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Abstract:  

We have used density functional theory and classical grand canonical Monte Carlo simulations 
to identify two functionalized metal organic frameworks (MOFs) that have the potential to be 
used for both CO2 capture from flue gas and catalytic conversion of CO2 to valuable chemicals. 
These new materials based on MIL-140B and MIL-140C functionalized with Lewis pair (acid 
and base) moieties, which are integrated into the framework linkers. We show that the Lewis pair 
functional groups are capable of catalyzing heterolytic dissociation of H2 and subsequent 
hydrogenation of CO2 through concerted 2-H addition. We have examined the effect of pore size 
and framework topology on the competitive binding of H2 and CO2. We show that the small pore 
size of functionalized MIL-140B stabilizes the formation of a pre-activated CO2 species and that 
this pre-activated CO2 has a lower overall reaction barrier for hydrogenation of CO2 to formic 
acid than a competing pathway in the same material that does not go through a pre-activated 
complex. We demonstrate that steric hindrance can potentially break energy scaling relationships, 
which limit the ability to optimize traditional heterogeneous catalysts, by independently 
changing one part of the CO2 hydrogenation pathway, without negatively impacting other parts 
of the pathway. Specifically, we show that steric effects can reduce the CO2 hydrogenation 
barrier without impacting the H2 dissociation barrier or binding energy.  
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1. Introduction 

Capture of CO2 from flue gas or the atmosphere coupled with catalytic hydrogenation of 

CO2 into valuable chemicals and fuels has been identified as a way to reduce the net amount of 

CO2 in the atmosphere.1-6 One approach to increasing the economic viability of carbon capture 

and conversion is to design a single material that can be used for both the capture and catalytic 

conversion of CO2, because such a material could increase efficiency through process 

intensification.7 Metal organic frameworks (MOFs) are materials that have the potential to both 

capture8-12 and catalytically convert13, 14 CO2. The use of MOFs in catalysis has attracted 

significant attention recently because of the potential to tailor the 3D architectural topology and 

modify the functionality of MOFs.15-21 MOFs can be used to construct precisely designed single 

site catalysts with either metal free or metal complexes as catalytic active sites for a variety of 

different reactions.16, 22-28 In previous work, we have used density functional theory (DFT) 

calculations to show that Lewis pair (LP) functional groups incorporated into MOFs can 

hydrogenate CO2 to formic acid (FA) and ultimately to methanol.29-32 The LP moieties 

heterolytically dissociate H2 on the Lewis acid and base sites, producing hydridic and protic 

hydrogens, respectively. These hydrogens can be added to CO2 in a concerted single step to 

produce FA. Consistent with Zimmerman et al.,33 we found that the barriers for concerted 2H 

addition are generally lower than barriers for step-wise hydrogenation of CO2 on typical 

heterogeneous metal catalysts.34-37  

We have previously investigated functionalized UiO-6629, 30 and UiO-6731 for CO2 

hydrogenation. The UiO-6x family of MOFs have octahedral and tetrahedral cages, connected by 

narrow triangular windows. The window sizes are 0.6 and 0.8 nm, for UiO-66 and UiO-67, 

respectively.38 In this paper we utilize MIL-140B and MIL-140C as platforms for creating 
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functionalized MOFs for CO2 hydrogenation. MIL-140 is a class of porous zirconium 

dicarboxylate MOFs (MIL-140A, B, C, D) with triangular channels along the z axis, composed 

of Zr oxide chains connected with different dicarboxylate linkers.39 These MOFs have higher 

chemical and thermal stability and hydrophobicity than UiO-66.39 The small triangular pores of 

MIL-140A and 140B make these interesting for comparing and contrasting with UiO-6x. In 

addition, MIL-140 is readily functionalizable and the functionalized MOF can as stable as the 

pristine materials.40, 41 In this work we consider MIL-140B and MIL-140C that have been 

functionalized with LP groups incorporated into the linkers, as shown in Figure 1. These 

functional groups are the same as used previously for UiO-67.31 The Lewis base site is a N atom 

incorporated into one of the aromatic rings of the linker; the Lewis acid site is a BF2 group bound 

to a carbon atom in the α position to N (see Figure 1b and 1d). These materials, having one 

functional group per unit cell, are denoted as MIL-140B-NBF2 and MIL-140C-NBF2.  

In this work we examine the impact of pore size and topology of the MOF pores on the 

adsorption of CO2 from a N2/CO2 mixture and the catalytic hydrogenation of CO2 to FA. It has 

been shown that the topology of zeolites can strongly affect the catalytic activity and selectivity 

through confinement effects on transition states or intermediates.42-46 It is reasonable to assume 

that similar effects will be seen for catalytically functionalized MOFs.  
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2. Computational Details 

All periodic DFT calculations were performed in the mixed Gaussian and plane wave 

approach implemented in the CP2K software package.47 Van der Waals interactions were 

approximated with Grimme’s D3 dispersion correction.48 The Perdew–Burke–Ernzerhof (PBE) 

functional49 was used to calculate the exchange-correlation energy. The DZVP-MOLOPT basis 

set was used in combination with Geodecker, Teter and Hutter pseudopotentials.50 A plane wave 

cutoff energy of 360 Ry and a relative cutoff of 60 Ry were use in all calculations. 

The unit cell of MIL-140B (see Figure S1a in the ESI†) was constructed from the data 

reported by Guillerm et al.39 The fully relaxed lattice parameters are a = 28.24 Å, b = 13.46 Å, c 

= 7.85 Å, α = 90°, β = 93.43°, γ = 90°, which are in good agreement with experimental data,39 as 

 

Figure 1. Structures of MIL-140B-NBF2 and MIL-140C-NBF2. Parts (a) and (c) illustrate the 
framework showing six unit cells along the z direction. The framework atoms are represented 
by lines, and the LP functional moieties are represented by balls and sticks. Colors of the 
atoms are as follows: pink for B, grey for C, dark blue for N, red for O, light blue for F, dark 
green for Zr. Parts (b) and (d) show unit cells of MIL-140B-NBF2 and with MIL-140C-NBF2 
with Zr represented by polyhedral and the other atoms represented by balls and sticks. 
Hydrogen atoms are not shown for clarity. 
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seen from Table S1 of the ESI†. We fully relaxed the structure of MIL-140B-NBF2 and obtained 

lattice parameters: a = 28.22 Å, b = 13.44 Å, c = 7.85 Å, α = 90°, β = 93.43°, γ = 90°. We found 

that the fully relaxed structure of MIL-140B-NBF2 gave lattice constants that were almost 

identical to that of the relaxed MIL-140B. Liang et al. found that functionalized analogues of 

MIL-140 had lattice constants very similar to their parent structures,40 which is consistent with 

our findings. We therefore held the lattice constants fixed for further calculations of both MIL-

140B and MIL-140B-NBF2. Our calculations for MIL-140C and MIL-140C- NBF2 are reported 

in Table S1 of the ESI†. The results for MIL-140C and its functionalized analogue are 

qualitatively similar to our results for MIL-140B.  

The adsorption of H2 and CO2 can be classified as either physisorption or chemisorption. 

For physisorption H2 and CO2 are adsorbed molecularly and relatively weakly. Chemisorption of 

H2 is always dissociative with one H binding to the Lewis acid site and at Lewis base site. 

Chemisorption of CO2 is not dissociative, but is characterized by CO2 bridging an LP site with 

formation of C-N and O-B bonds.  

The adsorption energy of H2 or CO2 is defined as: 

  (0) 

where M represents CO2 or H2, E(M/MIL-140X-NBF2), E(MIL-140X-NBF2) and E(M) 

represents the total energy of MIL-140B-NBF2 or MIL-140C-NBF2 with the adsorbate, empty 

MIL-140B-NBF2 or MIL-140C-NBF2, and the gas-phase molecule M, respectively. In the case 

of co-adsorption, the adsorption energies were computed with respect to the sum of the total 

energies of the corresponding gas-phase molecular species. According to the definition above, 

negative values indicate that the process is exothermic and positive values are endothermic. 

Transition states along the reaction pathway were determined by using the climbing image 
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nudged elastic band (CI-NEB) method51 and were further confirmed through frequency analysis. 

Transition states were found to have a single imaginary frequency for a vibrational mode aligned 

with the reaction trajectory.  

Grand canonical Monte Carlo (GCMC) simulations for adsorption of CO2 and N2 in 

MIL-140B/C and their functionalized analogues were performed with the RASPA simulation 

code52 using the DREIDING force field53 for the framework atoms. Charges on the framework 

atoms were computed for periodic cells using the DDEC method.54, 55 The charges on the atoms 

of the unit cells are provided in the ESI†. We used the TraPPE models for N2 and CO2
56 and host-

adsorbate interactions were computed from the Lorentz-Berthelot combining rules. 5×104 cycles 

were used for equilibration, followed by 1.5×106 cycles for data taking.  

 

3. Results and Discussion 

3.1 Trends in H2 and CO2 physisorption energies 

We calculated the pore volumes of MIL-140B/C and MIL-140B/C-NBF2 using 

PLATON.57 The results are summarized in Table S2. Our calculated pore volume of MIL-140B 

is 0.23 cm3g-1, which is close to the reported pore volumes of 0.21 cm3g-1 (simulated) and 0.18 

cm3g-1 (experimental).39 The calculated density of MIL-140B is 1.43 g cm-3, which is in good 

agreement with the reported value 1.55 g cm-3.39 The calculated pore volumes for our DFT 

optimized structures of MIL-140B/C-NBF2 are very similar to the unfunctionalized counterparts. 

We have estimated physisorption energies for H2 and CO2 in MIL-140B and MIL-140B-NBF2 

by optimizing ten different geometries of H2 and CO2 in these materials from randomly 

generated initial configurations and computing binding energies within the PBE-D3 level of 

theory.  The calculated physisorption energies of H2 in MIL-140B are in the range of -0.16 ~ -

0.23 eV. For CO2 in MIL-140B the energies are in the range of -0.20 ~ -0.30 eV. The latter 
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values are close to the reported experimental isosteric heats of CO2 adsorption about 0.27 eV.40 

Note that binding energies are approximately equal to the negative of isosteric heats.58 The 

calculated physisorption energies of H2 and CO2 are in the range of -0.17 ~ -0.33 eV and -0.20 ~ 

-0.36 eV in MIL-140B-NBF2, respectively. These results indicate that functionalization of MIL-

140B with NBF2 enhances the physisorption energies of H2 and CO2. We have also estimated the 

isosteric heats of adsorption from GCMC simulations using classical potentials. The isosteric 

heat for CO2 at low loading (0.04 mmol/g) is 0.28 eV, in very good agreement with the 

experiments40 and our DFT calculations. A plot of the isosteric heats for CO2 in MIL-140B as a 

function of coverage calculated from our GCMC simulations are shown in Figure S2 of the ESI†. 

This gives us confidence that both our DFT-D3 calculations and GCMC simulations are able to 

capture the physisorption energetics correctly.  

3.2 Adsorption isotherms and selectivities of CO2 and N2  

As mentioned above, one advantage of using functionalized MOFs is that they hold the 

potential to be used both for separating CO2 from flue gas and for catalytic reduction of CO2. We 

have computed the adsorption isotherms from GCMC simulations for pure CO2, pure N2, and a 

15 mol % mixture of CO2 in N2 at 298 K in functionalized and unfunctionalized MIL-140B/C. 

We modeled MOFs with one functionalized linker per pore, MIL-140B/C-NBF2, and in the case 

of MIL-140B, four functionalized linkers per pore, MIL-140B-(NBF2)4. The isotherms computed 

from GCMC simulations are given in Figure S3 of the ESI†. Classical models, not accounting for 

chemisorption of CO2 or N2, were used in the simulations. The mixture isotherms were analyzed 

to estimate the selectivity of CO2 over N2, defined as , where  and  are 

the mole fractions of  in the adsorbed and gas phases, respectively. The selectivities are plotted 

as a function of pressure in Figure 2. Our DFT calculations indicate that N2 cannot chemisorb on 
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the LP sites (see Figure S4 of the ESI†), so inclusion of CO2 chemisorption would only increase 

the selectivities reported in Figure 2. The values of increase in the order MIL-140C < 

MIL-140C-NBF2 < MIL-140B < MIL-140B-NBF2 < MIL-140B-(NBF2)4. We note that the DFT 

calculations presented below are performed on MIL-140B-NBF2. However, our test calculations 

indicate that the number of NBF2 groups per unit cell does not impact the DFT energies for 

chemisoption and reaction barriers, so we expect that all the results below apply equally as well 

for MIL-140B-(NBF2)4.      

 

 

 

Figure 2. Selectivities of CO2 over N2 at 298 K as a function of pressure for (bottom to top) MIL-
140C (light blue up triangles), MIL-140C-NBF2 (purple diamonds), MIL-140B (blue circles), 
MIL-140B-NBF2 (green down triangles) and MIL-140B-(NBF2)4 (red squares) as computed 
from GCMC simulations. The gas phase compositions were fixed at  to mimic the 

concentration of CO2 in flue gas.  
 

3.3 Trends in H2 and CO2 chemisorption energies 

Before focusing on the reaction pathways for CO2 reduction, we first investigated the 

reactivity of the LP active sites towards the chemisorption of H2 and CO2. We do so by 
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comparing the dissociative adsorption energy of H2 and chemisorption energy of CO2 on the LP 

functionalized MIL-140B/C and UiO-66/67. These energies are plotted in Figure 3. The LP 

groups used in this work are comprised of N and BF2 moieties linked via a C atom. The LPs are 

embedded in the ndc (2,6-naphthalenedicarboxylate) linker of MIL-140B or bpdc (biphenyl-

4,40-dicarboxylate) linker of MIL-140C and UiO-67, as shown in Figure 1. The same LP sites 

are used in UiO-66-P-BF2, but in this case the LP is part of a side chain connected to the linker, 

which is directed toward the center of the octahedral pore of UiO-66.29-31 In this configuration, 

the LP in UiO-66-P-BF2 has minimal steric interaction with the MOF framework. Note that the 

steric hindrance does not follow the order of pore size because of the placement of the LP group. 

The pore size increases in the order: MIL-140B (~8 Å)40 < UiO-66 (~5 and ~9 Å)59 < MIL-140C 

(~10 Å)40 < UiO-67 (~12 Å and ~ 16 Å).60  
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Figure 3. Optimized structures of chemisorbed H2 (a) MIL-140B-NBF2 and (c) MIL-140C-NBF2. 
The structures of chemisorbed CO2 in MIL-140B-NBF2 and MIL-140C-NBF2 are shown in (b) 
and (d), respectively. The side views are shown to the right of each of the unit cell front views. 
Part (e) presents the calculated chemical adsorption energies of H2 and CO2 on MIL-140B-NBF2, 
MIL-140C-NBF2, UiO-66-P-BF2

29 and UiO-67-NBF2.
31  

H2 heterolytically dissociates with one H atom bound to B and another H atom bound to 

the N, generating hydridic (Ha) and protic (Hb) hydrogens, respectively, as shown in Figures 3a 

and 3c for MIL-140B-NBF2 and MIL-140B-NBF2, respectively. The calculated dissociative 

adsorption energy of H2 is -0.63 eV in MIL-140B-NBF2, and -0.61 eV in MIL-140C-NBF2.  

These H2 adsorption energies are extremely close to the value reported for UiO-66-P-BF2 (-0.59 

(e) 

(c) 

(d) 
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eV) and for UiO-67-NBF2 (0.50 eV) without zero point energy corrections.29, 31 These results 

suggest that the effects of pore size and confinement do not significantly impact H2 

chemisorption. In contrast, CO2 adsorption energies in these systems are significantly different. 

The chemisorption energies of CO2 on the incorporated NBF2 moieties are -0.32 eV, -0.62 eV, -

0.93 eV and -0.22 eV on MIL-140B-NBF2, MIL-140C-NBF2, UiO-66-P-BF2, and UiO-67-NBF2, 

respectively. The main reason that H2 adsorption energies are nearly independent of pore size is 

the small size of H2; the chemisorbed H atoms do not exhibit steric hindrance with atoms in the 

framework, as seen in Figures 3a and 3c. In contrast, the orientation of the bound CO2 and 

proximity of neighboring atoms explains why pore size and topology play a more important role 

in the CO2 binding to the LP.  

Chemisorption of CO2 results in a bent structure with one O atom (Oa) bound to B and 

the C atom bound to N, as shown in Figures 3b and 3d and Figure S5 of the ESI†, for MIL-

140B/C-NBF2 and UiO-67-NBF2, respectively. Inside MIL-140B/C-NBF2 and UiO-67-NBF2, 

the unbound O atom (Ob) points towards the O atoms of the carboxylate linkers (see Figure S6 of 

the ESI†).  The repulsion between these O atoms causes the adsorbed CO2 to twist and become 

non-coplanar with the linker. CO2 twists by roughly 25° from the ndc linker for MIL-140B-NBF2 

(Figure 3b), 36° from the bpdc linker for MIL-140C-NBF2 (Figure 3d) and 9° from the bpdc 

linker for UiO-67-NBF2 (Figure S5c, ESI†). The adsorption energy of CO2 in MIL-140C-NBF2 is 

stronger than that in MIL-140B-NBF2 because of the greater flexibility of bpdc linker of MIL-

140C, due to the topological differences in the linkers. The ndc linker of MIL-140B is composed 

of fused rings, which are topologically more constrained than the bpdc linkers. This increase in 

flexibility allows for a larger rotational degree of freedom in MIL-140C-NBF2, in contrast to the 

more rigid MIL-140B. For instance, the rotation of bpdc linkers is larger than that of ndc linkers, 

Page 11 of 24 Catalysis Science & Technology



12 

 

and each phenyl ring of the bpdc linkers can also rotate independently, as shown in Figure 4a and 

b.  Additionally, the distance between the unbound O atom of CO2 and the carboxylate O atoms 

of nearby linkers is larger in MIL-140C than MIL-140B, as shown in Figure S6a and b. By 

design, steric interaction is minimized in the UiO-66 system, because the LP functional group 

points into the center of the pore. In UiO-66-P-BF2, the bent CO2 and the N and B atoms of the 

LP are coplanar and CO2 exhibits the strongest chemisorption29 of the MOFs considered here. 

Note that although UiO-67-NBF2 has the largest pore, it has the smallest CO2 chemisorption 

energy (see Figure 3). This discrepancy may be explained by the strong repulsion between the 

unbound O atom and the carboxylate O atoms on the nearby linkers. Specifically, CO2 bound to 

UiO-67-NBF2 has the shortest O-O distance of any of the MOF studied here (see Figure S6 of 

the ESI†). UiO-67 has 12 linkers per secondary building unit (SBU), which imposes a square 

pyramidal vertex environment for the bound CO2. This is a more confined environment than the 

triangular prism edge that bound CO2 experiences in MIL-140C, which has only 6 linkers per 

SBU. Empty space exists between neighboring linkers that make up the sides of the triangular 

prism in MIL-140C. The bound CO2 molecule can therefore rotate and move the unbound O 

atom towards this empty space in order to reduce the O-O repulsion. However, the gap between 

nearby linkers is much smaller near the vertices in UiO-67. A rotation in this situation will 

inevitably bring the unbound O atom closer to the carboxylate O on an adjacent linker. This 

more constrained environment for UiO-67 is due to the different topology of the number of 

linkers on the SBUs of UiO-67 and MIL-140C, and is the reason that CO2 bound to UiO-67-

NBF2 has the smallest twist angle, as discussed above.  
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Figure 4. The torsion angles of the linkers of (a) MIL-140B-NBF

2
, (b) MIL-140C-NBF

2
 and (c) 

UiO-67-NBF
2
 with chemisorbed CO2. The values in the brackets are the torsion angles before 

the chemisorption of CO2. The total change of the torsion angles after the chemisorption of CO2 

are 4°, 8° and 11° for MIL-140B-NBF
2
, MIL-140C-NBF

2
 and UiO-67-NBF

2
, respectively.  

 

3.4 CO2 hydrogenation pathways in MIL-140B/C-NBF2 

We have seen how the effects of pore sizes and MOF topologies impact chemisorption of 

H2 and CO2. We now examine the impact of these same factors on hydrogenation of CO2 by 

computing pathways and energy barriers for the concerted addition of two hydrogens to CO2 to 

form FA in MIL-140B/C-NBF2. 

We identified two stationary starting configurations for CO2 hydrogenation inside MIL-

140B/C-NBF2 with 2H*. One configuration is a linear CO2, which is similar to the 

configurations observed in UiO-66-P-BF2 and UiO-67-NBF2.
29-31 The other configuration is a 

slightly bent CO2, which exists due to confinement effects inside MIL-140B/C-NBF2. We have 

calculated the energy barriers for hydrogenation of CO2 to cis-FA starting from both linear and 

bent CO2 inside the MOFs. The potential energy diagrams for CO2 hydrogenation in MIL-

140B/C-NBF2 are plotted in Figure 5 and the structures of each state in the energy diagram for 

(a) (b) (c) 
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MIL-140B/C-NBF2 are shown in Figures S7-S10. In both MOFs, the bent CO2 configuration is 

higher in energy than the linear configuration by ~0.4 eV. Additionally, the relative reaction 

barriers starting from bent CO2 to FA are lower than starting from linear CO2 in both MIL-

140B/C-NBF2. In MIL-140B-NBF2, the hydrogenation barrier for going from a linear CO2 to FA 

is 0.85 eV. This barrier is greatly reduced to 0.27 eV if the CO2 is initially adsorbed in the bent 

geometry. In MIL-140C-NBF2, the hydrogenation barrier is 0.65 eV for linear CO2, and 0.33 eV 

for bent CO2. Moreover, in MIL-140B-NBF2, overall the transition state energy barrier starting 

from the linear and going through the bent CO2 pathway is 0.7 eV, which is lower by 0.15 eV 

compared with starting from the same linear CO2 configuration and going through another 

pathway that does not involve the bent intermediate. However, this is not true for MIL-140C-

NBF2, for which the overall transition state barrier starting from linear and going through the 

bent intermediate is 0.05 eV higher than the transition state obtained directly from the linear CO2 

structure (see Figure 5). We note that in each case the structures of the transition states obtained 

from the pre-activated bent CO2 are slightly different from those obtained from starting from the 

linear CO2. In the case of MIL-140B-NBF2, the structure of the FA product is also slightly 

different (compare Figures S8 and S9 in the ESI†). For completeness we have computed the 

energetics of N2 hydrogenation in hydrogenated MIL-140B-NBF2. We found that the most 

favorable product state of the first step of N2 hydrogenation is 2.5 eV higher in energy than the 

initial state (see Figure S4 in the ESI†). Therefore, we conclude that hydrogenation of N2 is not 

likely to be feasible in LP functionalized MOFs.   

We next focus on the origin of the pre-activation of CO2 and consider how the bent CO2 

affects the barrier for hydrogenation of CO2. 
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Figure 5. The energy diagrams for CO2 hydrogenation from linear and bent 
configurations. The energy levels for CO2 in the linear and bent states represent MIL-140B-
NBF2 and MIL-140C-NBF2 having co-adsorbed CO2 on the heterolytically split H2 at the LP. FA 
represent energies associated with cis-formic acid vdW complexes near the LP inside the MOF, 
and TS2 represents the transition state for hydrogenation via concerted transfer of 2H* to CO2. 
The zero of energy is CO2, H2 in the gas phase and the empty MOF. 

 3.5 Pre-activation of CO2 for hydrogenation in MIL-140B-NBF2 

The potential energy profile shown in Figure 6 indicates that the diffusion of CO2 from 

the linear to the bent configuration in MIL-140B-NBF2 is endothermic and does not have an 

appreciable barrier in the reverse direction. In this study, we assumed the hydrogenation step 

follows an Eley-Rideal mechanism and the hydrogenation step is rate limiting. Under this 

premise, only three quantities: hydrogenation barrier, concentration of CO2 in the pore, and the 

number of LPs with dissociated 2H* affect the overall reaction rate. Given the similar forms 

between the expression for the rate constant and the relative abundance of bent CO2, one could 

combine these two quantities into an effective overall barrier.  

Although the pre-activation step greatly reduces the hydrogenation reaction barrier, this 

improvement is counteracted by the fact that bent CO2 is much less likely to be observed than 

linear CO2. In the case of MIL-140B, pre-activating CO2 netted a 0.15 eV improvement in the 

overall hydrogenation barrier. More importantly, confinement effects in MIL-140B resulted in a 
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much greater affinity for H2 dissociation vs CO2 chemisorption. This implies an even further 

improvement in the reaction rate due to having a greater number of LP sites with 2H* inside 

MIL-140B-NBF2, relative to MIL-140C-NBF2 and UiO-66-P-BF2. Next, we discuss why CO2 in 

the bent configuration is much more active toward hydrogenation.   

The hydrogenation of CO2 in a concerted mechanism occurs through nucleophilic 

hydride attack at the carbon site, coupled with electrophilic proton attack at the oxygen through 

the CO2 frontier orbitals.61 To understand how the geometry affects the electronic structure for 

reducing the hydrogenation barrier of bent CO2, we analyzed the energies and shapes of the 

molecular orbitals of the bent and linear CO2, together with the hydrogenated functionalized 

ligand. Molecular orbitals analysis was performed on the linear and bent CO2 molecules in the 

gas phase by fixing their geometries in the linear and bent configurations taken from the 

optimized structures inside MIL-140B-NBF2. For the orbital calculations of the cluster 

representation of MIL-140B-NBF2(2H*), we fixed the geometry of the hydrogenated NBF2 

functionalized ligand and replaced the carboxylate groups with methyl groups, and the molecular 

orbital analysis was performed on the resulting cluster in the gas phase. As shown in Figure 6, 

the lowest unoccupied molecular orbital (LUMO) of the bent CO2 protrudes out and exhibits 

strongly localized wave function probabilities, enhancing the interaction with the highest 

occupied molecular orbital (HOMO) localized at the nucleophiles (hydride Ha) by facilitating 

electron density transfer from the nucleophile (hydride Ha) into the LUMO of CO2 molecule. In 

contrast, the LUMO of linear CO2 shown in Figure 6, is symmetric, making transfer of an 

electron into that orbital less favorable compared with bent CO2. Moreover, the gap between the 

HOMO of the hydrogenated LP and the LUMO of bent CO2 is 0.98 eV smaller than for linear 
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CO2. Hence, the lower barrier for bent CO2 for hydrogenation can be ascribed to more favorable 

interactions of the frontier orbitals for bent CO2 compared with linear CO2.  

 

Figure 6. The left panel shows the CO2 diffusion pathway from linear to bent 
configuration on MIL-140B-NBF2. Parts (a) and (b) show the front and side view, respectively, 
of the LP with a linearly adsorbed CO2. Parts (c) and (d) show the front and side view, 
respectively, of the LP with the CO2 adsorbed in the bent state. The right panel show the 
HOMO-LUMO orbitals of the MIL-140B-NBF2 ligand having dissociated 2H*, and linear and 
bent CO2 molecules.   

 

3.6 Effects of pore size on NBF2 moiety for CO2 hydrogenation 

The potential energy diagrams for CO2 hydrogenation on MIL-140B/C-NBF2, UiO-66-P-

BF2 and UiO-67-NBF2 shown in Figure 7. There are three energy barriers along the reaction 

pathway:  H2 dissociation, CO2 hydrogenation, and FA desorption. We found that the reaction 

barrier for H2 dissociation is 0.24 eV in MIL-140B-NBF2 and 0.29 eV in MIL-140C-NBF2 (See 

the structures in Figure S11 and S12 of the ESI†). Both have a much lower barrier than the same 

step in UiO-66-P-BF2 (0.48 eV) and UiO-67-NBF2 (0.46 eV). In all cases, the CO2 

hydrogenation step is rate limiting, and only the lowest overall effective hydrogenation barriers 
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in MIL-140B/C-NBF2 were plotted, i.e., the effective barrier for the bent CO2 pathway for MIL-

140B-NBF2 and the linear CO2 pathway for MIL-140C-NBF2. The relative energies for 

dissociative adsorption of H2 and the co-adsorption of linear CO2 on the 2H* appears to be the 

same (within about 0.04 eV) for MIL-140C-NBF2 and MIL-140B-NBF2. The barrier for the CO2 

hydrogenation step is 0.05 eV lower in MIL-140C-NBF2, than in MIL-140B-NBF2, and the 

resulting FA binds ~ 0.15 eV more strongly.  

 Although steric hindrance affects parts of the described CO2 hydrogenation pathway, the 

resulting overall barrier for FA formation remained similar between MIL-140B-NBF2 (0.70 eV), 

MIL-140C-NBF2 (0.65 eV), and UiO-66-P-BF2 (0.68 eV). It is important to note that this does 

not mean the overall reaction rate will be the same. One would expect MIL-140B-NBF2 to be the 

most active out of the three, due to the fact that it is the only one that energetically prefers the 

dissociation of H2 over the chemisorption of CO2. The LPs on the MIL-140C-NBF2 and UiO-66-

P-BF2 are expected to be passivated due to CO2 poisoning. Thus, we have shown that it is 

possible to use confinement effects inside MOFs to improve the catalytic performance of the 

functional groups, not by directly changing the barrier of the rate-limiting step, but rather by 

tuning the selectivity of the LP functional groups toward H2 dissociation relative to CO2 

chemisorption. Furthermore, we have demonstrated that steric effects are able to lower the CO2 

hydrogenation barrier without impacting the chemisorption of H2, i.e., the pre-activated CO2 

pathway has a lower barrier for hydrogenation, even though the H2 dissociation barrier and 

adsorption energy is unchanged. We have previously shown how the H2 binding energy forms a 

scaling relationship with the CO2 hydrogenation energy.30 Decoupling elementary steps through 

pre-activation of CO2 could be employed to break energy scaling relationships, which limit the 

design and performance of traditional heterogeneous catalysts. Including UiO-67-NBF2 in the 
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comparison, we observe that this MOF has the lowest hydrogenation barrier (0.5 eV), is also 

resistant to CO2 poisoning, but has the highest desorption barrier for FA (0.63 eV). Thus, it is 

desorption of FA that is the overall rate limiting step for UiO-67-NBF2 and therefore MIL-140B-

NBF2 might still be the material that has the highest rate among the four MOFs considered here.  

 

 

 

Figure 7. Potential energy profiles for CO2 hydrogenation to formic acid in MIL-140B/C-NBF2 
and UiO-66-P-BF2. TS1 represent the transition state for the heterolytic dissociation of H2. TS2 
represents the transition state that correspond to the lowest effective hydrogenation barrier in 
each MOF. Structures for the MIL-140B/C materials are given in Figures S7-S12 of the ESI†. 

4. Conclusion 

The reaction pathways for the hydrogenation of CO2 to FA in MIL-140B and MIL-140C 

functionalized with the NBF2 were investigated using DFT calculations. The activities of CO2 

hydrogenation on these MOFs were compared with the activity on UiO-66-P-BF2 and UiO-67-

NBF2. We have demonstrated that these MIL-140-based MOFs have high physisorption 

selectivity for CO2 over N2 and therefore have the potential to be used for both capture and 

HCOOH 
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conversion of CO2 from flue gas. We have compared the calculated chemisorption of H2 and 

CO2 in MIL-140B/C-NBF2, UiO-66-P-BF2 and UiO-67-NBF2. We have found that the 

dissociative adsorption of H2 is strongly favored over the chemisorption of CO2 in MIL-140B-

NBF2 and UiO-67-NBF2 in contrast to that in MIL-140C-NBF2 and UiO-66-P-BF2. This 

preference is due to confinement effects and topological constraints, and this finding 

demonstrates that one could vary the MOF topology to design MOF catalysts that could resist 

CO2 poisoning.  

Additionally, confinement effects in the MIL-140B/C also revealed a strategy to improve 

catalyst performance by pre-activating CO2 via a bent physisorbed configuration. The barrier for 

CO2 hydrogenation in MIL-140B/C-NBF2 decreased by the formation of bent CO2 co-adsorption 

with dissociated hydrogen atoms because the decrease of the energy level of LUMO of the bent 

CO2 facilitates electron transfer from the HOMO of H atoms bound to the Lewis pair. However, 

this improvement is partially offset by the fact that CO2 in the bent state is in a higher energy 

configuration. This resulted in an overall small but significant difference in the effective 

hydrogenation barrier between the pre-activated and linear pathways. Thus, the biggest increase 

in the reaction rate in our study would likely come from the improved selectivity of H2 over CO2 

on the LP.  

In summary, our study has shown that pore-confinement effects together with the steric 

hindrance of the functional group in functionalized MOFs could be used to improve catalysts 

design in two primary ways. First, the pre-activation of CO2 can improve the hydrogenation 

barrier; if a more energetically favorable pathway to pre-activation could be found then the 

reduction in the barrier could be substantial. Therefore, finding a better method to achieve a pre-

activation of CO2 is crucial to significantly improving reaction rates. The second approach 
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focuses on improving the selectivity of the active site. Here, we have demonstrated that steric 

effects were able to specifically decrease the reactivity of the LP towards CO2 without affecting 

rest of the CO2 hydrogenation pathways.  

†
Electronic supplementary information (ESI) available: Lattice constants, atomic charges, 

isosteric heats, structural information, and potential energy diagrams.  
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