sites 1 and 2, b1 and b2 are the affinity coefficients (in kPa
-1

) for sites 1 and 2, and t1 

and t2 represent the deviations from the ideal homogeneous surface for sites 1 and 2. The 
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parameters that were obtained from the fitting for both MOFs are found in Table S3. All 

isotherms were fitted with R
2
> 0.9999.  

 

The fitted parameters were then used to predict multi-component adsorption. The mole fraction 

of each species in the adsorbed phase can be calculated by solving the expression: 

∫
  ( )
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wherexi and yi are the adsorbed and bulk phase mole fractions of component i, respectively. 

In order to solve for xi, two quantities must be specified, specifically P and yi. The quantity 

xi was determined using numerical analysis and root exploration. The selectivity for component i 

relative to component j can be calculated via the following: 

 

 

     
  
  

  
  

 

 

 

Table S3: The fitted parameters for the dual-site Langmuir-Freundlich equation for the 

single-component isotherms of CO2, N2, and CH4 in WOFOUR-1-Ni at 298 K. 
 

 CO2 N2 CH4 

nm1 (mol/kg) 6.899934 

 

1.605053 7.364427347 

nm2 (mol/kg) 0.0540638 

 

0.251865 0.18746686 

b1 (kPa
-1

) 0.0378033 

 

0.001060 0.000944312 

b2 (kPa
-1

) 3.21E-07 0.002424 0.001032247 

t1 1.880802 

 

1.105355 1.18758788 

t2 0.183781 

 

1.025056 0.582959992 
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Figure S16.IAST calculated selectivity for a 10:90 CO2: N2 mixture based upon experimentally 

observed adsorption isotherms of the pure gases for WOFOUR-1-Ni. 

 

Figure S17.IAST calculated selectivity fora 50:50 CO2: CH4mixture based upon the 

experimentally observed adsorption isotherms of the pure gases for WOFOUR-1-Ni. 

Gravimetric selectivity 
 
The wt% of CO2 at 0.15 bar in WOFOUR-1-Ni was observed to be 4.3 % whereas for N2 at 0.75 
bar value it was found to be 0.31 % affording a selectivity of CO2 over N2 under these 
conditions

21
 of 69. 
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Electronic Structure Calculations and computational study 

 

Electronic structure calculations were performed on CROFOUR-1-Ni, MOOFOUR-1-Ni, and 

WOFOUR-1-Ni to determine the electrostatic nature of the atoms within the respective MOMs. 

Examination of the unit cell for all three MOMs revealed 28 atoms in chemically distinct 

environments (Figure S18). A series of fragments were taken from the crystal structure of the 

MOMs and charge-fitting calculations were performed on each fragment. The addition of 

hydrogen atoms, where appropriate, was required for the chemical termination of fragment 

boundaries. Representational fragments for WOFOUR-1-Ni can be found as XYZ files in the 

compressed folder for this Communication. Note, fragments of similar type were also chosen for 

CROFOUR-1-Ni and MOFOUR-1-Ni.  

 

All calculations on each fragment were performed using the NWChemab initio simulation 

software.
22

All C, H, N, and O atoms were treated with the 6-31G
*
 basis set. For the Ni

2+
, Cr

6+
, 

Mo
6+

, and W
6+

 ions, the LANL2DZ
23-25

effective core potential basis set was used to treat the 

inner electrons of these many-electron species. The partial charges were determined through a 

least-squared fit approach
26,27

to the electrostatic potential surface of each fragment. For each 

chemically distinct atom, the partial charges were averaged between the fragments. Atoms that 

are buried or located on the edges of the fragments were not included in the averaging. The 

averaged partial charges for each chemically distinct atom for all three MOMs can be found in 

Table S3.The partial charges that were obtained for CROFOUR-1-Ni, MOOFOUR-1-Ni, and 

WOFOUR-1-Ni were used for the molecular simulation of CO2 adsorption within the respective 

compounds in this work. Indeed, electronic structure calculations on all three variants revealed 

that the partial charges (derived from the electrostatic surface potential) on the terminal oxygen 

atoms for WOFOUR-1-Ni, MOOFOUR-1-Ni, and CROFOUR-1-Ni are approximately −0.80 e
−
, 

−0.70 e
−
, and −0.60 e

−
, respectively. 

 

 
 

Figure S18.The chemically distinct atoms in Ni(bpe)2MO4 (M = Cr, Mo, W) defining the 

numbering system corresponding to Table S3. Atom colors: C = cyan, H = white, N = blue, O = 

red, Ni = purple, Cr/Mo/W = silver. 
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Figure S19. Normalized CO2 dipole distribution in WOFOUR-1-Ni compared to some selected 

MOMs that showed high CO2 affinity, at 298 K and o.1 atm produced from the simulation. 

 

The magnitudes of the induced dipoles on the CO2 molecules in WOFOUR-1-Ni were compared 

to those that were produced from the simulations in other MOMs that show strong CO2 affinity, 

such as pillared square grids
18

 and rht-MOFs.
28-31

Specifically, the dipole distributions for 

WOFOUR-1-Ni were compared to those for SIFSIX-2-Cu-i,
18

 SIFSIX-3-Zn,
18,32

 PCN-61,
29,30

and 

Cu-TPBTM
31

(Figure S19). Simulations of CO2 sorption were performed in these MOMs using 

the force field parameters that were derived for the respective compounds as determined in 

previous work.
18,33-35 

For SIFSIX-2-Cu-i and SIFSIX-3-Zn, a single peak can be observed from 0.20 to 0.40 D and 

0.05 to 0.25 D, respectively. This peak for the respective MOMs corresponds to direct sorption 

onto the equatorial fluorine atoms in these compounds. Although a high occupancy of CO2 

molecules can be found in this region for these MOMs, the induced dipole magnitudes are not as 

high as those produced by the primary sorption site in WOFOUR-1-Ni. In PCN-61 and Cu-

TPBTM, the peak that corresponds to sorption onto the copper paddlewheel clusters can be seen 

in the range 0.5 to 0.95 D and 0.70 to 1.2 D, respectively. Note, the other peaks in the CO2 dipole 

distribution for PCN-61 and Cu-TPBTM correlate to other sorption sites inside these rht-MOFs. 

The unsaturated Cu
2+

 ions can cause the CO2 molecules to exhibit a high dipole magnitude, with 

magnitudes greater than 1.0 D. However, the population of CO2 molecules about the open-metal 

sites is rather low. The primary sorption site afforded by WOFOUR-1-Ni is unique such that it 

induces high dipole magnitudes (close to 1.0 D) on the CO2 molecules and it gives rise to a high 

occupancy of CO2 molecules about this site. 
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Table S4:Partial charges (in units of electrons) for the chemically distinct atoms in CROFOUR-1-

Ni, MOOFOUR-1-Ni, and WOFOUR-1-Ni. Numerical labeling of atoms corresponds to Figure 

S13. 

Atom Label CROFOUR-1-Ni MOOFOUR-1-Ni WOFOUR-1-Ni 

Ni 1 0.5290 0.2465 0.5517 

Cr/Mo/W 2 1.2172 1.9315 1.9887 

O 3 –0.6366 –0.7894 –0.9075 

O 4 –0.6100 –0.7005 –0.8148 

N 5 –0.1619 –0.2336 –0.3192 

N 6 –0.2069 –0.2429 –0.2186 

C 7 0.1488 0.2216 0.0966 

C 8 0.1436 0.1700 0.1339 

C 9 –0.4261 –0.4502 –0.3628 

C 10 –0.4112 –0.4005 –0.3510 

C 11 –0.2609 –0.2829 –0.2671 

C 12 –0.2474 –0.2132 –0.2601 

C 13 –0.4178 –0.3616 –0.3053 

C 14 –0.4393 –0.4215 –0.3256 

C 15 0.1875 0.1177 0.1209 

C 16 0.1996 0.2141 0.0975 

C 17 0.3659 0.3618 0.3682 

C 18 0.3679 0.3262 0.3232 

H 19 0.1240 0.1170 0.1520 

H 20 0.1265 0.1259 0.1487 

H 21 0.1685 0.1877 0.1729 

H 22 0.1759 0.1775 0.1920 

H 23 0.1924 0.2044 0.2050 

H 24 0.1852 0.1844 0.2059 

H 25 0.1730 0.1702 0.1714 

H 26 0.1743 0.1729 0.1815 

H 27 0.1017 0.1383 0.1483 

H 28 0.1102 0.1176 0.1438 

 

 

 

X-ray Crystallography 

The X-ray diffraction data were collected using Bruker-AXS SMART-APEXII CCD 

diffractometer with a CuKα radiation (λ = 1.54178 Å). Indexing was performed using APEX2
36

 

(Difference Vectors method). Data integration and reduction were performed using SaintPlus 

6.01.
37

 Absorption correction was performed by multi-scan method implemented in SADABS.
38

 

Space groups were determined using XPREP implemented in APEX2.
36

 The structure was 

solved using SHELXS-97 (direct methods) or using Apex2’s Intrinsic Phasing and refined using 
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SHELXL-97 (full-matrix least-squares on F
2
) contained in OLEX2

39
and WinGX v1.70.01

40-

43
programs.  

WOFOUR-1-Co: All non-hydrogen atoms were refined anisotropically. Hydrogen atoms of –

CH groups were placed in geometrically calculated positions and included in the refinement 

process using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). 

Disordered solvent molecules have been refined as oxygen atoms (Water has been used during 

the synthesis). 

WOFOUR-1-Ni: All non-hydrogen framework atoms were refined anisotropically. Hydrogen 

atoms of –CH groups were placed in geometrically calculated positions and included in the 

refinement process using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-

CH). Disordered solvent molecules have been refined as oxygen atoms. (Water has been used 

during the synthesis). One acetonitrile molecule is disordered over three positions. Crystal was a 

racemic twin: BASF = 0.579(7). Despite very low R factor (1.8%) some additional (very minor) 

twinning has been detected in diffraction pattern violating R centering. All attempts to include 

Obv/Rev twinning were unsuccessful. This does not seem to impact the structure quality 

significantly.       

 

Table S4: Crystal data and structure refinement for WOFOUR-1-Co and WOFOUR-1-Ni. 

Identification code  WOFOUR-1-Co  WOFOUR-1-Ni  

Empirical formula  C24H20CoN4O9.08332W  C25.33H22N4.67NiO8.67W  

Formula weight  752.55  773.04  

Temperature/K  228.15  228(2)  

Crystal system  trigonal trigonal 

Space group  R32  R32  

a/Å  21.3175(8)  21.1295(3)  

b/Å  21.3175(8)  21.1295(3)  

c/Å  17.9653(9)  18.0194(3)  

α/°  90.00  90.00  

β/°  90.00  90.00  

γ/°  120.00  120.00  
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Volume/Å
3
 7070.3(5)  6967.06(18)  

Z  9  9  

ρcalcmg/mm
3
 1.591  1.658  

m/mm
-1

 11.243  7.982  

F(000)  3291.0  3402.0  

Crystal size/mm
3
 0.21 × 0.06 × 0.05  0.21 × 0.14 × 0.1  

2Θ range for data 

collection  
6.86 to 136.44°  13.72 to 137.36°  

Index ranges  
-24 ≤ h ≤ 25, -25 ≤ k ≤ 25, -21 

≤ l ≤ 21  

-25 ≤ h ≤ 24, -25 ≤ k ≤ 25, -21 ≤ 

l ≤ 20  

Reflections collected  17407  15543  

Independent reflections  2866[R(int) = 0.0748]  2841[R(int) = 0.0287]  

Data/restraints/parameters  2866/0/212  2841/0/195  

Goodness-of-fit on F
2
 0.999  1.072  

Final R indexes [I>=2σ (I)]  R1 = 0.0271, wR2 = 0.0617  R1 = 0.0187, wR2 = 0.0488  

Final R indexes [all data]  R1 = 0.0286, wR2 = 0.0622  R1 = 0.0188, wR2 = 0.0488  

Largest diff. peak/hole / e 

Å
-3

 
0.43/-1.01  0.60/-0.76  

Flack parameter 0.074(8) 0.00(5) 
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