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H, Adsorption in Metal-Organic Frameworks:
Dispersion or Electrostatic Interactions?

Agnieszka Kuc,'™ " Thomas Heine,*” Gotthard Seifert,””! and Hélio A. Duarte'*

Materials to store molecular hydrogen for mobile applica-
tions have been intensively studied over the past years. In
summary, two storage mechanisms have been proposed:
chemisorption (e.g. metal hydrides,*? aminoboranes®), and
physisorption in nanoporous materials.**! In contrast to
most hydride storage media, materials physisorbing H, offer
reversible (un)loading processes without intensive external
heating or cooling. As H, is a nonpolar molecule, the two
principal contributions to the adsorption energy are weak
London (dispersion) interactions (LDI) and interactions due
to the electrostatic potential of the host material. LDI
depend on the polarisability of the host material and on the
distance between H, and the host surface. Therefore, sys-
tems designed for H, storage should be highly polarisable
and have a large specific surface area with favourable pore
sizes of ~0.6 nm.[®) Graphitic (sp®) carbon structures (gra-
phene slit pores® carbon nanotubes! fullerenes!' and
more advanced materials (Cy, intercalated graphite,'! hon-
eycomb graphite!>* etc.)) belong to this group.

However, with none of them the 2010 goal of the US De-
partment of Energy (6 wt. % of stored H, and 45 gL ! volu-
metric density)!" could be reached for moderate pressure
and ambient temperature.'>!®) Higher H, adsorption capaci-
ties might be possible if attractive electrostatic interactions
are introduced by a non-negligible charge separation in the
host. One of the most promising materials with these prop-
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erties are metal-organic frameworks (MOFs, see Fig-
ure 1a),"*®! a family of nanoporous materials that are built
of well-defined building blocks, polar metal oxide centers
(connectors) and nonpolar organic linkers containing aro-
matic carbons. As it is possible to tailor their chemical com-
position and pore size distribution, many potential applica-
tions have been proposed for MOFs, among them H, stor-

It has been shown experimentally that some MOFs show
indeed excellent storage capacities for H,.?%%! It is, howev-
er, unclear, which underlying mechanism is responsible for
this property. To tune the capability of MOFs to store H,
the fundamental interactions leading to the adsorption have
to be well understood. So far, it is not clear which interac-
tion (LDI or electrostatics, for certain connectors possibly
even chemisorption) is responsible for the H, adsorption in
MOFs. Experimental evidence® 2! emphasizes that the
strongest H, adsorption sites are close to the metal oxide
connectors, which is interpreted such that M—O (M=Zn,
Cu, Mg, etc.) dipoles are most effective in polarizing the gas
molecules and lead to strong interactions.”’* There is no
consensus in the interpretation of the adsorption mecha-
nism; the quantification of the adsorption energy depends
on various variables and is matter of discussion, but low-
energy adsorption sites have been identified in agreement
between experiment and theory.”" It is important to obtain
the host—guest potential theoretically, as it cannot be ac-
cessed experimentally due to the complex nature of the in-
teraction. Also, the theoretical determination is not straight-
forward: So far, severe approximations had to be made in
all theoretical approaches, and no final conclusion on the in-
teraction mechanism could be drawn from their results:
Either, an extended model for the MOF/H, system was
made, but the interaction energy has been calculated using
density-functional theory (DFT)*" which is well-known to
fail to describe LDLF'!

The second approach is to reduce the MOF structure to
model clusters (MOF connectors and linkers); however, the
host—guest interaction is treated at higher computational
level, most commonly using MP2 theory, as it is the compu-
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Figure 1. Adsorption sites considered within the IRMOF-1 unit cell (a) and the used model systems: (b) the

connector, Zn,O(HCO,),, and (c) the linker, C¢H,(COOH),.

tationally most inexpensive ab initio method which includes
LDLB**! Even for the model calculations with ab initio
methods, reported adsorption energies are not in agreement.
In consensus, the interaction energy of H, with the organic
linkers has been determined to be 3.5-5 kJmol™!,[26:337.40]
but values reported for the interaction energy of H, with the
zinc oxide based IRMOF-1 connector vary between 2 and
7 kJmol B+

The aim of this work is to qualitatively understand the
role of the fundamental non-bonding interactions between
H, and MOFs, LDI and electrostatic interactions between
the polar host and the quadrupole moment and induced
dipole moment of H,. Furthermore, we want to resolve the
discrepancy of the results found in the literature. The results
will allow a more detailed understanding in the host—guest
interactions of MOF-H, systems and possibly suggest better
strategies to optimize the H, storage capacity in MOFs. We
have chosen the most widely investigated MOF, IRMOF-
1,0% as a benchmark system.

Figure 1 shows the model structures used to represent the
building blocks of the IRMOF-1 crystal, the Zn,O(HCO,);
(Figure 1b) molecule as a connector and benzene-1,4-dicar-
boxylate, C¢H,(COOH), (Figure 1¢) as a linker. The impor-
tant high-symmetry adsorption sites, known from neutron
scattering experiments,”?! are indicated in Figure la. All
model structures have been optimized at the B3LYP/6-
31G(d) level as implemented in Gaussian03;*~* the Carte-
sian coordinates are given in Table Sla—c in the Supporting
Information.

The interaction of H, with polyaromatic hydrocarbons has
been studied intensively,”**! and there is general agree-
ment that correct interaction energies can only be obtained
if calculations include explicit treatment of correlation, for
example, on the basis of second order Mgller—Plesset (MP2)
perturbation theory, employ at least moderately large basis
sets and are corrected for basis set superposition errors
(BSSE).l As discussed in SI, these findings apply also for
MOF linkers, which can be treated with good accuracy at
the MP2/cc-pvTZ level, while the application of HF or DFT
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(LDA, PBE or B3LYP func-
tionals) is not sufficient for this

L\ type of interaction (see Fig-
ure S2, Supporting Informa-
tion).

The interaction of H, with

the metal oxide part is, howev-
er, less precisely investigated.
The computational protocol to
treat the interaction between
MOF connectors and H, has
been developed as discussed in
Supporting Information,
see text and Figures S1-S3,
and will be part of a more de-
tailed publication.*’!

A major question to be an-
swered in this work is to attri-
bute the interaction energy of MOFs to LDI and to electro-
static interactions. The LDI between two separated particles
is essentially the intermolecular correlation energy. As Har-
tree-Fock (HF) does not include electron correlation, but
correctly accounts for electrostatics (including dipole inter-
actions induced by charge distributions) and Pauli repulsion,
the LDI can be estimated by comparing HF and MP2 inter-
molecular interaction energies.

The interaction energies of H, with various adsorption
site models of IRMOF-1 (I to VII from Figure 2) as function
of the H,-host distance are shown in Figure 3. The H,—
linker interaction (Figure 3a) is very similar to that of H,
with benzene."*! The intermolecular distance is 3.2 A, the
strongest interaction is 3.5 kImol ™! and found if H, points to
the ring center of the linker in perpendicular orientation (I).
For orientations of H, parallel to the ring (II, III), the inter-
action is 1 kIJmol™' weaker, but the intermolecular distance
(see Figure 3 and S4) is about the same. As there is no at-
traction found at the HF level (Figure 3c) this interaction is
purely LDI. There are more adsorption sites of H, at the
linker (see, e.g., the ¢ site in Figure 1), but they show a sig-
nificantly lower interaction energies (1.4kJmol™, see
Table S2). However, as many of these sites present in
IRMOF-1 and LDIs are essentially additive they probably
also contribute to the high H, adsorption capacities reported
in experiments.”***! For adsorption sites VI and VII,
where Zn is closest to H,, the interaction energy depends on
the orientation of the guest molecule (Figure 3b). The stron-
gest interaction is found for H, perpendicular to the central
Zn—0O bond, that is, parallel to the “cluster surface”. The
distance between the molecular center of H, and the closest
Zn atom is 3.1 A and the interaction energy is 3.1 kJmol ',
which is 0.3 kJmol ™! less than for the linker. The interaction
is independent on the azimutal orientation of H, to the Zn—
O axis (see Table S3). Remarkably, the interaction is much
weaker, that is only 1.3 kJmol ™, for the parallel orientation
of H, to the central Zn—O bond. The minimum is found for
a distance of 4.0 A from Zn, more than 1 A longer than for
the perpendicular orientation. Note that if H, is rotated by

¥

Chem. Eur. J. 2008, 14, 6597 — 6600


www.chemeurj.org

Hydrogen Storage in MOFs

Zn

Figure 2. Model structures and H, orientations considered: I-III for the
linker, IV-VII for the connector.
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Figure 3. Interaction of H, with IRMOF-1 linker (a) and connector (b) as
function of the H,-host distance. In c¢) the electrostatic contribution to
the interaction is shown. Model structures and adsorption sites are given
in Figure 2.

90° at the equilibrium distance in complex VI one obtains
complex VII, which has a repulsive H,-host interaction at
this intermolecular distance. This does not allow a stable
configuration of the complex for rotating H, and we con-
clude that this site does not contribute significantly to the
H, storage capacity even at moderately low temperatures.
To explain the role of surface polarization for the electro-
static attraction of H, we evaluated the induced dipole
moment on H, when it is physisorbed at the cluster model
(VII). For comparison, we calculated the same quantity for
a strongly polarized H, molecule in a fictitious linear Na‘t—
H,~Cl™ complex, where Na™ and Cl~ are placed on opposite
sites of hydrogen at distances of 3.2 A from the H, center.
Dipole moment components have been estimated using the
point charge approximation employing Mulliken and Natu-
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ral Bond Orbital (NBO) charges. For the Na*t-H,-Cl~
model the dipole moment component at H, is 0.73 (0.97)
Debye using the NBO (Mulliken) charges. This value nearly
vanishes (0.02 (0.04) Debye) for the MOF connector, con-
firming that MOF fragments are not polar enough to intro-
duce a tangible electrostatic interaction with H,.

Finally, we calculated the interaction of H, placed in a
pocket of three surrounding Zn atoms and carboxyl groups
(see Figure 3, IV and V). In model IV, H, fits very well into
the pocket, with various interatomic distances of 3.0-3.7 A
between hydrogens and their surrounding heavier atoms,
and consequently we find the strongest interaction energy
for this site, 5.1 kJmol™". As for the other binding sites of H,
with the connector, the interaction energy is lowered signifi-
cantly if the orientation of H, is changed, as now only one
H-atom has many close contacts to the host structure. For
this site (model V) we estimate only 2.5 kJmol ..

In conclusion, our calculations show that the physisorp-
tion of H, in MOFs is mainly due to London dispersion be-
tween linkers and connectors with hydrogen. Host-guest in-
duced electrostatic interactions are unimportant, as the
charge separation in the MOF is not large enough to induce
significant dipole moments in H,. We pointed out that cor-
rect application of theory is essential for the assessment of
H,-MOF interaction potentials: If they are treated at a
quantummechanical level electron correlation has to be ac-
counted for, the basis set size needs to be sufficient and
basis set superposition errors need to be corrected. DFT-
based methods with presently available functionals do not
qualify due to their deficiency to treat LDI. Model clusters
need to have a reasonable size. For our model connector
and linker we find similar interaction energies for some ad-
sorption sites. The strength of interaction is in qualitative
agreement between experiment®? and our calculations:
both find the strongest interaction for a site, with the se-
quence a > 3 > 0 > ¢ (Figure 1).

In solid MOF-5, the long-ranged interaction potential of
the nanopores will superpose and stronger interaction with
H, is expected. We interpret the property of metal organic
frameworks to physisorb H, strongly to their nanoporosity,
which can be tuned to maximize the interaction. We expect
the highest storage capacity for those MOFs where the pore
size is optimized to similar values known for other nanopo-
rous materials (~0.6 nm).”"! These expectations are in line
with recent calculations of Frost et al. who reported that H,
storage capacities in MOFs are proportional to adsorption
energies for low loadings, while they correlate with surface
area for high loadings.””’ We are working on a parameteriza-
tion of the interaction potential of H, with MOFs which will
allow to estimate the free energy and the amount of hydro-
gen uptake using quantum liquid density-functional theory.
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