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S1. Charge Equilibration (QEq) Methods. The QEq equations postulate the 

relationship between the atomic parameters (electronegativity and hardness for each 

atomic specie) and NATOM atomic charges. The NATOM atomic charges can be obtained by 

solving QEq equations.  These equations can be written in the matrix form as  
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where the charges are represented as a NATOMx1 column vector Q=(Q1, Q2, ...)
†, λ is the 

Lagrange multiplier that stems from the charge conservation condition,  χ=(χ1, χ2, ...)
† is 

the electronegativity column vector and J is the interaction matrix.  

 In the standard QEq method with periodic boundary conditions, the interaction 

matrix element between two atoms is given by the lattice summation of the electrostatic 

interaction between distributed unit charges ,A Bρ ρ  or, in the case of the self-interaction, 

by the idempotential  
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where the individual  unit cells are referenced by lattice vectors T
r

, the atoms within unit 

cell are referenced by vectors ,A BR R
r r

, and the unit charges are described by a single 

normalized s-type Slater orbital (STO). For an atom A with an outer valence orbital 

belonging to nth shell, the STO's is { }1( ; ) | | exp | |n

A A n A A Ar R N r R r Rρ ξ−= − − −
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. The 

decay parameter Aξ  is tabulated, for example, in the Universal Force Field for each 

atom's type and is inversely proportional to the atom's covalent radius. Throughout this 

work, we employ the decay parameters which were taken from the OpenBabel software1. 

The same decay parameters were used by Sholl et.al. to screen 500 real MOFs for CO2 

uptake2. Finally, we mention that in the standard QEq method, the QEq equations have to 

be solved self-consistently if hydrogen is present in the system. The self-consistency is 

introduced due to the fact that the hydrogen idempotential is charge-dependent3.  



 We have implemented the standard QEq method in conjunction with periodic 

boundary conditions in a stand-alone software package. This package was developed in C 

programming language. In our calculations, we use a simple linear mixing scheme with a 

mixing parameter of 0.3 and terminate the self-consistent procedure if the change in the 

charges per atom is less than 10-5.  Once the QEq equations are solved and the charges 

are determined, one can obtain the electrostatic potential at any point in the solid through 

Ewald summations.  

 In the case of "extended" QEq method (EQEq)4, we use implementation by the 

authors of Ref. 4 of the Supporting Information. The EQEq method differs from the 

standard QEq in 3 respects: 1) The QEq energy expression is modified by considering 

Taylor series expansion around charge-positive metal cations; 2) The self-consistency for 

hydrogen is dropped and the Coulomb pair interactions are screened by a finite dielectric 

constant; 3) The form of distributed charges is taken as 1s Gaussians instead of Slater 

type orbitals (STOs). The two ad-hoc parameters required for the EQEq method were set 

to the values recommended in Ref 4.  The dielectric constant was taken to be εR  = 1.67 

and the electron affinity for hydrogen was taken as I0 = -2.0 eV.  A 5x5x5 supercell for 

the reciprocal and real space was used to perform Ewald sums. The charge centers 

assigned to each metal were as follows: Cu = +2, Zn = +2, V = +4.  The ionization 

potentials and electron affinities for the Taylor series expansion were the experimentally 

derived values centered on the above ionic species. 

 

S2. MEPO-QEq Fitting Procedure. The MEPO-QEq was developed by varying the 

atomic electronegativity and hardness in the standard QEq scheme to minimize the 

"distance" between QEq- and ab initio derived quantities. The decay parameters 

(exponents of STOs) are not varied. Our QEq parameterization (MEPO-QEq) was trained 

to reproduce ab initio electrostatic potentials in a large and diverse set of MOFs. The first 

step in development of a new parameterization is the generation of the "target" data. In 

our case, for a given set of MOFs, we perform self-consistent-field DFT5, 6 calculations of 

electrostatic potential with PBE exchange-correlation functional7, 8 and PAW ab initio  

pseudopotentials as implemented in the VASP package9-11.  A plane wave cutoff  of 500 

eV was used. The energy tolerance of 10-5 eV was used to terminate the self-consistent 



cycle. The reciprocal space was sampled using Γ-point only. Then, for each MOF, the 

monopole representation of this ab initio electrostatic potential is derived using the 

REPEAT method12.  The set of all ab initio charges and MOF geometries constitute the 

input ("target") data.  

 For each MOF, our code accepts the structure's geometry, ab initio derived 

charges ({ }DFTq ), and QEq parameters (electronegativity and hardness for each atomic 

type) as an input and calculates new charges using QEq formalism: { }QEQq . For each 

MOF we then calculate the difference between ab initio and QEq charges: 

{ }QEQ DFTq q q∆ = −  and construct the electrostatic potential due to this charge difference:  

( )[ ]V r q∆
r

. If the norm of this potential is small, then the given QEq parameterization is 

deemed as a good description of the ab initio potential. In practice, the electrostatic 

potential due to the charge difference  is computed on the real space grid made up of N 

points with space discretization step of h = 0.25 Bohr. The points at which the 

electrostatic potential is computed lie within 3 Å outside of the van der Waals radii of the 

framework atoms. The calculation of the electrostatic potential is a time-consuming task 

as it involves an Ewald sum for each grid point. To overcome this computational 

bottleneck, our code employs shared memory multi-processing. As the electrostatic 

potential in systems with translational invariance is defined up to an additive constant, the 

potential is further modified to remove this gauge dependence  
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 (S2.1). 

The average (per grid point) value of the gauge-modified electrostatic potential due to the 

ab initio and QEq charge difference constitutes the value of the "fitness" for the MOF 

and QEq parameterization under consideration. The small value of the fitness function 

corresponds to small potential difference or, in other words, the fitness function is small 

when ab initio and QEq charges yield the same electrostatic potential. The total fitness 

(per training set of MOFs) is the sum of fitness function values computed for individual 

MOFs. The QEq parameterization is obtained by minimizing fitness for the whole 

training set. We employ a number of schemes to optimize the total fitness including full 

scans for subsets of MOFs, global optimization with custom-built genetic algorithm, and, 

as a final step, the steepest descent method. In the case of the gradient-based 



optimization, the derivatives of the fitness function with respect to the  hardness and 

electronegativity parameters is computed using 2-point central difference scheme with 

discretization step of 0.1 eV.  

S3. GCMC simulations. The details of the GCMC simulations used to calculate the 

uptake and HOAs of CO2 performed in this work are as follows. We perform 10 x 106 

GCMC production steps following the initial 107 equilibration GCMC steps. The 

sampling of configurational energies in the GCMC simulations was carried out with a 

modified version of DL_POLY code with a classical force field. The non-covalent 

interactions were described by the Lennard-Jones pair potential with parameters taken 

from the Universal Force Field (UFF) in conjunction with the Lorentz-Berthelot mixing 

rules for the cross-terms. The non-covalent parameters for CO2 gas guest molecule were 

taken from Garcia-Sanchez13. 12.5 Å cutoff distance with an isotropic tail correction was 

used  in evalution of the Lennard-Jones potential. The guest CO2 gas molecule had a 

fixed CO bond length of 1.16 Å and partial charges of 0.645 and -0.3325 on carbon and 

oxygen, respectively. The GCMC simulations where performed at temperature T=298K 

and 0.15 bar CO2 pressure. 

 

S4. Structure Generation. Each hypothetical MOF in the training and validation sets 

was constructed using an algorithm similar to the method presented by Wilmer et al.
16 

using an in-house written code.19 The structures and lattice parameters were optimized in 

GULP17 using the UFF force field18  where the fractional coordinates of the metal centers 

and the atoms directly bonded to them were fixed.  

 

S5. Inorganic Validation Set. The additional inorganic SBUs were selected based on 

their different coordination chemistry from the inorganic SBUs used in the training and 

validation sets. ZIFs were extracted from Ref. 14 including ZIF-60, ZIF-64, ZIF-68, ZIF-

70, ZIF-72, ZIF-73, ZIF-74, and ZIF-79. ZIFs contain Zn (II) ions coordinated 

tetrahedrally to four imidazolate anions, which was not represented in the training set. 

Additional ZIFs were created by functionalizing ZIF-74, ZIF-64 and ZIF-79 with F and 

Cl for a total of 11 ZIFs. Each of the ZIFs were optimized at the DFT level prior to 

evaluating their CO2 uptake with the  VASP package9-11, the PBE exchange-correlation 



functional7, 8 and PAW pseudopotentials using an energy cutoff of 400 eV.  The ions 

were considered in an energy minimum once the forces were below 0.02 eV/Å.  

 Vanadium MOFs derived from MIL-10015 were constructed. The inorganic unit 

of MIL-100 is a discrete SBU coordinating 6 organic SBUs with a trigonal prism-type 

connectivity. This is different from the V-MOFs included in the training set, which were 

continuous 1-dimensional chains of V2O2 subunits. A total of 16 MOFs were generated 

using organic building units A, B, C, D, E, F, G, I, L, N, P, S, T, U, V, and X from Figure 

1. 

S6. Alternative Presentation of the Validation Set Results. The following 8 figures 

represent results for HOA and CO2 gas uptake at 0.15 bar, 298 K for the validation set of 

MOFs obtained from the GCMC simulations using standard QEq charges, zero charges, 

MEPO-QEq charges, and extended QEq (EQEq) charges as compared to those obtained 

using DFT-derived charges.   
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