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ABSTRACT
Metal–organic frameworks (MOFs) constitute a class of three-dimensional porous materials that have shown applicability for carbon dioxide
capture at low pressures, which is particularly advantageous in dealing with the well-known environmental problem related to the carbon
dioxide emissions into the atmosphere. In this work, the effect of changing the metallic center in the inorganic counterpart of MIL-53 (X),
where X = Fe3+, Al3+, and Cu2+, has been assessed over the ability of the porous material to adsorb carbon dioxide by means of first-principles
theory. In general, the non-spin polarized computational method has led to adsorption energies in fair agreement with the experimental
outcomes, where the carbon dioxide stabilizes at the pore center through long-range interactions via oxygen atoms with the axial hydroxyl
groups in the inorganic counterpart. However, spin-polarization effects in connection with the Hubbard corrections, on Fe 3d and Cu 3d
states, were needed to properly describe the metal orbital occupancy in the open-shell systems (Fe- and Cu-based MOFs). This methodology
gave rise to a coherent high-spin configuration, with five unpaired electrons, for Fe atoms leading to a better agreement with the experimental
results. Within the GGA+U level of theory, the binding energy for the Cu-based MOF is found to be Eb = −35.85 kJ/mol, which is within the
desirable values for gas capture applications. Moreover, it has been verified that the adsorption energetics is dominated by the gas–framework
and internal weak interactions.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0054874

I. INTRODUCTION

The World Meteorological Organization (WMO) has pointed
out an expected average temperature of 1.5 ○C higher than the pre-
industrial levels in less than 35 years, as the most abundant green-
house gas, carbon dioxide, has reached an increase in 3.3 ppm
(0.83%) in one year of analysis, which corresponds to an overall
increase of about 145% compared to the pre-industrial levels.1 In
this context, great efforts are necessary from different sectors of our
society for a further change in the current scenario.2,3 The carbon

capture and storage (CCS) program4–6 has different technologies
to partially deal with the carbon emissions, finding applications in
several industrial installations that include thermodynamic power
plants and steel production. In the post-combustion approach, car-
bon dioxide is captured from the gas stream due to its affinity
to amine-based solutions.7–9 In general, these compounds present
kinetically favored reactivity with carbon dioxide, as well as low
solubility of hydrocarbon compounds that are quite interesting.10

Nonetheless, the low selectivity in the presence of sulfur dioxide
and the high energy necessary for solvent regeneration represent a
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major problem for capture-related applications.11 Thus, the devel-
opment and synthesis of new chemical absorbers that can address
these problems without losing the capacity for gas adsorption are
highly desired.6

Metal–organic frameworks (MOFs) constitute a class of three-
dimensional porous materials formed by interconnecting inorganic
and organic counterparts, which has found large applicability in
this field.12–16 In particular, the MIL-53 frameworks comprise an
inorganic region formed by the metallic centers connecting oxy-
gen atoms from hydroxyl groups (axial positions) or benzene dicar-
boxylate (BDC) ligands (equatorial positions) in an octahedral con-
figuration.17–19 In recent years, the applicability of this series has
been widely evaluated by means of experimental14,18,20–25 and the-
oretical methods17,26 for gas adsorption, including carbon diox-
ide,14,18,20–23,26,27 methane,18,23,25,26 and hydrogen sulfide.24

In general, the presence of open metal sites with appropri-
ate geometry and pore size in metal–organic frameworks is directly
associated with high adsorption capacity and selectivity.12,28 Addi-
tionally, the material should present high heat or enthalpy of
adsorption for good performance at low pressures.28 This important
macroscopic quantity is directly associated with the gas–framework
interaction strength, which is expected to be strong enough to main-
tain the latter inside the pore through weak interactions at the end
of the process and also provide a suitable post-processing based cat-
alytic reaction where the activated carbon dioxide can be converted
in raw materials.29 On the other hand, the ideal condition of process
reversibility is maintained with intermediate values for this quantity.

It is important to emphasize that further developments in
the field are still made necessary in order to turn these mate-
rials competitive in an industrial point of view. In this context,
different strategies have been proposed to improve the perfor-
mance of metal–organic frameworks for gas capture applications.
In analogy with the amine-based solvents that are traditionally
employed in post-combustion methods, the functionalization by
amine groups has been widely considered to increase the storage
capacity and selectivity by improving the interaction strength with
carbon dioxide.13,27,28,30 For instance, Hu et al.13 have evaluated the
effects of anchoring alkylamine groups in unsaturated Cr3+ cen-
ters of MOF-101 at room temperature conditions. In their series,
the diethylenetriamine-functionalized MOF exhibits the best CO2
uptake (3.5 mmol g−1) even with a significant reduction in the sur-
face area. In another work, 2-aminoterephthalic acid has been tested
as an organic linker in an amino-functionalized Cu-based MOF
to increase the gas uptake to 5.85 mmol g−1.15 Methacrylamides
have also been employed to enhance the carbon dioxide capture in
MOFs.31

Furthermore, pore functionalization by other chemical groups,
including methyl, hydroxyl, and carboxyl groups, has been
reported.12,27,28 In this sense, Torrisi et al.27 have shown that embed-
ding carboxyl and hydroxyl groups into MIL-53(Al3+) is particu-
larly advantageous for gas capture applications in comparison to
amine functionalities. Nonetheless, anchoring chemical groups in
metal–organic frameworks is not always straightforward in a practi-
cal point of view since the synthesis conditions, given by high pres-
sures and temperatures, do not favor the anchoring process of sev-
eral chemical functionalities.32 To overcome this issue, Yan et al.32

have initially synthesized the template with active amine groups that
were further substituted by the desired acetic acid and trimesoyl

chloride groups. Although still containing amine groups in the struc-
ture, the extra adsorption sites promote an increase of about ∼20%
in gas uptake by the resulting MOFs when compared to the initial
amine-functionalized material.32

Traces of water can also affect the adsorption capacity
and selectivity for carbon dioxide capture in a gas mixture.33–36

Huang et al. have found that strong interactions between water
molecules and the framework lead to enhanced water adsorption
that could be beneficial or not for gas capture.24 In another work,
Siegelman et al. have found an improvement in efficiency by an
amine-functionalized Mg-based MOF due to hydrogen-bonding
interactions between water molecules and carbamate nitrogen
atoms, which favor carbon dioxide binding.37 However, it is more
common that trace amounts of water can exert a negative impact on
the adsorption capacity.33 For instance, Liu et al.33 have verified a
decrease in carbon dioxide adsorption from 3.74 to 2.69 mol/kg in
a Ni-based MOF with water traces besides the negative effect on the
CO2/N2 selectivity.

This work aims at understanding the influence of the metal-
lic center from MIL-53 (X), where X = Fe3+, Al3+, or Cu2+, on
the carbon dioxide capture. Such analysis is performed on a ther-
modynamic point of view by means of first-principles calculations
based on density functional theory (DFT). The outcomes suggest
that the organic counterpart of the metal–organic framework also
participates in the adsorption energetics as the oxygen atoms in
this region and hydroxyl groups interact in a different extent in
each material. In general, the non-spin polarized results have shown
consistency to describe the energetics for these systems, but the
open shell configuration exhibited by Fe- and Cu-based MOFs is
better described with inclusion of such effects. Additionally, the
Hubbard corrections have led to a consistent description of the
atomic magnetic moment for the metallic center in these systems,
a property that has been found to affect severely the adsorption
energetics.

II. COMPUTATIONAL METHODS
The applicability of metal–organic frameworks to gas capture

at low pressures has direct association with certain macroscopic
properties, such as adsorption capacity and heat/enthalpy of
adsorption.12,28 The latter has a thermodynamic definition
that requires the inclusion of thermal corrections to the total
energies for its full assessment, i.e., zero point energies and thermal
effects acting over the internal energy of each system, but the main
contributing term is the total energy itself.17 Hence, variations
in this property prior and posterior to adsorption give a reliable
estimation of the enthalpy of reaction/adsorption that is crucial
to evaluate how good the material is for gas capture. From a
microscopic standpoint, such variations are generally dictated
by the interaction strength between the metal–organic framework
and the guest molecule (carbon dioxide), namely, the binding
energy (Eb).

Therefore, the heat/enthalpy of adsorption has been assessed by
calculating the binding energy (Eb) of the solid-state system within
the framework of the density functional theory (DFT) as imple-
mented in the Vienna Ab-Initio Simulation Package (VASP).38 Fur-
ther details on the computational methodology for modeling the
metal–organic framework are given in Subsections II A and II B.
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A. Bulk structures
To model the metal–organic frameworks here under consid-

eration, the crystallographic data of MIL-53 (Fe3+) reported by
Millange et al have been used.39 The original structure has been
modified to include hidden hydrogen atoms at the inorganic region,
more specifically at the oxygen atoms that are displaced in axial posi-
tions related to the metallic center.17 Furthermore, it was necessary
to remove the water molecules lying inside the pores in order to
activate the material for gas adsorption (Fig. 1).40

The Perdew–Burke–Ernzerhof (PBE) functional41 was the
functional of choice to treat the exchange-correlation potential in
the initial solid-state calculations, as it has provided good agree-
ment with experimental data obtained for the evaluation of similar
thermodynamic properties in previous reports.42–45 In the current
study, the ionic relaxations were carried out until the total ener-
gies reached the convergence criterion of 1.0 × 10−3 eV. Dispersion
effects and weak interactions were taken into account by including
the D3-Grimme corrections46 in all steps. The plane wave-basis set
was defined with a cutoff energy of 800 eV after convergence tests
in the sampled region (400–1000 eV). The Brillouin zone was sam-
pled by a 2× 2× 4 Monkhorst–Pack k-point mesh. Spin-polarization
effects were further considered for the frameworks with an open
shell configuration [MIL-53 (X), where X = Fe3+ and Cu2+]. Alterna-
tively, the lattice parameters have been fully relaxed for these systems
as displayed in Table S1 of the supplementary material.

The electronic structure has been attained by calculating the
density of states (DOS) and its projected components (pDOS) on

Fe, Al, Cu, C, O, and H atoms. As the semi-local generalized gradi-
ent approximation (GGA) functional fails to describe the bandgap of
semiconducting materials, Hubbard corrections have been applied
on Fe 3d and Cu 3d states through spin-polarized static calculations
within the tetrahedron method with Blöchl corrections. The partial
occupancies for each orbital have also been determined by using the
Gaussian smearing for visual analysis of the orbital hybridization.
Here, the assessment of the electronic structure is basically intended
to complement the material description.

B. Structure model
The gas capture process has been evaluated by expanding the

initial bulk structure into a 2 × 2 supercell aiming to avoid adsor-
bate interactions with their respective images in the periodic system.
Initially, it has been assumed that the pore structures do not vary
in a significant way upon gas uptake by allowing partial relaxation
of the system, i.e., the ionic positions. This is an oversimplifica-
tion that is expected to describe the gas adsorption process in a
proper way. Nonetheless, we have also considered eventual changes
in the crystal lattice by enabling full relaxation of the system. These
results are briefly discussed in this publication. In the former case,
the partial relaxations were performed within the Γ-point with a
plane-wave cutoff energy of 550 eV. A tighter energy convergence
criterion has been applied for electronic/ionic steps (1.0 × 10−5/1.0
× 10−4 eV) in order to guarantee that the global minimum on the
potential energy surface (PES) has been reached. The final atomic
forces over the metal–organic frameworks are found to be less than

FIG. 1. Bulk structure of MIL-53 (Fe3+) after ionic position relaxation at the PBE/800 eV level of theory including spin-polarization effects. In detail, it is possible to observe
the narrow pore structure of this material. The red, gray, and white spheres correspond to oxygen, carbon, and hydrogen atoms, respectively, whereas the golden sphere is
representative of Fe, Al, or Cu. Code: VASP.
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0.01 and 0.03 eV/Å for the pore structure and the guest molecule,
respectively. The GGA+U relaxations have been carried out using
U = 7 eV and J = 1 eV as Hubbard parameters on Fe 3d and Cu 3d
states, while employing the same energy convergence criteria for the
electronic/ionic steps.

The binding energy Eb of the adsorbed species to the frame-
work has been calculated by subtracting the total energy prior and
posterior to the adsorption, i.e.,

Eb = EMOF−gas − (EMOF + Egas), (1)

where EMOF-gas is the total energy of the gas–framework system and
the last terms correspond to the individual total energies before
adsorption. Zero-point energies and thermal corrections are not
considered in this definition. Effects of spin-polarization and Hub-
bard corrections (GGA+U) on Fe 3d and Cu 3d states over the
quantity expressed by Eq. (1) have also been evaluated for the Fe-
and Cu-based metal–organic frameworks.

III. RESULTS AND DISCUSSION
A. Bulk structures

In order to evaluate how the metallic center affects the ability
of a non-functionalized metal–organic framework to capture carbon
dioxide, we have considered the bulk structure from MIL-53 (Fe3+)
with a diamond-shape pore, also called the narrow pore form. This
material crystallizes in a P21/c space group with unit cell dimensions
given by a = 19.32 Å, b = 15.04 Å, c = 6.84 Å, and β = 96.3○. Initially,
lattice parameters have been constrained during the relaxation step
in order to maintain the spatial group symmetry of the crystalline
structure. Table S1 shows that the optimization of lattice parameters
leads to a slight decrease of ∼1–2 Å of the b lattice parameter and
variation of <2○ in the lattice angles for these systems that are not
expected to affect the adsorption thermodynamics upon expansion
into the 2 × 2 supercell.

In MIL-53 (Fe3+), the inorganic counterpart formed by the iron
metallic center is linked to the benzene dicarboxylate (BDC) ligands
via oxygen atoms that are located in equatorial positions. In the axial
positions, the hydroxyl groups form a region that can interact with
the guest molecule as the hydrogen atoms are pointed out vertically
to the pore center, while not presenting any steric hindrance. In this
sense, the vertical distance between hydrogen atoms from different
inorganic counterparts has been calculated as dH–H = 5.20–5.40 Å,
with iron atoms from adjacent parts being distanced by 19.32 Å.
Replacing the metallic center by aluminum or copper in MIL-53 (Al)
and MIL-53 (Cu) does not promote variations in the pore width
(∼19.3 Å), but its size is diminished for the aluminum case (dH–H
= 5.11 Å). Additionally, there is a shortage in the Al–O chemical
bond of about ∼0.2 Å in comparison to Fe–O or Cu–O, which might
be resultant from a stronger interaction between the metallic center
and the oxygen connecting the organic counterpart. At this point,
it is necessary to emphasize that MIL-53 (Al3+) does not present
the same crystal structure as the iron-based material; thus, it is an
approximate model for this study.17

B. Electronic structure
This analysis has been primarily considered to validate the

density functional theory methodology, but also to establish the

structural parameters that are optimized during the relaxation pro-
cess, i.e., the ionic positions are always considered but the lattice
parameters are usually kept fixed throughout the relaxation.

MIL-53 (Fe3+) has shown photoactivity in the visible light
region with an experimental optical gap of 2.64 eV, which corre-
sponds to an absorption edge at λ = 470 nm.47 Furthermore, the
authors point out that the maximum absorption at λ = 220 nm
is due to the ligand to metal charge transfer, O (II) → Fe (II).47

Figure 2 and Fig. S1 depict the density of states of MIL-53 (X), where
X = Fe3+, Al3+, and Cu2+, as obtained using the Gaussian smear-
ing and tetrahedron method with Blöchl corrections, respectively.
The latter choice is justified by the semiconducting nature of these
materials, which requires such a methodology for an appropriate
description of their intrinsic bandgaps, whereas the Gaussian
smearing facilitates the plot visualization.

For Fe- and Cu-based metal–organic frameworks, the GGA+U
methodology has been used to deal with the self-interaction prob-
lem from the GGA approximation to density functional theory that
often leads to an underestimated bandgap.48–50 In this sense, these
calculations were performed in a static mode after spin-polarized
ionic relaxation within the PBE level of theory. These open-shell
systems present an octahedral d orbital splitting with the electron
occupancy in Cu d-orbitals expressed as (t3↑↓

2g e2↑,1↓
g ), whereas the

magnetic moment (μ) for Fe3+ (4.5 μb/atom) suggests a high-spin
state with electron occupancy given by (t3↑

2g e2↑
g ).

An interesting point is that μ for oxygen atoms is slightly
increased at the hydroxyl groups in the Cu-based MOF
(∼0.3 μb/atom) in comparison with the Fe-based system
(<0.2 μb/atom), which is not verified for the oxygen atoms
connected to the BDC ligands. Although the Cu-based MOF does
not exhibit a significant change in the atomic μ for the metallic
centers regarding the level of theory, the iron-based material does
have a significant variation in this property (1.0–4.0 μb) within
the PBE level, which would lead to Fe3+ ions displaying different
electronic configurations along the symmetric crystal environment.
Such inaccuracy to describe the Fe-based MOF electronic structure
could affect the thermodynamic properties if this effect is not
propagated upon addition of the carbon dioxide molecule in the
further steps.

For MIL-53 (Fe3+), the optimum value for the Hubbard param-
eter on Fe 3d states was estimated to be U = 7 eV and J = 1 eV
to give a theoretical bandgap (Eg = 2.20 eV) that shows fair agree-
ment with the experimental report.47 As displayed in Fig. 2(a),
this system has the valence band maximum (VBM) mainly com-
posed of O 2p orbitals connecting to the metallic center, which
persists until −2.6 eV. In the valence band, the spin-up contri-
butions from Fe 3d states have a rising contribution from ∼−0.3
to −0.7 eV, but the conduction band minimum (CBM) is basi-
cally determined by the position of the spin-down contributions
from these atoms. Fingerprints from C–H and O–H bonds can
be easily identified in the H 1s plot [Fig. 2(a)- bottom] with four
clear peaks in the interval from −1.8 to −5.7 eV that match well
with C 2p states and O 2p states that are present in the same
interval.

In Fig. S1(b), the calculated bandgap for MIL-53 (Al3+) is
Eg = 3.23 eV, which also shows good agreement with the experi-
mental value reported by Guo et al. (Eexp = 3.56 eV).51 In the same
work, the authors have found that this material has an absorption
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FIG. 2. Density of states obtained for the metal–organic frameworks under investigation at the level of theory: PBE/800 eV for MIL-53 (Al3+) and GGA+U/800 eV, with
U = 7 eV on Fe 3d or Cu 3d states of MIL-53 (X = Fe3+, Cu2+). Code: VASP /Gaussian smearing method with σ = 0.1.

edge at λ = 348 nm; therefore, it would not exhibit activity in the
visible region for eventual photocatalytic purposes. Here, it is veri-
fied that the valence band is formed mainly of O 2p and C 2p states
from the top (−0.3 eV) until −2.3 eV. Al 3p states do not participate
in the VBM or CBM composition, which are prominent just in the
range of −2.1 to −7.1 eV with very low density of states (<2.6 den-
sity of states/eV). In the VBM, a very low contribution from Al 3s
states (0.11 DOS/eV) can be seen at −2.9 eV. This is the reason for
the large bandgap shown by this material, since the CBM is formed
by the overlapping of 2p states from carbon and oxygen atoms that
lie much higher in energy than the unoccupied d states from Fe and
Cu atoms. Here, the C–H and O–H bonds are verified upon orbital
overlapping from −1.74 to −10.0 eV with four major peaks that are
shifted in about +0.25 eV compared to the Fe-based MOF.

As displayed in Fig. 2(c), MIL-53 (Cu2+) has a similar den-
sity of states profile shown by the iron-based system with Cu 3d
unoccupied states lying much lower in energy compared to Fe 3d
states. Therefore, the overlapping with unoccupied states from oxy-
gen atoms is promoted initially at +0.23 eV (1.4 eV lower than
Fe-based MOF) to significantly reduce the bandgap. On the other
hand, carbon unoccupied orbitals will just appear with a higher
intensity at about +3.0 eV. This material has a calculated bandgap
of Eg = 0.83 eV using U = 7 eV and J = 1 eV for Cu 3d states
[see Fig. S1(c)].

C. Gas capture
Figure 3 displays the adsorption sites (labeled by different num-

bers) here under consideration for CO2 capture. At site (1), the
interaction takes place via hydrogen atoms from hydroxyl groups

that are connected to the metallic center in the axial positions. At
site (2), the interaction occurs with the ligand carbon and hydrogen
atoms through the oxygen atom. At site (3), the molecule is expected
to move freely inside the pore to interact via carbon or oxygen atoms.
Horizontal interactions with hydrogen from the BDC ligand have
been considered at site (4). Finally, at site (5), the guest molecule
has been placed to interact with both inorganic (via hydroxyl
groups) and organic (via carbon) counterparts. Table I contains
the gas–framework binding energies (Eb) calculated via Eq. (1)
for all configurations (in kJ/mol). Inclusion of spin-polarization
has been considered at the third and fourth columns, in which
the latter column is estimated within the GGA+U level of the-
ory. The experimental values are available in the last column for
comparison.

Mahdipoor et al. have previously determined the absolute
heat of adsorption for MIL-53 (Fe3+) in 58.7 kJ/mol by experi-
mental methods.52 Table I (second column) indicates that Eb lies
between −47.60 and −73.42 kJ/mol for this material, which gives
an overestimation of ∼25% for the most favorable configuration
(site 1). In this system, the final configuration shows a small angular
shift for a better (CO2) O⋅ ⋅ ⋅H (MOF) interaction at ∼1.97 Å.
Such an interaction does not alter the O–H bond (∼0.98 Å) from the
hydroxyl groups or the C=O bond (1.18 Å), a typical behavior for
weak van der Waals interactions. Thus, one should not expect any
changes in the electronic structure of this system since there is no
orbital hybridization between O 2p (CO2) and H 1s orbitals (-OH
group). Here, the comparison between experiment/calculation
methods is given with the absolute values for heat of
adsorption.
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FIG. 3. Initial configurations for CO2 adsorption inside the MOF structures under investigation: the interaction takes place vertically in 1, 2, and 5, whereas in 3 (in detail) and
4, the carbon dioxide molecule has been placed in a horizontal position. The red, gray, and white spheres correspond to oxygen, carbon, and hydrogen atoms, respectively,
whereas the golden sphere is representative of Fe, Al or Cu.

It is interesting to note that applying spin-polarization effects,
within the DFT/GGA theory level (third column), does not
improve the theory–experiment agreement, instead leading to an
even more significant overestimation in terms of absolute values

(Eb = −189.58 to −245.43 kJ/mol). In order to investigate the under-
lying reasons for such a discrepancy, the atomic magnetic moment
(μ) at the metallic site has been evaluated for each case (see Table S2).
The supercell prior to adsorption has ∼1–3 unpaired electrons at the

TABLE I. Binding energies (Eb) for several possible configurations upon carbon dioxide adsorption within the GGA level
without spin-polarized effects (second column, ISPIN = 1), as well as with its inclusion (third column, ISPIN-2). GGA+U
values correspond to spin-polarized calculations with U = 7 eV and J = 1 eV on Fe 3d or Cu 3d states. Note that the
comparison between the heat of adsorption and Eb, which is based on the total energy variation prior and posterior to the
adsorption, is held using the absolute values. In the last column, the absolute values of heat of adsorption are taken from the
literature. The boldfaces denote the most favorable Eb for each case.

Binding energies (Eb, kJ/mol)

GGA GGA+U Heat of adsorption
Configuration ISPIN-1 ISPIN-2 ISPIN-2 (kJ/mol)

MIL-53 (Fe3+)

1 −73.42 −242.04 −47.13 58.752

2 −69.57 −198.47 −38.19
3 −48.34 −189.58 −21.26
4 −47.60 −215.50 −29.11
5 −51.55 −245.43 −17.71

MIL-53 (Al3+)

1 −36.19 ⋅ ⋅ ⋅
2 −35.61 ⋅ ⋅ ⋅
3 −36.73 ⋅ ⋅ ⋅ 35.018

4 −34.17 ⋅ ⋅ ⋅
5 −19.39 ⋅ ⋅ ⋅

MIL-53 (Cu2+)

1 −39.80 −42.87 −35.85
2 −28.34 −39.90 −32.19
3 −33.23 −46.97 −33.66 n/a.
4 −30.38 −47.36 −30.97
5 −29.71 −37.49 −34.18
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FIG. 4. Final configurations for CO2
adsorption inside MIL-53 (Fe3+) after
ionic relaxation. In (a), the most favor-
able configuration at site 1 is shown,
whereas the other systems are rep-
resented in (b). Note: the position of
the hydrogen (from -OH groups) slightly
varies for each case. The red, gray, and
white spheres correspond to oxygen,
carbon, and hydrogen atoms, respec-
tively, whereas the golden sphere is rep-
resentative of Fe.

metallic center (μ = 1.0–2.7 μB), but the introduction of the guest
molecule promotes oscillations in the electron occupancy across the
framework for all sites. As a result, the total magnetization does not
remain constant in the series, even with multiple reoptimizations
being carried out after the convergence is reached. These data clearly
indicate the lack of consistency in the GGA level of theory to describe
the open shell configuration of these frameworks, i.e., to find the
correct minimum energy configuration in the potential energy
surface, since the gas capture does not involve the metallic center
in a direct way to justify the change in its electronic structure.

On the other hand, μ remains constant upon addition of car-
bon dioxide within the GGA+U approximation as displayed in the
fourth column in Table S2. In this case, the use of Hubbard cor-
rections has returned Eb = −47.13 kJ/mol, which has an agreement
of 80.3% with the experimental reported value.52 The total magne-
tization determined for this material (mag = 80.00 μB) establishes
a coherent high spin configuration with five unpaired electrons for
each Fe atom. Changes in the U parameter (U = 6 and 8 eV) have
been tested for better tuning of Eb, but no significant improvement
has been observed (<1 kJ/mol) for site (1).

The absolute heat of adsorption measured by Bourrelly et al.18

(35 kJ/mol) is indicative of a much weaker gas–framework inter-
action in MIL-53 (Al3+) in comparison with the Fe-based MOF
(58.7 kJ/mol).52 This property has been properly described by
our calculations, where the most favorable configuration (3) over-
estimates the experimental value by only 1.73 kJ/mol (<5%,
Eb = −36.73 kJ/mol). For matters of comparison, Ramsahye et al.
have determined Eb = −41 kJ/mol for MIL-53 (Al3+) within the
PW91 level of theory/double numerical basis set with polarization

functions applied on hydrogen atoms, using a different model for
MIL-53 (Al3+) that is based on its crystallographic data.17 Thus, the
present study shows better agreement, and Fig. S2 (a) and (b) illus-
trate the final structures after ionic relaxation with the experimental
result than that found by previous works.17,27

The Cu-based MOF has site (1) as the most favorable config-
uration within the PBE level of theory, with Eb = −39.80 kJ/mol in
the non-spin polarized case. The final geometry can be visualized in
Figs. S3(a) and S3(b), where the guest molecule is also rotated in rela-
tion to site (1) in a similar position to that verified for the Fe-based
MOF. Here, it is remarkable that the inclusion of spin-polarization
effects provides a smoother trend with Eb = −37.49 to −47.36 kJ/mol
in comparison with the Fe-based MOF. This can be associated with
the lower number of unpaired electrons in the Cu-based MOF that
approximates the solution to the non-spin polarized case, but it still
provides a different chemical trend for this framework series.

In the GGA+U case, Eb = −35.85 kJ/mol is 7.0 kJ/mol lower
than that predicted by the PBE method, suggesting a very simi-
lar heat of adsorption for this material in comparison with MIL-53
(Al3+). The final magnetization in the supercell (mag = 32.00) is
coherent with the presence of one unpaired electron in each metallic
center (∼0.9 μB/atom) and a slight magnetization on O atoms from
the metal–organic framework (∼0.1–0.3 μB). Hence, the presence of
an unpaired electron confirms the Cu d9 electronic configuration
arising from the Cu2+ oxidation state in these systems. Therefore,
this methodology is consistent to determine the electronic config-
uration for these materials prior and posterior to the adsorption,
thus providing total energies that can be compared with each other.
The method itself determines the correct magnetization in the first
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FIG. 5. The main H⋅ ⋅ ⋅O interactions in
MIL-53 (X), where X = Fe3+, Al3+, or
Cu2+ before the gas adsorption. The red,
gray, and white spheres correspond to
oxygen, carbon, and hydrogen atoms,
respectively, whereas the golden sphere
is representative of Fe, Al, or Cu. Level
of theory: PBE/non-spin polarized.

electronic convergence that remains constant in the further steps
until the ionic relaxation is finished. This is not verified for the PBE
method, where the magnetization tuning along with the ionic relax-
ation process could lead to different electronic structure descriptions
for some systems.

Albeit these frameworks have crystal structures that only dif-
fer by the metallic center, it is noticeable that the Fe-based MOF
has a binding energy (Eb) for carbon dioxide capture that is much
higher than the other frameworks (see Table I). Such disparity is not
explained by the gas–framework interaction strength since the inter-
action distance remains unaltered (1.97–2.04 Å) regardless of the
material. Moreover, the van der Waals nature of these interactions
points out the inactivity of the metallic center in the gas adsorp-
tion. Thus, we should account for other weak interactions inside
the framework that could play a significant role in the adsorption
energetics. Subsection III D will address this point in detail.

D. Structural analysis: The non-spin polarized case
It has been discussed in Subsection III C that the inactivity of

the metallic center to affect the gas–framework interactions should
lead to more similar values for Eb. In order to address this ques-
tion, the main gas–framework and framework–framework interac-
tions are investigated in this subsection. Figures 5 and 6 highlight
these interactions prior and posterior to the gas adsorption, respec-
tively, where O1–O3 correspond to oxygen atoms from the organic
counterpart. This analysis has been performed using the non-spin
polarized case for the same interaction site [site (1) for Fe has the

same final configuration as site (3) for Al and Cu] as the GGA+U
methodology has not been employed for structural relaxation of the
Al-based MOF. All relevant data are reported in Table II.

It is noticeable that the vertical distance between hydrogen
atoms from different inorganic counterparts d(H1⋅ ⋅ ⋅H2) increases
in the order Fe < Al < Cu as the H–O bond in the hydroxyl group
is bent toward the organic counterpart. Such geometrical distortion
is an overall effect of the electrostatic attraction between hydrogen
(H1) and the surrounding oxygen atoms connected to that
counterpart. In MIL-53 (Cu2+), the attraction is more evident due
to the shorter H1⋅ ⋅ ⋅O1 and H1⋅ ⋅ ⋅O2 distances (2.55 and 2.62 Å),
while the (O1⋅ ⋅ ⋅H1⋅ ⋅ ⋅O2) angle is about 26○ higher than that in
the other MOFs. Nonetheless, these interactions are weakened upon
gas adsorption, as indicated by the stretching of H1⋅ ⋅ ⋅O1 and
H1⋅ ⋅ ⋅O2 distances to up to 2.98 Å (an increase of ∼0.4 Å) in MIL-
53 (Cu2+), which is a more significant variation than that observed
for the other frameworks. Furthermore, the decrease of 56.4○ in
the a(O1⋅ ⋅ ⋅H1⋅ ⋅ ⋅O2) angle for this framework upon adsorption
indicates a weakened interaction between the gas and the organic
region.

Other interactions inside the framework after adsorption are
quite constant regardless of the metallic center. For instance,
d(H1⋅ ⋅ ⋅O4) and d(H2⋅ ⋅ ⋅O5) distances lie in the range 1.97–2.05 Å
for all systems, whereas the interaction between the oxygen
atom from the organic counterpart and the carbon atom, i.e.,
d(C1⋅ ⋅ ⋅O6), is about 2.81–2.90 Å. Thus, these interactions are not
dictating the differences seen in the gas adsorption energetics of
these frameworks.

FIG. 6. The main interactions after gas adsorption at site (1) inside the MIL-53 (Fe3+). Note that the interactions may vary according to each system. The red, gray, and white
spheres correspond to oxygen, carbon, and hydrogen atoms, respectively, whereas the golden sphere is representative of Fe, Al, and Cu. Level of theory: PBE/non-spin
polarized.
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TABLE II. Structural parameters given by atomic distances (d, in Å) and angle (a, in ○) of the main contributions to the gas adsorption energetics in MIL-53 (X), with X = Fe3+,
Al3+, or Cu2+. In the second column, the oxygen atoms (O1–O6) are located either at the organic counterpart (organic) or the gas molecule (CO2). Level of theory: PBE/non-spin
polarized.

MIL-53 (Fe3+) MIL-53 (Al3+) MIL-53 (Cu2+)

Atomic distance (Å)/Angle(○) Oxygen Initial +CO2 Δd Initial +CO2 Δd Initial +CO2 Δd

d(O1⋅ ⋅ ⋅H1) Organic 2.87 2.82 −0.05 2.90 2.85 −0.05 2.55 2.69 0.14
d(O2⋅ ⋅ ⋅H1) Organic 2.64 2.64 0.00 2.71 2.69 −0.02 2.62 2.98 0.36
d(O3⋅ ⋅ ⋅H1) Organic 2.71 2.95 0.14 2.68 2.89 0.21 3.12 2.97 −0.15
d(H1⋅ ⋅ ⋅H2) ⋅ ⋅ ⋅ 5.16 5.44 0.28 5.22 5.39 0.17 5.50 5.76 0.26
d(X–X) ⋅ ⋅ ⋅ 7.50 8.46 1.16 7.52 8.42 0.90 7.52 8.47 0.95
d(H1⋅ ⋅ ⋅O4) CO2 ⋅ ⋅ ⋅ 1.97 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.98 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.04 ⋅ ⋅ ⋅

d(H2⋅ ⋅ ⋅O5) CO2 ⋅ ⋅ ⋅ 1.97 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.98 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.05 ⋅ ⋅ ⋅

d(C1⋅ ⋅ ⋅O6) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.88 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.90 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.81 ⋅ ⋅ ⋅

a(O1⋅ ⋅ ⋅H1⋅ ⋅ ⋅O2) Organic 114.6 115.1 0.5 112.0 113.2 1.2 138.9 82.5 −56.4

Eb (kJ/mol) −73.42 −36.73 −39.18

The process of gas accommodation inside the framework pore
promotes an increase in the distance between metallic centers in
about d(X–X) = 0.9–1.2 Å. As this distance is decreased in the adja-
cent unit cells by ∼0.5 Å, it is suggested that the presence of the
guest molecule slightly opens the pore, whereas the flexibility of
this model is clarified. Thus, the wider space opened between dif-
ferent inorganic regions in MIL-53 (Cu2+) could slightly decrease
the interaction strength with the guest molecule, i.e., the adsorp-
tion enthalpy or heat of adsorption, as the hydrogen atoms are the
main sites contributing to the adsorption. However, the constant
gas–framework interactions suggest that internal interactions inside
the framework involving the hydroxyl group and organic counter-
part have significant contributions to the binding energy of these
materials.

IV. CONCLUSIONS
In the current study, we have investigated the effect of vary-

ing the metallic center in the inorganic counterpart of MIL-53
(X), where X = Fe3+, Al3+, Cu2+, on the carbon dioxide adsorp-
tion by using first-principles methods. The relevance of applying
spin-polarization and Hubbard corrections (GGA+U method) to
describe the electronic structure and gas adsorption energetics has
been investigated. The Hubbard parameters for Cu- and Fe-based
MOFs have been initially estimated through electronic structure
assessment, in which the values of U = 7 eV and J = 1 eV are found
to be appropriate to treat the Fe d and Cu d states. Within this
theory level, MIL-53 (Cu2+) has a calculated bandgap of 0.83 eV,
whereas MIL-53 (Fe3+) and MIL-53 (Al3+) display bandgaps of
2.20 and 3.23 eV, respectively, in fair agreement with experimental
reports.

In fact, the proper description of the metal orbital occupancy in
the open shell systems is achieved using the spin-polarized GGA+U
calculations. The atomic magnetic moment on the metallic center
is, in this context, an important parameter to be tracked throughout
the adsorption process, as it should remain constant prior and pos-
terior to the adsorption. Here, MIL-53(Fe3+) is found to stabilize on
the high-spin configuration with five unpaired electrons per atom

and with a CO2 binding energy of −47.13 kJ/mol in good agreement
with the experimental finding for heat of adsorption. It should be
pointed out that our thermodynamics assessment includes only the
total energy contribution for the reaction enthalpy, i.e., temperature-
dependent contributions to the internal energy, zero-point energy,
and pV term are not included. Therefore, the agreement with the
experimental outcome could be further improved if such contri-
butions are included and specific thermodynamics conditions are
properly simulated. However, it lays beyond the scope of the cur-
rent study. In the case of the Cu-based MOF, we have obtained
a CO2 binding energy of −35.85 kJ/mol. The latter is similar to
the one obtained for the Al-based MOF, viz., −36.73 kJ/mol. These
results indicate that Cu-based MIL-53 is a promising framework for
CO2 capture applications. Concerning the structure, the CO2 guest
molecule is stabilized within the MOF pore center through weak
interactions with the hydroxyl groups of the inorganic counterpart,
which shows the relevance of the coordinating molecule on the metal
site. These results provide insights for future design of suitable MOF
compounds for CO2 capture and storage.

SUPPLEMENTARY MATERIAL

See the supplementary material for density of states obtained
for the metal–organic frameworks under investigation using the
tetrahedron method with Blöchl corrections and final configura-
tion for gas adsorption inside MIL-53(Al3+) and MIL-53(Cu2+) after
ionic relaxation. The supplementary material is available free of
charge on the ACS Publications website.
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