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Abstract. Density Functional based Tight-binding method with dispersion corrections and
Molecular Dynamics (MD) simulations were performed to study the carbon dioxide (CO,)
adsorption process on a metal-organic framework (IRMOF-1). The adsorption centers,
adsorption energy, adsorption capacity, diffusion coefficient, and the effect of temperature on
the adsorption process have been thoroughly examined and elucidated. The calculated results
reveal that the favorable CO, adsorption site on IRMOF-1 is the position where the CO,
molecule is located in the cavity formed by the metal cluster and oxygen atoms of the three —
COO groups of the organic ligand. The CO, molecules were instantly adsorbed on the IRMOF-1
structure as "anchors" to hold the next molecules in place. The Monte Carlo simulation results
demonstrate that when the concentration of CO, molecules is low, they preferentially adsorb
onto the surface of IRMOF-1. As the number of CO, molecules increases, they will gradually
occupy the free space inside the crystal. The MD simulations with constant volume and
temperature have shown that up to 350 K, CO, was still dynamically adsorbed on IRMOF-1,
without being desorbed. The calculated diffusion coefficients imply that CO, would diffuse into
IRMOF-1 slower than methane, but quicker than oxygen and nitrogen. Therefore, it is feasible to
separate CO, from its mixture with oxygen and nitrogen using IRMOF-1.
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1. INTRODUCTION

Recently, the rapid increase in the concentration of carbon dioxide (CO,) in the atmosphere
has led to global climate change, causing serious impacts on the environment and human health.
The issue of reducing emissions and CO, concentrations in the atmosphere is one of the urgent
and topical challenges. Currently, carbon capture and storage (CCS) technology has been
applied directly at emission sources such as thermal power plants using fossil fuels. However,
the main limitation of this technology is that it requires high energy consumption, involving
separation, filtration, compression, transport and storage processes, and therefore does not
completely solve the problem [1, 2]. Another promising and potential direction is to capture and
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convert CO, into other useful products, creating a "green™ artificial carbon cycle. Several types
of materials, including ionic liquids [3], zeolites [4], porous carbon materials [5], porous organic
polymers [6], covalent organic framework materials [7], and metal-organic framework materials
(MOFs) [8] have been studied for this purpose. Among them, MOFs are considered as a
promising adsorbent and catalytic material due to their unique advantages such as high specific
surface area; easy to modification; highly hybrid and compatible with other materials; high
catalytic efficiency, high reusability, and stability. In addition, MOFs also have the high ability
to selectively adsorb CO, from a mixture of other gases such as N,O, CH,, etc. [9, 10].

The mechanism of CO, adsorption on MOFs has been intensively studied both theoretically
and experimentally to determine the nature of the adsorption process, adsorption centers,
adsorption capacity, etc. Many studies have shown that the CO, adsorption process on MOFs
has a physical nature, in which van der Waals (vdW) interactions play an important role [11 -
13]. In the work of Neaton et al. [13], the authors used the DFT method with vdW correction to
study the role of dispersion interactions for CO, adsorption in Mg -MOF74 and Ca-BTT. The
results show that the vdW interaction can contribute up to 50 % of the interaction energy
between CO, and MOF. Correcting the vdW interaction allows to predict the adsorption
enthalpy with chemical accuracy compared with the experimental value.

When adsorbed on MOFs, due to the nature of physical adsorption, CO, is preferably
adsorbed near the metal clusters, where the vdW interaction is strongest. Nachtigall et al., using
density functional theory (DFT) combined with microtherometric measurements, has shown that
at low concentrations, CO, molecules are preferentially adsorbed on the valence unsaturated
metal cluster sites of MOF (CuBTC) [14]. As the concentration increases, CO, is gradually
adsorbed at the outer edges, then in the center of the crystal.

Despite being a common approach for studying the structure and electronic properties of
solids, utilizing the traditional DFT method to research CO, adsorption on MOFs is problematic
due to the enormous scale of the system, which can range from hundreds to thousands of atoms.
Recently, several other computational approaches, such as the QM/MM hybrid method [15, 16]
or the enhanced simulation method employing force fields [17] have recently been used to
investigate the CO, adsorption process on MOFs. These approaches have been shown to be
efficient in calculation costs as well as accuracy.

In this paper, we present the results of a theoretical study on the CO, adsorption on
IRMOF-1 using a combination of tight-binding density functional theory (DFTB) with vdW
interaction and molecular dynamic (MD) simulations. The adsorption centers, adsorption
capacity, CO, diffusion coefficient, and the effect of temperature on the adsorption process will
be thoroughly examined and elucidated.

2. COMPUTATIONAL DETAILS

This study focuses on IRMOF-1, commonly known as MOF-5, which is one of the most
widely used MOF materials. IRMOF-1 is formed by binding 1,4-benzenedicarboxylate (BDC) to
Zn,0O clusters. The unit cell of IRMOF-1 has a cubic structure, belongs to the space group
Fm30[Im and contains 424 atoms, with the molecular formula Zn3;,Ci9,HgsO104. The periodic
boundary conditions were applied in all calculations.

Because of the large system size, the density functional based tight-binding (DFTB)
method implemented in the CP2K open-source code was used for structure optimization and
energy determination [18]. The Slater-Koster parameter set from the DFTB source [19] was
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used. The vdW interactions were taken into account through the D3 model proposed by Grimme
[20]. For IRMOF-1, the structure optimization was performed for the entire crystal structure,
including the optimization of the atom positions and the lattice parameters taking into account
the stress tensors in periodic boundary conditions. In these calculations, the external pressure
acting on the crystal was chosen to be 1.0 bar.

The adsorption energy (E.s), a thermodynamic parameter describing the extent of the
adsorption process, is calculated as follows:

Eqs = E(MOF+CO,) — E(MOF) — E(CO») (1)

where E(MOF+CO,), E(MOF), E(CO,) are the energy of the adsorbed CO, on MOF, the
isolated MOF and CO, structures, respectively.

3. RESULTS AND DISCUSSION
3.1. Structure optimization

First, the suitability of the DFTB method for the investigated system was verified by
optimizing the structures of some typical MO (IRMOF-1, IRMOF-2, IRMOF-3, ZIF-3) and
some gas molecules (CO,, CH,, Ny, O,). The calculation results along with the experimental
values are presented in Table 1 and Table 2.

The lattice parameters obtained from the DFTB optimization procedure are in good
agreement with the experimental data. The largest error in the structure optimization for the
lattice cells was found to be approximately 3.9 % in IRMOF-3 and ZIP-3. These findings clearly
illustrate the suitability and the high accuracy of the DFTB method for the investigated periodic
systems with large crystal sizes (nearly 500 atoms).

Table 1. Lattice parameters (lattice constants - a, b, ¢ (A), angles - o, B, v (°)) of the optimized structures
of IRMOF-1, IRMOF-2, IRMOF-3, ZIP-3 by DFTB method with dispersion correction.

Parameter | A | B | c |« | g ] y

IRMOF-1

Calc. 26.689 26.689 26.689 90.0 90.0 90.0

Exp. [22] 25832 | 25832 | 25832 90.0 90.0 90.0

Error, % 3.3 3.3 3.3 0.0 0.0 0.0
IRMOF-2

Calc. 26.488 26.488 26.488 90.0 90.0 90.0

Exp. [22] 25772 | 25772 | 25.772 90.0 90.0 90.0

Error, % 2.8 2.8 2.8 0.0 0.0 0.0
IRMOF-3

Calc. 26.768 26.768 26.768 90.0 90.0 90.0

Exp. [22] 25.747 25.747 25.747 90.0 90.0 90.0

Error, % 3.9 3.9 3.9 0.0 0.0 0.0

ZIP-3

Calc. 19.522 19.522 16.630 90.0 90.0 90.0

Exp. [23] 18.970 18.970 16.740 90.0 90.0 90.0

Error, % 3.9 3.9 0.7 0.0 0.0 0.0
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Table2. Optimized parameters (bond lengths — d, A; bond angles - <, degree) of CO,, CH,4, N,, O, by
DFTB method with dispersion correction.

Molecule Parameters Molecule | Parameters
CO, d(C-0), A | <OCO, degree [N, d(N-N), A
Calc. 1.180 180.0 Calc. 1.092

Exp. [24] |1.162 180.0 Exp. [26] |1.098
Error,% |[1.5 0.0 Error,% [0.5

CH, d(C-H), A | <HCH, degree |O, d(0-0), A
Calc. 1.084 109.5 Calc. 1.211

Exp. [25] |1.087 109.5 Exp. [26] |1.208

Error, % [0.3 0.0 Error, % (0.3

The results obtained are also completely consistent with the previous publications. For
instance, using the DFTB method to study the structures and electronic properties of some
MOFs, Heine et al. showed an error of 3.6 % for the lattice parameters of Cu-BTC [21]. It
should be noted that an accurate optimization procedure for the lattice parameters is extremely
important because an error of only 1 A will increase the internal pressure up to thousands of bars
in the crystal.

The results of structure optimization for gas molecules by the DFTB method show very
high accuracy. The highest deviation from the experimental value is 1.5 % for the C-O bond in
the CO, molecule. Thus, the DFTB method is a suitable and accurate method for the investigated
systems.

3.2. Adsorption of CO, on IRMOF-1
3.2.1. Adsorption centers, adsorption energy and adsorption capacity

Since the IRMOF-1 system is periodic, two possible adsorption regions are studied: region
(1) corresponds to the cavity of the metal cluster and region (2) corresponds to the adsorption
region on the organic ligand (see Figure 1). Initial adsorption configurations were constructed by
randomly placing CO, molecules in regions (1) and (2). After optimization, three adsorption
configurations were obtained: two configurations Pla, P1b corresponding to the CO, adsorption
into region (1) and P2 configuration corresponding to the CO, adsorption into region (2). Figure
2 illustrates the adsorption configurations along with the respective adsorption energies.

Among the three adsorption configurations obtained, P1a corresponds to the most negative
adsorption energy value. That is, the favorable CO, adsorption site on IRMOF-1 is the position
where the CO, molecule is located in the cavity formed by the cluster [Zn,0]®" and 6 O atoms of
the three —COOQO groups of the BDC ligand. The distance between the CO, molecule and
IRMOF-1 (O=C=0--X, where X is Zn, O of IRMOF-1) is about 3 A. Obviously, with the
adsorption energy smaller than 20 kJ mol™ and the interaction distance larger than any covalent
bond length, it can be confirmed that CO, is physically adsorbed on the IRMOF-1 structure. The
Eass calculated by the DFTB method is consistent with the experimental adsorption energy value
of CO,/IRMOF-1 (-15.1+0.4 kJ mol™) obtained by Farruseng et al. [27]. Especially if compared
with the average value of -15.94 kJ mol™ corresponding to the two configurations P1a and P1b,
the DFTB method with dispersion corrections showed a high accuracy for determination of E,g.
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In addition, the energy difference between P1la and P1b configurations is not large, so the CO,

r X

molecule can be adsorbed at both sites.

P2 [-10,67]

Figure 2. Optimized adsorption configurations of CO, on IRMOF-1 and respective adsorption energy (in
brackets, kJ mol™).

Monte Carlo simulation (MC) was also utilized to find the preferred adsorption site and
compare it to the DFTB method. The results obtained are extremely consistent. The most
preferred adsorption sites and second preferred sites determined by MC simulation are quite
similar to those obtained from the DFTB method. It should be noted that the MC approach has
the advantage of not requiring the initial position of the CO, molecule on the IRMOF-1 structure
to be assumed. However, this method cannot be used for structure optimization, and thus, it is
not feasible to determine the adsorption energy with high precision.

Adsorption capacity of CO, on IRMOF-1

If only considering the situation of a CO, molecule being adsorbed at Pla position, then
there will be four comparable Pla locations for one cluster [Zn,0]°". Therefore, the maximal
theoretical adsorption capacity (q) (corresponding to the Pla configuration) can be determined
using the mole ratio of CO,/Zn = 4/4. That is, the CO, adsorption capacity (q) is about 1.6.10° g
CO,/g IRMOF-1 or 0.16 % (m/m). This value is significantly lower than the experimental result
of 8.5 % (m/m) [28] at a pressure of 1 bar. Therefore, CO, is also adsorbed at positions other
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than Pla. For instance, there are four sites 1a and four sites 1b in a cluster [Zn4O]6+. If CO, is
adsorbed at all of these sites, the CO, adsorption capacity, in this case, is gq(la, 1b) = 0.32 %
(m/m). Similarly, if the P2 position is included, one benzene ring will have two P2 positions,
then g(la, 1b, 2) = 0.40 % (m/m). However, this calculated adsorption capacity is still much
lower than the experimental value of 8.5 % (m/m). This finding demonstrates that CO, is
adsorbed in IRMOF-1 at several more positions, albeit the adsorption energy is not as negative
as at the three positions described above. Therefore, we hypothesize that CO, molecules can still
be "trapped" in the empty space of IRMOF-1 with high density through vdW interactions with
atoms of IRMOF-1, as well as between CO, molecules, especially at high pressure. It has been
shown that the CO, adsorption capacity can reach 95.5 % (m/m) at a pressure of 35 bar [29],
providing evidence to support the aforementioned hypothesis. We further postulated that the
CO, molecules immediately adsorbed on the IRMOF-1 structure as "anchors" to hold other CO,
molecules (which do not interact directly with the MOF) in place. Therefore, it is of great
importance to study the adsorption and interaction of the "anchor" CO, molecules with IRMOF-1.

The Monte Carlo simulation is performed to investigate the positions that CO, can occupy
as the number of CO, molecules in the crystal increases. The lowest energy configurations
obtained from MC simulations are shown in Figure 3 with 50, 100, and 200 CO, molecules in
the IRMOF-1 cell, respectively.

3a) 50 CO, molecules 3b) 100 CO, molecules 3c¢) 200 CO, molecules
Figure3. The lowest energy configuration of 50, 100 and 200 CO, molecules in IRMOF-1.

The results demonstrate that when the concentration of CO, molecules is low, they
preferentially adsorb onto the surface of IRMOF-1 (Figure 3a). As the number of CO, molecules
increases, they will gradually occupy the free space inside the crystal (Fig. 3b, 3c). Thus, the
hollow porous structure of IRMOF-1 is very favorable for CO, storage and adsorption.

3.2.2. Influence of temperature on the CO, adsorption on IRMOF-1

The adsorption energy values obtained from the DFTB calculations include only the
interaction potential at the energy minimum. In reality, because CO, molecules have thermal
motion (Kkinetic energy), their total energy (potential and kinetic) increases with increasing
temperature. When the kinetic energy exceeds the potential energy, the molecule moves away
from the adsorption centers. In this study, molecular dynamics simulations with a fixed number
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of atoms, N, a fixed volume, V, and a fixed temperature (NVT-MD) with a Nose thermostat
were performed to investigate the influence of temperature on the adsorption process of CO, on
IRMOF-1. The adsorption configurations were compared after 3760 fs of simulation. To
evaluate the movement of the CO, molecule, we calculate the mean square deviation RMSD
(Root-Mean-Square Deviation) for the CO, molecule according to the following formula:

RMSD (v, ) \/lev -wf \/%i«vix—vvix>2+<viy—vviy>2+<viz—wm ®

This formula calculates the RMSD for two sets of n- points: v and w. Calculation results of
RMSD values are presented in Table 3.

Table 3. RMSD of CO, molecule on IRMOF-1 at 300 K and 350 K.

Temperature, K 300 350
RMSD, A 12.56 13.61

The RMSD value of CO, at 350 K is obviously greater than that at 300 K. As a result, the
greater the temperature, the faster the CO, molecule moves on the adsorbent's surface. At 300
and 350 K, the CO, molecule has migrated away from the energy minimum on the potential
surface, but it still "clings" on the IRMOF-1 and does not move into the crystal's center (if so, it
is considered as desorption). That is, CO, is still dynamically adsorbed by IRMOF-1. This is
another intriguing aspect of CO, adsorption by IRMOF-1.

3.2.3. Diffusion of CO, in IRMOF-1

The diffusion coefficient (D) can be calculated by the formula:

D~ lim- d s > {[50) -5 07) @

where, r(0) and r(t) are the position vectors of the molecule at time t = 0 and at time t, N,, is the
number of molecules diffusing in the system.

The diffusion coefficient, which depends on temperature (and pressure), indicates the
"mobility” of the adsorbed molecule in the adsorbent. Calculation of D will provide information
for comparing the adsorption ability of different substances at different temperatures. The NVT
molecular dynamics simulation was conducted with the initial structure P1la with the following
parameters: The number of running steps is 100,000, the time of each step is 1 fs, the
temperature is 300 K. The total simulation time was set up to 1000 ps (or 1 ns). The classical
universal force field UFF (Universal Force Field) [30] was used.

From the MD simulation results, the diffusion coefficients for CO, and several other gases
were calculated as shown in Table 4.

The experimental diffusion coefficient of CO, in IRMOF-1 was found to be between 8.1 -
11.5x10° cm’™ at 295 - 331 K [31]. The substantial disparity between theoretical and
experimental D values is owing to the fact that the computation time, while up to 1 ns (which is
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very large for the MD calculations), is still too short in comparison to the experimental one.
Furthermore, while the UFF potential is widely used for all elements in the periodic table, it is
not optimized for the group of elements H, C, N, O, and Zn, resulting in restricted accuracy.
However, when comparing D between different molecules and utilizing the same UFF potential
in the computations, the absolute error is considered to be eliminated.

Table 4. Diffusion coefficient (D, cm?s™) of several gas molecules in IRMOF-1 at 300 K.

Molecule CO, CH, 0, N,
D. 10° 1.636 2.483 0.9796 | 0.9807

The diffusion coefficients of the gases are as follows: CH, > CO, > O, = N,, implying that
CO, would diffuse into IRMOF-1 slower than CH,4, but quicker than O, and N,. This finding
allows for the prediction of the ability to separate CO, from a mixture with O, or N, gas.
However, adsorbing and separating CO, from a CO,/methane mixture using IRMOF-1 will be
difficult. It should be emphasized that in order to examine the selective adsorption of CO, from a
mixture of gases, thermodynamic (e.g., adsorption energy) and kinetic aspects of the adsorption
process must be further evaluated.

4. CONCLUSIONS

In this work, we utilized the DFTB method with dispersion corrections and Molecular
Dynamics simulations to investigate the CO, adsorption process on IRMOF-1. Our results
indicate that the process involves physical adsorption. CO, is preferentially adsorbed around the
metal cluster cavity. The adsorption capacity calculations suggested that, outside of the favored
adsorption sites, CO, molecules may be "trapped" in the empty space of IRMOF-1 with high
density via vdW interactions with IRMOF-1, as well as between CO, molecules. The CO,
molecules were instantly adsorbed on the IRMOF- 1 structure as "anchors" to hold further
molecules in place. The examination of the influence of temperature on the adsorption process
revealed that, up to 350 K, CO, was still dynamically adsorbed on IRMOF-1, without being
desorbed. Furthermore, because CO, diffuses in MOFs faster than O, and N, it is feasible to
separate CO, from their mixture.
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