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ABSTRACT

Fluorous metal-organic frameworks, FMOFs, represent a superhydrophobic class of MOFs 

containing -CF3 or -F groups in their pores. The primary objective of this research is to 

computationally design functionalized FMOF-1 with X = -OCH3, -CN, -OH, -COOH and -NH2 

instead of -CF3 and analyze their CO2 adsorption and separation characteristics. Grand Canonical 

Monte Carlo (GCMC) simulations are used to study adsorption properties of CO2, CH4 and N2 in 

all structures. Henry’s constant (KH) and isosteric heat of adsorption at infinite dilution (Qst0) 

estimated from GCMC simulations plus the binding energy (BE) from Mӧller-Plesset second-order 

perturbation theory (MP2) quantum-mechanical simulations characterize adsorbate-adsorbent 

interaction strengths. Such simulations predict a systematic enhancement of all KH, Qst0, and BE 

values in X-functionalized MOFs vs the parent FMOF-1. Among such functional MOFs, the X = 

-COOH structure is predicted to exhibit the largest CO2 uptake in the low-pressure region due to 

the strongest CO2/-COOH interaction strength, as supported by the largest KH (1.02 ×10-4 

mol/kg/Pa). In contrast, at high pressures (30 bar), the X = -OH structure is predicted to exhibit 

the highest CO2 uptake. Indeed, replacing the -CF3 groups in FMOF-1 by any aforementioned X 

group is expected to afford higher CO2 uptake in the GCMC-simulated adsorption isotherms 

compared to the parent material. The selective adsorption of CO2 over CH4 and N2 was determined 

using the ideal adsorbed solution theory (IAST) method at 50:50 and 15:85 CO2/CH4 and CO2/N2 

binary mixtures, respectively. The X = -COOH structure amounts to the largest selectivity (59.6 

for CO2/CH4 and 128.7 in CO2/N2); i.e., nearly 40x and 43x higher vs FMOF-1 (1.5 and 3 in 

CO2/CH4 and CO2/N2, respectively) at 298 K and 0.1 bar. Functionalized MOFs for CO2 

separation, natural gas purification, landfill gas separation, and/or CO2 flue gas capture suggest X 

= -OH, -COOH and -NH2 are promising to enhance adsorption capacity and selectivity.
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1. INTRODUCTION

Traditional porous materials such as silica, activated carbons, zeolites have been studied as a 

potential adsorbent for carbon capture and storage (CCS) for a while.1,2 However, no materials 

have shown superior quality and bear the drawbacks of either low adsorption selectivity or smaller 

uptake capacity of CO2.
3,4

 In order to overcome the limitations of traditional porous solids, 

researchers have been exploring on metal organic frameworks (MOFs) extensively in the recent 

days, for the enhanced adsorption and separation of CO2.5–8 Having the quality of higher porosities 

and tunable chemical properties MOFs have shown remarkable potential for adsorptive separation, 

to date.9–14 To achieve improved adsorption and selectivity of CO2, the properties of MOFs could 

be tuned/ have been tuned in different ways such as by controlling pore sizes, incorporating alkali-

metal cations, introducing open metal sites, etc.15–17

Ligand functionalization18–22 is a potential approach for the improvement of adsorbate-adsorbent 

interaction, that could result in enhanced CO2 adsorption in MOFs. Addition of different functional 

groups to a linker can significantly affect the CO2 adsorption and separation capacities of the 

structures.23,24 Arstad et al.25 and An et al.26 found that amine group can improve the CO2 uptake 

in MOFs through the formation of larger binding sites compared to the parent MOFs. Couck et 

al.27 incorporated amino group in MIL-53 (Al) and showed enhanced CO2/CH4 selectivity 

compared to the original MOF, MIL-53 (Al). Zhang et al.28 reported higher isosteric heats of 

adsorption (Qst) and improved CO2 uptake in acylamide-decorated MOFs than that of the 

unfunctionalized structures. Improved Qst was observed for amino functionalized MIL-53 (Al) as 

well with a value of � 38.4 kJ/mol, whereas the Qst value for the parent MIL-53 (Al) was ˂ 20 

kJ/mol.27 Torrisi et al.29,30 investigated the impact of functionalization on CO2 adsorption by 

incorporating -OH, -COOH, -NH2 and -CH3 groups in MIL-53(lp). As per the work significantly 
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higher CO2/CH4 selectivity was predicted for -COOH and -OH functionalized MIL-53 (lp) 

compared to the parent MIL-53 (lp). Gu et al.31 have used density functional theory (DFT) to study 

the effects of functional groups for the improvement of CO2 uptake by introducing -SO3H, -

COOH, -NH2, -OH, -CN, -CH3 and -F groups in MOF-177. Additionally, some researchers have 

inspected the interaction strength of CO2 with different functionalized linkers using ab initio 

methods.32–34 Molecular simulations have been used widely by the researchers to obtain useful 

information about the adsorption properties of MOFs, even prior to their synthesis.35–38 Inspired 

from the above work, we attempted to design various functionalized FMOFs by replacing -CF3 

groups in original structure by X = -OCH3, -CN, -OH-, -COOH and -NH2 functional groups. Then 

we performed a systematic investigation of CO2, CH4 and N2 adsorption behavior of all the MOFs. 

Henry’s constant (KH) and isosteric heat of adsorption at infinite dilution (Qst0) were obtained by 

Monte Carlo (MC) simulation, whereas binding energy (BE) was calculated by Mӧller-Plesset 

second-order perturbation theory (MP2). Obtained KH, Qst0, and BE values were used to understand 

the adsorbate-adsorbent interaction in MOFs. The CO2 adsorption sites of MOFs were studied by 

analyzing the radial distribution functions (RDFs) of CO2 at room temperature. The CO2/CH4 and 

CO2/N2 adsorption selectivity were determined by Grand Canonical Monte Carlo (GCMC) 

simulations in all the functionalized MOF materials. Comprehensively, we inspected the role of 

the X functional groups on the uptake capacities and selective adsorption of CO2 over CH4 and N2.

2. METHODOLOGIES 

2.1 Adsorbent Model

FMOF-1 was considered as the reference adsorbent. This is a fluorous metal organic framework, 

synthesized by Yang et al.39 The cell parameters and the coordinates of the framework atoms 

were taken from the experimental crystallographic data.40 FMOF-1 has tetragonal crystal 
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structure with the space group of I42d and the lattice parameters are a = b = 14.0733 A ֩, c = 

37.675 A ֩, α = β = γ = 90⁰. No experimental crystallographic data is available for FMOF-1-X (X 

= -OCH3, -CN, -OH, -COOH and -NH2). Material Studio was used to construct the hypothetical 

structures.41 This program can efficiently generate feasible crystal structures and researchers are 

using this software to characterize MOF structures prior to their synthesis.42–44 Considering 

FMOF-1 as the parent structure, FMOF-1-X were constructed by replacing the -CF3 groups with 

the X functional groups followed by structure optimization using the Forcite module, 

implemented in Material Studio program. Universal force field45 was considered to describe the 

interactions between the framework atoms during the structure optimization. Final structures 

(FMOF-1-X) were obtained after finishing the two steps optimization procedure. Energy and 

density optimization data (Figures S1-S5; see Electronic Supporting Information (ESI)) ensure 

the reliable hypothetical crystal structures. Rather than having different lattice parameters, all the 

FMOF-1-X exhibit the same tetragonal crystal structure as the parent FMOF-1, with the space 

group of I42d. The optimized structures of -OCH3, -CN, -OH, -COOH and -NH2 functionalized 

MOFs along with the parent FMOF-1 are displayed in Figures S6-S8. The structural properties of 

the MOFs such as density, void fraction and pore volume were computed using Zeo++ software46 

whereas, RASPA2 program47 was used to determine the accessible surface area considering N2 as 

the probe molecule. The geometrical properties of all the MOFs are listed in Table 2 below.

2.2 Interaction Potential 

In order to describe the non-bonded interactions during the CO2, CH4 and N2 adsorption in MOFs, 

we used the interaction potential as a combination of truncated Lennard-Jones (LJ) and Coulomb 

potential according to Equation (1)

𝑉𝑖𝑗 = 4𝜀𝑖𝑗[ 𝜎𝑖𝑗

𝑟𝑖𝑗

12
― 𝜎𝑖𝑗

𝑟𝑖𝑗

6
] +

𝑞𝑖𝑞𝑗

4𝜋𝜖0𝑟𝑖𝑗
(1)
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-- where the interacting atoms are indicated by i and j, rij is their interatomic distance, qi and qj are 

the partial atomic charges of i and j respectively, 𝜀𝑖𝑗 and 𝜎𝑖𝑗 are the LJ potential parameters 

describing the well depth and repulsion distance between i and j and 𝜖0 is the dielectric constant. 

The LJ parameters for the framework atoms were taken from the Universal Force Field (UFF)45 as 

tabulated in Table S1. The cross LJ potential parameters were calculated by invoking the Lorentz-

Berthelot mixing rules. Appropriate interaction potential parameters and atomic point charges of 

the framework atoms are crucial for accurate molecular modeling to study the gas adsorption 

isotherms in MOFs. Since point charges are not obtainable experimentally, so there is no particular 

charge calculation method that could be used widely for the estimation of the partial atomic 

charges of framework atoms in MOF structures.48,49 Consequently, different methods have been 

developed to date to predict the partial atomic charges of the framework atoms. For instances, the 

work of Sladekova et al.49 shows the effect of atomic point charges on adsorption isotherms of 

CO2 and H2O in six MOFs namely IRMOF-1, MIL-47, UiO-66, CuBTC, Co-MOF-74 and SIFSIX-

2-Cu-I.

 In our work, the atomic partial charges for the -CN, -OH, -COOH and -NH2 functional groups 

were adopted from the works of Torrisi et al. and Gu et al.30,31 while the partial charges of -OCH3 

were estimated by using the density functional theory (DFT) implemented in DMol3 module of 

Material studio.41 During the DFT calculation, we used PW91 functional along with the Double-

ξ numerical polarization (DNP) basis set. The partial charges of the X-functional groups were 

derived from the fitting of the energy surface potentials (ESP). ESP charges are being widely 

used by researchers to study the gas adsorption isotherms for MOF structures,29–31 as this method 

generally gives a better description of the electrostatic potential around the different atomic 

species in MOFs.30 The partial charges for the rest of the framework atoms were taken from the 
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work of Moghadam et al.40 We scaled the charges a little in order to make the frameworks charge 

neutral. All the framework charges are listed in Table S2-S7. The long-range electrostatic 

interactions were calculated via the Ewald summation method50 with the same cutoff distance of 

12.8 Å considered for all the Lennard-Jones interactions. 

In this study, CO2 and N2 molecules were modeled as linear three-site rigid model,51 whereas CH4 

was mimicked as united spherical single site model.52 The C-O and N-N bond lengths were 1.16 

Å and 1.10 Å, respectively, in CO2 and N2.  The charges on C and O atoms were +0.70 e and -0.35 

e in CO2. On the other hand, a charge of -0.482 e and +0.964 e was placed on N and on center-of-

mass respectively during the modeling of N2. These partial charges on the LJ sites were used to 

describe the internal quadrupole moment of CO2 and N2. We used the transferable potentials for 

phase equilibria (TraPPE) force field to model the adsorbates (CO2, CH4 and N2). The potential 

parameters and the atomic charges of the adsorbates are listed in Table S8. A 2 × 2 × 1 supercell 

was used for all MOF structures. The framework atoms were kept rigid during GCMC simulations.

2.3 Simulation Details

Simulation studies have disclosed that Grand Canonical Monte Carlo (GCMC) simulations can 

accurately compute the gas loading in porous materials such as in MOFs.53 We used GCMC to 

calculate the pure CO2, CH4, N2 and binary mixtures of CO2/CH4 & CO2/N2 adsorption isotherms 

as a function of pressure.  The calculations were carried out at 273 K and 298 K up to a pressure 

of 30 bar in all the structures. The number of gas molecules in the adsorbed phase was allowed to 

fluctuate whereas the chemical potential (μ), volume (v), and temperature (T) were kept constant 

during the GCMC simulations. Random insertion, deletion, rotation and translation with equal 

probabilities were used in each MC run. The GCMC calculation at each pressure point was 

consisted of 2.0 ×105 number of cycles. The first half was used for equilibration and the subsequent 
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half was used to estimate the desired adsorption properties. Excess adsorption isotherms were 

simulated by considering the void fraction of both structures (details can be found in SI).

The Henry’s constants (KH) of the adsorbates were evaluated using the Widom particle insertion 

method.54 The enthalpy of adsorption, ΔH was determined by the statistical average of the 

adsorbate binding energies at different available adsorbent sites according to Equation (2)

𝛥𝐻 =  
〈𝑈 ×𝑁〉𝜇 ⟨𝑈⟩𝜇 〈𝑁〉𝜇 

〈𝑁2〉𝜇  〈𝑁〉2
𝜇

― ⟨𝑈𝑔〉 ―  𝑅𝑇 (2)

-- where, N is the number of adsorbed molecules, R is the universal gas constant, and 〈 〉 defines 

the ensemble average. 

The isosteric heat of adsorption at infinite dilution, Qst0 was estimated using a single molecule of 

the adsorbates in Canonical ensemble (NVT), as the following Equation,

𝑄𝑆𝑡0 = ―𝛥𝐻 = 〈𝑈ℎ𝑔〉 ― 〈𝑈ℎ〉 ― 〈𝑈𝑔〉 ―𝑅𝑇 (3)

-- where 〈Uhg〉, 〈Uh〉 and 〈Ug〉 are the average energy of the single guest molecule inside the host, 

the average energy of the host, the average energy of a single guest molecule in the gas phase. The 

isosteric heat of adsorption at finite dilution, Qst was computed using the fluctuation method,55 

implemented in the RASPA2 software package.47 The Qst values were predicted from the 

fluctuations of the potential energy over the production cycles in the GCMC simulations for each 

pressure point.

To break down the relative contributions of van der Waals and Coulombic interactions to the 

interaction energy between MOF and adsorbate molecules, we performed energy minimizations 

of a single adsorbate molecule inside the MOF structures employing (NVT) ensemble. From this 

force field-based molecular simulations, the minimum host-adsorbate energy was obtained via 
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Baker’s method56 and used for further analysis of the van der Waals and Coulombic contributions 

to the interaction energy. Baker’s minimization56 for 100 independent minimization attempts with 

the stopping criteria of RMS gradient of 1.0 ×10-6 was also considered to find the favorable 

adsorption sites of the adsorbates (CO2, CH4 and N2). During Baker’s minimization, framework 

atoms were held fixed, whereas a single molecule of the adsorbate gases were relaxed within the 

rigid MOF structures. Two types of trial moves, namely translation and rotation with equal 

probability were attempted for the adsorbate molecules. In the Baker’s minimization method, the 

equilibrium geometrics of the adsorbate molecules were estimated from the force field-based 

molecular simulations.  All simulations, such as GCMC, Widom particle insertion calculations, 

and energy minimizations (via Baker’s method), were carried out using the RASPA2 software 

package.47 The binding energy (BE) of CO2 molecule with the various functional groups of the 

frameworks was computed by Mӧller-Plesset second-order perturbation theory (MP2) with 

Def2TZVP basis set. These calculations were performed using the Gaussian 16 code.57 Further 

computational details can be found in Section 3.4.

We also simulated the adsorption isotherms considering the bulk composition of 50:50 in CO2/CH4 

and 15:85 in CO2/N2 binary mixtures. These compositions of the binary systems represent the 

landfill gas separation and flue gas separation, respectively.58 The ideal adsorbed solution theory 

(IAST)59 was invoked to predict the adsorption selectivity of CO2/CH4 and CO2/N2 binary mixture 

from their pure component adsorption isotherms. The selectivities were predicted at the above-

mentioned composition at 298 K with a pressure range up to 0-1 bar. 

 All the structures were assessed in view of the three adsorbent evaluation criteria for their CO2 

separation capability over CH4 and N2. The adsorbent evaluation criteria are: 1) CO2 uptake under 
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adsorption conditions (mol/kg), Nads; 2) working capacity of CO2 (mol/kg), ∆N = Nads – Ndes, and 

3) selectivity, 𝑆 = (𝑁𝑎𝑑𝑠
𝐶𝑂2

𝑁𝑎𝑑𝑠
𝑊

)(𝑦𝑊 𝑦𝐶𝑂2). Here, N is the adsorbed amount, y is the gas phase 

mol fraction, W indicates the weakly adsorbed gas component (CH4 or N2), and superscripts ads 

and des are the adsorption and desorption conditions, respectively. We measured these parameters 

for three cases as listed in Table 1 and ranked all the functional FMOFs based on their selectivity. 

Table 1: Binary mixture proportions and pressures for the cases studies in this work

Cases Mixture proportion Adsorption pressure, 
Pads (bar)

Desorption pressure,
Pdes (bar)

Natural gas purification CO2/CH4 = 10:90 5 1

Landfill gas separation CO2/CH4 = 50:50 1 0.1

Flue gas separation CO2/N2 = 15:85 1 0.1

The CO2, CH4 and N2 uptake were estimated at the partial pressure of the specific gas component 

under the adsorption and desorption conditions.

To confirm the reliability of the forcefield used in this study, we first simulated N2 adsorption in 

FMOF-1 at 77 K and compared it with the previous simulated data.40 We observe the similar trend 

of N2 adsorption but a lower uptake compared the previous simulated data. The slight variation of 

N2 loading could be due to the different void fractions used during simulations. However, the 

forcefield is validated by the identical shape of the isotherms depicted in Figure S9.
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3. RESULTS AND DISCUSSION

Table 2. Geometric properties for the MOF structures studied in this work.

Structure Density
(g/cm3)

Pore Volume
(cm3/g)

He Void 
Fraction

Surface Area
(m2/g)

FMOF-1 1.666 0.248 0.413 826.537

FMOF-1-OCH3 1.323 0.348 0.461 1215.416

FMOF-1-CN 1.330 0.332 0.442 1168.435

FMOF-1-OH 1.264 0.456 0.576 1492.484

FMOF-1-COOH 1.676 0.217 0.364 704.115

FMOF-1-NH2 1.215 0.472 0.573 1523.289

From the geometric properties of the structures listed in Table 2, we observe increased surface 

areas and pore volumes of -OCH3, -CN, -OH and -NH2 functionalized MOFs compared to the 

parent FMOF-1 structure, while we notice a decreasing trend for the density. In contrast with the 

other functionalized MOFs, we observe decreased surface area and pore volume for the -COOH 

functionalized MOF, compared with the parent FMOF-1. Likewise, higher density of the -COOH 

functionalized MOF was found. We speculate this opposite trend for the -COOH functionalized 

MOF is due to the size of the bulky -COOH group compared to the other functional groups. The 

pore size distribution (PSD) of the MOFs are shown in Figure 1. The channel diameter has 

increased to 6.93 Å in FMOF-1-CN, 6.99 Å in FMOF-1-OH, and 6.63 Å in FMOF-1-NH2 from 

6.40 Å in the parent structure. On the other hand, channel diameter has decreased to 5.55 Å and 

5.31 Å, respectively, in FMOF-1-OCH3 and FMOF-1-COOH.

N2 adsorption isotherms at 77 K for all the functionalized MOFs are depicted in Figure S10. All 

the studied MOFs display type I adsorption profile, exhibiting characteristic microporous behavior.
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Figure 1. Pore size distributions of the MOF structures.

3.1 Energy parameters at infinite dilution

Henry’s constant, KH and isosteric heat of adsorption at infinite dilution, Qst0 can reflect the 

adsorbate-adsorbent interaction strength in the Henry regime. The larger KH and, Qst0 values 

represent the greater adsorbate affinity to the adsorbent.60 KH  and Qst0 values for CO2, CH4, and N2 

at 273 K and 298 K were predicted from GCMC simulation and the results at 298 K are listed in 

Tables 3 and 4, respectively. The values at 273 K are tabulated in Tables S9 and S10.

Table 3. Henry’s constant, KH at 298 K.

Henry constant, KH (mol/kg/Pa)
Structure

CO2 CH4 N2

FMOF-1 1.81 ×10-6 1.23 ×10-6 4.95 ×10-7

FMOF-1-OCH3 4.10 ×10-6 2.12 ×10-6 7.55 ×10-7

FMOF-1-CN 5.11 ×10-6 1.34 ×10-6 6.14 ×10-7

FMOF-1-OH 3.64 ×10-5 1.32 ×10-6 7.90 ×10-7

FMOF-1-
COOH 1.02 ×10-4 2.04 ×10-6 9.62 ×10-7

FMOF-1-NH2 7.01 ×10-5 2.08 ×10-6 1.09 ×10-6
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Table 4. Isosteric heat of adsorption at infinite dilution, Qst0 at 298 K.

Isosteric heat of adsorption at infinite dilution, Qst0 (kJ/mol)
Structure

CO2 CH4 N2

FMOF-1 -13.67 -11.40 -9.01

FMOF-1-OCH3 -16.94 -13.18 -10.35

FMOF-1-CN -17.75 -11.63 -9.56

FMOF-1-OH -29.33 -10.44 -9.63
FMOF-1-
COOH -31.04 -15.47 -14.36

FMOF-1-NH2 -31.37 -11.62 -10.75

The order of KH and Qst0 was found as is CO2 ˃ CH4 ˃ N2 for all the MOFs, implying the stronger 

CO2-framework interactions compared to CH4-framework and N2-framework interactions. This 

phenomenon might be due to the larger permanent quadrupole moment of the CO2 molecule.61 

According to the simulation, an increased KH and Qst0 (except for the Qst0 of CH4 in -OH 

functionalized structure) values were noticed for all the X-functionalized MOFs compared to the 

parent MOF for all the adsorbates. Notably, -OH, -COOH and -NH2 groups have displayed 

significant improvement for the KH and Qst0 values for CO2. These enhanced values of the 

parameters could be described by the stronger polarity of the -OH, -COOH and -NH2 groups 

compared to other functional groups. This assumption could be further supported by the results of 

the relative contribution of van der Waals (vdW) and coulombic interactions to the total interaction 

energy of CO2 in the studied MOFs, that has been discussed in section 3.3. The larger KH and Qst0 

values of CO2, CH4, and N2 in all the X-functionalized MOFs compared to the parent MOF exhibit 

greater affinity and stronger interaction strength to the frameworks.
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3.2 Pure gas adsorption isotherms

We simulated the adsorption isotherms of pure component CO2, CH4 and N2 in all the X-

functionalized MOFs along with the parent FMOF at 273 and 298 K with a pressure range up to 

30 bar. Figure 2 shows the CO2 uptake for all the MOF structures at 298 K in low-pressure (0.005-

1 bar) as well as high-pressure (1-30 bar) region. An enhanced CO2 uptake was observed for the 

X-functionalized MOFs compared to the parent MOF. The order of CO2 uptake up to 0.2 bar 

(Figure 2a) is FMOF-1-COOH ˃ FMOF-1-NH2 ˃ FMOF-1-OH ˃ FMOF-1-CN ˃ FMOF-1-OCH3 

> FMOF-1. This is consistent with the order of the predicted Henry’s constant (KH values in Table 

2). With the increase in pressure, a different CO2 adsorption profile was observed for the studied 

MOFs. At low pressure region, gas adsorption is generally dominated by the host-guest 

interaction,62 as reflected in the Henry’s constant values. In contrast, at high pressure region the 

adsorption capacity primarily depends on the available free volume of the framework structure.62 

As shown in Figure 2, -COOH functionalized MOF exhibits the highest CO2 uptake below 0.2 bar, 

while at 30 bar a comparable CO2 uptake was predicted for FMOF-1-COOH and FMOF-1. This 

comparable CO2 uptake is due to the similar free volumes and surface areas of the structures (Table 

1). At 1 bar pressure, the -OH and -NH2 functionalized structures show the maximum CO2 uptake 

with a value of �3.0 mol/kg. This value is about 15-fold higher than that of the parent FMOF-1 

(�0.2 mol/kg) and 1.5-fold higher than the IRMOF-1 (2.1 mmol/g at 295 K)63; but lower than the 

zeolite NaX and NaY structures (�4.5 mol/kg at 298 K)64,65 at 1 bar. We also observe higher CO2 

uptake for all the X-functionalized MOFs compared to the parent MOF at high-pressure region. 

The highest CO2 uptake was observed for FMOF-1-OH with a value of 10.07 mol/kg at 30 bar at 

298 K, which is 3.35-fold higher than the parent FMOF-1 with the value of 2.85 mol/kg. A similar 

trend was observed for CO2 adsorption isotherms at 273 K, shown in Figure S11. 
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Figure 2. CO2 adsorption isotherms at (a) low pressure and (b) high pressure regions of MOFs at 298 K.

Pure component CH4 and N2 adsorption isotherms at 298 K are depicted in Figure 3 and Figure 4 

respectively, whereas Figures S12 and S13 show the isotherms at 273 K. At low pressure region 

(Figure 3a), the order of CH4 uptake is FMOF-1-OCH3 ˃ FMOF-1-NH2 ˃ FMOF-1-COOH ˃ 

FMOF-1-CN ˃ FMOF-1-OH > FMOF-1. For N2 adsorption the order was found as FMOF-1-NH2 

˃ FMOF-1-COOH ˃ FMOF-1-OCH3 ˃ FMOF-1-OH ˃ FMOF-1-CN > FMOF-1 (Figure 4a). 

These orders of CH4 and N2 uptake are consistent with the orders of predicted Henry’s constant 

(KH values in Table 3). At high pressure region, a different order of CH4 and N2 adsorption was 

observed for the studied MOFs. 

We observe the rise of CO2 uptake in a different scale than that of the rise of CH4 and N2 uptake 

with the increase in pressure up to 30 bar. The CO2 adsorption isotherms exhibit a sharp rise at 

low pressure region compared to CH4 and N2 adsorption and then reaches a plateau at around 20 

bar. On the other hand, CH4 and N2 isotherms do not show a steep uptake in low-pressure region. 

This expected finding is consistent with the relatively smaller Qst0 values of CH4 and N2 compared 

to the Qst0 value of CO2 (Table 3). CH4 and N2 uptake increase gradually with the pressure and do 
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not saturate, even at the highest pressure at 30 bar. The maximum CH4 uptake at 1 bar was observed 

for FMOF-1-OCH3 (0.19 mol/kg) which is 1.8 times higher than that of the parent FMOF-1 (0.11 

mol/kg). FMOF-1-NH2 shows the maximum N2 uptake with a value of 0.09 mol/kg which is 2.3 

times higher compared to FMOF-1 (0.04 mol/kg) at the same condition (1 bar and 298 K). 

Figure 3. CH4 adsorption isotherms at (a) low pressure and (b) high pressure regions of MOFs at 298 K.

Figure 4. N2 adsorption isotherms at (a) low pressure and (b) high pressure regions of MOFs at 298 K.

3.3 Isosteric heats of adsorption, Qst

The isosteric heats of adsorption (Qst) for CO2, CH4 and N2 were obtained by the GCMC 

simulations during the adsorption isotherm calculations. Figure 5 and Figure S14 displays the Qst 
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values as a function of pressure and uptake, respectively, at 298 K. It is observed that, for all the 

MOF structures, the Qst values of CO2 are higher compared to the values obtained for CH4 and N2. 

Consequently, the order of isosteric heat of adsorption is CO2 ˃ CH4 ˃ N2 for all the structures, 

consistent with the order of the uptake capacity. At 0.005 bar, the isosteric heats of adsorption of 

CO2 were estimated as 16.92, 17.70, 29.42, 30.98, and 31.07 kJ/mol, respectively, for -OCH3, -

CN, -OH, -COOH and -NH2 functionalized MOFs. All these Qst values are higher compared to the 

Qst value of CO2 for the parent FMOF-1 (13.65 kJ/mol). The larger CO2 Qst values for the X-

functionalized MOFs than that of the parent MOF over the entire pressure range demonstrates the 

more energetic CO2 interaction with the X-functionalized MOFs. The CO2 Qst for FMOF-1-OH 

and FMOF-1-NH2 first declines to 29.24 and 28.15 kJ/mol, respectively, at around 5 bar (Figure 

5a) due to the adsorbate-adsorbent interaction, i.e., the interactions of the CO2 quadrupole with the 

most active adsorption centers of the adsorbents play the dominant role in this region. 

Subsequently, we notice an increasing trend of CO2 Qst with the increase in uptake or pressure, 

because of the increased CO2-CO2 interactions. For FMOF-1-COOH, the CO2 Qst first increases 

up to 5 bar, reaches to a value of 32.23 kJ/mol and then decreases with the increase in pressure or 

CO2 loadings. For FMOF-1-OH, FMOF-1-COOH and FMOF-1-NH2, the presence of different 

energetic CO2 adsorption sites, i.e., the surface heterogeneity30 results in the maxima and minima 

of the Qst of CO2 curves for these structures. For the other functionalized MOFs including the 

parent MOF, the relationship of Qst vs pressure (Figure 5a) or Qst vs CO2 uptake (Figure S14a) is 

similar. The CO2 Qst increases evenly to a value of 27.69, 25.11 and 21.93 kJ/mol for FMOF-1-

OCH3, FMOF-1-CN and FMOF-1, respectively, up to 30 bar. The increasing behavior is due to 

the lateral interactions of the guest molecules with the increase in pressure (or the adsorbate 

concentration).66,67
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Figure 5. GCMC simulated isosteric heats of adsorption for (a) CO2, (b) CH4, and (c) N2 at 298 K up to 30 bar.
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Figure 5b and 5c depicts the Qst of CH4 and N2, respectively, at 298 K. For CH4, we observe a 

moderate variation in Qst with the increase in pressure or CH4 loading. The increase of CH4 Qst 

values were found as 11.36 to 13.47 kJ/mol for FMOF-1, 13.18 to 15.97 kJ/mol for FMOF-1-

OCH3, 11.56 to 12.96 kJ/mol for FMOF-1-CN, 10.43 to 11.90 kJ/mol for FMOF-1-OH, 15.46 to 

17.42 kJ/mol for FMOF-1-COOH, and 11.58 to 13.74 kJ/mol for FMOF-1-NH2. For FMOF-1-

OH, we notice lower Qst values through the entire pressure range compared to the parent MOF. 

This might be due to the larger void fraction of -OH functionalized structure compared to the 

parent structure (Table 1) and the relatively smaller CH4 KH value (Table 2). On the other hand, 

FMOF-1-CN shows a decreasing trend of Qst values compared to the parent MOF beyond 2.5 bar. 

This could be attributed to the similar KH values of CH4 in FMOF-1-OH and FMOF-1-CN as well 

as the comparable void fraction of FMOF-1-OH with FMOF-1 (0.442 vs 0.413).

Unlike the Qst values of CO2 and CH4, the Qst of N2 remains almost constant through the entire 

pressure range. This outcome indicates the relatively weaker interaction of the CH4 and N2 

molecules with the MOF structures compared to the CO2-MOF interactions.

It is relevant to note that an enhanced CO2, CH4 and N2 adsorption was observed for all the X-

functionalized MOFs compared to the parent MOF, but the Qst orders of CO2, CH4 and N2 in those 

structures did not follow the same trend. This is because Qst is not the only factor that reflects the 

adsorption isotherm, rather it is one of many factors that affect the adsorption capacity and could 

reflect the adsorption amount to a certain extent.60 The Qst values at 273 K are depicted in Figures 

S15-S17.

From the relative contribution of van der Waals (vdW) and coulombic interactions to the total 

interaction energy of CO2, CH4 and N2 in the studied MOFs (Figure 6) it is apparent that, the 
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significantly improved CO2 adsorption capacity in -OH, -COOH and -NH2 functionalized 

structures is due to the enhanced coulombic interaction compared to the parent FMOF-1. On the 

other hand, for N2-MOF interaction energy, the vdW interactions play the dominant role with a 

little coulombic contribution for those structures. In contrast, the interaction energy for CH4 was 

purely from the van der Waals interactions without any electrostatic contribution. This could be 

due to the larger quadrupole moment of CO2 (4.30 × 10-26 esu-cm2) compared to the smaller 

quadrupole moment of N2 (1.52 × 10-26 esu-cm2) and zero-quadrupole moment of CH4.61

We performed additional simulations by omitting the coulombic interaction of the guest molecules 

with the framework atoms to investigate the effect of electrostatic interactions on CO2, CH4 and 

N2 adsorption at 298 K up to 1 bar (Figures 7 and S18-19). Disregarding the electrostatic 

interaction, a lower CO2 and N2 uptake were observed for all the MOF structures. In contrast, CH4 

uptake was not influenced by turning off the coulombic interaction. We observe a larger variation 

of CO2 uptake while we consider the coulombic interaction than that of the uptake without 

considering the coulombic interaction. For N2 uptake, the variation was not as prominent as CO2. 

This finding is quite consistent with the results discussed above and demonstrates the importance 

of electrostatic interactions on enhanced CO2 adsorption in -OH, -COOH and -NH2 functionalized 

structures.   
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Figure 6. Interaction energy plot for (a) CO2, (b) CH4, and (c) N2 in the investigated MOFs.
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Figure 7. Comparison of CO2 adsorption isotherms obtained by considering or neglecting electrostatic interactions 
in (a) FMOF-1-OCH3, (b) FMOF-1-CN, (c) FMOF-1-OH, (d) FMOF-1-COOH, and (e) FMOF-1-NH2 at 298 K.
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3.4 Interaction of CO2 with the functional groups of the framework

The binding energy (BE) of CO2 with various functional groups of the framework was computed 

by Mӧller-Plesset second-order perturbation theory (MP2) with triple-ξ valence basis set with 

polarization (Def2TZVP).68 The rationale for the selection of Def2TZVP basis set is that it can 

efficiently capture the dispersion interaction.6,34,69 For BE calculation between CO2 and X-

functional groups using MP2, a small model of triazole ring containing two -CF3 or two X-

substituents (in the 3,5-positions) was constructed (Figure 8). Only a small model was constructed 

to reduce computational cost. All the models (the triazole ring containing the -CF3 or X-

substituents in the 3,5-positions) were optimized first using MP2/ Def2TZVP level of theory. Then 

geometry optimization was done for the CO2-triazole complex considering different geometrics 

(positions and orientations) of CO2 around the functional groups. Eventually, the BE of CO2 around 

different functional groups was calculated as per the following Equation:

𝐵𝐸 = 𝐸𝐶𝑂2―𝑡𝑟𝑖𝑎𝑧𝑜𝑙𝑒 𝑚𝑜𝑑𝑒𝑙 ― (𝐸𝐶𝑂2 + 𝐸𝑡𝑟𝑖𝑎𝑧𝑜𝑙𝑒 𝑚𝑜𝑑𝑒𝑙) (4)

--where, 𝐸𝐶𝑂2is the energy of CO2, 𝐸𝑡𝑟𝑖𝑧𝑜𝑙𝑒 𝑚𝑜𝑑𝑒𝑙 is the energy of the small triazole model, and 

𝐸𝐶𝑂2―𝑡𝑟𝑖𝑧𝑜𝑙𝑒 𝑚𝑜𝑑𝑒𝑙 is the energy of CO2-trizole complex under equilibrium state. Figure 8 shows 

the most stable complexes. 

As per the optimized structures, the electropositive C atom of CO2 interacts with the 

electronegative N and O atoms of -CN and -COOH functional groups, while hydrogen bonding 

interactions were observed for -OCH3, -NH2 and -OH functional groups with a distance of �3.50, 

2.60 and 2.13 Å, respectively. The highest binding energy value was observed for the -NH2-CO2 

structure (-21.09 kJ/mol) followed by the -OH-CO2 structure (-18.10 kJ/mol). Although the 

O(CO2)---H(-OH) distance exhibits a relatively smaller value (2.13 Å) than that of the average 
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O(CO2)---H(-NH2) distance (2.60 Å), the multiple interaction between the terminal O atoms of 

CO2 with the H atoms of NH2 results in increased binding energy for the NH2-CO2 structure. For 

the -COOH-CO2 structure, we notice the CO2 molecule is tilted towards the Ocarbonyl of -COOH 

group with a distance of 3.00 Å and a binding energy of -17.97 kJ/mol. We do not observe any 

hydrogen bonding interaction for the -COOH-CO2 structure, as the H(-COOH) atom is pointing 

away from the CO2 molecule in the optimized configuration. The -OCH3-CO2 structure shows the 

least BE value (-10.22 kJ/mol) among all the structures.

Figure 8. Optimized structures and interaction energies of CO2 with (a) −CF3, (b) −OCH3, (c) −CN, (d) −OH, (e) 
−COOH, and (f) −NH2 functional groups of MOFs. Color code (C: gray, O: red, N: blue, H: white and F: cyan).

The binding energies (BE) of CO2 with different functional groups calculated by MP2 level of 

theory follow the order of FMOF-1-OCH3 < FMOF-1 < FMOF-1-CN < FMOF-1-COOH < FMOF-

1-OH < FMOF-1-NH2 (Figure 8). This order shows a slight disagreement from the isosteric heat 
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of adsorption at infinite dilution, Qst0 for CO2 predicted from force-field based molecular 

simulation, that follow the order of FMOF-1 < FMOF-1-OCH3 < FMOF-1-CN < FMOF-1-OH < 

FMOF-1-COOH < FMOF-1-NH2 (Table 4). More precisely we observe the disagreement between 

FMOF-1 and FMOF-1-OCH3 and between FMOF-1-COOH and FMOF-1-OH.

For the calculations obtained by MP2 we observe a large number of interactions between the CO2 

molecule and the F atoms (of -CF3 groups) in FMOF-1, compared to the number of interactions 

between the CO2 molecule and the H atoms (of -CH3 groups) in FMOF-1-OCH3. This results in 

an increased binding energy for the former. On the other hand, the smaller distance between 

O(CO2)---H(-OH) (2.132 Å) compared to the distance between C(CO2)---Ocarbonyl (-COOH) (3.001 

Å) results in a slight increase in binding energy value for FMOF-1-OH. This disagreement for the 

order of Qst0 and BE values obtained by force-field based molecular simulation and MP2/DFT 

calculations has also been reported by other researchers.6,31 However, we notice a significant 

enhancement of the Qst0 and BE values for -COOH, -OH and -NH2 functionalized structures than 

that of the parent FMOF-1 structure, using both the force-field based molecular simulation and 

MP2 calculations. 

The radial distribution functions (RDF), g(r) between CO2 and various functional groups of the 

studied MOFs at 298 K and 0.1 bar are being displayed in Figure 9. For the parent FMOF-1, the 

g(r) of O(CO2) around F(-CF3) is essentially zero with a distance, r ˂ 2.50 Å and exhibits a lower 

peak at �6.38 Å. On the other hand, a pronounced peak between O(CO2) and H(-OCH3) was 

observed at a distance between 3.42 to 3.78 Å for FMOF-1-OCH3, whereas a sharp peak between 

C(CO2) and N(-CN) was found at r = 3.54 Å for FMOF-1-CN. Unlike the other MOFs, FMOF-1-

OH, FMOF-1-COOH and FMOF-1-NH2 exhibit multiple peaks in g(r) curves. The g(r) between 

the O(CO2) and H(-OH) for FMOF-1-OH shows two distinct peaks at 2.94 and 7.54 Å.  For FMOF-
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1-COOH, we observe three dominant peaks between C(CO2) and Ocarbonyl (-COOH) at nearly 3.00, 

7.89, and 9.42 Å. Likewise three major peaks between C(CO2) and H(-NH2) were found at nearly 

2.66, 6.58, and 8.43 Å for FMOF-1-NH2. The presence of multiple peaks in the g(r) curves suggests 

multiple CO2 interactions with neighboring ligands’ X substituents in FMOF alternatives.6 This 

structural analysis reveals that, CO2 molecules are preferentially adsorbed towards X groups but 

at different distances, depending on the interaction strengths of CO2 with the new MOF structure. 
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Figure 9. Radial distribution functions for CO2 near different functional groups of (a) FMOF-1, (b) FMOF-1-OCH3, 

(c) FMOF-1-CN, (d) FMOF-1-OH, (e) FMOF-1-COOH, and (f) FMOF-1-NH2 at 0.1 bar.

We also performed the Baker’s minimization by inserting a single adsorbate molecule in the X-

functionalized MOFs at 298 K in order to locate the favorable adsorption sites of the adsorbates.  
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Baker’s algorithm56 uses the eigenvalues of the Hessian matrix in order to locate true minima on 

the energy surface that corresponds to the equilibrium geometries. The positions of CO2 (Figure 

10) and CH4 & N2 (Figure S20) represent the preferred binding sites of the adsorbates in MOFs, 

predicted by Monte Carlo (MC) simulation.

Figure 10. Adsorption sites of CO2 in (a) -OCH3, (b) -CN, (c) -OH, (d) -COOH, and (e) -NH2 functionalized MOFs 
after Baker’s minimization. 

We also compared the equilibrium geometrics of the adsorbate molecules after Baker’s 

minimization, estimated from the force field-based molecular simulations with the MP2 

calculations. In MP2 calculation, we investigated the probable adsorption sites of CO2 by studying 

their dispersion interaction energies using a small model. Only the triazole ring containing two -

CF3 or two X-substituents in the 3,5- positions was used during the molecular model for the study 
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of interaction energy of CO2 (Figure 8). As per the MP2 calculation, CO2 molecules seem to 

interact with the -CF3 group for parent FMOF-1 and -X functional groups for X-functionalized 

MOF structures. 

On the other hand, the equilibrium geometrics of CO2 molecules after Baker’s minimization 

estimated from the force field-based molecular simulations are shown in Figure 10. According to 

Figure 10, CO2 molecules are preferentially adsorbed towards -X functional groups rather than the 

metal cluster sites. This finding is fairly consistent with the adsorption sites calculated from MP2. 

Still there is a slight discrepancy between the binding distances of CO2 with -X functional groups, 

computed from force field-based molecular simulations and MP2 model.  For example, the 

distances between O(CO2)---H(-OCH3) in FMOF-1-OCH3 were 3.503 and 3.601 Å, respectively, 

obtained from MP2 model and force field-based molecular simulations. This little variation could 

be qualitatively explained by comparing the two models. In MP2 model, we considered a small 

segment of the framework, where the influence of neighboring linkers on CO2 adsorption had been 

ignored. In contrast, we considered the entire framework during the force field-based molecular 

simulations (Baker’s minimization) to predict the CO2 adsorption sites, accounting the influence 

of neighboring linkers on CO2 adsorption. 

3.5 Adsorption of binary mixture and selectivity

We simulated the adsorption isotherms of CO2/CH4 and CO2/N2 gas mixtures with the composition 

of 50:50 and 15:85 mole ratio, respectively, to study the carbon capture capability from the landfill 

and flue gases. Figure 11 shows the adsorption isotherms of the binary mixtures for all the MOFs 

at 298 K up to a pressure of 1 bar. CO2, CH4 and N2 adsorption exhibit a nearly linear isotherm 

with the increasing pressure except for the CO2 adsorption in -COOH functionalized MOF. We 
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assume this non-linearity is due to the relatively higher pore volume of the other structures than 

that of the FMOF-1-COOH structure. We also notice preferential adsorption of CO2 over CH4 in 

all the MOFs for the CO2/CH4 mixture. Higher CO2 uptake was observed for the X-functionalized 

MOFs compared to the parent FMOF-1 structure. Especially for FMOF-1-NH2, dominant CO2 

uptake was observed over CH4 due to the enhanced electrostatic interaction in addition to the 

dispersion interactions. In case of CO2/N2 gas mixture, the parent FMOF-1 displays higher N2 

uptake over CO2 throughout the entire pressure range due to the higher mole fraction of N2 in the 

CO2/N2 binary mixture. On the other hand, for the FMOF-1-OCH3 and FMOF-1-CN structures, 

we notice a lower N2 uptake over CO2, while for the remaining structures vanishingly smaller N2 

uptake was observed compared to CO2. 
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Figure 11. Adsorption isotherms of CO2, CH4, and N2 for CO2/CH4 (50:50) and CO2/N2 (15:85) binary mixtures in 
(a) FMOF-1 (b) FMOF-1-OCH3 (c) FMOF-1-CN (d) FMOF-1-OH (e) FMOF-1-COOH, and (f) FMOF-1-NH2 at 

298 K.
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IAST was applied to calculate the adsorption selectivity of the MOF structures for the CO2/CH4 

(50:50) and CO2/N2 (15:85) binary gas mixtures at 298 K (Figure 12). The selectivity values 

exhibit a similar trend for both the mixtures. All the X-functionalized structures exhibit higher 

selectivity values than that of the parent MOF structure. This could be attributed to the relatively 

stronger CO2 interaction with the X-functionalized MOFs.6 It is apparent that -OH, -COOH and -

NH2 functionalized MOFs significantly enhance the CO2/CH4 and CO2/N2 selectivities than the 

original FMOF-1. For CO2/CH4 gas mixture, the selectivity values were obtained as 59.6, 40.0 and 

31.5, respectively, for the -COOH, -NH2 and -OH functionalized MOFs at 0.1 bar pressure. These 

values are much higher compared to the values obtained from the -COOH, -NH2 and -OH 

substituted MIL-53 (lp), where selectivity values are in the range of 12-17 at 0.1 bar.29 For CO2/N2 

gas mixture, FMOF-1-COOH exhibits the highest selectivity of 128.7 at 0.1 bar, which is higher 

than the dihydrofuran functional porous aromatic framework, DHF_PAF-1, having a value of 92.0 

at infinite dilution.6 For both the CO2/CH4 and CO2/N2 gas mixtures, we notice the selectivity 

values remain almost constant through the entire pressure range for FMOF-1, FMOF-1-OCH3 and 

FMOF-1-CN structures. However, we observe the selectivity remains constant in all over the 

pressure range for FMOF-1, FMOF-1-OCH3 and FMOF-1-CN. On the other hand, the selectivity 

gradually increases with the increasing pressure for FMOF-1-OH, FMOF-1-NH2 and FMOF-1-

COOH structures due to the amplified CO2-CO2 interactions at higher pressures.70 We also 

compared the selectivity values of the CO2/CH4 and CO2/N2 gas mixtures, derived from the 

corresponding Henry’s constant ratios with the values obtained by the IAST method, at 0.1 bar 

and 298 K. Details of this comparison can be found in the Electronic Supporting Information (ESI).
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Figure 12. Adsorption selectivity for (a) CO2/CH4 and (b) CO2/N2 binary gas mixtures at 298 K, up to 1 bar.

3.6 Evaluation of the FMOFs for CO2 separation

According to the adsorption evaluation criteria discussed earlier (Section 2.3), we assessed the 

potential of all the MOFs for CO2 separation and capture. Tables 5 and 6 rank the MOFs for natural 

gas purification and landfill gas separation, respectively, in terms of their selectivity values.

Table 5: Comparison of MOFs for natural gas purification (CO2/CH4 = 10:90)

Structures Nads (mol/kg) ∆N (mol/kg) S

FMOF-1-OH 1.63 1.26 30.06

FMOF-1-NH2 2.01 1.41 23.83

FMOF-1-COOH 1.74 1.13 22.66

FMOF-1-CN 0.25 0.20 4.67

FMOF-OCH3 0.21 0.17 2.40

FMOF-1 0.10 0.08 1.94

For natural gas purification and landfill gas separation, the MOF structures follow the order of 

FMOF-1-OH ˃ FMOF-1-NH2 ˃ FMOF-1-COOH ˃ FMOF-1-CN ˃ FMOF-1-OCH3 > FMOF-1, 

obtained from the selectivity calculation as observed in Tables 5 and 6. Apparently, the selectivity 

values for the -OH functionalized MOF is 15.50 and 16.16 fold lager than that of the parent FMOF-
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1 structure for natural gas purification and landfill gas separation, respectively. As shown in Table 

5, FMOF-1-OH, FMOF-1-NH2 and FMOF-1-COOH show relatively higher selectivity values 

(30.06, 23.83 and 22.66) compared to the remaining MOF structures. These values are higher than 

many materials for natural gas purification such as zeolite-5A (20.0), zeolite-13X (18.9), Mg-

MOF-74 (17.3) and amine-MIL-53(Al) (16.7).71 For landfill gas separation, the largest selectivity 

value was observed for -OH functionalized MOF (28.28). This value is comparable to NaY (30.0), 

but smaller than NaX (40.0).72 Again, the selectivity values of -OH, -NH2 and -COOH 

functionalized MOFs (28.28, 21.51 and 18.42) are higher than many MOFs, for example, Mg-

MOF-74 (12.5), zeolite-13X (13.2) and zeolite-5A (23.5).71,73 The presence of highly polar -OH, 

-NH2 and -COOH functional groups in MOFs lead to the higher adsorption of quadrupolar CO2 

than that of the nonpolar CH4 at the specified adsorption pressure, eventually results in larger 

selectivity values for the structures. Though FMOF-1-OH shows the largest selectivity value 

among all the structures, but FMOF-1-NH2 seems to be the best adsorbent with respect to Nads and 

working capacity (∆N) performance. We speculate this higher Nads and ∆N is due to the relatively 

larger pore volume of FMOF-1-NH2 than the other structures. 

Table 6: Comparison of MOFs for landfill gas separation (CO2/CH4 = 50:50)

Structures Nads (mol/kg) ∆N (mol/kg) S

FMOF-1-OH 1.63 1.44 28.28

FMOF-1-NH2 2.01 1.68 21.51

FMOF-1-COOH 1.74 1.33 18.42

FMOF-1-CN 0.25 0.22 4.24

FMOF-OCH3 0.21 0.19 2.10

FMOF-1 0.10 0.08 1.75
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For flue gas separation, the MOF structures follow a different order of performance (Table 7) 

compared to the above two cases, in terms of selectivity. FMOF-1-COOH shows the highest 

selectivity value (71.70) among all the MOFs, which is larger than Ni-MOF-74 (41.1) and zeolite-

5A (61.8),71 but smaller than NaY (500).72 For flue gas separation, a strong CO2-MOF interaction 

is desired at low-pressure region, usually at 0.15 bar, that will lead to a very high CO2 uptake. CO2 

shows the strongest interaction with FMOF-1-COOH as indicated by the largest CO2 KH value 

(Table 2). This results in the highest CO2 uptake for the -COOH functionalized MOF at the stated 

adsorption pressure, 0.15 bar (Table 7). Nevertheless, FMOF-1-COOH exhibits a relatively 

smaller N2 uptake (0.072 mol/kg) compared to FMOF-1-NH2 (0.075 mol/kg) at 0.15 bar. 

Consequently, we notice the largest selectivity for FMOF-1-COOH among all the evaluated MOFs 

for flue gas separation.

Table 7: Comparison of MOFs for flue gas separation

Structures Nads (mol/kg) ∆N (mol/kg) S

FMOF-1-COOH 0.92 0.78 71.70

FMOF-1-NH2 0.84 0.73 63.42

FMOF-1-OH 0.37 0.33 38.32

FMOF-1-CN 0.08 0.07 10.51

FMOF-OCH3 0.06 0.05 6.68

FMOF-1 0.03 0.02 4.95

4. CONCLUSIONS

In this work, we have systematically investigated the effect of several de-fluorinating functional 

groups (X= -OCH3, -CN, -OH, -COOH and -NH2) on gas adsorption (CO2, CH4 and N2) vs the 

parent FMOF-1 (X = -CF3) up to a pressure of 30 bar. The Henry’s constant (KH) and isosteric 

heat of adsorption at infinite dilution (Qst0) for CO2 predicted via force field-based MC simulations 
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reveal enhanced interactions between CO2 and the X-functionalized de-fluorinated MOFs. A 

greater CO2 uptake at the low-pressure region (˂ 1 bar) is predicted for -OH, -COOH and -NH2 

functionalized structures compared to the -OCH3, -CN functionalized structures. This finding 

suggests that the incorporation of polar functional groups to the linkers, containing lone pairs of 

electrons or acidic hydrogens can significantly enhance the CO2 adsorption capacity of MOFs. 

However, at the high-pressure region, the adsorption properties of the MOFs are predominantly 

controlled by the structural properties of the materials, such as the free volume and the surface 

area, rather than the nature (polar or nonpolar) of the functional groups. This was verified by 

comparing all the gas uptake values of the MOF structures at 30 bar. The interaction energy values 

between CO2 and -COOH/-OH/-NH2 functionalized structures obtained by MP2 are qualitatively 

similar to that of the force-field based molecular simulation values. These interaction energies 

along with the radial distribution function of CO2 around different functional groups provide 

information about the binding sites of CO2 in the MOF structures investigated herein. The 

adsorption behavior of the multicomponent mixtures was predicted from the CO2/CH4 and CO2/N2 

binary system, using GCMC simulations. FMOF-1-OH is predicted to show the highest selectivity 

for CO2/CH4, while the highest CO2/N2 adsorption selectivity was predicted to be for FMOF-1-

COOH at room temperature. Adsorbent evaluation criteria data obtained for CO2 separation 

indicates that -OH, -COOH and -NH2 functionalized MOFs could be a promising class of porous 

materials for selective CO2 capture. These findings represent a predictive step for new materials’ 

development experimentally towards enhancement of CO2 separation capability in particular 

needed for various technologies. A complementary investigation aimed at sustaining the super-

hydrophobicity of FMOFs via CH3 instead of CF3 groups, hence reducing the water interference 
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(i.e., CO2/H2O and CH4/H2O selectivity instead of CO2/CH4 and CO2/N2 selectivity herein) is 

described elsewhere. 
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