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Methodology: DFT calculations

M-BTT series

Our DFT calculations are performed within the generalized gradient approximation (GGA) of

Perdew, Burke, and Ernzerhof (PBE),1 and the Grimme a semiempirical approach2 (PBE+D2),

which we have shown to accurately describe CO2 binding in these MOFs.3 All calculations use a

localized atomic orbital basis and the SIESTA package.4 Details of the DFT+U implementation

in SIESTA can be found in Ref. 5. Here, a Hubbard-likeU is applied to PBE+D2. We use

variationally optimized6,7 double-ζ polarized basis sets for all atoms (implying the presence ofd-

orbitals for C, N and O). Trouiller-Martins pseudopotentials are used, with2sand2pelectrons of C,

N and O atoms explicitly included in the valence. For Mg and Ca semicore electrons are considered

(2s, 2p, and3s, for Mg and3s, 3p, and4s, for Ca). For the first-row transition metals4sand3dare

considered. Real space integrals are performed on a mesh witha 400 Ry cutoff. All geometries,

for both the bare frameworks and the CO2/MOFs, are fully optimized until Hellmann-Feynman

forces are smaller than 30 meV/Åand the stress tensor components are smaller than 0.2 kbar. The

primitive cell contains 210 atoms including 12 metal atoms and 3 H atoms as extraframework

cations. The location of the 3 H atoms within the unit cell with respect to CO2 is fixed in all cases.

We find an antiferromagnetic ordering within the M4Cl ring. and a high spin configuration for all

metals, except Co-BTT. For all M-BTT MOFs, the initial magneticmoment of the metal cations

is set to high-spin according to Hund’s rule, and finally converged to the same high-spin state at

the end of the self-consistent electronic iteration, except for Co-BTT, for which we find a low-

spin state. For all reported adsorption energies, a counterpoise correction is applied to correct for

basis set superposition error (BSSE). Adsorption energies are computed at zero temperature and

neglect zero-point energy contributions since we have recently shown3 that the calculated thermal

contributions at room temperature, together with zero-point energies, lower the CO2 adsorption

energy in Ca-BTT only by roughly 5 kJ/mol.
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M-MOF-74 series

For this study we use VASP (Vienna Ab initio Simulation Package)8 with a planewave basis set

and the all-electron-like projector augmented wave (PAW) method9 for core electrons and ionic

potentials. The convergence control parameters are carefully tuned until the binding energy is

converged up to 1 kJ/mol. We use a planewave energy cutoff up to 1000 eV and theΓ-point

sampling for the Brillouin zone integration. All calculations are done fully self-consistently with

Soler’s efficient k-space interpolation algorithm10 for the six-dimensional integration of the fully

nonlocal correlation energy of vdW-DF2 functional. The HubbardU corrections11 are applied to

the localizedd electrons. TheU values (2.0, 3.0, 3.5, 3.8, 4.0, 3.3, 6.4 and 3.8 eV for Ti, V, Cr,

Mn, Fe, Co, Ni and Cu, respectively) are taken from Ref. 12, wheretheU value for each metal is

determined to reproduce the experimental oxidation energyof the metal-monoxide to M2O3. As

for BTT MOFs, the initial on-site magnetic moments of metal cations are set to their high-spin

state according to Hund’s rule, and eventually converged tothe same high-spin state at the end of

the self-consistent electronic iteration. We assume ferromagnetic ordering along the metal-oxide

chain direction and antiferromagnetic between the chains,as is the groud state magnetic ordering

in Fe-MOF-74.13

The structures of bare MOF-74 for different metal cations are obtained as follows. We use

a triclinic primitive unit cell containing 54 atoms including 6 metal centers. Starting from an

experimental x-ray crystal structure of Zn-MOF-74, we replace the Zn wit Mg, Ti, V, Cr, Mn,

Fe, Co, Ni and Cu, then fully optimize the structures with PBE+U . Both the lattice vectors and

the atomic positions in the cell are simultaneously optimized by the variable cell dynamics.14 The

atomic positions and the lattice vectors are relaxed until the residual forces are smaller than 10

meV/Å and the stress tensor components are smaller than 0.2 kbar.

The adsorption energies of CO2 are computed using a fully nonlocal van der Waals density

functional (vdW-DF2)15 with and withoutU corrections .11 The structures of MOFs are assumed

to be frozen (PBE+U geometries) and the CO2 molecule is freely relaxed using vdW-DF2+U and

vdW-DF2, respectively.
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Results: M-BTT series

Mulliken population and Shannon radii

Table S1 reports the Mulliken charges used to compute the metal and ligand electrostatic contri-

bution,Q/r, to the CO2 binding energy. The tabulated Shannon radii,16 rS, of the metal ions are

also reported. We estimated the basis-set sensitivity of our Mulliken charges and found that by

increasing the radii of the basis orbitals by 0.5 bohr, charges are affected by a maximum of 0.2%,

far below the differences between different metal atoms.

Table S 1: Mulliken charges of the metal atoms,qM, and the N of tetrazole,qN, closest to CO2, for
the bare MOF in electron unit. The Shannon radii,rS, are also reported.

M Mg Ca Ti V Cr Mn Fe Co Ni Cu Zn

QM 1.10 1.20 0.77 0.69 0.59 0.90 0.78 0.54 0.60 0.55 0.71
QN -0.14 -0.16 -0.14 -0.14 -0.13 -0.13 -0.13 -0.15 -0.13 -0.12 -0.12

rS(Å) 0.72 1.00 0.86 0.79 0.73 0.83 0.78 0.65 0.69 0.73 0.74
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Figure S 1: CO2 adsorption energy as a function ofQ/r computed for the metal-CO2 oxygen
distance and the tetrazole nitrogen-CO2 carbon distance. Also the CO2-metalQ/r, using Shannon
radii asr, is reported for comparison. The same qualitative behavioris found for the two plots of
the metal electrostatic contribution. The vertical line isa guide for the eye.
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Density of states (PBE+U): V-BTT

For theU corrected calculations, as expected, a gap is opened at the Fermi level as shown for the

CO2-MOF complex in Figure S2. As a result,δρ (charge density difference between the bare

MOF and the MOF with bound CO2) does not exhibit the population and depopulation features

observed forU=0. The computed binding energy is negligibly affected by the presence ofU . The

U=4 eV CO2-V-BTT binding energy is 79.9 eV while 80.2 eV forU=0.
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Figure S 2: Density of d2z states for V-BTT computed for the bare MOF and upon CO2 binding.
These orbitals move to higher energy upon binding, as expected from the crystal field change.
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Results: M-MOF-74 series

CO2 adsorption energies for MOF-74 with and withoutU correction, for ten transition metal

cations. A trend similar to M-BTT is found, independently of the use ofU . The HubbardU

correction weakens the binding for Ti and V, but strengthensfor Fe, Co and Ni. The largest devia-

tions are found for V (8.5 kJ/mol), Co (-8.3 kJ/mol) and Ni (-7.6 kJ/mol).

Table 2: Calculated CO2 adsorption energies in MOF-74 for the ten metal ions.

M Mg Ti V Cr Mn Fe Co Ni Cu Zn
U correctedEads (kJ/mol) - 49.8 54.3 30.2 37.6 41.1 41.8 43.0 30.8 -
uncorrectedEads (kJ/mol) 44.7 53.1 62.8 30.1 34.5 36.9 33.5 35.4 29.4 33.8
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