
S1 
 

Supplementary Information for: 

Fluorinated Metal Organic Frameworks, MFFIVE-Ni-L 

(M=Fe/Al, L=pyr), with Coordinatively Unsaturated 

Metal Site for CO2 Separation from Flue Gas Composition 

in presence of Humidity by Computational Methods 

Athulya S. Palakkal and Renjith S. Pillai* 

 

Department of Chemistry, Faculty of Engineering and Technology, SRM Institute of Science 

and Technology, Kattankulathur-603 203, Chennai, India 

 

Email: renjiths@srmist.edu.in / renjithspillai@gmail.com  

  

Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2020

mailto:renjiths@srmist.edu.in
mailto:renjithspillai@gmail.com


S2 
 

1. Crystalline Structures of FEFFIVE with Pyrazine organic linker 

 

Fig. S1. Crystal structures extracted from experimental X-ray diffraction measurements for 

FEFFIVE-Ni-Pyr1, unit cell (1×1×1) and super cell (2×2×2) viewed along c and direction, 

respectively. (Color code: Ni, yellow; Fe, violet; F, blue; C, gray; N, blue; H, white). 

2. Microscopic models for the host [Ni (pyrazine)2(FeF5)n] framework. 

2.1. Optimization of dry crystal structure. 

As consistent with the experimental assessment of the structural symmetry of the solid, the 

initial symmetry of [Ni(pyrazine)2(FeF5)n] MOF corresponds to a tetragonal bipyramidal 

geometry1. This MOF is optimized using PBE2,3 Density Functional Theory (DFT) functional 

by employing CP2K4-7 package. The electronic system customarily discussed with the help of 

Hubbard function.8The GGA+U approach made an improvisation to describe the ground state 

of d-electron system9,10. Additionally, used spin-unrestricted Kohn-Sham (UKS) method for 

the spin polarization to perform ligand-metal interaction.11This model is able to approximate 

the electron pair correlation function. The elements present in the MOF such as Carbon, 

Oxygen, Nitrogen, Fluorine and Hydrogen, a triple zeta (TZVP-MOLOPT)12 basis set was 

considered, for the Iron and Nickel a double zeta (DZVP-MOLOPT)12was applied. The CUS-

MOF [Ni(pyrazine)2(FeF5)n] (here after FEFFIVE-Ni-pyr-TB) also compared with the 

previously optimized isostructure, [Ni(pyrazine)2(AlF5)n], (hereafter ALFFIVE-Ni-pyr-

TB)13.The optimized unit cell parameters for these structures are reported in Table S1. 
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Table S1. Cell parameters ofFEFFIVE-Ni-pyr-TB and ALFFIVE-Ni-pyr-TB13,14, obtained 

by DFT optimization (Dry case). 

 

MOF 

Lattice Size(Å)  Angle (0) Cell volume 

(Å3) 

Energy 

(eV) a b c α β γ 

FEFFIVE-Ni-

Pyr-TB 

7.007 7.007 7.929 90 90 90 389.298 -13721.91 

ALFFIVE-Ni-

pyr-TB13,14 

 

6.901 6.901 8.015 90 90 90 381.705 -10416.85 

 

2.2. Optimization of H2O-loaded Crystalline [Ni(pyrazine)2(FeF5)n] 

The saturated water loading capacity for the [Ni(pyrazine)2(FeF5)n] and [Ni(pyrazine)2(AlF5)n] 

is ~22.0 wt% (i.e. 5 H2O/u.c ) and 15.85wt% (i.e. 3 H2O/u.c) respectively as observed from the 

experimental water adsorption isotherm1. The experimentally obtained saturated capacities of 

H2O were randomly loaded into the optimized dry FEFFIVE-Ni-pyr-TB structure using 

Material Studio Software suite15 and further these H2O-loaded structures were considered for 

geometry optimization.These simulations were performed using CP2K package4-7 at the DFT-

level keeping the same functional and basis set used for the dry structure, where (i) the positions 

of both the atoms of the MOF framework and the H2O molecules, and (ii) its cell parameters 

were fully relaxed. The trigonal bipyramidal geometry of FeF5 is changed to square 

bipyramidal FeF5H2O upon the optimization of FEFFIVE-Ni-pyr-TB with saturated water. The 

DFT-optimized H2O-loaded FEFFIVE-Ni-pyr-TB is denoted as FEFFIVE-Ni-pyr-SB. The 

optimized unit cell parameters and slected geometrical parameters for FEFFIVE-Ni-pyr-SBand 

its isostructural previously DFT-optimized ALFFIVE-Ni-pyr-SB14structures are reported in 

Table S2 and S3.The atomic partial charges of all the atoms are calculated by using REPEAT 

method 16(Table S5). In addition to these water molecules per unit cell was progressively added 

into the FEFFIVE-Ni-pyr-TB models, and further optimized the 1, 2, 3, 4, 5 and 7 H2O/u c 

loaded FEFFIVE-Ni-pyr-TB with the same level of theory as used above. 

Table S2. Cell parameters of H2O loaded FEFFIVE-Ni-pyr-SB and ALFFIVE-Ni-pyr-SB 

obtained by DFT optimization. 
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MOF 

Lattice Size(Å)  Angle (0) Cell 

volume(A0)3 

Energy 

(eV) a b c α β γ 

FEFFIVE-Ni-

Pyr-SB 

7.063 7.063 7.888 90.00 90.00 90.00 393.501 -15599.69 

ALFFIVE-Ni-

py-SB14 6.871 6.871 8.364 90.00 90.00 90.00 394.870 -11824.66 

 

Table S3. Experimental and simulated bond length and unit cell dimensions. 

 FEFFIVE-Ni-pyr-SB 

Bond Experimental1 (Ǻ) Simulated (Ǻ) 

Fe-Fequ 1.937 1.618 

Fe-Faxial 1.951 1.789 

Ni-Faxial 2.034 2.145 

Ni-N 2.107 2.080 

Fe-O 1.890 1.604 

C-H 0.930 1.060 

a=b 9.892 7.063 

c 7.971 7.888 

 

Table S4. The possible distance of step by step of water loading optimized structure of 

FEFFIVE-Ni-pyr 

No. of Water loaded in 

FEFFIVE-Ni-pyr 

Distance of   

HH2O-Horganic 

(Å) 

Distance of   

OH2O-NPyrazine 

 (Å) 

Distance of   

OH2O-Fe 

(Å) 

1H2O 2.490 4.609 4.412 

2H2O 2.530 4.317 4.392 

3H2O 3.080 4.392 3.419 

4H2O 1.470 2.722 3.728 

5H2O 1.537 2.347 1.604 

6H2O 1.483 3.735 1.703 

7H2O 1.508 3.755 1.717 
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Table S5. Atomic partial charges of FEFFIVE-Ni-pyr-TB structure 

Atomic 

types 

C1a C2a F1 F2 H1a H2a Ni N1a Fe 

Charge (e) -

0.121 

-0.125 -0.401 -0.372 0.168 0.169 0.099 -0.111 1.899 

 

3. Pore size distribution, pore volume, specific surface area calculations. 

The pore size distributions (PSD)17 of optimized FEFFIVE-Ni-pyr and ALFFIVE-Ni-pyr with 

and without H2O loaded were calculated by Gelb and Gubbins18 methodology, as shown in Fig. 

S2. Moreover, internal surface area and pore volume is taken to account. In which the internal 

surface area calculated through the random selection and checking the point of overlap. While 

the estimation of pore volume based on the insertion of a random point and checking the 

overlap and fractionalized with the total attempted movement. These strategies are outline 

through Gelb and Gubbins18 methodology (Table S6). 

Table S6. Surface area and Pore volume of MFFIVE-Ni-pyr-TB/SB M=FE/AL. 

 FEFFIVE-Ni-

pyr-TB 

ALFFIVE-Ni-

pyr-TB 

FEFFIVE-Ni-

pyr-SB 

ALFFIVE-Ni-

pyr-SB 

Surface 

Area(m2/g) 

1034.5 1032.4 1549.9 1947.8 

Pore 

volume(cc/g) 

(Free volume) 

0.1470 0.1462 0.1810 0.2399 
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Fig. S2. Pore size distributions for optimized structures of dry (a) FEFFIVE-Ni-pyr-TB (b) 

ALFFIVE-Ni-pyr-TB and H2O loaded structure of (c) FEFFIVE-Ni-pyr-SB and (d) ALFFIVE-

Ni-pyr-SB. 

4. Interatomic Potentials (Generic Force field). 

Initially, the overall interaction between the MOFs and guest molecules were modelled via 

combination of Lennard-jones and coulombic term (reported in Table S7). The LJ parameters 

are clarified by using Universal force field (UFF)19 and DREIDING20 potentials for respective 

inorganic and organic part of the atoms in the MOF framework, except for Al which is 

considered from Faro et .al13. In this work, CO2 adsorbate models were initially considered by 

EPM221, EPM21, TraPPE22 intermolecular potential, N2 by TraPPE22, MOM23 and Murad et al 

three site model24 and H2O by TIP4P200525,26, TIP4PEw 27 ,SPCE28, TIP5P29 and TIP4P30 

respectively . 
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Table S7. LJ potential parameters forthe atoms of the MFFIVE-Ni-pyr series. 

Atomic 

type 

LJ 

(Å) /kB(K) 

C 3.473 47.857 

H 2.846 7.649 

N 3.662 34.724 

F 3.093 38.975 

Ni 2.8340 7.5483 

Fe 2.9120 6.5419 

Al 1.447 108.998 

 

Table S8. Potential parameters and partial charges for the adsorbates 

Model Atomic type (Å) /kB(K) q(e) 

TraPPE22 
N2_N 3.310 36.000 -0.4820 

 N2_COM 0.00 0.00 0.9640 

MOM23 
N2_N 4.307 99.6381 -0.4050 

Three site 

model24 N2_N 3.05 36.4332 0.40484 

EPM221 
CO2_C 2.757 28.129 0.6512 

 CO2_O 3.033 80.507 -0.3256 

TraPPE22 
CO2_C 2.80 27.0 0.7000 

 CO2_O 3.05 79.0 -0.3500 

EPM21 
CO2_C 2.785 28.99 0.6645 

 CO2_O 2.921 49.060 -0.3322 

TIP4P200525,26 
O_e 3.159 93.2 0.0000 

 M_e 0.00 0.00 -1.1128 

TIP4PEw27 
O_e 3.1643 81.8743 0.000 

 M_e 0.00 0.0 -1.0484 

SPCE28 
O_e 3.166 327.095 0.000 

 M_e 0.0 0.0 -0.8746 

TIP5P29 
O_e 3.1200 336.8578 0.000 

 M_e 0.0 0.0 -0.2410 

TIP4P30 
O_e 3.153 326.088 0.000 

 M_e 0.0 0.0 -1.04 

 

 

 



S8 
 

6. GCMC Simulations. 

Grand Canonical Monte Carlo (GCMC) simulations were carried out to predict the single 

component adsorption of gases, H2O, CO2 and N2, and co-adsorption of CO2/N2and 

CO2/N2/H2O in all the DFT-optimized structures, FEFFIVE-Ni-pyr-TB, ALFFIVE-Ni-pyr-TB, 

FEFFIVE-Ni-pyr-SB, and ALFFIVE-Ni-pyr-SB, at 298 K by employing the RASPA31 

simulation code.We also conducted ternary adsorption of H2O/CO2/N2, in which simply 

assume that N2 does adsorb negligibly at these conditions from their bulk mole fraction 

(85%).Our simplified flue gases are at total pressure of 1.0 bar at temperature of 298 K with a 

range of H2O mole fraction varying from 0.001% to 0.5%.(E.g. 0.01%H2O, 14.99%CO2,and 

85%N2 at1bar, T =298K) with various adsorbate models.The simulation boxes were made of 

(4×4×4) 64 unit cells. In the guest-host interaction the short range dispersion force define 

through LJ potential and long range electrostatic interaction via Ewald summation technique. 

The LJ is truncated and lifted to zero by 12 Å. In the given thermodynamic conditions the 

fugacities of adsorbed species are calculated through Peng- Robinson equation of states 

(EoS)32. For each state point, 2 × 108 and 5 × 107 Monte Carlo steps have been employed for 

equilibration and production runs, respectively. Three types of trials were considered for the 

molecules: (i) translation or rotation, (ii) creation / deletion and (iii) exchange of molecular 

identity. In addition to this, the translation and rotation Monte Carlo steps were only allowed 

for pre-loaded H2O during the GCMC simulation for simulated co-adsorption under pre-

humidified conditions. The adsorption enthalpy at low coverage (∆ℎ) for each gas was 

calculated through configurational-bias Monte Carlo simulations performed in the NVT 

ensemble using the revised Widom’s test particle insertion method.33 

6.1 Adsorbent selection criteria 

There is a number of benchmarks are available to determine the characteristic and performance 

of an adsorbent in the adsorption process, currently we chosen selectivity (S) of CO2 over N2, 

working capacity (ΔN) and Adsorption Performance Indicator (API)to account the adsorbent 

performance. 

In this work, selectivity of CO2 over N2 with the mole fraction of flue gases in power plant is 

used (15 % CO2 and 85 % N2), 

𝑺(𝑪𝑶𝟐 𝑵𝟐 ⁄ ) = (𝒙𝒄𝒐
𝟐
𝒙𝑵

𝟐
⁄ ) (𝒚𝑵

𝟐
𝒚𝑪𝑶

𝟐
)⁄         (1) 
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Where 𝑥𝑐𝑜2 and 𝑥𝑁2 represents the mole fraction of CO2 and N2 in the adsorbed phase and 𝑦𝑁
2
 

and 𝑦𝐶𝑂
2
 represents the mole fraction of N2 and CO2 in bulk phase respectively. The calculated 

selectivity’s are shown in the TableS9. 

One of the important parameter used in the basic application of selecting the adsorbent is 

carried out mainly via on working capacity (ΔN)34,35.It is determined through the distinction of 

gas uptake at the stage of high pressure(NH) and lower pressure (NL), generally expressed as 

the unit of cc/cc adsorbent (Table S10). 

(∆𝑵) = 𝑵𝑯 −𝑵𝑳       (2) 

Moreover, one of the significant parameter known as Adsorption Performance Indicator (API) 

proposed by Wiersum et al.35 to analyse the performance in MOFs, 

 𝑨𝑷𝑰 = (𝑺𝟏𝟐 − 𝟏)
𝐴 ∗

∆𝑵𝑩

∆𝑯𝑪
          (3) 

Where the S12corresponds to the selectivity of highly adsorbed to least adsorbed, ΔN is the 

working capacity of highly adsorbed species and ΔH terms the average enthalpy of adsorbed 

species. Here all the A, B, C components used to be one, because of the objective of separation. 

 

7. Comparison of the single component isotherms in dry MFFIVE-Ni-pyr-

TB (M=FE/AL). 

  



S10 
 

Fig. S3. Single component adsorption isotherm for simulated (closed) using general force field 

and experimental (open) CO2 by DFT-optimized dry structures FEFFIVE-Ni-pyr-TB (a) and 

ALFFIVE-Ni-pyr-TB (b) at 298K 

 

Fig. S4. Single component adsorption isotherm for simulated (closed) using general force field 

and experimental (open) N2 by DFT-optimized dry structures FEFFIVE-Ni-pyr-TB (a) and 

ALFFIVE-Ni-pyr-TB (b) at 298K 

 

 

Fig. S5. Simulated single component adsorption isotherm for H2O in DFT-optimized dry 

structures by generic force field, FEFFIVE-Ni-pyr-TB (a) and ALFFIVE-Ni-pyr-TB (b) at 

298K 

 

7.1. Comparison of the Enthalpy of adsorption 
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Fig. S6. Enthalpy of adsorption for CO2 in DFT-optimized structuresat 298K: FEFFIVE-Ni-

pyr-TB (a) and ALFFIVE-Ni-pyr-TB (b)  

 

Fig. S7. Simulated enthalpy of adsorption using generic force field for N2 in DFT-optimized 

structures at 298K: FEFFIVE-Ni-pyr-TB (a) and ALFFIVE-Ni-pyr-TB (b)  

 

Fig. S8. Simulated enthalpy of adsorption using generic force field for H2O in DFT-optimized 

structures at 298K: FEFFIVE-Ni-pyr-TB (a) and ALFFIVE-Ni-pyr-TB (b) 

(b) 
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8. Single component adsorption Isotherm on wet structures, FE/ALFFIVE-

Ni-pyr-SB 

 

Fig. S9. Simulated (closed) using generic force field and experimental (open) single component 

adsorption isotherms for H2O at 298K in DFT-optimized H2O-loaded structure of FEFFIVE-

Ni-pyr-SB (a) and ALFFIVE-Ni-pyr-SB (b). 

 

Fig. S10. Simulated (closed) using generic force field and experimental (open) single 

component adsorption isotherms for CO2 at 298K in DFT-optimized H2O-loaded structure of 

FEFFIVE-Ni-pyr-SB (a) and ALFFIVE-Ni-pyr-SB (b). 
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Fig. S11. Simulated (closed) using generic force field and experimental (open) single 

component adsorption isotherms for CO2 at 298K in DFT-optimized H2O-loaded structure of 

FEFFIVE-Ni-pyr-SB (a) and ALFFIVE-Ni-pyr-SB (b). 

8.1 Comparison of the Enthalpy of adsorption 

 

Fig. S12. Enthalpy of adsorption simulated (closed) using generic force field and experimental 

(open) for H2O in DFT-optimized water loaded structures of FEFFIVE-Ni-pyr-SB (a) and 

ALFFIVE-Ni-pyr-SB (b) at 298K. 
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Fig. S13. Enthalpy of adsorption simulated (closed) using generic force field and experimental 

(open) for CO2 in DFT-optimized water loaded structures of FEFFIVE-Ni-pyr-SB (a) and 

ALFFIVE-Ni-pyr-SB (b) at 298K. 

 
  

Fig. S14. Enthalpy of adsorption simulated (closed) using generic force field and experimental 

(open) for N2 in DFT-optimized water loaded structures of FEFFIVE-Ni-pyr-SB(a) and 

ALFFIVE-Ni-pyr-SB(b) at 298K. 

 

 

8.2 Radial Distribution Functions calculated for single component 

adsorption using generic force filed in FEFFIVE-Ni-pyr-SB, after achieving 

local flexibility upon H2O-loading.(TIP4P30 model) 

  (a) H2O 
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Fig. S15. Radial distribution functions (RDF) between H2O and the atoms of the framework 

(Fluorine, F: green, Pyrazine hydrogen, H pyr: magenta, Pyrazine Carbon, Cpyr: black) 

extracted from the single component adsorption in FEFFIVE-Ni-pyr-SB at 1 bar and 298 K. 

(b) CO2 
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Fig. S16. Radial distribution functions (RDF) between CO2 and the atoms of the framework 

(Fluorine, F: green, Pyrazine hydrogen, Hpyr: magenta, Pyrazine Carbon, Cpyr: black, Pyrazine 

nitrogen, Npyr: Royal blue) extracted from the single component adsorption in FEFFIVE-Ni-

pyr-SB at 1 bar and 298 K: Carbon of CO2: CCO2 (a) and Oxygen of CO2: OCO2 (b). 

(c)  N2 
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Fig. S17. Radial distribution functions (RDF) between N2 and the atoms of the framework 

(Fluorine, F: green, Pyrazine hydrogen, Hpyr: magenta, Pyrazine Carbon, Cpyr: black) 

extracted from the single component adsorption in FEFFIVE-Ni-pyr-SB at 1 bar and 298 K.  

9. Co-adsorption using generic force field – CO2 adsorption in presence of 

H2O in loaded structure based on TIP4P29 model. 
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Fig. S18. Simulated co-adsorption isotherm for CO2 in presence of various concentration of 

water (TIP4P), (a) FEFFIVE-Ni-pyr-SB and (b) ALFFIVE-Ni-pyr-SB. (RH = 0%, green; 4.871 

%, black; 9.7427%, red ;14.6141%, blue; 19.4855%, violet, 24.0 %, pink) 

9.1. Radial Distribution Functions calculated for single component 

adsorption of FEFFIVE-Ni-pyr-SB in humid condition. 
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Fig. S19. Radial distribution functions (RDF) between guest molecules (H2O) and the atoms 

of the framework in FEFFIVE-Ni-pyr-SB.(RH=4.871 %, (a); 9.7427 %,(b) ;14.6141%, (c); 

19.4855%,(d)) 

10. Separation of CO2/N2 mixture in presence of humidity by utilizing generic 

force field. 
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Fig. S20. Simulated selectivity’s for CO2/N2 from their 15/85 molar ratio gas mixture in DFT-

optimized H2O-loaded structures utilizing generic force field(TIP4P), (a) FEFFIVE-Ni-pyr-

SB, (b) ALFFIVE-Ni-pyr-SB (water loaded = 4.871 %, square; 9.7427%, circle; 14.6141%, 

up-triangle; 19.4855%, diamond ). 
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Fig. S21. Simulated selectivity for CO2/N2 from their 15/85 molar ratio gas mixture in DFT-

optimized H2O-loaded structure of FEFFIVE-Ni-pyr-SB utilizing generic force field, (water 

loaded = 0%,4.871%, 9.7427%, 14.6141%, 19.4855%). 

11. Ternary adsorption involves H2O, CO2 and N2 using Generic Force Field 
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Fig. S22. Simulated Ternary adsorption for H2O,CO2 and N2 in FEFFIVE-Ni-pyr-SB (left) and 

ALFFIVE-Ni-pyr-SB (right) using generic forcefield  as a function of H2O mole fraction at 



S21 
 

total pressure of 1.0 bar and temperature of 298 K. Uptake of H2O (Left y-axis, closed blue 

squares) and CO2 (Right y-axis, red closed circles) with adsorbate model: H2O/CO2/N2 as (a) 

TIP4P/EPM2/TraPPE, (b) TIP4P2005/EPM2/TraPPE, (c) TIP4PEw/EPM2/TraPPE, (d) 

TIP5P/EPM2/TraPPE and (e) TIP4PEw/TraPPE/TraPPE. 

 

12. Snapshot of loaded guest molecule in FEFFIVE-Ni-pyr-SB 

 

 

 

 

(b) 
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Fig. S23. Maps corresponding occupied positions of CO2 (red), N2 (blue) and H2O, (with 19. 

5 wt %), (cyan) in 1000 equilibrated frames extracted from the GCMC simulations of 

FEFFIVE-Ni-pyr-SB utilizing generic force field. 

 

13. GCMC Simulations – Using DFT-Derived Force field. 

Interatomic potentials for describing the interaction between the adsorbate and CUS MOF 

framework in presence of humidity were derived by Quantum mechanically. Therefore, the 

extra potentials for Fe-H2O are derived from DFT energy profile for the interaction between 

H2O and Fe of MFFIVE-Ni-pyr-SB (M=Fe/Al).Where, the binding energy were calculated as 

follows, 

𝑬𝑩.𝑬 = 𝑬𝑴𝑶𝑭+𝑮𝒖𝒆𝒔𝒕 − 𝑬𝑴𝑶𝑭 − 𝑬𝑮𝒖𝒆𝒔𝒕      (4) 

Where E(MOF +Guest) corresponds to the energy of optimized metal organic framework with 

loaded guest molecule and E MOF and E Guest indicates the energy of MOF and guest molecule 

individually. From the series of binding energy calculations by varying the Fe-adsorbate 

interatomic distance from 0.1 to 5 Å leads to the potential energy curve of Guest-host 

interaction in the system. The potential energy curve further evaluates for the derivation of new 

force field parameters to represent guest-host interaction. Grand canonical Monte Carlo 

(GCMC) was performed to determine the single component adsorption and adsorption enthalpy 

of guest molecule such as CO2, N2 and H2O at 298K. Additionally binary adsorption, 

adsorption in presence of water and ternary were performed carefully. 

(c) 
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13.1 Interatomic Potential parameters- DFT-Derived FF. 

The interaction between guests molecules with MFFIVE-pyr-SB (M=Fe/Al) framework were 

explained through Vander Waals contribution, however two more analytical functions are 

employed to address Vander Waals term 

(a) The interaction between any guest molecules with all atoms of the frameworks except 

open metal site of Fe/Al using standard 12-6 Lennard Jones potential (LJ).(equation5) 

 

𝑈𝑖𝑗 = ∑
1

4𝜋𝜀0

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑖,𝑗
𝑖<𝑗⏟        

Electrostatic term

 + 4𝜀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)
12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)
6

]   
⏟              

Lennard-Jones term

                             (5)  

  

Lennard-jones parameters are defined through Universal Field Parameters (UFF)19 and 

DREIDING20 generic fields for the inorganic and organic part of MOF framework, 

respectively.εij and σij indicates the interacting pair LJ parameter and the interaction parameters 

obtained through Lorentz-Berthelot mixing rules.(i.e., a geometric combining rule for the 

energy and an arithmetic one for the atomic size: εij = (εiεj)
1/2 and σij = (σi + σj)/2). The second 

term is the Columbic contribution between point charges qi and qj separated by a distance rij.) 

(b) The interaction between open metal site, Al/Fe, and guest molecule through 

Buckingham analytical function36.(equation 6) 

 

𝑈𝑖𝑗 = ∑
1

4𝜋𝜀0

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑖,𝑗
𝑖<𝑗⏟        

Electrostatic term

 + [𝐴𝑖𝑗𝑒
−𝐵𝑖𝑗𝑟𝑖𝑗 − 𝑆𝑔

𝐶𝑖𝑗

𝑟𝑖𝑗
6 ]

⏟            
Buckingham term

     (6) 

 

A, B and C are the conventional Buckingham parameters for repulsive and attractive 

contribution respectively and Sg indicates the global scaling factor for the dispersion energies. 

The DFT derived energy profile represented in Fig.S18 and S19 detailed as below. 

Table S9: Buckingham parameters associated with the Fe/Al (III)-CUS-MOF with 

Adsorbates. 
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Adsorbates 

Buckingham Parameters 

A(kJ/mol) B(A0) -1 C(kJ mol-1 A0 6) 

Fe-Oe 7.06 × 108 10.19 558.556 

Fe-C_CO2 3.34 × 106 2.57 192.06 × 103 

Fe-O_CO2 1.11 × 107 2.66 114.41 × 104 

Fe- N2 7.58 × 104 3.67 1000 

Al-Oe 8.87× 105 3.63 5774 

Al-C_CO2 9.69× 106 8.5 273.69 × 103 

Al-O_CO2 9.62× 106 10.3 739.13× 102 

Al- N2 9.68× 105 8.79 820 

 

13.1. Pathway of gases interaction towards framework of FEFFIVE-Ni-pyr-

SB and ALFFIVE-Ni-pyr-SB 
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Fig. S24. The systematic energetic pathway of interaction of guest molecule to the framework 

of FEFFIVE-Ni-pyr-SB (left) and ALFFIVE-Ni-pyr-SB (right) towards the H2O (a), CO2 (b) 

and N2 (c) guest molecule 

 

13.2. Force field parameterization for MFFIVE-Ni-pyr-SB (M=FE/AL) 

frame work vs guest interaction profile. 

(a) H2O interaction potential graph 
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(b) CO2 interaction potential graph 
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(c) N2 interaction potential graph 
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Fig. S25. Comparison of DFT-Derived FF fitted curve (red circles) on the DFT interaction 

energy profile (black squares) for FEFFIVE-Ni-pyr-SB (left) and ALFFIVE-Ni-pyr-SB (right) 

towards the H2O (a), CO2 (b) and N2 (c) guest molecule. 

14. Comparison of Isotherms (Simulated by DFT-derived FF vs 

Experimental) 
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Fig. S26. Simulated DFT-derived FF (full symbol) and experimental (open symbol) single 

component adsorption isotherm for H2O in FEFFIVE-Ni-pyr-SB (a) and ALFFIVE-Ni-pyr-SB 

(b) at 298K 
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Fig. S27. Simulated (full symbol) by DFT-Derived FF and experimental (open symbol) single 

component adsorption isotherm for CO2, N2 in FEFFIVE-Ni-pyr-SB (left) and ALFFIVE-Ni-

pyr-SB (right) at 298K 

 

15.Enthalpy of Adsorption 

0 5 10 15 20

0

10

20

30

40

50

60

70

80

-


h
a

d
s

 /
 k

J
.m

o
l-

1

n/ mmol.g
-1

(a)

0 2 4

0

15

30

45

60

-


h
a

d
s

 /
 k

J
.m

o
l-

1

n/ mmol.g
-1

(b)

 

 



S30 
 

0.0 0.5 1.0 1.5 2.0 2.5

0

10

20

30

40


h
a

d
s
/k

J
.m

o
l-1

n/mmol.g
-1

(C)

 

Fig. S28. Simulated enthalpy of adsorption with DFT-Derived FF for H2O (a) CO2 (b) and N2 

(c) in FEFFIVE-Ni-pyr-SB (square) and ALFFIVE-Ni-pyr-SB (sphere) at 298K 

 

16. Co-adsorption – CO2 adsorption in wet structures using newly DFT-

Derived FF. 
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Fig. S29 : Simulated co-adsorption isotherm for CO2 in presence of various concentration of 

water, (a) FEFFIVE-Ni-pyr-SB and (b) ALFFIVE-Ni-pyr-SB using newly DFT-derived FF 

(RH = 0%, green; 4.871%, black; 9.7427%, red; 14.6141%, blue; 19.4855%, violet, 24.343%, 

pink) 
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Fig. S30. Evolution of CO2 uptake as a function of the amount of pre-adsorbed water on a 

series of MOFs.14,37 (Green colour specify the present work) 

16.1. Radial Distribution Functions calculated for single component 

adsorption using DFT-derived FF. 
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Fig. S31. Radial distribution functions (RDF) between guest molecules (H2O) and the atoms 

of the framework in FEFFIVE-Ni-pyr-SB with DFT-derived FF. (RH=4.871 %, (a); 9.7427%, 

(b); 14.6141%, (c); 19.4855%, (d); 24.343%, (e)). 

 

17. Separation of CO2/N2 mixture in presence of humidity using DFT-derived 

FF. 
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Fig. S32. Simulated selectivity’s for CO2/N2 with 15/85 molar ratio gas mixture in FEFFIVE-

Ni-pyr-SB using newly DFT-Derived FF. 

 

18. Ternary adsorption utilizing DFT-derived FF involvesH2O, CO2 and N2 
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Fig. S33. Ternary co-adsorption for the flue gas composition, H2O, CO2 and N2, in FEFFIVE-

Ni-pyr-SB (a) and ALFFIVE-Ni-pyr-SB (b) by using newly DFT-derived FF. Uptake of H2O 

(Left y-axis, closed blue squares) and CO2 (Right y-axis, red closed circles) as a function of 

H2O mole fraction at total pressure of 1.0 bar and temperature of 298 K. 

18.1 Comparison of Radial Distribution Function of adsorbate interaction. 
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Fig. S34: Radial distribution functions (RDF) between guest molecules (H2O) having different 

models and CO2 model for FEFFIVE-Ni-pyr (left) and ALFFIVE-Ni-pyr (right) at 1bar (a, b) 

and 10 bar (c, d). 
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Fig. S35: Radial distribution functions (RDF) between guest molecules (H2O) having different 

models and N2 (TraPPE) model for FEFFIVE-Ni-pyr (left) and ALFFIVE-Ni-pyr (right) at 1bar 

(a, b) and 10 bar (c, d). 

 

Table S10. Comparison of CO2 / N2 selectivity for a series of MOFs and conventional 

adsorbents in dry conditions at 1 bar and 298-303K. 

Name Mixture %CO2 in 

mixture 

Selectivity Calculation 

method 

Ref 

eea-MOF-4 CO2/N2 10 18 IAST38 [38] 

rtl-MOF-2 CO2/N2 10 38 IAST38 [38] 

SIFSIX-2Cu-i CO2/N2 10 72 Measurement39 [39] 

Eufcu-MOF CO2/N2 10 82 IAST40 [40] 

SIFSIX-3-Cu CO2/N2 10 15000 IAST41 [41] 

Zn4(pydc)4(DMF)2·3DMF CO2/N2 15 42 IAST42 [42] 

UiO-66 (Zr) BTEC CO2/N2 15 56 Measurement43 [43] 

Ni/DOBDC CO2/N2 15 38 Measurement44 [44] 

CAU-13(Al) CO2/N2 15 22 * IAST [45] 

CPO-27(Ni) CO2/N2 15 13 * IAST [45] 

CuBTC CO2/N2 15 19 * IAST [45] 

MIL-100(Fe) CO2/N2 15 47 * IAST [45] 

MIL-101(Cr) CO2/N2 15 53 * IAST [45] 

MIL-102(Cr) CO2/N2 15 41 * IAST [45] 

MIL-125(Ti) CO2/N2 15 12 * IAST [45] 

MIL-125(Ti)_NH2 CO2/N2 15 18 * IAST [45] 

MIL-140A(Zr) CO2/N2 15 10 * IAST [45] 

MIL-47(V) CO2/N2 15 /  [45] 

MIL53(Al)_NH2 CO2/N2 15 877 * IAST [45] 

MIL-68(Ga) CO2/N2 15 12 * IAST [45] 

MIL-69(Al) CO2/N2 15 120 * IAST [45] 

MIL-69(Fe) CO2/N2 15 6 * IAST [45] 

MIL-91(Al) CO2/N2 15 68 * IAST [45] 

MIL-91(Ti) HT CO2/N2 15 150 * IAST [45] 
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NaX CO2/N2 15 /  [45] 

ScBDC CO2/N2 15 40 * IAST [45]  

ScBDC_NH2 CO2/N2 15 120 * IAST [45] 

STA-12(Ni) CO2/N2 15 /  [45] 

Takeda 5A CO2/N2 15 19 * IAST [45] 

UiO-66 (Zr) CO2/N2 15 12 * IAST [45] 

UiO-66(Zr)_Br CO2/N2 15 30 * IAST [45] 

UiO-66(Zr)_BTeC CO2/N2 15 30 * IAST [45] 

UiO-66(Zr)_NH2 CO2/N2 15 37 * IAST [45] 

FEFFIVE-Ni-pyr (Dry) 
CO2/N2 15 ∞ GCMC This 

work 

FEFFIVE-Ni-pyr-SB 

4.871% of H2O 

CO2/N2 15 ∞ GCMC This 

work 

FEFFIVE-Ni-pyr-SB 

9.742% of H2O 

CO2/N2 15 8489 GCMC This 

work 

FEFFIVE-Ni-pyr-SB 

14.614% of H2O 

CO2/N2 15 1.454 GCMC This 

work 

FEFFIVE-Ni-pyr-SB 

19.485% of H2O 

CO2/N2 15 0 GCMC This 

work 

FEFFIVE-Ni-pyr-SB-FF 

4.871% of H2O 

CO2/N2 15 ∞ GCMC This 

work 

FEFFIVE-Ni-pyr-SB-FF 

9.742% of H2O 

CO2/N2 15 ∞ GCMC This 

work 

FEFFIVE-Ni-pyr-SB-FF 

14.614% of H2O 

CO2/N2 15 9218 GCMC This 

work 

FEFFIVE-Ni-pyr-SB-FF 

19.485% of H2O 

CO2/N2 15 4278 GCMC This 

work 

FEFFIVE-Ni-pyr-SB-FF 

24.343% of H2O 

CO2/N2 15 0 GCMC This 

work 

• * 303 K, remaining at 298K 

• FF means derived force field  

 

Table S11. Comparison of CO2 working capacities for a series of MOFs and conventional 

adsorbents at 298 – 303K. 

Sample WC[CO2/N2] / 

cm3.cm-3 

(0-1 bar, 303K) 

Experimental/Simulation Ref 

CAU-13(Al) 35 Experimental46 [46] 

CPO-27(Ni) 175 Experimental47 [47] 

CuBTC 180 Experimental48 [48] 

MIL-100(Fe) 136.2 Experimental/Simulation49 [49] 

MIL-101(Cr) 112 Experimental/Simulation49 [49] 

MIL-102(Cr) 73 Simulation50 [50] 

MIL-125(Ti) 153 Experimental51 [51] 

MIL-125(Ti)_NH2 129 Experimental51 [51] 

MIL-140A(Zr) 69.45 Experimental52 [52] 

MIL-47(V) 162 Experimental53 [53] 

MIL53(Al)_NH2 10.1 Experimental54 [54] 

MIL-68(Ga) 75 Experimental55 [55] 
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MIL-91(Al) 31.5 Experimental/Simulation56 [56] 

MIL-91(Ti) HT 50.9 Experimental/Simulation [45] 

NaX 70.5 Experimental57 [57] 

ScBDC 73.1 Experimental/Simulation58 [58] 

ScBDC_NH2 31.7 Experimental58 [58] 

STA-12(Ni) 242 Experimental59 [59] 

Takeda 5A 110 Experimental59 [59] 

UiO-66(Zr) 175.2 Experimental60 [60] 

UiO-66(Zr)_BTeC 87.06 Experimental61 [61] 

UiO-66(Zr)_NH2 125 Experimental61 [61] 

FEFFIVE-Ni-pyr (Dry) 93.52+ Simulation This 

work 

FEFFIVE-Ni-pyr-SB 4.871% of H2O 58.70+ Simulation This 

work 

FEFFIVE-Ni-pyr-SB 9.742% of H2O 38.80+ Simulation This 

work 

FEFFIVE-Ni-pyr-SB 14.614% of H2O 12.55+ Simulation This 

work 

FEFFIVE-Ni-pyr-SB 19.485% of H2O 0+ Simulation This 

work 

FEFFIVE-Ni-pyr-SB-FF 4.871% of H2O 57.53+ 
Simulation This 

work 

FEFFIVE-Ni-pyr-SB-FF 9.742% of H2O 46.54+ 
Simulation This 

work 

FEFFIVE-Ni-pyr-SB-FF 14.614% of H2O 22.47+ 
Simulation This 

work 

FEFFIVE-Ni-pyr-SB-FF 19.485% of H2O 0.86+ 
Simulation This 

work 

FEFFIVE-Ni-pyr-SB-FF 24.343% of H2O 0+ 
Simulation This 

work 

     +298 K, remaining at 303K 
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