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MgMOF-74 is a promising candidate for a variety of gas separation applications, e.g., carbon capture and
natural gas sweetening due to its high CO, uptake capacity and its favorable selectivity toward CO,.
Motivated by its promising properties, MgMOF-74 has been extensively studied both experimentally
and computationally. Experimentally determined adsorption isotherms show an inflection at a loading
of approximately one CO, molecule per magnesium ion due to strong adsorption sites close to the ions.
It is a great challenge to accurately reproduce this behavior in molecular simulations. In this study, we

gz{::?zrﬁ;n explicitly consider polarization between the adsorbed CO, molecules and the framework of MgMOF-74
Force field via the induced point dipole method. Back-polarization is neglected to achieve reasonable simulation
Carbon capture times. To account for implicitly incorporated polarization, we rescale the Lennard-Jones energy parame-
MgMOF-74 ters with respect to the atomic polarizabilities. A series of Monte Carlo simulations of CO, in MgMOF-74

is conducted. The computed CO, adsorption isotherm is in good agreement with experimental measure-
ments and previous simulation results using a DFT-derived force field. This indicates that polarization
is important for describing the adsorption of CO, in MgMOF-74. The direct inclusion of polarization will

Monte Carlo simulation

lead to force fields with better physical justification and transferability.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The acceleration of climate change is one of the big challenges
modern society is facing [1]. One of the major causes is the
enormous amount of carbon dioxide emitted by power plants,
especially coal-fired power plants [2]. Carbon capture and seques-
tration is a viable near-term solution to mitigate this development
[3,4]. A promising technology in this context is to separate the
CO, from the flue gas via solid adsorbents [5]. In particular,
Metal-Organic Frameworks (MOFs) have been shown to provide
opportunities for this application [4]. The amount of theoretically
possible MOF structures is almost unlimited [6]. Many of these
structures have exceptionally large surface areas and the geometry
of the cavities can be chosen according to a specific application [7].
MgMOF-74 is of special interest for carbon capture because of its
high CO, uptake capacity and its favorable selectivity toward car-
bon dioxide over nitrogen, even in the low pressure region relevant
to carbon capture [8]. The framework of MgMOF-74 consists of
one-dimensional hexagonal pores with a diameter between 11 and
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12 A[9]. Coordinatively unsaturated magnesium ions are embed-
ded into this framework. The strong affinity of MgMOF-74 toward
CO, arises from interactions with the so-called “open metal” sites
[10]. MgMOF-74 has been extensively studied both experimentally
[11,9] and computationally [12-15]. In experiments, an inflection
at a loading of approximately one CO, molecule per open metal site
is observed, and this behavior is associated with the saturation of
the open metal sites and the subsequent filling of the less favorable
centers of the pores [10]. It is a major challenge to quantitatively
predict the inflection and the shape of the adsorption isotherm
using molecular simulation. Recently, several computational
studies have been performed to model such a system [14,16,15].
These studies used rather simplified interaction models for
guest-host interactions (Buckingham or Lennard-Jones potentials
and electrostatic interactions with static partial charges without
explicitly accounting for the polarization effect close to the open
metal sites). However, polarization has been observed [17] and it
has been suggested to contribute to the enhanced CO, affinity in
MgMOF-74 [18]. Our approach is to consider polarization explicitly
with a polarizable force field and to compute the CO, uptake in
grand-canonical Monte Carlo simulations. Polarizable force fields
are frequently used in Molecular Dynamics simulations, e.g., for
biological systems [19-21]. However, they are rarely applied in
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Monte Carlo simulations especially for guest molecules in solid
adsorbents. The reason for this is that in principle, a computation-
ally expensive method is required for every Monte Carlo step [22].
To the best of our knowledge, we are the first to apply a polarizable
force field in a Monte Carlo simulation of a MOF with open metal
sites. We apply the induced point dipole method to account for
polarization additional to repulsion and dispersion interactions
with a standard Lennard-Jones interaction potential. To achieve
reasonable simulation times, back-polarization is neglected in
our simulations. In standard force fields averaged polarization is
implicitly accounted for. This contribution needs to be removed
from the force field before polarization can be added explicitly. This
is regarded for by adjusting the Lennard-Jones energy parameters
deployed without polarization. We follow a simple procedure to
rescale the Lennard-Jones energy parameters with respect to the
assigned atomic polarizabilities. We herein demonstrate that the
computed CO, adsorption isotherms using the polarizable force
field approach are in good agreement with both experimental
measurements and previously proposed force fields derived from
quantum mechanical calculations, indicating polarization has a
crucial role to play. The consideration of polarization in Monte
Carlo simulations is also promising for other systems in which
polarization is clearly not negligible [19,23], i.e., water [20], simu-
lations including ions [19,24], or xylenes [25]. It may lead to more
sophisticated force fields and to more physical models with better
transferability.

In this study, we provide a brief overview of non-bonded
intermolecular interactions and on how to account for induction
interactions in molecular simulations. We motivate the necessity of
adjusting the potential parameters taken from standard force fields
according to the induction interactions (Section 2). The simulation
details are provided in Section 3. We illustrate the procedure on the
example of CO, adsorption in MgMOF-74 and compare the results
to simulations with a generic force field and a force field deducted
from density functional theory (DFT) [15] (Section 4). Our findings
are summarized in Section 5.

2. Intermolecular interactions

An essential component of each molecular simulation is the
description of the interactions between atoms and molecules. In
general, the contributing interactions arise in some way from
the electrostatic interactions between the charge distributions of
molecules [26]. Most accurately, these interactions can be com-
puted by quantum mechanical calculations. Unfortunately, these
calculations are currently too time consuming to be applied in
molecular simulations for large systems. Hence, potential func-
tions are used to describe the interaction energy between atoms
and molecules as a function of their positions. Due to increas-
ing computing power, hybrid molecular and quantum mechanical
simulations have become feasible for systems with moderate size
[27]. In this work, we focus on interactions classically considered
in molecular simulations between non-bonded particles that are
not involved in chemical reactions. The level of detail and the
type of interactions necessary in the simulations depends on the
specific system and on the required accuracy of the predictions.
To investigate structure-property relations or to screen materi-
als for a certain application, generic force fields like UFF [28] or
DREIDING [29] are often chosen. In these cases, the computation
time is a crucial factor [27]. To make more accurate predictions,
it is often required to deploy interaction potentials that are espe-
cially designed to reproduce the behavior of a particular system
[27,30].

Molecular interactions are often divided into short and long
range interactions with respect to how fast they decay with the

distance between interacting particles. At very small interatomic
distances, the electron clouds of atoms overlap, and a strong repul-
sive interaction arises that determines how close two atoms or
molecules can ultimately approach each other. These repulsive
interactions are sometimes referred to as exchange repulsion, hard
core repulsion, steric repulsion, or, for ions, the Born repulsion.
Strictly speaking, repulsive interactions belong to the category of
quantum mechanical or chemical forces, and unfortunately there
is no general equation for describing their distance dependence.
Instead, a number of empirical potential functions have been
introduced, all of which appear to be reasonable as long as they
have the property of a steeply rising repulsion at small separations.
The three most commonly used potentials for describing these
interactions are the hard sphere potential, the inverse power-law
potential, and the exponential potential [31].

Electrostatic interactions describe Coulombic interaction
between charge densities of molecules. In comparison to other
interactions, their strength decays slowly with the distance
between molecules. This long-range behavior makes the computa-
tion more expensive and several methods to compute electrostatic
interactions have been proposed, e.g., the Ewald summation tech-
nique [32] and its variants like Particle Mesh Ewald [33]. The Wolf
method [34,35] is a computationally less expensive alternative
for the Ewald summation. In molecular simulations, electrostatic
interactions are usually considered through static partial charges
assigned to interaction sites. Higher order multipole interactions
can be modeled depending on how the interaction sites are
distributed along the molecules. A precise representation requires
specification of all non-zero multipole moments. Electrostatic
interactions are strictly pairwise additive, highly anisotropic and
can be either repulsive or attractive [36].

Dispersion interactions are significant to the total interactions
and present for all systems. They play a role in a host of important
phenomena such as adhesion, surface tension, physical adsorp-
tion, wetting, the properties of gases, liquids, and thin films, the
strengths of solids, the flocculation of particles in liquids, and the
structures of condensed macro molecules such as proteins and
polymers [37-40]. Dispersion interactions are quantum mechan-
ical in origin. They arise from correlated fluctuations between the
motion of electrons. These fluctuations result in a lowering of the
energy [26]. Thus, dispersion interactions are attractive. Numeri-
cally, dispersion interactions at long ranges can be described by a
series inintermolecular separationr[27].The leading term is power
of 1/r8, while higher order terms are usually neglected in molecular
simulations for computational simplicity [27]. The strength of the
dispersion interactions depends on the number of electrons in the
outer shell of an atom [41].

Induction interactions result from a distortion of the electron
density of a molecule due to an electric field [20], e.g., caused
by the charge distribution of another molecule. The difference
in the electron density can be captured by adjusted multipole
moments. Polarization can induce multipole moments even for
spherical particles without static multipole moments [36]. Every
change in the electron density again causes an alteration of the
electric field. Consequently, the induction of a system depends on
the interactions of the induced and static multipole moments of all
molecules in the system. This dependency results in non-additivity
and cannot be treated as a sum of pairwise additive atom-atom
interactions [20]. For some systems, the effect of induction is small
and it can be neglected [41]. If this contribution is large, the sim-
plest solution in molecular simulations is modifying the static
properties of each molecule to enhance the average interactions.
However, this approach results in force fields with poor transfer-
ability and it is seldom suitable for systems with highly polarizable
molecules like water or for biological systems like proteins or lipids
[19].
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The most commonly used interaction potential to describe
molecular interactions in molecular simulations is the
Lennard-Jones potential:

o (2)"- )] <

where ¢ characterizes the energy, o is the distance scale of the
atom or molecule interactions, and r is the interatomic distance.
The 1/r'2 term approximates the behavior of the repulsion energy
and the 1/r® term represents the behavior of the dispersion energy
as a function of the distance between particles. Static charge dis-
tributions can be represented as static partial charges and are
usually computed via the Ewald summation technique. To repro-
duce experimental results the potential parameters and static
partial charges are often fitted to experimental data [42,43]. For
instance, the TraPPE force fields for carbon dioxide and nitrogen are
calibrated to reproduce vapor-liquid equilibria of the pure compo-
nents and their mixtures with alkanes [30]. The resulting potential
parameters of the Lennard-Jones potential and the static partial
charges are effective values, since all occurring interactions are
indirectly included in the parametrization. Another approach is to
derive the potential parameters from quantum mechanical calcu-
lations [16,14,15]. Carefully calibrated Lennard-Jones models are
usually quite satisfactory and are therefore popular [32,44]. The
model captures the first order effects, but as the fitted parameters
are adjustable parameters, also a large portion of the remaining
physics is effectively incorporated [20,19]. As a result, the effec-
tive Lennard-Jones potential parameters may not be transferable
between diverse molecular systems. The dependency of the charge
distribution on the physical state of the system, composition and
the fluctuations of the electric field caused by molecular motion
can never be fully captured. An effective interaction potential cal-
ibrated in an environment of weak polarizability will most likely
fail in a highly polarizable system, because it predicts the inter-
action strength incorrectly. This becomes crucial if polarization
effects are strongly localized in the system, e.g., for biomolecular
systems, like lipid-bilayers [19] or proteins [20,45,23]. In this case, it
isinevitable to apply a force field that incorporates this phenomena.
Unfortunately, the inclusion of polarization increases the compu-
tational costs significantly in Monte Carlo simulations. The effect of
polarization has to be evaluated for every interaction site in every
simulation step. Due to increasing computational power, now it
becomes more feasible to include explicit polarization in molecular
simulations [20].

The three most common methods to incorporate polarization
in molecular simulations are the fluctuating charge method, the
shell model, and the induced point dipole method [21,46-49].
These methods are additional to the interaction potentials normally
applied in molecular simulations (e.g., Lennard—Jones potential and
Coulombic interactions with static partial charges).

The fluctuating charge method allows the values of the partial
charges assigned to interaction sites to change as a respond to the
electric field. Hence, the charges are treated as dynamic properties.
Charges can be transferred between interaction sites of a single
molecule or even between separated molecules. The electroneg-
ativities and chemical hardnesses determine how easily charges
can be exchanged from one interaction site to another. For every
simulation step, or Monte Carlo trial move, instantaneous values
of the partial charges are determined by minimizing the electro-
static energy of the system. In this approach, all order multipoles
are considered and no new interactions need to be introduced. The
drawback of the method is an artificial restriction of the direction
of the polarization depending on the molecular shape [19,20], e.g.,
a linear and rigid representation of a molecular can only transfer
charges in the direction of its extent.

—_
~

In the shell model, explicit induced dipole interactions are
considered and higher order induced multipole moments are
neglected. Polarizable sites are described via a pair of charges.
One charge is assigned to the nucleus while the other charge is
connected to it by a harmonic spring. The values of the charges
are kept fixed during the simulation and polarization is obtained
via the relative displacement caused by electric interactions with
the system. Consequently, there is no charge transfer between
molecules. In this method, interactions between the charges of one
polarizable site are not calculated. The magnitude of the charges
and the value of the spring constant can be related to the polariz-
ability, but they are often treated as tunable variables of the model.
The computational costs increase due to the doubling of the elec-
trostatic interaction sites and the requirement of smaller time steps
in MD simulations. The reduction of the time step size is a necessity
because of the division of the atomic mass between the nucleus and
the shell charge. Thereby, the mass of the shell charge needs to be
small in comparison to the nucleus to enable a rapid respond of its
position to the electric field. Accordingly, the size of the time step
has to be decreased due to smaller occurring masses [19,20,50].

In the induced point dipole method, isotropic dipole-dipole
polarizabilities «; are assigned to interaction sites i. Higher order
multipole moments are neglected. Induced dipoles can be calcu-
lated for every interaction site as the result of the electrostatic field
E;. Assuming a linear response for a single isolated point dipole, the
induced dipole moment p; can be determined via [20]:

i =(Xi~Ei. (2)

The electric field E; is a function of the permanent electric field E?
caused by the static partial charges, and the induced dipoles of all
N interaction sites in the system:

E=E - Ty-w, (3)
j#i

where Tj is the dipole field tensor:

2

x2 xy xz
1 3
T = r—31 = B y: yz |. (4)
X zy Z2

Here, I is the identity matrix, X (=x; —x;), ¥ (=¥i —¥}), z (=z; — z;)
and r are respectively the components and the length of the vec-
tor between interaction sites i and j. In the induced point dipole
method, the energy of the induced dipoles Uj,q has three contrib-
utions:

Uind = Ustat + Upp + Upol~ (5)

Ustat is the interaction energy between the permanent electric field
and the induced dipoles:

N
Ustat = —Zﬂi'E?- (6)
i=1

The energy Uy, results from the interactions among the induced
dipoles:

N
1
U = 3 20 Wi Ty by )
i=1 j#i
The final energy contribution is the polarization energy Up,, Which

describes the energy necessary to create the induced dipoles by
changing the electron distribution:

N
1
Upol = EZIM 'Ei~ (8)
i=1
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By inserting Egs. (6)-(8) into Eq. (5) and using Eq. (3) to replace E;,
the relation for Uj,q reduces to:

N
1
Uind = —5 E piED. 9)
i=1

To solve Eq. (9) and to compute the induction energy, differ-
ent techniques have been suggested, i.e., matrix inversion, the
extended Lagrangian method, and iteration. The matrix inversion
approach is to solve the dependent equations of all N induced
dipole moments p; (Egs. 2 and 3) simultaneously by forming a
matrix, inverting it and subsequently solving Eq. (9). However, for N
polarizable interaction sites this involves inverting a N x N matrix
at every simulation step. Due to the high computational time of
matrix inversions this procedure is not feasible for medium-to-
large systems [20]. An alternative approach is to use the extended
Lagrangian method. In this approach, each dipole moment is
treated as a dynamic quantity with its own mass. Thus, the dipoles
follow their own equation of motion in the same way as the atomic
positions. The assigned masses have no physical meaning, though
they determine the efficiency and accuracy of the simulation [20].
The Lagrangian method is well suited for molecular dynamic sim-
ulations, but it is more complicated in Monte Carlo simulations.
New Monte Carlo trial moves changing the dipoles were previously
designed to tackle this problem [22]. Another approach is to iterate
Eq. (2) to self-consistency. Typically, this requires between 2 and
10 iterations [20]. A possible initial guess for the electric field is the
electric field created by the static charges [20]. This approach can
be implemented in a Monte Carlo algorithm without any additional
moves.

3. Simulation details

Monte Carlo simulations in the grand-canonical ensemble are
conducted to compute the uptake of CO, in MgMOF-74 for vary-
ing pressures of the surrounding gas phase. The simulations were
performed using the RASPA software package [51-53]. The atomic
structure of MgMOF-74 is DFT-based and taken from Dzubak et al.
[14]. The Lennard-Jones potential is truncated at a cutoff distance
of 12.8 A. No tail correction is applied. Periodic boundary condi-
tions are used, and the simulation box is composed of multiple
unit cells to ensure a distance of at least twice the cutoff radius
between periodic images. To calculate electrostatic interactions
between static partial charges the Ewald summation technique
is used. Polarization is considered via the induced point dipole
method [20]. We chose the procedure of Lachet et al. [25]. A
schematic description of the procedure is shown in Fig. 1. The pro-
cedure avoids the iterative computation of the electric field, the
so-called back-polarization. Thereby, reasonable simulation times
can be achieved. To further reduce the simulation time, we use
trivial parallelization, i.e., running several simulations concurrently
and subsequently averaging over the results to improve statis-
tics. In the past, several approaches have been made to parallelize
parts of the Monte Carlo algorithm [54-56]. However, most are
not practical anymore due to an increase in the performance of
single CPUs. If back-polarization is neglected, the electric field
can be approximated by the electric field created by static par-
tial charges. The computation of the electric field caused by static
partial charges is straightforward [57]. The electric field does not
depend on the induced dipoles, and hence no iterative procedure is
necessary. Due to this assumption, the change in induction energy
solely depends on the induced dipoles of the interaction sites i of
the molecule that is involved in the Monte Carlo trial move. The

induction energy of a molecule created by the static electric field
follows from:

n
1 2
Uina = =5 > o [EPT", (10)
i=1

where n is the number of interaction sites belonging to the molecule
involved in the Monte Carlo trial move. With Eq. (10), the difference
in the induction energy between the old and new configuration
of the displaced molecule can be evaluated. To include induction
interactions, this energy difference has to be considered in the
acceptance rule of the Monte Carlo trial move additional to the
changes in energy due to other contributions, e.g., repulsion and
dispersion interactions. Lachet et al. [25] showed that the error
introduced by the assumption of an static electric field is relatively
small. Back-polarization contributes only 6% of the total induction
energy in their system. In addition, the contribution of higher order
polarizabilities is estimated to be less than 5% of the total induction
energy.

For the calculation of the induction energy, atomic polari-
zabilities «; are required. In literature, many different sets of
polarizabilities are available [58,25,41,59]. However, depending on
experimental procedure or theoretical assumption the values of
polarizabilities can differ significantly [60]. In addition, the local
chemical environment affects the polarization behavior and conse-
quently the polarizability of a molecule [61,62]. Usually, empirical
scaling factors are applied to consider differences between gas and
condensed phases, whereby different scaling factors are suitable for
different classes of molecules [63]. The determination of particular
scaling factors often relies on a fitting procedure [64]. To achieve
reasonable energies and CO, uptakes in the conducted simulations,
we apply a global factor to scale all atomic polarizabilities. The ini-
tial values of the atomic polarizabilities are taken from the work
of van Duijnen and Swart, and Shannon [58,59], which provides a
large collection of polarizabilities for atoms and molecules. By fit-
ting to the experimentally determined Henry coefficient of CO, in
MgMOF-74, we determine the scaling factor in our simulation to
0.09. The adjusted atomic polarizabilities have values of the same
magnitude as the ones applied in the simulations of NaY zeolite by
Lachet et al. [25].

To account for previously not explicitly incorporated polariza-
tion, it is necessary to also adjust the Lennard-Jones interaction
parameters that are developed without explicit polarization
(and hence contain averaged polarization which needs to be
removed) [27]. In our simulations, polarization is only consid-
ered between the framework of MgMOF-74 and the adsorbed CO,
molecules, thus CO,-CO, interaction parameters are not modi-
fied. Framework-CO, interaction parameters are calculated via the
Lorentz-Berthelot mixing rule from the atomic parameters. We use
a simple approach to rescale the Lennard-Jones energy parameters
for the interactions between CO, and the framework with respect
to the assigned atomic polarizabilities. The original parameters for
MgMOF-74 are taken from the UFF force field [28] and the ones for
CO, are taken from the TraPPE force field [30]. The Lennard-Jones
energy parameter of atom i is adjusted according to:

o
scaled _ .. (1+A)_Otmax 11
peaed _ g (1) g (an
(1+)\')_01m1ax

where A is a scaling parameter between 0 and 1, and «; and omax are
the individual and the largest atomic polarizabilities, respectively.
The procedure assures that the Lennard-Jones energy parameter
g&; is reduced the most for the atom with the largest atomic polar-
izability and is unchanged if the atom is not polarizable (¢;=0).
By comparing our simulation results to experimental data, we
determined A to be 0.7 (¢max=1.591 which corresponds to the
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Fig. 1. Schematic description of the procedure of Lachet et al. [25] to include the induced point dipole method in a Monte Carlo simulation. In our implementation, the
electrostatic energy is computed via the Ewald summation technique and the Lennard-Jones potential is truncated at 12.8 A. No tail correction is applied. For insertions and
deletions of molecules in a grand-canonical ensemble the procedure is similar and the acceptance rules are listed in Ref. [32].

Table 1

Scaled Lennard-Jones force field parameters and scaled atomic polarizabilities for MgMOF-74 and CO,. The original parameters for MgMOF-74 were taken from the UFF
force field [28] and the ones for CO; are taken from the TraPPE force field [30]. The parameters describing the interactions between framework and adsorbate are adjusted
according to Eq. (11). Adsorbate-adsorbate interactions are according to the TraPPE force field (*). The atomic polarizabilities are taken from van Duijnen and Swart, and
Shannon [58,59] and scaled with a factor of 0.09. Polarization is only considered between the framework and adsorbate. All molecules are considered to be rigid.

# Atom type elks (K) o (A) o (A3) Partial charge (e)
1 Mg 55.09 2.69 0.119 1.560
2 01 27.93 3.12 0.575 -0.899
3 02 27.93 3.12 0.575 —0.752
4 03 27.93 3.12 0.575 —-0.903
5 C1 45.80 3.43 0.916 0.900
6 Cc2 45.80 343 0.916 -0.314
7 c3 45.80 3.43 0.916 0.456
8 c4 45.80 3.43 0.916 -0.234
9 H 21.30 2.57 0.315 0.186
10 Ceo, 23.40 (27.0%) 2.80 0.916 (=) 0.700
11 Oco, 73.08 (79.0%) 3.05 0.575 (-*) ~0.350

polarizability of methane). All force field parameters are summa-
rized in Table 1.

4. Results and discussion

The chosen procedure to scale the atomic polarizabilities and to
adjust the Lennard-Jones energy parameters is divided into two
steps. In the first step, Widom test particle insertions are con-
ducted to compute the Henry coefficient of CO, in MgMOF-74
in the limit of infinite dilution condition [65]. These calculations
are computationally relatively cheap. The scaling factor for atomic
polarizabilities is adjusted until the predicted Henry coefficient is
close to the experimental results. Polarization is of special impor-
tance for the low uptake region, where the CO, uptake is dominated
by the adsorption close to the open metal sites and polariza-
tion contributes significantly. These adsorption sites are shown
schematically in Fig. 2. The open squares in Fig. 3 represent the
adsorption isotherm computed with scaled atomic polarizabili-
ties. While in the low pressure region adsorption is already well
predicted, the CO, uptake in the relatively high pressure region
(i.e., larger than 10% Pa) is overestimated. Nevertheless, the over-
all shape of the adsorption isotherm is in good agreement with

experimental measurements. In a second step, the Lennard-Jones
energy parameters are adjusted according to Eq. (11). Fig. 3 shows
that this particularly improves the simulation results for intermedi-
ate to higher pressures. The low pressure region of the adsorption
isotherm is affected only slightly, because of the higher relative
contribution of the polarization energy.

To better quantify our polarizable force field for the descrip-
tion of interaction energies between adsorbed CO, molecules and
the framework of MgMOF-74, we compare interaction energies of
random CO, configurations obtained from DFT calculations with
those calculated using the developed polarizable force field. This
procedure was previously used by Lin et al. [15] to evaluate the
quality of force fields. In Fig. 4(a), the comparison of the polariz-
able force field and the UFF force field is shown. The polarizable
force field describes the interaction energies quite adequately,
whereas the UFF force field significantly underestimates the inter-
action energies for a number of configurations, in particular for
those with favorable adsorption energies. Fig. 4(b) shows the inter-
action energies of the polarizable force field and the previously
proposed non-polarizable force field derived from DFT calcula-
tions (in this work, we compare our results to model 3 from
Lin et al. [15]). In the work of Lin et al., the Buckingham poten-
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tial and electrostatic interactions with static partial charges are
used without explicitly accounting for polarization. Both force
fields model the interaction energies satisfactorily. However, the
DFT-derived non-polarizable force field tends to slightly overes-
timate the interaction energies (i.e., energetically less favorable
region with DFT-computed energies larger than —10 kJ/mol) while
the polarizable force field shows the opposite trend. On average
and considering only those configurations with interaction ener-
gies less than 0 kJ/mol in DFT calculations, the absolute differences
between force field-based and DFT-based interaction energies are
2.290Kk]J/mol, 1.673 kJ/mol and 1.537 kJ/mol for the UFF force field,
the polarizable force field and the DFT-derived non-polarizable
force field, respectively. Another approach to quantify the dif-
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Fig. 2. Graphic representation of the periodic framework of MgMOF-74 with one-
dimensional hexagonal channels. The channel surfaces are represented in gray color.
The blue-green areas show the most favorable adsorption sites of CO, which are
close to the open metal sites. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 3. Comparison between the experimental adsorption isotherm of CO, in
MgMOF-74 from Herm et al. [11] and the simulated ones using polarizable force
fields at 313 K. In both simulations, the atomic polarizabilities are taken from van
Duijnen and Swart, and Shannon [58,59] and scaled with a factor of 0.09. The open
squares represent the simulation results using the non-scaled Lennard-Jones poten-
tial. The adsorption isotherm shown by closed triangles is calculated with a scaling
factor A =0.7 for the Lennard-Jones potential. In case of the adjusted Lennard-Jones
parameters, the simulation results are in much better agreement with the experi-
ments.

ferences is the Boltzmann-weighted mean deviation (BMD) [15]
defined by:

Ns Eprr,j
Zj:] |Egr,j — Eprrjl exp {_ keT
Ns EpFr,j ’
Zj:1exp [_ kgT

where Eggj and Epgr; are the total guest-host interaction energies
for configuration j predicted with force field or with DFT calcu-
lations, respectively. kg is the Boltzmann constant, and Ns is the
total number of sampled configurations. For a chosen tempera-
ture T of 300K, the values of BMD are 21.904 kJ/mol, 4.287 k]/mol
and 2.902 kJ/mol for the UFF force field, the polarizable force field,
and the DFT-derived non-polarizable force field, respectively. The
predicted adsorption isotherms are shown in Fig. 5. The experi-
mental adsorption isotherm [11] shows an inflection between 10*
and 10° Pa. The UFF force field cannot reproduce this behavior and
the CO, uptake at low pressures that is of direct relevance for
carbon capture is largely underestimated. The DFT-derived non-
polarizable force field [15] and the polarizable force field both
capture the inflection and show significant improvement in the low
pressure region. In this region, the CO, uptake predicted with the
polarizable force field and the DFT-derived non-polarizable force
field (i.e., model 3 of Lin et al. [15]) are both in good agreement
with the experimental data of Herm et al. [11]. For higher pressures,
all three force fields overestimate the CO, uptake compared to the
experiments. This overestimation is actually expected, since exper-
imental structures show a certain degree of inaccessibility due to
diffusion limitation or defects in the crystal structure [9]. In the
limit of high pressures, the guest-host interactions become less
important and the adsorption is dominated by the accessible vol-
ume for CO,. The TraPPE force field describes the density per void
volume well, because it is designed to reproduce the vapor-liquid
equilibria. Therefore, the uptake of CO, predicted using these three
models converge in the high pressure region.

BMD = (12)
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Fig. 5. Comparison between the experimental adsorption isotherm of CO, in
MgMOF-74 from Herm et al.[11] and the ones predicted from molecular simulations
at 313 K. The UFF force field [28] cannot reproduce the inflection of the adsorption
isotherm and the CO, uptake in the low pressures region. The force field previously
developed by Lin et al. (model 3) [15] derived from DFT calculations can capture
the adsorption behavior. The simulations conducted with polarizable force field are
in good agreement with the experimental results. The low pressure region and the
inflection of the adsorption isotherm are well modeled. The used scaling factor X for
the Lennard-Jones potential is 0.7. The atomic polarizabilities are from van Duijnen
and Swart, and Shannon [58,59] and scaled with a factor of 0.09.
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Fig.4. CO,-framework interaction energies for a set of 600 randomly located CO, configurations in the accessible volume of MgMOF-74. The interaction energies computed
in DFT calculations are from Lin et al. (model 3) [15]. The solid line indicates perfect agreement between the force field and DFT energies. (a) Comparison between the
polarizable force field and the UFF force field [28]. (b) Comparison between the polarizable force field and the DFT-derived non-polarizable force field [15].

5. Conclusions

With the developed polarizable force field, the adsorption
behavior of CO, in MgMOF-74 can be accurately described using
molecular simulations. The consideration of polarization results in
a force field correctly reproducing the inflection of the adsorp-
tion isotherm and the CO, uptake at the low pressure region.
The quality of the predictions is comparable to a previously DFT-
derived non-polarizable force field. The straightforward procedure
to adjust the atomic polarizabilities and to subsequently re-adjust
the Lennard-Jones energy parameters should also be applicable in
the evaluation of other MOFs with open metal site for a number
of gas separation applications, e.g., carbon capture. Moreover, the
consideration of explicit polarization in molecular simulations will
result in improved physical models, which provide opportunities
for better transferability. We motivated the need to re-adjust the
Lennard-Jones energy parameters that were developed to implic-
itly account for polarization. A promising aim for the future is the
development of a DFT-derived force field that explicitly considers
polarization. This approach could result in a fully predictive model
with excellent transferability of atomic force field parameters. Such
a force field would be of great interest for all systems in which
polarization has a significant contribution.
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