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In this work, we have used second-order Møller-Plesset perturbation theory (MP2) to 
describe interactions of CO2 and N2 with MOFs. MP2 is adequate for the treatment of 
electron correlation in cases where strong correlations are not present.   
 
In Mg-MOF-74, we have defined 8 representative clusters of the MOF to compute 
interactions with the guest, each cluster chosen to best represent the atom type to be 
parameterized (excluding H atom type). Within each cluster, the basis functions were 
chosen such that a larger contraction was used for the guest atoms, the atom type being 
approached in the MOF, and its nearest neighbors, while a smaller contraction was used 
for all atoms father away. The choice of clusters, basis function contractions, and 
discussion of convergence are given here. The interaction energies were determined by 
the supermolecular approach, counterpoise corrected for basis set superposition error.1 
All calculations have been performed using the MOLCAS2 software version 7.6. 
Resolution of the identity (RI) and Cholesky decomposition (CD) techniques were 
employed to treat the two electron integrals.3-5 The Douglas-Kroll Hess Hamiltonian6 was 
used in conjunction with atomic natural orbital relativistic correlation consistent (ANO-
RCC)7,8 type of basis functions. 
 

/'0 ������� ������� �����!� ����
Atom types for the framework (Mg-MOF-74) were defined based on the symmetry of the 
periodic system, which has 9 distinct atom types. All metal sites are equivalent (Mg), 
each 2,5-dioxido-1, 4-benzenedicarboxylate (dobdc) linker has 3 types of oxygen atoms 
(Oa, Ob, Oc), 4 types of carbon atoms (Ca, Cb, Cc, Cd), and 1 type of hydrogen (H) shown 
in Figure SI 1. For each atom type (excluding H), a cluster was defined in a way to best 
represent the local environment of that atom type, shown in Figures SI 16-23 in section 
10. Hydrogen was not explicitly considered for our parameterization due to its small 
contribution to the total interaction energy. The standard Universal force field9 
parameters for H were adapted to our functional form (all parameters are summarized in 
section 9). 
 
The approaching path of the guest molecule was determined by the procedure described 
in section 3. The approaching paths of the guest (CO2, N2) to each MOF atom type are 
shown in Figures SI 16-23. For each path, separations r defined as the distance between 
the MOF atom type of interest and a) the nearest oxygen of CO2 or b) the nearest nitrogen 
of N2. At each of these points for each path, three MP2 calculations were performed to 
determine the interaction energy given by Equation (1), where the dummy functions are 
included as the CP correction for BSSE.1 The ANO-RCC basis set contractions are given 
in captions of Figures SI 16-23.  
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E int = EMOF+ guest � EMOF+(dummy guest) � Eguest +(dummy MOF)     (1) 

 
Figure SI 1: Image of Mg-MOF-74 structure (top left) where it is seen that all metal types are 
equivalent, and BDC linker atom types considered in our parameterization along with the naming 
scheme adopted here.  

/'1 ������� ������� �����������
The LoProp method10 (based on MP2 densities11) was used to compute the localized 
electrostatic moments to second order and the dipole-dipole polarizabilities. This was 
done for each cluster, CO2, and N2. The choice of basis set contractions are identical to 
those used in computing the interaction energy. Output from this procedure provides for 
each atom: scalar charge, 3 components of dipole moment, 6 components of quadrupole 
moment, and 6 components of the polarizability. While only the interaction between 
point charges is used directly in the GCMC simulation, the other values contribute to the 
NEMO decomposition of the interaction energy (described in section 1.5).  
 
It is important to note that these charges will be slightly different in each cluster due to 
the choice of truncation. Since the restriction is not imposed that each atom type has the 
same charge in the LoProp method (and that the symmetry of the various clusters is 
different than the symmetry of the periodic structure), the following was performed to 
assign the atom type charges for direct use in the GCMC simulations. For Mg-MOF-74, 
the charge for Mg atom type comes from the LoProp charge of the Mg being approached 
in the Mg cluster; this is not an average of the Mg charges since the local environment 
around the single Mg is best represented. The same was done for the 7 other atom type 
clusters, and H atom type was used to balance the overall charge such that the periodic 
structure remains neutral. All the charge parameters are given in section 9.  
 

/'2 ������������� #�����	0�����"�(���
The main disadvantage of MP2 calculations is that they are limited to a relatively small 
number of atoms. DFT would be more efficient to use for these systems, but conventional 
DFT does not include the van der Waals interactions. Recently, progress has been made 
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to include these in DFT (see section 2) and in this section we compare the MP2 results 
with the results obtained with a recently proposed van der Waals functional within DFT 
(vdw-DF).13  
 
Figure SI 2 compares the energies of a CO2 molecule approaching a cluster of Mg-MOF-
74 calculated using MP2 and vdW-DF. Since DFT calculations use periodic boundary 
conditions, we employed a supercell large enough so that the interactions between the 
images could be ignored. The reported DFT energies include corrections for the basis set 
superposition errors. The results show an excellent agreement between the two 
methodologies. This is an important result as we can use the DFT calculations to test 
whether our MP2-derived force field can correctly predict the DFT data for the complete 
periodic MOF. 
 
The agreement between the MP2 and DFT is also encouraging from a computational 
point of view as it suggests that a combination of the NEMO decomposition with DFT 
would allow us to use much larger systems. For the MOFs studied here, the ground state 
electron configurations can be described using a single slater determinant, so MP2 was 
used to obtain the reference properties vide infra.  Higher levels of theory (such as 
coupled cluster) may also be used, however we did not find the additional computational 
expense necessary.  For other MOF systems with open-shell metals (e.g., Fe), the MP2 
description would not be adequate and the reference properties in the forthcoming studies 
of open-shell metals will be computed with a multi-determinental method (such as 
CASPT2).   
 
The MP2 calculations in our manuscript typically take a few hours on a linux machine 
with 20 Gb of memory. To determine a force field we require of the order of 50-100 MP2 
calculations. Once the force fields parameters have been determined a grand-canonical 
Monte Carlo simulation to compute the isotherms takes a few minutes on a GPU or a few 
hours on a CPU. 
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Figure SI 2: Comparison of the interaction energies from the vdW-DF and MP2 calculations between 
a CO2 molecule and the shown cluster. 

/'3 �������������� ����
The partitioned contributions to the interaction energy are computed by a similar 
(truncated) version of the formula presented by Holt et al.11 Prior to the calculation of the 
partitioned contributions, the LoProp properties are simplified. The polarizabilities are 
made isotropic, the dipoles are modified to reproduce the molecular quadrupole, and the 
quadrupoles are deleted.  
 
The electrostatic energy contribution 

� 

Eelec , polarization energy contribution 

� 

Epol , and 
dispersion energy contribution 

� 

Edisp  are given by Equations (2)-(4), where T is the 
interaction energy tensor (see Stone).12 Indices A and B are associated with either MOF 
or guest molecules (i.e. no intramolecular contribution), and i,j are atomic sites.  
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For 

� 

Eelec , 

� 

µ  are the modified dipoles. To estimate Epol , we use an induced point-dipole 
model, which is iterated until convergence (�E <1.0E�10  a.u.). Equation (3) gives the 
polarization contribution for molecule A in the presence of B (the same is true for B in the 
presence of A). Here µ�

i,ind =���
i F(A)�

total  where ���
i  are the (isotropic) polarizabilities, 

and F(A)�
total includes the induction due to permanent moments as well as induced 

moments. For Edisp , it is the same definition for ���
i  as Equation (3), and 

� 

EAB  is the 

average molecular excitation energy given by 

� 

EAB =
EAEB

EA + EB

, where 

� 

EA  is the 

ionization energy of molecule A, and 

� 

Dij  is varied such that 

� 

Erep  (Equation (5)) is always 
positive. The remainder 

� 

Erep  (which behaves exponentially) is given by 
 

� 

Erep = E int � Eelec � Epol � Edisp        (5) 
 
where 

� 

E int is the total from Equation (1). These terms are then grouped for the fitting, 
such that the total 

� 

Erep remains constant and is fitted to the Buckingham repulsion (as 
described in section 3). The leading electrostatic term 

� 

T ij qiq j( )  is kept, where the q 
charges are those for the periodic framework described in section 1.3. The difference 

� 

E int � Erep �T
ij qiq j( )  gives the total attraction, which accounts for the higher order 

electrostatic moments, polarization, dispersion, and changes due to replacement of the 
charges in going to the periodic system. This remainder is fitted to the C and D attractive 
parameters (as described in section 3).  
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Density functional theory (DFT) calculations were used to optimize the crystal structure 
and to compute the CO2-MOF interaction energy along some representative paths. Our 
DFT calculations were performed using the SIESTA,13 VASP,14,15 and 
QuantumEspresso16 (QE) implementation.  
 
We have tested the validity of the localized-basis set approach (SIESTA) by comparing 
structural data and energetics with those obtained from a plane-waves approach 
(QuantumEspresso and VASP). We used the PBE gradient-corrected exchange-
correlation functional in SIESTA and VASP while PW91 was employed in 
QuantumEspresso. Since these two functionals do not account for dispersive forces, we 
also employed a recent van der Waals functional (vdW-DF)17 as implemented in 
SIESTA,18in order to properly describe interaction energies.  
 
The QuantumEspresso calculations use Kohn-Sham orbitals and the charge distribution 
of the outer shell electrons are expanded in the Fourier series up to the plane-waves of the 
kinetic energy of 35 Rydberg and 420 Rydberg, respectively. The field exerted on the 
outer electronic shells C [2s2p], O [2s2p], Mg [2p3s3p3d], Zn [4s4p3d], and H [1s] by 
the inner cores was described by the non-relativistic Vanderbilt ultrasoft core pseudo 
potentials; non-linear core correction is included in the Zn and Mg pseudo potentials. The 
integration over the irreducible Brillouin zone was carried out over 2x2x8, and the results 
were checked for convergence over 4x4x16 Monkhorst-Pack grids. Atomic positions 
were considered converged when the total force applied to the atoms in the unit cell is 
less than 0.004 Rydberg/bohr/cell.  
 
VASP calculations use projector-augmented-wave (PAW) potentials to describe the 
interaction between core and valence electrons. C [2s2p], O [2s2p], Mg [3s3p] and Zn 
[4p3d] valence electrons are explicitly included in the valence. A plane-waves kinetic 
energy cutoff of 500 eV is used and the integration over the irreducible Brillouin zone is 
carried out over a 2x2x8 Monkhorst-Pack grid. Atomic positions are relaxed until forces 
are lower than 0.02 eV/Å. 
 
SIESTA calculations used variationally optimized double-Z polarized basis sets19 
implying the presence of d-orbitals for C, N and O. Non-local, norm-conserving fully 
separable Trouiller-Martins pseudopotentials were used. C [2s2p], O [2s2p] and Mg 
[2s2p3s] electrons were explicitly included in the valence. Real space integrals were 
performed on a mesh with a 300 Ry cutoff. Geometries were optimized until Hellmann-
Feynman forces were smaller than 20 meV/Å. For the interaction energy with CO2, a 
counterpoise correction was applied to correct for basis set superposition error. A 2x2x8 
Monkhorst-Pack grid was used for the integration over the irreducible Brillouin zone.  
The integration over the irreducible Brillouin zone is carried over 64 grid points.20 
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In our calculations we relied on an accurate representation of the crystal structure of Mg-
MOF-74. Unfortunately at present, single crystals of Mg-MOF-74 have not been obtained 
and the structural information is therefore obtained from powder diffraction data21-23 
Detailed inspection of these experimental structures shows a significant distortion of the 
bridging ligand in powder diffraction data (Mg-MOF-74), which is not observed in our 
DFT calculations. 
 
We used PW91 (QE) and PBE (SIESTA and VASP) to obtain the fully relaxed structure 
of the MOF. The good agreement between these two approaches confirms the validity of 
the localized basis set approach employed within SIESTA. The lattice parameters and the 
C-C bond lengths within the ligand of the relaxed geometry obtained with PW91 (QE) 
and PBE (SIESTA and VASP) are reported in Table SI 1. Similar results were obtained 
with D3LYP by Valenzano et al.24 The fact that four different approaches predict nearly 
identical crystal structure gives us confidence in the reliability of the theory. It is 
therefore surprising that a comparison with the experimental structure show such large 
deviations. For example, we found a deviation of the Ca-Cb and Cd-Cb bond distances by 
as much as 8% and 7%, respectively.   
 
As we are interested in predicting the adsorption isotherms, we computed the adsorption 
isotherms of CO2 for the experimental structure and the structures predicted by DFT (see 
Figure SI 3). The results show that the two different DFT structures (PW91) and (PBE) 
give nearly identical adsorption isotherms. But the results differ from the experimental 
isotherm. These differences illustrate the importance of using the correct Mg-MOF-74 
structure. 
 
For Zn-MOF-74, a closely related material, it is possible to synthesize a single crystal and 
for this material crystal structure can be determined with higher accuracy.22 In Table SI 1 
we have compared the structural data for this material from our DFT (PW91, QE and 
PBE, VASP) calculations, previous calculations,24 and experiments.21,23 For this material 
our calculated lattice parameters and atomic positions are in an excellent agreement with 
the experimental data (the largest deviation for Ca-Cb bond length is 1.2%).  
 
Given the uncertainties with the experimental structure for Mg-MOF-74 and the excellent 
agreement we obtained using our DFT approach for Zn-MOF-74, we conclude that the 
computational structure of DFT is most likely the most reliable representation of Mg-
MOF-74. The PBE-VASP structure is therefore used in this work for all our calculations 
of adsorption isotherm. 
�

For the extended MOF-74 structure, the PBE-VASP lattice parameters for Mg and Zn are 
a=21.897 Å and c=6.938 Å, and a=21.933 Å and c=9.924 Å, respectively. A good 
agreement is found with available single crystal data for Zn (a= 21.698 Å and c=6.869 
Å).25 
 
�
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Table SI 1: Comparison of structural parameters between this work and previous 
experimental and computational studies. Ca-Cb, Cb-Cc, Cc-Cd and Cd-Cb correspond to 
bond lengths between C atoms within the ligand reported in Figure SI 1. Distances are in 
Angstrom (Å). 

Lattice parameters    Bond lengths Metal, method 
A  c   Ca-Cb Cb-Cc Cc-Cd Cd-Cb 

Mg, this work 
(PW91, QE) 26.114 6.917  1.483 1.433 1.399 1.401 

Mg, this work  
(PBE, SIESTA) 26.260 7.036  1.490 1.436 1.405 1.406 

Mg, this work�
(PBE, VASP) 26.136 6.942  1.484 1.434 1.401 1.402 

Mg, DFT-B3LYP, 
(Valenzano24)  26.109 6.969  1.493 1.430 1.396 1.399 

Mg, exp., (Dietzel23) 26.026 6.759  1.540 1.314 1.430 1.509 
Mg, exp., (Queen21) 25.922 6.863  1.613 1.490 1.526 1.260 

Zn, this work  
(PW91, QE) 26.095 6.888  1.482 1.430 1.397 1.400 

Zn, this work              
(PBE, VASP) 26.190 6.935  1.484 1.432 1.399 1.402 

Zn, exp., (Rosi22) 25.932 6.837   1.500 1.420 1.391 1.398 
 
 

�

 
Figure SI 3: Effects of the crystal structure on the adsorption isotherms for CO2 at 293K. We 
compared the experimental structure of Dietzel et al23 with the DFT optimized structures (both QE and 
Siesta) The grand canonical Monte Carlo simulations use the Universal force field9 and the TraPPE force 
field26 with the Lorentz-Berthelot mixing rules to describe the CO2 - MOF and CO2 – CO2 interactions. 
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The interactions between CO2 and the MOF are calculated using the SIESTA package. 
The binding energy of n CO2 molecules with the framework is computed as: 
 
EB = E (MOF + n CO2)+ E (MOF) – n E (CO2) 
 
and basis set superposition error was counterpoise corrected. The computed CO2-MOF 
binding energy for a fully loaded (1CO2: 1Mg) MOF was 21.32 kJ/mol and 42.55 kJ/mol 
with PBE and vdW-DF, respectively. The difference between these two numbers is 
related to the van der Waals interactions, which are not included in PBE. Results similar 
to our PBE binding energies were obtained with our PW91 (QE) plane waves 
calculations, i.e. 24.12 kJ/mol. This is consistent with the similar parameterization for the 
exchange and correlation of these two functionals. These numbers compare well with the 
B3LYP (19.2 kJ/mol) and B3LYP+D (42.5 kJ/mol) calculations of Valenzano et al.24, 
where the B3LYP+D method uses the approach of Grimme27 for the van der Waals 
interactions. Also, Wu et al.28 computed LDA and PBE binding energies of 51.2 kJ/mol 
and 20.2 kJ/mol.  
 
Binding energies and geometries are reported in Table SI 2 and show a good agreement 
between this work and previous computational studies.28 Also, the computed CO2 
arrangement within the unit cell was confirmed by structural data for Mg-MOF-74.21,28. 
Also, we computed the CO2-MOF binding energy at a smaller loading, i.e. 1CO2: 6Mg, 
and a value of 41.30 kJ/mol is found with vdW-DF, showing a favorable contribution 
from CO2-CO2 intermolecular interactions of 1.25 kJ/mol.  
 
A lower CO2-MOF binding energy is found for Zn-MOF-74 compared to Mg-MOF-74, 
in agreement with previous calculations20. Results are shown in Table SI 2. For instance, 
a vdW-DF binding energy of 34.13 kJ/mol is found here for a fully loaded MOF in good 
agreement with the value of 35.2 kJ/mol reported by Valenzano20. 
 
The computed interaction energies (vdW-DF) along two different paths within the Mg-
MOF-74 are presented in Figure 2 of the article. These data are used to validate the 
accuracy of our proposed force field in a periodic system. 
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Table SI 2: Computed CO2 binding energies and geometries (The distance between the 
metal and the closest oxygen of CO2 (Mg-O (CO2)), the bond angle between the metal 
and CO2 (M-O-C), and the CO2 bond angle (O-C-O)).  
 

     EB (kJ/mol)   M-O�(CO2) (Å)  M-O-C (deg)  O-C-O (deg) 
1CO2: 1Mg, this work 

(PW91, QE) 24.12 2.371 132.6 178.2 

1CO2: 1Mg, this work 
(PBE, SIESTA) 21.32 2.332 130.7 177.1 

1CO2: 1Mg, this work 
(vdW-DF, SIESTA) 42.55 2.354 128.2 177.6 

1CO2: 1Mg, 
(Valenzano24), B3LYP 18.20 2.351 131.4 178.2 

1CO2: 1Mg, 
(Valenzano24) 

B3LYP+D 
41.50 2.310 129.4 178.0 

1CO2: 1Mg, (Wu28) 
PBE 20.20 2.396 136.6 178.7 

1CO2: 1Mg, (Wu28)  
LDA 51.20 2.208 136.5 175.0 

1CO2: 6Mg, this work 
(vdW-DF, SIESTA) 41.30 2.326 132.0 177.4 

1CO2:1Zn, this work 
(vdW-DF, SIESTA) 34.13 2.564 122.5 178.2 

1CO2:6Zn, this work 
(vdW-DF, SIESTA) 32.00 2.577 122.2 178.7 

1CO2:1Zn, B3LYP+D 
(Valenzano20) 35.20 2.491 121.2 178.3 
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Mg-MOF-74 is composed of four different elements: Mg, O, C, and H. Due to its 
bonding environment, different atoms of the same element require separate 
parameterization in the force field to accurately reflect its local environment. We denote 
these distinct atom environments using the names Mg, Oa, Ob, Oc, Ca, Cb, Cc, and Cd (see 
Figure SI 1 in section 1.2). We did not consider the H explicitly. 
 
We used the procedure below to obtain pair-wise interaction parameters for each of these 
atoms with N2 and CO2.Tests have shown that the influence of the parameters for the 
carbon atom of CO2 on the predicted adsorption behavior was very small, and variations 
by as much as 30% of the Universal force field parameters9 had a negligible effect on the 
adsorption isotherms. Therefore, we only refined interactions between the oxygens of 
CO2 and the atoms of the MOF.  
 
For each type of atom, an appropriate cluster was determined (see section 1.2). In order to 
fit the parameters for a particular pair-wise interaction separately, it is important to 
determine a set of configurations that is dominated by the interaction with the specific 
atom type of interest. Paths composed of several configurations were generated using the 
Universal force field for the framework atoms and TraPPE force field26 for guest 
molecules (CO2 or N2). The orientation of this approaching molecule was calculated by 
minimizing the repulsive energy between the guest molecule and atoms of the cluster, 
excluding the atoms with the specified atom type for that cluster. This procedure ensured 
that the repulsive interaction between the guest molecule and the atoms of the specified 
atom type dominates the total repulsive energy. Based on the 12-6 Lennard-Jones 
potential, paths with the minimized repulsive energies (12th order term) between the guest 
molecule and atoms of the cluster, excluding the atoms with the specified atom type for 
that cluster, will also have the minimized attractive energies (6th order term), and the 
same paths can be used to explore both parts of the potential. 
 
For an each configuration on a given path of a guest molecule around a cluster, a MP2 
calculation and NEMO decomposition were performed to get the individual components 
of total interaction energy (see section 1). The repulsion energy and attraction energy 
were identified for each path with a given guest molecule and were used to build the new 
force field using the fitting procedure proposed below. In the new force field, a modified 
Buckingham potential model, Equations (6) and (7) was used to describe the repulsion 
and attraction energy between the structure and the end atoms of the guest molecules, 
respectively.  
 

                                                                                   (6) 

 

                                                                                                        (7) 

 

urep r( ) =
�

A exp �Br( )
� 
� 
� 

r < rmin
r > rmin

 

uatt r( ) =
C
r5

+
D
r6
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As mentioned above, the repulsion energy between the guest molecule and the target 
atom type in its corresponding cluster was designed to be the dominant component of the 
total repulsion energy. The interaction energy between the target atom and the end atoms 
of the guest molecule can be regarded as the most important component of the total 
energy. Consequently, during the parameterization procedure only the force field 
parameters for the interaction between the target atom type and the guest molecule were 
adjusted to minimize the norm of the difference between NEMO-decomposed repulsion 
energy and calculated repulsion energy.  
 
Initial guesses for all pair-wise interactions were taken from the Universal force field21 
and TraPPE force fields26 with the Lorentz-Berthelot mixing rules. The fitting was 
carried out in two phases. To improve the initial guess, we first took all atoms of a 
particular element (all O atoms or all C atoms) and simultaneously minimized the error 
over all paths for that element. This adjustment was done in the order: Mg, O, and C. 
These parameters were used as the initial guesses for the second phase, where we 
optimized the force field parameters for each atom type individually with an ordering 
based on its relative contribution to the total repulsion energy. The ratio of the repulsion 
energy of the target atom type and the guest molecule to the total repulsion energy was 
computed, and the paths were taken in order from the highest to lowest ratio. This 
procedure was repeated iteratively until all the parameters were converged. For the fitting 
to attractive part of the potential, the procedure is exactly the same as the one described 
above for the repulsive part, using the same paths identified above. For these parameters, 
however, we set the attractive interaction between the interior atom of the guest molecule 
and the framework atoms to be zero. 
 
Figure SI 4 demonstrates that our new force field reproduces the NEMO-decomposed 
MP2 energies very well for the Mg-MOF-74 structure. 

 
 
Figure SI 4: Typical result for the NEMO fitting. The left figure (A) shows the fit for the repulsive 
interactions between CO2 and the cluster for the Mg path for Mg-MOF-74. The right figure (B) shows the 
attractive part of the energy. The legends show the contribution of the various energies to the total energy, 
and illustrate that the path are dominated by the CO2-Mg interactions. 
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2 �����!�������!�� �����
To compute the thermodynamic properties we used grand canonical Monte Carlo 
(GCMC) and canonical Monte Carlo simulation to compute adsorption isotherms and to 
characterize the adsorption properties.  

2'/ �������������
In our simulations we used a hybrid force field. The interactions of the guest molecules 
were described with the TraPPE force field26 for guest molecules (CO2 and N2). The 
interactions between the guest molecule and framework atoms were described with the 
modified Buckingham potential model. The detail methodology to obtain the force field 
is introduced in the section 3, and the parameters are summarized in the section 9. 

2'0 ���!�� ������ �����
In the GCMC simulation, configurations of molecules inside the pore space of the 
material are generated by random (re-) insertion, deletion, and translation of individual 
molecules within a simulation box composed of multiple unit cells of the material. 
Electrostatic energy was computed using the Ewald summation technique. Short-range 
interactions were cut off and shifted to zero at a distance of 12.8 Å. The simulation box 
extended at least twice this distance in all orthogonal directions. To accelerate the 
calculation of molecule-framework interaction energies, the short-range part of the 
interaction was stored in a pre-computed grid with a spacing of 0.10 Å and linearly 
interpolated between grid points. The number of equilibration steps is set to 20 million 
MC cycles while the production cycles is set at 2.4 million.   
 
To save CPU-time all of the interactions between the gas-host atoms are stored inside the 
energy grid, which were computed before the start of the GCMC simulations. 
Additionally, the reciprocal space contributions of the Ewald summations that describe 
the interactions between guest molecules and guest molecules are stored inside a second 
energy grid to expedite the calculations further.  
 
To further expedite these simulations, we utilized graphics processing units (GPUs) to 
conduct the GCMC simulations. All of the simulations were conducted on the Dirac 
cluster at NERSC, which consists of Fermi Tesla C2050 cards. In a single simulation, 
fourteen independent GCMC simulations at different pressure values are processed, with 
the number fourteen chosen to correspond to the total number of streaming 
multiprocessors available in the C2050 cards.  

© 2012 M acmillan Publishers Limited.  A ll rights reserved. 
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3 � !�%�����$ ��������(���(52�*��0*������++��
 
The purpose of this section is to demonstrate the transferability of the force field. In this 
section we show that the parameters we have obtained for the dobdc linker in MOF-74 
can be used in a related material with a slightly different (dobpdc) linker.  

3'/ ������� ������� ����%� ���
Mg2(dobpdc) has a structure similar to Mg-MOF-74. The main difference is that the 
linker in MOF-74 (dobdc) is replaced by an extended linker (dobpdc). The structure is 
shown in Figure SI 5 together with our convention for naming the atom types.  For the 
extended linker here, all oxygen types are assigned identically, while we now have more 
Cb and Cd types per linker.  These are not all chemically equivalent by symmetry. 
However, our calculations show that the differences are small and hence these atoms can 
be described using the same force field. 
 

 
Figure SI 5: Image of Mg2(dobpdc) (left) where it is shown that all Mg types are equivalent.  The 
three oxygen atom-types and four carbon atom-types are shown, along with the same naming scheme 
as for MOF-74.   

3'0 ��0������� ������� ������
To obtain the force field we recalculated the charge distribution for the Mg2(dobpdc)  
structure. The other parameters we taken directly form the force field developed for Mg-
MOF-74 (see section 9 for all the parameters). 
 
In Figure SI 6 we compare our predicted isotherms with the experimental data reported 
by McDonald et al.25 The predicted isotherm agrees very well with the experimental one. 
It is important to mention that while for Mg-MOF-74 only 80% of the Mg sites were 
available, in the extended Mg-MOF-74 structure, almost all the Mg sites are available. 
This explains why we have for this material a much better agreement at higher loading. 
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In addition, we have tested the sensibility of the charges on the framework atoms. Figure 
SI 7 shows that the computed isotherms with new calculated charges (see section 1) and 
the charges adopted from Mg-MOF-74 directly are almost identical.  It is important to 
note that the charges on the hydrogen atoms were slightly adjusted to ensure that the 
entire framework is neutral. The new computed charges for this system are summarized 
in the section 9. 
 
It is interesting to see whether similar to MOF-74, this material also has an enhancement 
of the adsorption because of the CO2-CO2 interactions. Figure SI 8 clearly illustrates that 
the collective effect in this extended system is far less pronounced. Because the linkers 
are longer, the CO2-CO2 interactions are less important in this material and we observe a 
normal Langmuir behavior. 
 

 
Figure SI 6: Simulated and experimental isotherm at room temperature (298K). Closed symbols 
shows the experimental CO2 isotherms in extended Mg-MOF-74 at 298 K. The open red symbol shows the 
adsorption isotherm calculated with MP2-derived force field.  
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Figure SI 7: Simulated CO2 isotherm in Extended Mg-MOF-74 with different charges. The blue 
closed squares show the calculated isotherm with the charges taken directly from Mg-MOF-74. The red 
circles show the simulation result with the recalculated charges for this system. 
 

 
 
Figure SI 8: Enhancement of the adsorptions of CO2 as a function of loading in extended Mg-MOF-
74.  The comparison between a Langmuir isotherm (red) with the results from GCMC simulations (blue). 
The parameters of the Langmuir isotherm are obtained from the Henry coefficient from the GCMC 
simulations and the maximum loading, which is set to one CO2 per Mg site. The difference between these 
curves (green) indicates the enhancement induced by the presence of other CO2 molecules.

0.00 0.25 0.50 0.75 1.00
0

1

2

3

4

5

6

7

8

Lo
ad

in
g 

(m
ol

/k
g)

Pressure (bar)

Pure CO2 isotherm; 298K;
GCMC - MP2-derived FF (sim)

 charges from Mg-MOF-74
 calculated charges

0.0 0.1 0.2 0.3
0

1

2

3

4

5

6

0

1

2

3

4

5

6
D

iff
er

en
ce

 (m
ol

/k
g)

Lo
ad

in
g 

(#
 C

O
2/ 

6 
M

g 
si

te
s)

Fugacity (bar)

 GCMC isotherm: MP2-derived FF
 Langmuir isotherm

Pure CO2 isotherm; 298K;

 Difference

© 2012 M acmillan Publishers Limited.  A ll rights reserved. 



NATURE CHEMISTRY | www.nature.com/naturechemistry 19

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.1432

 19 

 

4 
��������� �������#� ������������ ��� ���*��(���(52+�
Here we test the transferability of the force field between two nearly identical structures 
with a different metal site (Zn-MOF-74 versus Mg-MOF-74).  In this section, we used the 
same procedures for Zn-MOF-74 as for Mg-MOF-74, including the structure relaxation 
by DFT, the assignment of atom-types, the determination of the approaching guest paths 
followed by MP2 interaction energy calculation, and the subsequent Nemo 
decomposition.   

4'/ ��������������"������� �
Both Mg-MOF-74 and Zn-MOF-74 are composed of the same dobdc organic linker; the 
only difference between these structures is the metal site. Figure SI 9 (A) and (B) show 
the comparison of the MP2 decomposed van der Waals energies for all paths between 
Mg-MOF-74 and Zn-MOF-74. Given that the clusters of all atom types and their 
corresponding approaching paths in both structure are almost identical, this comparison 
illustrates that only the metal path is dramatically affected by the replacement of the Mg 
by Zn, while all other atom-types are much less affected. This indicates that a very 
reasonable isotherm can be obtained if we only replace the metal-guest interactions. For 
the Zn-MOF-74 oxygen and carbon force field, we can use the corresponding values of 
Mg-MOF-74. Figure SI 9 (C) and (D) show that the force field for Zn-MOF-74 can 
reproduce the MP2 energies for all paths, and give almost identical fitting accuracy to the 
Mg-MOF-74 case (Figure 1 (C) and (D)). All the force field parameters used in Zn-MOF-
74 are summarized in the below section 9. 
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Figure SI 9: (A) and (B): Comparison of MP2 decomposed non-bonded energies (excluding the 
electrostatic contribution) between Mg and Zn cases for all the paths. The closed symbols are the Mg-
MOF-74 results and the open symbols are the Zn-MOF-74 results. (C) and (D): Comparison of the MP2 
repulsive plus attractive energies for the eight different paths (given by closed symbols) with the results 
from the force field (solid lines).  
 

4'0 �	����� ������� �����0������� ���������� ����
The predicted pure component CO2 isotherms were obtained with the MP2-derived force 
field at 313K and shown in Figure SI 10. Experimental isotherm in the lower pressure 
region was reported by Caskey et al,29 however, their measurement also showed N2 
saturation loading significantly lower for Zn-MOF-74 compared with Mg- and Ni-MOF-
74 cases. This indicates that the sample (Zn case) was much more difficult to activate 
compared to the other structures, which makes it difficult to make a direct comparison 
with experimental data for this material.  
 
Given these experimental uncertainties it is important to compare the simulated Mg-
MOF-74 and Zn-MOF-74 isotherms (see Figure SI 10). We observe a steeper uptake as a 
function of pressure in the Mg case compared to Zn.  This result implies that the binding 
energy of CO2 in Mg-MOF-74 should be larger in magnitude than CO2 in Zn-MOF-74, 
which we also show to be the case by calculating the heat of adsorption at the infinitely 
diluted condition.  Our calculated heat of adsorption of 31.8 kJ/mol at 298K is 
comparable to the value reported by DFT of CO2 in Zn-MOF-74,24 which is close to the 
experimental value of ~30 kJ/mol reported by Simmons et al.30  It is worth noting that our 
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simulation results of CO2 heat of adsorption Zn < Mg is consistent with those obtained 
from DFT calculations.24   

 
Figure SI 10: Simulated isotherm at 313K for both Mg-MOF-74 and Zn-MOF-74. The red open 
square symbols show the simulated CO2 isotherms in Mg-MOF-74 and the blue open circle symbols give 
the isotherm of CO2 in Zn-MOF-74. 
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�

5 �$ ���� ����������� �!� !���*���(3+��
Until now we have focused on materials with open metal sites. For these materials the 
conventional force fields fail to describe the adsorption isotherms. As in these materials 
the open metal site are dominating the adsorption process, it is important to test that our 
methodology also is applicable for materials that do not have such an open metal site. 
Therefore we have applied out methodology also to MOF-5, which is well-studied (non 
open-metal site) material.  

5'/ ������� ������� ����%� ���
Atom types for the framework of MOF-5 were defined based on the symmetry of the 
periodic system, which has 7 distinct atom types.  All M4O connectors are equivalent 
(Zn, Ocent), and each benzenedicarboxylate (bdc) linker has one type of oxygen atom 
(Oab), 3 types of carbon atoms (Ca, Cb, and Cd), and 1 type of hydrogen (H) shown in 
Figure SI 11.  The naming scheme adopted for the organic linker is analogous to the 
MOF-74 case, except as is shown in Figure SI 1 there is no analogous Oc or Cc atom-
type, and previous Oa and Ob are now chemically equivalent. 
 

 
Figure SI 11: Image of MOF-5 structure (left) and the 6 unique atom-types (excluding H) along with 
the naming scheme adopted here.   

 
The charges and interaction energies were obtained using the methodology described in 
section 1. The clusters with CO2 approaching are shown in Figure SI 24-26 in section 10.  
For this system, we took Zn and Ocent parameters for dispersion directly from the UFF 
force field since these two atom types are embedded inside the surface of the framework. 
Because of this, the CO2 cannot directly approach these two atom-types, but also the 
dispersive interaction between CO2 and these atom-types is far less important.  

5'0 	����� ������� �����0������� ������� �����
The MP2-derived force field was tested by comparing the predicted pure CO2 adsorption 
isotherms with the experimental isotherms at various temperatures published in the 
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literature31 . For the room temperature (298K) that is relevant for carbon capture, Figure 
SI 12 clearly shows the calculated isotherm with MP2-derived force field is in a very 
good agreement with the experimental result. In addition, pure CO2 adsorption isotherms 
at 5 different lower temperatures were also computed and then compared to the 
experimental result. Figure SI 13 illustrates that this new MP2-derivded force field can be 
used to predict the isotherms at low temperatures in MOF-5. Although the transition point 
shown in the isotherms at 208K and 218K were not captured perfectly by our force field, 
the uptake before the phase transition is reproduced very well.  From this, we can confirm 
that our methodology is not only applicable to open-metal site MOFs, but it is also able to 
obtain a sensible force field for a general material (MOF-5 in this case).  All the force 
field parameters were summarized in the following section 9. 
 

 
Figure SI 12: Simulated and experimental isotherm at room temperature. Closed symbol shows the 
experimental CO2 isotherms in MOF-5 at 298 K. The open red symbol shows the adsorption isotherm 
calculated with MP2-derived force field.  
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Figure SI 13: Simulated and experimental isotherm at five low temperatures. Closed symbol shows 
the experimental CO2 isotherms at several low temperatures. The corresponding color with open symbol 
(with solid line) shows the adsorption isotherm calculated with MP2-derived force field. 
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6 ��$ !������ ����������� �����
Adsorption isotherms of a 14:86 CO2:N2 mixture at flue gas conditions (313 K) in Mg-
MOF-74 were computed by using the grand canonical Monte Carlo (GCMC) simulation 
technique with the force field proposed in this work. Figure SI 14 shows the computed 
mixture isotherms over a wide range of total bulk gas fugacities.  
 
The GCMC-predicted mixture isotherms were used as a benchmark to test the 
applicability of ideal adsorbed solution theory (IAST).32 The GCMC technique was also 
applied to compute the pure component isotherms of CO2 and N2 in Mg-MOF-74 at 313K, 
which are required inputs for IAST. To facilitate the integration of the IAST model, the 
pure CO2 isotherm was fit using the dual-site Langmuir isotherm (Equation (8)) while the 
single-site Langmuir isotherm model (Equation (9)) was used for pure N2 isotherm. 
Parameters for the isotherm fits are shown in the figure SI 15 and table SI 3 below. 
Figure SI 14 demonstrates that the mixture isotherms predicted by IAST are in excellent 
agreement with the mixture isotherms computed by GCMC simulations over a very wide 
range of fugacities. At very low fugacities, there is a small discrepancy between the 
predictions of IAST and the GCMC simulations. This disagreement is due to the 
observed enhancement in the adsorption of CO2 we have pointed out in the article. Thus, 
a small discrepancy is also observed in the fitting to the isotherm of pure component CO2.  
 

qCO2=
K1

CO2 fCO2

1+K1
CO2

qsat,1
CO2

fCO2

+
K2

CO2 fCO2

1+K2
CO2

qsat,2
CO2

fCO2

                                                                                     (8) 

 

qN2 =
K1

N2 fN2

1+
K1

N2

qsat,1
N2

fN2

                                                                                                       (9) 

 
In the equations above, Ki is the Henry coefficient, qi is the loading, and fi is the partial 
fugacities of the components. 
 
To the best of our knowledge, mixture adsorption isotherms have not been measured for 
this system, but they are important for determining the performance of a material for 
carbon capture. Our calculations have illustrated that IAST predicts the mixture isotherms 
accurately from the pure component isotherms in Mg-MOF-74. Without GCMC 
simulations using our accurate force field, it is difficult to validate the predictions of 
IAST for this material.  
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Figure SI 14: Simulated and predicted mixture isotherm. Open symbol shows the CO2/N2 (14/86) 
mixture isotherms in Mg-MOF-74 at 313K. The red line shows the mixture isotherm predicted by IAST. 
The blue arrow indicates the flue gas condition. 
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Table SI 3. Parameters of the Langmuir isotherm model for the pure component CO2 and 
N2 isotherms at 313K in Mg-MOF-74. The saturation loading for the first adsorption site 
of the pure component CO2 isotherm was directly calculated by assuming all Mg sites are 
available, that is, one CO2 per one Mg site. 
 
Component Langmuir model parameters 

K1 (mol//(kg*Pa)) qsat,1 (mol/kg) K2 (mol//(kg*Pa)) qsat,2 (mol/kg) 
CO2 2.01E-03 8.24  3.91E-05 8.93  

   

K1 (mol/(kg*Pa)) qsat,1 (mol/kg) 
N2 9.38E-06 12.50  

 

 

Figure SI 15: Fitting results of the Langmuir isotherm model to the pure component isotherms. Open 
symbol shows the pure component CO2 and N2 isotherms in the Mg-MOF-74 at 313K. The solid lines show 
the fitting results to the isotherms by assuming the (dual- or single-) Langmuir isotherm model. 
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7 �!����%���������������������� ����
Pairwise potential parameters for the modified Buckingham potential model (See section 
3), Lennard-Jones potential model, and atomic partial charges are summarized in the 
tables below. Table SI 4-6 gives the repulsion (A, B) and attraction (C, D) parameters of 
the interactions between the MOF and CO2. Table SI 7 gives the repulsion (A, B) and 
attraction (C, D) parameters of the interactions between the MOF and N2. Table SI 8-11 
gives the charges for framework atoms. Table SI 12 gives the Lennard-Jones parameters 
for guest molecules. The Lorentz-Berthelot mixing rules were used for the interaction 
between any two different guest molecules. Table SI 13 gives the charges of guest 
molecules. In Table SI 12 and Table SI 13, these parameters were directly taken from 
TraPPE force field.26  
 
 
Table SI 4: Pairwise parameters for the interactions between CO2 and framework (Mg-
MOF-74) atoms. 
 

Pairwise interactions Force field parameters 
Framework  Molecule  A*107 (K) B (Å-1) C*105 (KÅ-5) D*105 (KÅ-6) 

Mg O(CO2) 4.067 4.152 0 4.062 
Oa O(CO2) 1.401 3.330 0.636 0 
Ob O(CO2) 1.673 3.520 0 0.891 
Oc O(CO2) 1.468 3.399 1.160 0 
Ca O(CO2) 2.280 4.065 1.445 0 
Cb O(CO2) 1.408 3.348 0 0.907 
Cc O(CO2) 2.139 3.786 1.194 0 
Cd O(CO2) 0.562 3.006 0 1.756 
H O(CO2) 2.153 4.180 0 0.824 

Mg C(CO2) 7.395 4.770 0 0 
Oa C(CO2) 23.047 4.990 0 0 
Ob C(CO2) 23.047 4.990 0 0 
Oc C(CO2) 23.047 4.990 0 0 
Ca C(CO2) 6.900 4.190 0 0 
Cb C(CO2) 6.900 4.190 0 0 
Cc C(CO2) 6.900 4.190 0 0 
Cd C(CO2) 4.584 4.050 0 0 
H C(CO2) 6.261 5.000 0 0 
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Table SI 5: Pairwise parameters for the interactions between CO2 and framework (Zn-
MOF-74) atoms. 

Pairwise interactions Force field parameters 
Framework  Molecule  A*107 (K) B (Å-1) C*105 (KÅ-5) D*105 (KÅ-6) 

Zn O(CO2) 1.831 3.675 0 3.946 
Zn C(CO2) 8.205 5.000 0 0 

 
 
 
Table SI 6: Pairwise parameters for the interactions between CO2 and framework (MOF-
5) atoms. 
 

Pairwise interactions Force field parameters 
Framework  Molecule  A*107 (K) B (Å-1) C*105 (KÅ-5) D*105 (KÅ-6) 

Zn O(CO2) 24.53 5.000 0 1.228 
Oab O(CO2) 1.957 3.600 1.052 0.018 
Ocent O(CO2) 5.121 4.040 0 1.684 
Ca O(CO2) 0.752 3.291 0 1.767 
Cb O(CO2) 1.771 3.527 0.403 1.742 
Cd O(CO2) 0.726 3.167 0 1.441 
H O(CO2) 2.153 4.180 0 0.824 
Zn C(CO2) 8.205 5.000 0 0 
Oab C(CO2) 23.047 4.990 0 0 
Ocent C(CO2) 23.047 4.990 0 0 
Ca C(CO2) 6.900 4.190 0 0 
Cb C(CO2) 6.900 4.190 0 0 
Cd C(CO2) 4.584 4.050 0 0 
H C(CO2) 6.261 5.000 0 0 
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Table SI 7: Pairwise parameters for the interactions between N2 and framework (Mg-
MOF-74) atoms. 
 

Pairwise interactions Force field parameters 
Framework  Molecule  A*107 (K) B (Å-1) C*105 (KÅ-5) D*105 (KÅ-6) 

Mg N(N2) 13.826 4.682 1.166 4.109 
Oa N(N2) 1.183 3.141 0 0 
Ob N(N2) 1.124 3.187 0 0.366 
Oc N(N2) 2.020 3.455 0 1.056 
Ca N(N2) 2.295 4.091 1.256 0 
Cb N(N2) 1.392 3.247 0 0.714 
Cc N(N2) 1.578 3.597 0 1.877 
Cd N(N2) 0.524 2.880 0 2.160 
H N(N2) 2.501 4.180 0 0.729 

Mg COM(N2) 0 0 0 0 
Oa COM(N2) 0 0 0 0 
Ob COM(N2) 0 0 0 0 
Oc COM(N2) 0 0 0 0 
Ca COM(N2) 0 0 0 0 
Cb COM(N2) 0 0 0 0 
Cc COM(N2) 0 0 0 0 
Cd COM(N2) 0 0 0 0 
H COM(N2) 0 0 0 0 

*COM = center of mass 
 
 
 
Table SI 8: Charges for framework (Mg-MOF-74) atoms. 
 

Atom Charges (e) 
Mg 1.5637 
Oa -0.7654 
Ob -0.7088 
Oc -0.8328 
Ca 0.4820 
Cb -0.1354 
Cc 0.1890 
Cd -0.1814 
H 0.3891 
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Table SI 9: Charges for framework (Extended Mg-MOF-74) atoms. 
 

Atom Charges (e) 
Mg 1.55271 
Oa -0.77003 
Ob -0.7136 
Oc -0.83773 
Ca 0.47603 
Cb -0.15132 
Cc 0.20064 
Cd -0.14577 
H 0.27731 

�

�

�

Table SI 10 Charges for framework (Zn-MOF-74) atoms. 
 

Atom Charges (e) 
Zn 1.4094 
Oa -0.7008 
Ob -0.6681 
Oc -0.7807 
Ca 0.4812 
Cb -0.1237 
Cc 0.1868 
Cd -0.1690 
H 0.3649 

 
 
�

Table SI 11: Charges for framework (MOF-5) atoms. 
 

Atom Charges (e) 
Zn 1.3901 
Oab -0.6583 
Ocent -1.4000 
Ca 0.4681 
Cb -0.0398 
Cd -0.1352 
H 0.23265 
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Table SI 12: Lennard-Jones parameters for guest molecules.  
 

Lennard-Jones parameters Atom 
 Sigma (Å) Epsilon (K) 

O(CO2) 79.000 3.050 
C(CO2) 27.000 2.800 
N(N2) 36.000 3.310 

COM(N2) 0 0 
          *COM = center of mass 
 
 
 
Table SI 13: Charges for guest molecules. 
 

Atom Charges (e) 
O(CO2) -0.350 
C(CO2) 0.700 
N(N2) -0.482 

COM(N2) 0.964 
          *COM = center of mass 
 
�
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Figure SI 16: (Mg-MOF-74) Mg atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) ball = 17s12p6d2f2g/4s3p1d, Green (Mg) capped stick = 
17s12p6d2f2g/3s2p, Red (O) ball = 14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray 
(C) ball = 14s9p4d3f2g/3s2p1d, Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g 
/3s2p1d, White (H) capped stick = 8s4p3d1f/1s. 

 
Figure SI 17: (Mg-MOF-74) Oa atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) ball = 17s12p6d2f2g/4s3p1d, Green (Mg) capped stick = 
17s12p6d2f2g/3s2p, Red (O) ball = 14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray 
(C) ball = 14s9p4d3f2g/3s2p1d, Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g 
/3s2p1d, White (H) capped stick = 8s4p3d1f/1s. 

 
Figure SI 18: (Mg-MOF-74) Ob atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) ball = 17s12p6d2f2g/4s3p1d, Green (Mg) capped stick = 
17s12p6d2f2g/3s2p, Red (O) ball = 14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray 
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(C) ball = 14s9p4d3f2g/3s2p1d, Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g 
/3s2p1d, White (H) capped stick = 8s4p3d1f/1s. 

 
Figure SI 19: (Mg-MOF-74) Oc atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) ball = 17s12p6d2f2g/4s3p1d, Green (Mg) capped stick = 
17s12p6d2f2g/3s2p, Red (O) ball = 14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray 
(C) ball = 14s9p4d3f2g/3s2p1d, Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g 
/3s2p1d, White (H) capped stick = 8s4p3d1f/1s. 

 
Figure SI 20: (Mg-MOF-74) Ca atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) capped stick = 17s12p6d2f2g/3s2p, Red (O) ball = 
14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray (C) ball = 14s9p4d3f2g/3s2p1d, 
Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g /3s2p1d, White (H) capped 
stick = 8s4p3d1f/1s. 

 
Figure SI 21: (Mg-MOF-74) Cb atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) capped stick = 17s12p6d2f2g/3s2p, Red (O) ball = 
14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray (C) ball = 14s9p4d3f2g/3s2p1d, 
Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g /3s2p1d, White (H) capped 
stick = 8s4p3d1f/1s. 
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Figure SI 22: (Mg-MOF-74) Cc atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) capped stick = 17s12p6d2f2g/3s2p, Red (O) ball = 
14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray (C) ball = 14s9p4d3f2g/3s2p1d, 
Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g /3s2p1d, White (H) capped 
stick = 8s4p3d1f/1s. 

 
Figure SI 23: (Mg-MOF-74) Cd atom type cluster with CO2 (left) and N2 (right) approaching. Color 
and basis function contraction code: Green (Mg) capped stick = 17s12p6d2f2g/3s2p, Red (O) ball = 
14s9p4d3f2g /3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray (C) ball = 14s9p4d3f2g/3s2p1d, 
Gray (C) capped stick = 14s9p4d3f2g/2s1p, Purple (N) ball = 14s9p4d3f2g /3s2p1d, White (H) ball = 
8s4p3d1f/2s1p, White (H) capped stick = 8s4p3d1f/1s. 
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Figure SI 24: (MOF-5) Ca atom type cluster with CO2 approaching.  Color and basis function 
contraction code: Purple (Zn) capped stick = 21s15p10d6f4g2h/4s3p1d, Red (O) ball = 14s9p4d3f2g 
/3s2p1d, Red (O) capped stick = 14s9p4d3f2g/2s1p, Gray (C) ball = 14s9p4d3f2g/3s2p1d, Gray (C) capped 
stick = 14s9p4d3f2g/2s1p, White (H) capped stick = 8s4p3d1f/1s. 

 
 

 
 
Figure SI 25: (MOF-5) Cb atom type cluster (left) and Cd atom type cluster (right) with CO2 
approaching.  Color and basis function contraction code: Purple (Zn) capped stick = 
21s15p10d6f4g2h/4s3p1d, Red (O) ball = 14s9p4d3f2g /3s2p1d, Red (O) capped stick = 
14s9p4d3f2g/2s1p, Gray (C) ball = 14s9p4d3f2g/3s2p1d, Gray (C) capped stick = 14s9p4d3f2g/2s1p, 
White (H) ball = 8s4p3d1f/2s1p, White (H) capped stick = 8s4p3d1f/1s. 
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Figure SI 26: (MOF-5) Oab atom type cluster with CO2 approaching.  Color and basis function 
contraction code: Purple (Zn) ball = 21s15p10d6f4g2h/5s4p2d1f, Purple (Zn) capped stick = 
21s15p10d6f4g2h/4s3p1d, Red (O) ball = 14s9p4d3f2g /3s2p1d, Red (O) capped stick = 
14s9p4d3f2g/2s1p, Gray (C) ball = 14s9p4d3f2g/3s2p1d, Gray (C) capped stick = 14s9p4d3f2g/2s1p, 
White (H) capped stick = 8s4p3d1f/1s. 
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