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ABSTRACT: In this work, we have tackled the challenging
task of the ab initio modelling of a gigantic metal-organic
framework (MOF). The structural features of MIL-100(M"")
with different metals (i.e. M=Al, Sc, Cr, Fe) and the
interaction of CO2 with the unsaturated coordination metal
sites were investigated by means of large scale quantum
mechanical calculations with hybrid HF/DFT methods
augmented with an atom-atom pairwise dispersion
correction in a fully periodic approach. In doing this, we took
advantage of the high scalability of the massively parallel
version of the CRYSTAL code. Overall results are in good
agreement with experiment, in particular for the predicted
structures, while some discrepancies have been found for
adsorption energies in the case of MIL-100(Cr) and MIL-
100(Sc). We argue that this is due to a deviation of the ideal
model structure of MIL-100 adopted in this work from the
actual synthesized material. This is also supported by
additional calculations on a MOF with similar adsorption
sites and computed data from literature. Above all, we
demonstrate that ab initio modelling of the structure and
properties of MOFs can now be performed on very large and
complex frameworks.

Introduction

Some decades ago Metal Organic Frameworks (MOFs) emerged
as a new technologically interesting family of materials that
belong to the broad class of coordination polymers. Since then,
their structure, properties and use in next-technology applications
have been widely discussed in review articles and many special
issues (see Ref. »** and citations therein). MOFs are built of
inorganic moieties, usually a metal or a cluster, and organic,
polytopic ligands, acting both as secondary building units that are
linked throughout space to form a tridimensional framework °. In
many cases they possess a stable and porous crystalline structure
that can show a high or even ultra-high degree of porosity °. One
of the major advantages of MOFs is the chemical versatility of
the combination of inorganic and organic components that
imparts the material an extraordinary structural variety. The
search for MOFs with specific structure-property relationships
has led to the syntheses of a huge number of new MOFs with
different sizes from small to medium and even giant MOFs 7.
They have then been tailored to display such peculiar features
(e.g. porosity and ordered structure) optimally 8. It is not
surprising that a hot topic area in which MOFs have played a

major role in the last years is gas capture and storage and gas
mixtures separation °; in particular, they show larger CO:
adsorption capacity at high pressures than most zeolites and
carbon materials due to their higher surface area and pore
volume!%1112,

From a modelling viewpoint, computational methods can be
employed to estimate the adsorption capacity of these nano-
porous materials and accurately predict selectivity and uptake of
gases on the basis of atomistic level knowledge of their structure
and properties'>!'*15, As in some cases this might be out of reach
of experimental methods, it may represent a basis upon which to
design specifically tailored frameworks. With this in mind,
simulations have been already used to characterize MOFs for gas
adsorption together with its mechanisms '¢!7, with the methods
employed ranging from molecular mechanics (MM) with both
classical and semi-classical force-fields'®'%?°, to quantum
mechanical (QM) methods, passing through QM/MM
approaches.

Molecular mechanics methodologies have the advantage of being
very cost effective for MOFs. For instance, by using ad hoc
modified versions 2122 of well-behaved force fields, there are
many theoretical studies of CO2 adsorption in MOFs using Grand
Canonical Monte Carlo (GCMC) simulations reported in the
literature >>'°, These are based on atomistic potential parameters
and a partial charge model.

Since many MOFs have very large and complex structures and
quantum mechanical calculations on these structures can become
very demanding, QM/MM approaches have been also proposed
in order to investigate the interaction of molecules with the
unsaturated metal centres. These methods have been used for
studies of adsorption and especially catalysis 2#2°2°, A small
region around the active site is treated by the expensive but
accurate QM methods, while the rest of the system is treated by
MM force fields, which may represent a cheaper solution. The
problem is then to develop methods to handle the boundary
between the two methods, but significant progress has been made
here 2.

However, in spite of the cost, quantum mechanical modelling of
the adsorption in MOFs has been successfully employed in the
recent years by means of a periodic approach
30,31,32,33,34,35,36,37.38,3940_which is the natural choice for crystalline
systems as MOFs. Nevertheless such work has previously been
limited to small to medium size frameworks and their interaction
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with small molecules. Alternatively, cluster models have also
been adopted (see for instance ref. 4!, which is relevant for the
present work, vide infra). Although in this case higher-level QM
methods than DFT approximations can be used, the size of both
the cluster and adsorbed molecule can pose a limit in modelling
adsorption in MOFs, in particular when the adsorbate can interact
with the framework. In addition, when cutting the cluster
dangling bonds must be properly saturated.

Therefore, here we report a step forward in the ab initio modelling
of MOFs by investigating the adsorptive capacity of the so-called
giant MOFs through a fully periodic quantum mechanical
approach. Among the giant MOFs, MIL-100 and MIL-1014? are
amongst the most representative. They are comprised of oxo-
centered trinuclear units (hereafter denoted as trimeric units, TU)
of trivalent metals M'' octahedral connected with 1,3,5-BTC
(benzene-1,3,5-tricarboxylic acid also known as trimesic acid)
and 1,4-BDC (benzene-1,4-dicarboxylic acid), respectively. They
were originally synthesized with Cr as the metal ion, but then
other isoreticular frameworks were obtained with different metals
(i.e. MII=A14 S, 444546 vV 47 Mn,* Fe,4%0), in particular for
MIL-100.

In this study, we focused on MIL-100 whose crystallographic and
secondary building units are shown in Figure 1. It is a highly
porous material with cages of different size from micro- (6.5 A)
to meso-pores (25.0-30.0 A) and featuring a surface area of 3340
m?/g, that is 3 times larger than the values measured for the
MCM-41 inorganic mesoporous materials*? For this reason such
a giant MOF is also denoted as mesoporous MOF. Furthermore,
it has a very large unit cell that contains around 2800 atoms in the
primitive cell (see Figure 1) which makes it a very challenging
system to be modelled by means of quantum mechanical
methods. In addition, as we mentioned above, one of the hottest
topics in MOFs research is their application in clean energy and
environmental protection, as for COz capture and sequestration.
An important aspect in maximizing the uptake of gases within
porous MOF crystals is to increase the number of adsorption sites.
Due to its giant framework, MIL-100 is characterized by the
presence of more than 100 coordinatively unsaturated (CUS)
metal atoms that are exposed at the inner surface of the pores in
the unit cell. Notably, MIL-100(Cr) also shows the highest
adsorption enthalpy among a large set of MOFs 11,

From a computational viewpoint, there are at least two specific
challenges related to the present work: the importance of
accurately predict the interaction between the adsorption site and
carbon dioxide by including dispersive forces and, above all, the
hard task of tackling the large system size of MIL-100.

To cope with the former aspect, an accurate, reliable yet simple,
cheap and widely used method to include dispersion interactions
was adopted. It consists of augmenting the semilocal or hybrid
functional with an atom-pairwise term of the form f(r®) as in the
semi-empirical DFT-D family of methods of Grimme et al. 51-5253
that have been extensively applied to both molecular
complexes®3*5 and extended systems *>57 where the London
dispersion interactions play a major role *%%, It is also worth
mentioning that dispersion corrected DFT-D methods have been
successfully applied to model the adsorption of CO: in several
MOFs ©0.61.33.62.63,6465  Remarkably, the DFT-D approach has
been shown to give results in good agreement with CCSD(T)
calculations .

The second challenge is the most demanding one; indeed the
system size requires an efficient and highly parallelized code in
order to make calculations feasible. To this end, we have adopted

the CRYSTAL periodic code ¢ in its massively parallel version
(MPP), specifically tailored to achieve an excellent scalability on
HPC systems 8. It can treat very large unit cell systems with large
memory requirements, as the matrices in the reciprocal space are
fully distributed over the processes and parallel Linear Algebra
Library routines (ScaLapack) are used for diagonalization,
matrix products, Choleski decomposition and other
operations. The required memory per process has also been
strongly reduced for large systems containing thousands of
atoms per cell. In addition, CRYSTAL adopts atom-centered
Gaussian functions and this constitutes a clear advantage
compared to a plane-waves based approach for very large
highly porous systems. Furthermore, the code allows for an
accurate and efficient evaluation of the exact Hartree Fock
exchange needed for hybrid HF/DFT methods as with the
B3LYP® PBE07° or M06 7! functionals, to mention a few.

Hence, the purpose of this work is twofold. Firstly, we
predict the structural features of MIL-100(M™) with
different metals (i.e. M'=Al, Sc, Cr, Fe) and then analyse
the specific interaction of CO: with the unsaturated
coordination metal sites by means of quantum mechanical
calculations with hybrid HF/DFT methods augmented with
an atom-atom pairwise dispersion correction. Secondly, we
show that such calculations are currently affordable and can
be performed even on gigantic MOFs as MIL-100. Overall,
we demonstrate that modelling the structure and properties
of MOFs with very large and complex frameworks is now
possible and affordable.

Models and Methods
Models

MIL-100 has the formula M"™3X (H20)2 O [CsH3(CO2)3]2n H20
(M!'=Al, Sc, V, Mn, Cr, Fe) and it was first synthesized by G.
Ferey and co-workers 4> with Cr as the metal and F- as counterions
to neutralize the positively charged inorganic units. Later,
isomorphous structures of MIL-100 were prepared with different
metal atoms, namely: Al, Sc, V, Mn, Fe, with either F- or OH as
the counterion 4345464849,

MIL-100 is built by a combination of an inorganic trimeric unit
(TU) formed by a trivalent metal and a u3-Oxygen, and trimesate
organic unit acting as linker (Figure 1). These two secondary
building units (SBU) assemble to form a bigger SBU denoted
“supertetrahedron” that creates a complex tridimensional porous
structure. The resulting framework has the topology of the MTN
zeolite *> with two sets of “mesoporous” cages, namely: a small
one with a diameter of 25 A and a large one with a diameter of 29
A. Cages are connected with pentagonal and hexagonal windows
)

From XRPD measurements,*? it is known that MIL-100(M"")
crystallizes in a cubic lattice with Fd-3m space group. Actually,
the cubic symmetry as observed from experiments is due to a
structural disorder of the counterion and coordination waters. To
build a ‘realistic’ model of MIL-100(M™) we removed all water
molecules and then counterions were positioned on one of the
metal of each trimeric unit. For sake of simplicity, we decided to
model MIL-100(M™) with fluoride as the counterion and keep the
number of symmetry operators as large as possible to mitigate the
computational burden. In doing this, the positioning of the
counterions led to a symmetry lowering that results in the
tetragonal symmetry subgroup /41/amd (Space group 141) which
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still retains sixteen symmetry operators. In the resulting structure,
all fluorine atoms are located in the hexagonal windows of the
framework (vide infra).

Our final model structure of MIL-100(M")-F is then
tetragonal with 16 residual symmetry operators. The asymmetric
unit contains 16 metal atoms that are not equivalent by symmetry.
Among them, seven metal atoms are linked to the counterion (i.e.
F-) while the remaining are coordinatively unsaturated sites. It
follows that in the unit cell there are 68 trimeric units with 204
metal atoms, but only 136 are available to interact with probe
molecules such as COz: they constitute the adsorption sites and
act as Lewis acid centres. In total, the primitive unit cell contains
2788 atoms.

C

trimesate linker

P % 2
supertetrahedron

trimeric unit

Figure 1 MIL-100(M) crystallographic unit cell, on the left,
along with the inorganic and organic building blocks, in the
middle, and the actual secondary building unit of the framework
known as “supertetrahedron” 4. H, C, O, F and M, are in white,
light brown, red, light blue and violet, respectively.

As anticipated in the Introduction, four different metal species
M (MI=A], Sc, Cr, Fe) have been investigated in MIL-100
periodic models. Special attention has been devoted to model the
structure of MIL-100 for spin polarized transition metals as Cr
and Fe because of the possibility to have unit cells with various
magnetic orderings. The electronic structure of the different unit
cells were modelled by taking into account some experimental
evidence about magnetic couplings within the TU in MIL-
100(Fe)-F. For sake of brevity, more details are given as
Supplementary Information (ESI).

Computational details

All calculations were carried out by using the distributed-data
massively  parallel  version of CRYSTAL software
(MPPCRYSTAL) 67687273 we adopted hybrid HF/DFT
theoretical methods. The B3LYP functional augmented with an
empirical correction to include dispersion interactions (i.e. +D¥*)
%6 was adopted in combination with a triple-zeta quality pob-
TZVP/6-311G(d,p) basis set, namely: a 6-311G** Pople basis set
for the organic part of the framework (i.e. H, C and O) and the
Peintinger-Oliveira-Bredow basis set # on the metal atom. For
the CO2 molecule, a TZP basis set was employed 7. The overall
basis set contains more than 50000 basis functions (BFs). The
numerical accuracy for integral calculations and SCF
convergence was set high enough to guarantee and accurate
determination of the electronic structure. This is crucial for spin
polarized systems (i.e. MIL-100(Cr) and MIL-100(Fe) in that
magnetic solutions involve very low differences in energy AE of
the order of 10 Hartree.

The model structure of MIL-100(M™) as described in the
previous section was fully optimized (i.e. lattice parameters and
atomic positions) both “as it is” and with 8 and 16 CO2 molecules
in the unit cell (vide infra), keeping the residual symmetry of the
system. The adsorption energy was evaluated through a
supramolecular approach. Basis set superposition error was taken
into account through the Boys-Bernardi counterpoise correction
76, Single point energy calculations on the B3LYP-D* optimized
geometries were also performed by employing B3LYP combined
with the recently proposed D3(ABC) scheme 3 for dispersion
energies and the M06-D meta-GGA hybrid functional 7! which is
known to provide better results for transition metal atoms 77 such
as Cr and Fe.

All calculations were performed at the SuperMUC (LRZ,
Germany) ® HPC IBM iDataPlex machine powered by 16 Intel
cores per node running at 2.7 GHz, with 2GB/core. On average,
each calculation was run on 1000-1200 cores. An assessment of
the performance of the CRYSTAL code has also been carried out
to evaluate the scaling of the code on more than 1000 cores on a
model system closely resembling the final model structure of
MIL-100, but without any remaining symmetry. The results of the
scaling and timings are reported as Supplementary Information.
The scaling with the number of cores is excellent and proves the
feasibility of the calculations of structure and properties
performed on unit cells of thousands atoms by means of
MPPCrystal on High Performance Computating facilities.

In addition, we also take advantage of the replicated data parallel
version of the module Pproperties 7 of CRYSTAL to compute
electron charge density and electrostatic potential 3D maps of
MIL-100. Graphical representation of the 3D isosurfaces has
been done with Mol 8081,

Results and Discussion
Structure

Let us start by discussing the results about the structure of
MIL-100(M™) alone. The lattice parameters calculated for each
isoreticular structure at the adopted level of theory and the
deviation from the experimental data are reported in Table 1. The
optimized structures of bulk MIL-100(M™) have been reported as
Crystallographic information file in the Supplementary
Information.

Even though the computed structures correspond to a
tetragonal space group, the difference between a and ¢ vector is
very small and the c¢/a ratio is very close to one. Therefore, a very
small deviation from cubic lattice is predicted for the isoreticular
family of MIL-100(M™) and the optimised structures can be
considered as pseudo-cubic with the average lattice parameter
being very close to the experimental value as shown in Table 1.
The percentage deviation of the unit cell volume from the
experimental data is very small, it is below 1% except for Sc. In
the latter case the experimental value has been measured at 298
K and the counter-ion is OH" instead of F~. In spite of this, the
overall results are in excellent accord with experimental findings
and the agreement is impressive for such a large and complex
structure.



Table 1. Predicted lattice parameters (LP) of MIL-100(M™) optimized at B3LYP-D*/pob-TVZP + 6-311G (d,p) level in comparison with
experimental data along with the percentage deviation of volume (AV%). Details of the counterion used in the synthesis and structure

determination of each isoreticular MIL-100 sample are also indicated .

mH a c cla Volume

Mean LP

a Volume Exp. details® AVY%

Current work

Al 71531  71.494  0.9995 365816.0 71.519

Sc 74676 74823  1.0020 417248.2 74.725

Cr 72.602  73.249  1.0089
Fe 73.158  73.302  1.0020

386097.1 72.818
392311.9 73.206

2 Type of counterion, experimental technique and temperature

Ferrimagnetic solution

Ferromagnetic solution

Figure 2. Schemes for the spin coupling between the unpaired
electrons of the metal atoms in the inorganic secondary building
unit for the two magnetic configurations of MIL-100 (Cr) and
MIL-100 (Fe) investigated in the present work. Arrows represent
the orientation of the total spin of the metal atom: Cr (S=3/2) and
Fe (S=5/2).

For MIL-100(Cr) and MIL-100(Fe), calculations become even
more complex due to the presence of unpaired electrons for the
two transition metals. Two different spin state configurations
have been investigated for the inorganic secondary building unit
as sketched in Figure 2.

For MIL-100(Fe), in accordance with experimental evidence
from Mossbauer measurements 4°, we fixed the electronic
configuration of iron in a high-spin state (S=5/2). Computed
results show that a ferromagnetic interaction among metal atoms
in the TU that tends to align the spin vectors in a parallel fashion,
is disfavoured by 5.0 kJ/mol per iron atom with respect to a
ferrimagnetic solution in which an antiferromagnetic interaction
is present. This agrees with experiment as reported by Serre and
co-workers 4, For MIL-100(Cr) a similar ferrimagnetic solution
has been found to be slightly more stable than the ferromagnetic
one by 0.5 kJ/mol per Cr atom. Notably, predicted structures for
MIL-100(Cr) and MIL-100(Fe) are also in very good agreement
with experimental data as shown in Table 1.

The spin density 3D maps of the most stable magnetic
configuration for MIL-100 with Cr and Fe isoreticular
frameworks are displayed in Figure 3. As expected, unpaired
electrons are mostly localized around the metal and the spin
density resembles the partly occupied d orbitals of the atom. The

Experimental data

71687 368010 OH XRSCD.100K 444
74350 4110000 ~ OHHXRPD.28K - o

72.906 387511.4
73.340 394481.1

F-, XRPD, 80K 4 -0.36
F-, XRPD, 80K*° -0.55

spin density is also slightly spread onto the surrounding oxygens
and on the counterion. This is more evident in MIL-100(Fe) than
in the chromium analogue. Interestingly, while some magnetic
coupling is observed within the atoms of the trimeric units, no
magnetic interaction is visible between them, through the organic
linkers, thus suggesting that the trimeric units act as independent
moieties with respect to the magnetic ordering of the whole
framework.

Electrostatic potential

Before discussing the interaction of CO2 with the open metal sites
of the MOF, it is interesting to examine the electrostatic potential
generated by the framework of MIL-100(M™). Indeed, the
electrostatic interaction between the porous framework and gas
molecules can enhance the separation of mixtures in which the
components have largely different polarities. This could have
large effects in the CO: storage capacity in MOFs. Since the
quadrupole moment of CO2 is much larger than that of H»
molecules #2, the electrostatic interaction CO2-MOF is already
high at room temperature and low pressure.

Figure 3. Spin density maps (isosurface: 0.003 e) for MIL-
100(Cr) (left) and MIL-100(Fe) (right) for the ferrimagnetic
electronic configuration. The spin majority is in red while the spin
minority is in blue.

A useful piece of information is then provided by the
electrostatic potential mapped on top of an electron charge
density isosurface in that it allows us to highlight positive and
negative regions showing where possible adsorption sites can be
located. Figure 4 shows such a colour-coded iso-density surface
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for MIL-100(Al) but very similar pictures are obtained for the
isoreticular series of MIL-100 investigated in the present work.
The negative regions of the electrostatic potential (in red) are
dominated by the counterions. They show that the positioning of
the fluorine atoms on the metal led to channels that are either fully
or partially filled with the counterion. It can be also observed that
oxygen atoms near the metal that carries the counterion are
slightly more polarized than the ones around the open metal site.
The positive regions around the open metal site are clearly visible
as a blue spot. Interestingly, they are located in the pentagonal
and hexagonal windows.

Figure 4. Electrostatic potential (in a.u.) of MIL-100(Al) as
mapped on an electron charge density isosurface (0.003 e). The
blue colour codifies the regions in which the potential is positive
while the red colour corresponds to negative values of potential;
the green colour represents the neutrality as shown in the colour
scale reported on the right side of the picture.

A close inspection of the electrostatic potential of MIL-
100(M™) around the open metal site for the different metals, as
displayed in Figure 5, highlights that Al and Cr show the most
localized positive electrostatic potential, whereas for Sc it is more
diffuse and the electrostatic potential is lowest on Fe.

0262 [NEEEN o 0154

Figure 5. Electrostatic potential of MIL-100 around the open
metal site with different metals, namely: Al, Sc, Cr and Fe.

Another useful and synthetic information about the electronic
charge distribution is gained from a Mulliken population analysis
that allows one to estimate how electrons are partitioned among
the atoms or atomic orbitals. The average Mulliken atomic
charges of the metals in MIL-100(M™) are: +1.83 (Al); +1.54
(Sc); +1.78 (Cr); +1.04 (Fe), so Al and Cr being the most
positively charged species, followed by scandium and then iron.
Even if the quality of the Mulliken population analysis is
disputable, the trend along the series of metals is in agreement

with evidence from the electrostatic potential maps shown in
Figure 5.

Adsorption of CO:

On the basis of the optimized structures of MIL-100 (M'=Al,
Sc, Cr, Fe) the adsorption of CO2 were then investigated. Nine
open metal sites, non-equivalent by symmetry, are present in the
framework (i.e. 136 sites in the primitive unit cell). As mentioned
before, they are not exposed at the inner surface of the mesopores
but they are located in the windows connecting the cages (see
Figure 4). Two different adsorption sites were investigated with
different coverage: a first site that corresponds to the lowest
loading of adsorbed molecules in the unit cell (i.e. 8 molecules
with about 6% loading) and a second site that allows adsorption
of 16 molecules in the unit cell (i.e. 12% loading), hereafter they
will be labelled as TU-I and TU-II, respectively (see Figure 6).
For sake of simplicity and due to the cost of the calculations, the
interaction of COz with both sites were investigated for MIL-100
with Al and Sc while for Cr and Fe we only explored the TU-
I/COz complex. As shown in Figure 6, the geometry of the metal-
CO2 complex is different for the two adsorption sites. For TU-I
site, the adsorbed molecule is oriented perpendicularly to the
pentagonal channel and points toward the cage, while for TU-II,
the carbon dioxide molecule is located in the pentagonal channel
and points toward the linkers. The effect of adsorption on
geometry of site and molecule can be clearly deduced by
inspection of Table 2 and Table 3 which report the most relevant
geometrical parameters sites before and after CO2 complexation,
respectively, for both TU-1 and TU-II.

Let us discuss first the interaction of carbon dioxide with MIL-
100(Al) and MIL-100(Sc) for which data are available for both
adsorption sites.

In both cases, carbon dioxide interacts with the Lewis acid site
through the bonding with the electron pairs on the oxygen atoms.
For TU-I, an angle of 121.4 degrees is formed between Al and
CO2. The molecule is bent toward oxygen atoms closer to the
counterion but still remains linear. Upon adsorption, Al-O bonds
are slightly elongated, but the interaction is not strong enough to
lead to a marked modification of the structure.

Figure 6. Investigated CO2 adsorption sites in MIL-100 (M'"").
On the left side, the pentagonal channel with adsorbed CO2 on
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TU-I (left side) and details of the adsorption site (right side). H,
C, O, F and M, are in white, light brown, red, light blue and violet,
respectively

Table 2. Relevant structural parameters describing the geometry
of the TU-I and TU-II adsorption metal sites in MIL-100(M"")
before adsorption of CO> (in A). See Figure 6 for the labelling of
the atoms.

TU-1 | Oo-M M-O1 M-02 M-03 M-O4

Al | 1.749 1.863 1.863  1.923 1.923

Sc 1.903 2.099 2.099 2.164 2.164
Cr 1.842 2.009 2.009 1.960 1.960
Fe 1.850 1.992 1.992  2.049 2.049
TU-11 O-M M-O: M-O2  M-Os M-O4
Al 1.765 1.822 1.851 1.859 1.899
Sc 1.919 2.056 2117 2.088 2.085

Table 3. Relevant structural parameters describing the geometry of the TU-1 and TU-II adsorption metal sites in MIL-100(M"") after
adsorption of CO; (in A and deg.). See Figure 6 for the labelling of the atoms.

TU-1/CO2 O-M M-O1 M-O2 M-0O3 M-O4 M~CO2 £ZM~05-C
Al 1.768 1.882 1.882 1.920 1.920 2.533 121.4
Sc 1.918 2.124 2.124 2.162 2.162 2.463 127.7
Cr 1.861 1.983 1.983 2.010 2.010 2.335 126.9
Fe 1.866 2.016 2.016 2.046 2.046 2.460 122.8
TU-11/CO2 O-M M-O1 M-02 M-03 M-O4 M-CO2 £ZM~05-C
Al 1.775 1.820 1.861 1.870 1.890 2.780 1145
Sc 1.937 2.052 2.105 2.108 2111 2.515 123.7

A similar geometrical arrangement is also predicted for TU-II,
but in this case the adsorbed molecule is located somewhat farther
from the metal atom and is significantly bent (i.e. Al---O-C-O
angle: 114.5 deg.) toward the surrounding oxygens and the
linkers (see Figure 6). Even though Al shows the highest partial
charge among examined metal atoms, the structure of the two
adsorption sites is such that Al is buried among oxygens and is
less exposed at the surface. This leads to energies of interaction
weaker than expected (vide infra) from a pure electrostatic
viewpoint. On the contrary, in MIL-100(Sc), Sc-O bonds are
remarkably long, with the metal being more prone to interact with
CO:z. Indeed, the distance between the metal and the molecule is
shorter than for Al and the Sc---O-C-O angle becomes 127.7 and
123.7 deg. for TU-I and TU-II, respectively (see Table 3).
Accordingly, the interaction energy is stronger as we will discuss
below.

For the other MIL-100(M™) structures with Cr and Fe the
interaction with CO2 on TU-I site is, not unexpectedly, more
similar to Sc than Al. Cr interacts strongly with the molecule
showing the shortest distance among different metal atoms. This
is likely due to the high electrostatic potential and the role of
partly occupied d-orbitals. In this respect, Fe shows a longer
metal-CO: distance and a smaller electrostatic potential thus
leading to a weaker interaction energy.

Computed interaction energies corrected for the Basis Set
Superposition Error (BSSE) by means of the Counterpoise
method ¢ are reported in Table 4 along with the experimental
values. Results show that the two adsorption sites are rather
homogeneous unlike the experimental data which suggests some
heterogeneity #3. Figure 7 summarizes graphically the computed
interaction energies for the CO2 molecule interacting with the
TU-I site for which full computed data are available. This permits
a better comparison between metal species and highlights their
different adsorption capacities. Even though the interaction
energies of COz decrease along the series Cr > Sc > Fe > Al, in
agreement with experiments, the predicted AEs appear to be
definitely underestimated with respect to experimental values 8,
To better understand the role of the selected exchange-correlation
functional, additional single point energy calculations on B3LYP-
D* equilibrium structures have been also performed with the
B3LYP-D3(ABC) method and the M06-D functional. These
results are also reported in Table 4 and Figure 7. On the one hand,
the inclusion of dispersion energy through the D3(ABC) model
slightly increases the predicted interaction energies but it does not
significantly change the trend obtained with the B3LYP-D*
method. On the other hand, not unexpectedly, the M06-D gives
larger interaction energies in all cases, in particular for Cr and Fe.
Nevertheless, the predicted interaction energies are still
underestimated with respect to the experimental adsorption
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enthalpies in particular for Sc and Cr. For an even more consistent
comparison with experiment, the zero-point energy and thermal
correction to enthalpy should be included. On the basis of
previous works 330 such a contribution was estimated to be
about 2-4 kJ/mol. This would finally lead to a further decrease of
the interaction energies, thus showing a definite underestimation
by the computed data.

0.00

-10.00

-15.00

-20.00

2500 ©

-30.00 ~

3500 ~ EB3LYP-D*

-40.00 W B3LYP-D3(ABC)

asq0 ~ EM06D

000 Expi: -48 -34/-35

BSSE corrected interaction energies (kJ/mol)

A

Figure 7. BSSE corrected interaction energies (in kJ/mol) for
CO:z in interaction with TU-I in MIL-100 (MW=Al, Sc, Cr, Fe)
(loading: 6%) as computed with B3LYP-D*, B3LYP-
D3(ABC)//B3LYP-D* and M06-D//B3LYP-D*. Experimental
data for adsorption enthalpy are reported for comparison.

Table 4. BSSE corrected interaction energies (in kJ/mol) for CO2 in MIL-100(M™) for TU-I and TU-II (in parenthesis) computed with
the B3LYP-D*, B3LYP-D3(ABC)//B3LYP-D* and M06-D//B3LYP-D* levels. Experimental and computed data for MIL-127 are also

reported for comparison.
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This is a puzzling and partly unexpected result because similar
calculations on other MOFs have shown a rather good accuracy
in the prediction of the interaction energy of small molecules with
open metal sites 339036 Whether, on the one hand, this throws
some doubt on the adopted computational method (i.e. B3LYP-
D* and M06-D) or, on the other hand, it suggests that a deeper
inspection of the experimental data is needed, now needs to be
examined.

By looking at the calorimetric measurements (see Figure 3 from
ref. 83) for the adsorption of COz in MIL-100(Cr) it is evident that
there is a remarkably strong interaction at very low coverage, with
an adsorption enthalpy of about -60 kJ/mol which rapidly
decreases to lower values as soon as the coverage increases and
reaches a plateau around -25 kJ/mol. This strongly indicates the
presence of adsorption sites in the framework with different
strength. The limit value of -25 kJ/mol is probably due to liquid-
like CO2 molecules in the pore of the structure. Indeed, this value
is close to the sublimation enthalpy of carbon dioxide. Further
evidence of an anomalously high adsorption enthalpy in MIL-
100(Cr) is that in the same work * the calorimetric measurements

for MIL-101(Cr) which is comprised of the same inorganic
trimeric unit but different linker (i.e. 1,4-benzene-dicaboxylate)
does not show the initial very strong interaction with CO2 and the
low-coverage adsorption enthalpy is in the range of 40-45 kJ/mol,
closer to our computed interaction energy. Apparently, in MIL-
101(Cr) the adsorption sites would seem more homogeneous than
MIL-100(Cr). Nevertheless, the high adsorption enthalpy of
MIL-100 with Cr and Sc has been also confirmed by
spectroscopic studies . Oddly, for MIL-100(Fe) experimental
evidence is in better agreement with calculations. Overall,
experimental data on MIL-100(Cr) appear to be not fully
consistent with other isoreticular frameworks and other MOFs.
Therefore, as an additional check, we decided to run similar
calculations on a simpler MOF, MIL-127, that is built with the
same oxo-centered inorganic unit (see Figure 1) and 3,3°,5,5’-
azobenzenetetracarboxylate as organic linker ¥. The unit cell of
MIL-127 and the SBUs are depicted in Figure 8. As for MIL-100,
MIL-127(M") possesses an isoreticular family of frameworks
with different metals, where M"=Al, Sc, Cr, Fe, In. Interaction
energies for the different isoreticular frameworks are also
reported in Table 4. In this case a single adsorption site is present
in the framework. As evident, predicted results for MIL-127 are
quite similar to the ones computed for MIL-100 thus indicating
the accuracy of present results. Furthermore, it is worth noting
that the COz adsorption enthalpy for MIL-127(In) has been

8



determined experimentally 8. From Table 4, it can be seen that
the predicted interaction energies nicely agree with the
experimental value for both B3LYP-D* and M06-D//B3LYP-D*.
Interestingly, experimental data are available for an Al-based
MOF with the same oxo-centered trinuclear cluster in the
framework: Al-soc-MOF-1 #, At low loading the measured heat
of adsorption is around 18 kJ/mol in good accordance with the
predicted interaction energies for MIL-100 and MIL-127 with Al.
This body of evidence strongly suggests that the adopted level of
theory is adequate whereas the underestimated interaction energy
for MIL-100(Cr) is likely due to the presence of different
adsorption sites in the real system.

“organic linker

trimeric unit

Figure 8. Crystallographic unit cell of MIL-127 and the
secondary building units: the organic linker 3,3',5,5°-
azobenzenetetracarboxylate and the oxo-centered trinuclear unit.
H, C, O, F, N and M, are in white, light brown, red, light blue,
blue and violet, respectively.

Finally, it is worth mentioning that present energetic
predictions can be compared to outcomes of a recently published
work 4! on cluster models of the trimeric unit adopted as a
characteristic structural motif of MIL-100 and other MOFs.
Clusters with increasing size were explored: a) a minimal cluster
model of the trivalent metal ion (M1 in the paper); b) a cluster
model of the TU with fluorine as counterion (M3XF6); c) a large
cluster model in which the TU is saturated with benzoate groups
(M3XB6). The results of that investigation show that predicted
interaction energies and enthalpy for the large cluster model at
PBEOQ-D3/def2-TZVPD level of calculation (i.e. -35.8 kJ/mol) is
remarkably close to our findings as well as the interaction
energies estimated on the smaller cluster models M1 and M3XF6
at CCSD(T) level with Cr as trivalent metal ion (i.e. -49.1
kJ/mol). The latter value is in excellent agreement with our
calculated interaction energy at the M06-D//B3LYP-D* level.

Overall, the fairly good agreement between the periodic approach
adopted in the present work and cluster models of ref. 4 (i)
testifies that the interaction of CO2 molecules with the open metal
sites in MIL-100 is mainly localized around the adsorption site
and not significantly influenced by the surrounding atoms of the
framework and (ii) more importantly, supports our concern that
experimental data on MIL-100(Cr) are probably not fully
consistent with an ideal framework and, in turn, with a regular
adsorption site as modelled in the present work.

Possible explanations for the discrepancy between computed and
experimental interaction energies of MIL-100(Cr) could be (i) the
presence of defective sites in the real structure of the MOF, (ii)
the formation of small oxide particles within the pores, (iii) the

role of the counter-ion (i.e. fluorine instead of hydroxyl groups),
and (iv) the presence of water that can assist the adsorption of
CO:a. As clearly demonstrated in the last years, MOFs are far from
being defective free systems %°. The role of defects in the
framework is in fact an area of increasing interest in the study of
MOFs. It has been recently realized that linkers can be easily
missing in the structure of MOFs thus leading to either lower
coordinated metal sites or different chemical environment around
the adsorption site with respect to the perfect framework.
Obviously, this would change the adsorption capacity of the
MOF, as it would be in presence of small oxide particles. Another
point that would deserve investigation is the presence of OH"
groups as counter-ions instead of fluoride. It could also happen
that since water is ubiquitous, it is expected that it would easily
occupy adsorption sites and may be strongly coordinated to metal
sites even after thermal treatments of samples. Although all of
these aspects are of interest in characterizing the adsorption
properties of MIL-100, they are out of the scope of the present
work and will be further explored elsewhere.

Conclusions

We have investigated the isoreticular family of the giant MOF
MIL-100 with four different metals, namely: Al, Sc, Cr and Fe
and the capture of CO2 by open metal sites, considered as the
primary adsorption sites in the framework. We have
demonstrated the feasibility of periodic all-electron density
functional theory calculations with hybrid functional augmented
with a dispersion correction term.

In spite of the extraordinarily complex crystalline structure of
MIL-100, a very satisfactory agreement with experiment is
attained for the structural parameters of the empty framework.
Results are even more convincing for the MOF with open shell
transition metals as Cr and Fe. On the other hand, the comparison
between computed interaction energies of carbon dioxide with the
open metal sites of MIL-100 and experimental data is not fully
satisfactory, in particular with Cr and Sc. However, we have
shown that our results are consistent with a MOF with similar
open metal sites and calculations on cluster models. Therefore,
we believe they can be considered correct for an ideal MIL-100
framework.

Finally, even if a lot of progress has been done in the modelling
of MOFs, some years ago there were still some concerns about
the applicability of ab initio methods to large MOFs as stated by
M. D. Allendorf and co-workers “...even with large parallel
computers. MOFs have very large unit cells, making any
computation of MOF properties highly expensive” %. Here, we
have definitively shown that with powerful computational tools,
appropriate software and high performance computing resources
we can push the limit from small-to-medium frameworks to giant
MOFs.

Supporting Information.

Details on the initial structure model adopted for MIL-100(Fe)
and MIL-100(Cr) with the set up of the electronic configuration
employed in the calculations. Scaling of MPPcrystal with the
number of processors for a model system of MIL-100(M').
Crystallographic data (cif format) of the B3LYP-D* optimized
structures of MIL-100(M'™).
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