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ABSTRACT: Experimental sorption measurements, inelastic neutron scattering (INS), and
theoretical studies of H2 sorption were performed in α–[Mg3 (O2 CH)6 ], a metal–organic framework
(MOF) that consists of a network of Mg2+ ions coordinated to formate ligands. The experimental
H2 uptake at 77 K and 1.0 atm was observed to be 0.96 wt %, which is quite impressive for a
Mg2+ -based MOF that has a BET surface area of only 150 m2 g−1 . Due to the presence of small
pore sizes in the MOF, the isosteric heat of adsorption (Qst ) value was observed to be reasonably
high for a material with no open-metal sites (ca. 7.0 kJ mol−1 ). The INS spectra for H2 in α–
[Mg3 (O2 CH)6 ] is very unusual for a porous material, as there exist several different peaks that
occur below 10 meV. Simulations of H2 sorption in α–[Mg3 (O2 CH)6 ] revealed that the H2 molecules
sorbed at three principal locations within the small pores of the framework. It was discovered
through the simulations and two-dimensional quantum rotation calculations that different groups of
peaks correspond to particular sorption sites in the material. However, for H2 sorbed at a specific
site, it was observed that differences in the positions and angular orientations led to distinctions in
the rotational tunnelling transitions; this led to a total of eight identified sites. An extremely high
rotational barrier was calculated for H2 sorbed at the most favorable site in α–[Mg3 (O2 CH)6 ] (81.59
meV); this value is in close agreement to that determined using an empirical phenomenological
model (75.71 meV). This rotational barrier for H2 exceeds those for various MOFs that contain
open-metal sites and is currently the highest yet for a neutral MOF. This study highlights the
synergy between experiment and theory to extract useful and important atomic level details on the
remarkable sorption mechanism for H2 in a MOF with small pore sizes.
I.

INTRODUCTION

Metal–organic frameworks (MOFs) represent a class of
porous materials that are synthesized by combining metal
ions with organic ligands in a symmetric, periodic fashion.1,2
These materials have been considered to be promising for
applications in H2 storage.3–5 Their porous nature allows for
the possibility to store a sizeable amount of H2 molecules
within the pores. In addition, because H2 sorption in MOFs
is based on physisorption, these materials have the ability
to release the H2 molecules easily through changes in thermodynamic conditions. Since 2003,6 a number of different
MOFs have been investigated for their H2 uptake capacity.5
Benchmark studies of H2 sorption on MOFs are usually performed at 77 K and low pressures (e.g., up to 1.0 atm). Although MOFs can sorb a significant quantity of H2 at 77 K,
the H2 uptake in these materials are very low at room temperature and high pressure.4 Continuous research is being
done to find ways to increase the H2 uptake capacity and associated adsorption enthalpy in MOFs, since one of the major goals in this energy economy is to synthesize a suitable
material that is appropriate for on-board H2 storage at nearambient temperatures. Numerous earlier experimental studies have shown that MOFs that contain open-metal sites,7–9
narrow pore sizes,10–12 nitrogen-rich centers,13–15 and/or
counterions16,17 usually display greater affinity for H2 .
MOFs are highly tunable as myriad different structures
can be synthesized or predicted by changing the metal ion
and/or ligand.18,19 In 2006, a Mg2+ -based MOF was synthesized by combining Mg(NO3 )2 with formic acid in dimethylformamide (DMF) at elevated temperatures.20 Removal of
the guest DMF molecules upon activation yielded a stable,
solvent-free material known as α–[Mg3 (O2 CH)6 ] (Figure 1).
The resulting structure consists of an extended network in

which each Mg2+ ion is bonded to the surrounding oxygen
atoms of the formate ligands in an octahedral fashion (i.e.,
MgO6 ). Note, MOFs based on Mg2+ appear to be very attractive for the purposes of H2 storage because of their low
densities in cases where the organic linker is coordinated directly to the metal as observed in α–[Mg3 (O2 CH)6 ]. However, efforts to synthesize additional Mg2+ -based MOFs with
larger pores (excluding Mg-MOF-74)9 were unsuccessful because the framework would collapse upon solvent evacuation,
since the Mg2+ ions (unlike transition metal cations) have
flexible coordination geometries.21,22
As shown in Figure 1, the crystal structure of α–
[Mg3 (O2 CH)6 ] contains four Mg2+ ions that are in chemically distinguishable environments; they are denoted Mg1,
Mg2, Mg3, and Mg4 in this manuscript. The Mg1 and Mg4
ions are both connected to four µ1 –O and two µ2 –O atoms,
whereas the Mg2 ion is connected to six µ1 –O atoms and
the Mg3 ion is connected to two µ1 –O and four µ2 –O atoms.
Further, the Mg2 and Mg3 ions represent edge-shared octahedra that are linked together by vertex-shared octahedra
(the Mg1 and Mg4 ions). In addition, there are six chemically distinct formate linkers in the crystal structure of α–
[Mg3 (O2 CH)6 ] (see Supporting Information, Figure S2).
α–[Mg3 (O2 CH)6 ] consists of very small accessible pores
that can be viewed along the b-axis of the crystal structure
(Figure 1(b)). The windows of the channels are approximately 4.5 Å × 5.5 Å wide based on the van der Waals radii
of the atoms. Experimental studies have shown that these
pores can be used to sorb a variety of small guest molecules.
In order to elucidate the effect of the small pores in α–
[Mg3 (O2 CH)6 ] on the affinity of the MOF to H2 molecules,
we carried out a joint experimental and theoretical study of
the H2 sorption mechanism in α–[Mg3 (O2 CH)6 ].
H2 gas sorption measurements were conducted on α–
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sorbed at the most favorable site in α–[Mg3 (O2 CH)6 ] was
also obtained in this work. We note that while experimental
H2 sorption measurements in α–[Mg3 (O2 CH)6 ] were carried
out more recently by a different group,25 this manuscript reports the first INS and computational study of H2 sorption
in this MOF.

II.
A.

(a)

(b)

Figure 1. (a) The orthographic a-axis and (b) b-axis views of
the 2 × 2 × 2 system cell of α–[Mg3 (O2 CH)6 ]. The Mg2+ ions are
color-coded to highlight the four chemically distinct Mg2+ ions.
Atoms colors: C = cyan, H = white, O = red, Mg1 = magenta,
Mg2 = lime green, Mg3 = violet, Mg4 = blue.

[Mg3 (O2 CH)6 ] at low temperatures and pressures and the
resultant experimental H2 sorption isotherms and isosteric
heat of adsorption (Qst ) are presented in this work. We also
performed inelastic neutron scattering (INS) studies for H2
sorbed in this MOF to obtain molecular level information on
the binding sites in the framework. INS is a useful spectroscopic technique that is used to gain insights into the energetics and rotational barriers for H2 sorbed in MOFs and other
porous materials.23 The resulting INS spectra contain a relatively large number of distinct peaks from transitions of the
hindered H2 rotor, where typically each rotational tunnelling
transition corresponds to a certain H2 sorption site in the
material. Peaks that occur at lower energies correspond to
a higher barrier to rotation, and therefore, a stronger interaction with the host, whereas the opposite is true for peaks
occurring at higher energies.
Molecular simulations of H2 sorption in α–[Mg3 (O2 CH)6 ]
were also performed in this work to obtain atomistically
detailed insights into the H2 sorption mechanism and to
identify the favorable sorbate binding sites in the MOF.
In addition, two-dimensional quantum rotation calculations
were executed for the discovered H2 sorption sites in α–
[Mg3 (O2 CH)6 ]. These calculations were carried out in an
attempt to make assignments of the various peaks that are
present in the INS spectra. Indeed, these quantum dynamics calculations can provide a nice complement to the INS
experiments.12,24 Insights into the rotational barrier for H2

METHODS

Experimental Section

α–[Mg3 (O2 CH)6 ] was synthesized and activated according
to the procedure reported in reference 20. The experimental H2 sorption isotherms for α–[Mg3 (O2 CH)6 ] at 77 and 87
K and pressures up to 1.0 atm were acquired using a Micromeritics ASAP 2010 surface area and porosity analyzer.
The H2 Qst values were obtained by applying the Clausius–
Clapeyron equation26 to the experimental isotherms at both
temperatures.
The INS spectra for α–[Mg3 (O2 CH)6 ] were collected at a
temperature of 10 K on the QENS spectrometer at the Intense Pulsed Neutron Source (IPNS) of Argonne National
Laboratory. Successful loading of the material with amounts
of H2 related to the number of formula units in the sample
was carried out in situ at 77 K after first obtaining a spectrum of the “blank” sample. The sample was equilibrated
after loading before cooling to the data collection temperature of 10 K. The spectra shown for α–[Mg3 (O2 CH)6 ] in this
work were obtained by subtracting the “blank” spectrum.

B.

Computational Section

H2 sorption simulations in α–[Mg3 (O2 CH)6 ] were executed
using grand canonical Monte Carlo (GCMC)27 on the 2 × 2
× 2 system cell of the MOF as shown in Figure 1. Here, the
sorbate molecules were randomly inserted, deleted, or moved
(translated or rotated) in a simulation box containing the
MOF–H2 system. This process continued for a number of
Monte Carlo steps until equilibrium was reached for desired
state points. The chemical potential, volume, and temperature of the system were kept constant for simulations at various pressure reservoirs. Periodic boundary conditions were
applied to model an infinite crystalline environment for the
α–[Mg3 (O2 CH)6 ] structure. A spherical cutoff corresponding to half the shortest system cell dimension length was
used for the simulations. In addition, all MOF atoms were
held rigid throughout the simulations.
The chemical potentials for H2 at the temperatures and
pressures considered in this work were calculated using the
BACK equation of state.28 The total potential energy for
the MOF–H2 system was calculated by summing the repulsion/dispersion and electrostatic energies. These energetic
terms were calculated through the Lennard-Jones 12–6 potential and Ewald summation29 of the partial charges, respectively. Note, our group frequently includes the explicit
polarization term to the potential energy function for classical simulations of gas sorption in MOFs.30–37 However, α–
[Mg3 (O2 CH)6 ] is a MOF containing very narrow pore sizes,
which allows for van der Waals interactions to dominate.
Smaller pores in MOFs would allow for multiple atoms of
the framework to interact with the sorbate molecules simultaneously, thus producing an attractive van der Waals well.

Page 3 of 12

Physical Chemistry Chemical Physics
3

As a result, explicit induction interactions were negligible
for H2 sorption in α–[Mg3 (O2 CH)6 ]. Indeed, control simulations in α–[Mg3 (O2 CH)6 ] including polarization interactions
revealed that this energetic term contributed to roughly 2%
of the total energy for all state points considered and does
not significantly alter the simulated H2 sorption isotherms
and Qst values. Similar findings were also observed for
simulations of H2 sorption in other MOFs with small pore
sizes.38–40
To treat quantum effects for H2 at the temperatures considered herein, Feynman-Hibbs corrections to the fourth order were applied to the potential energy.41 The average particle number for each state point considered was calculated
numerically using a statistical mechanical expression that is
based on the grand canonical ensemble.42 This value was
then converted to a quantity that represents the H2 uptake
in the experimental sorption isotherm. In GCMC, the Qst
values were calculated using an expression based on the fluctuations of the particle number and total potential energy.43
For all state points considered, the simulations initially consisted of 2.5 × 106 Monte Carlo steps to reach equilibrium.
Afterward, the simulations continued for an additional 2.5
× 106 Monte Carlo steps to sample the desired thermodynamic properties.
Simulated annealing calculations44 within the canonical
ensemble (N V T ) were also performed on the MOF–H2 system to identify all of the H2 sorption sites in the MOF. The
simulations were performed in the 2 × 2 × 2 system cell of
α–[Mg3 (O2 CH)6 ] at H2 saturation. An initial temperature
of 1,000 K was selected for the simulated annealing calculations, and this temperature was scaled by a factor of 0.99999
after every 1,000 Monte Carlo steps. The simulation continued until the temperature dropped below 5.0 K. Afterward,
the H2 molecules located at the global minimum as well as
various local minima were identified in α–[Mg3 (O2 CH)6 ].
Two-dimensional quantum rotation calculations were executed for H2 molecules sorbed at certain sites in α–
[Mg3 (O2 CH)6 ] that were determined from the simulated annealing calculations. As with the aforementioned simulations, the quantum rotation calculations were carried out using the 2 × 2 × 2 system cell of the MOF. The quantum rotation calculations involve solving the rigid rotor Hamiltonian for the MOF–H2 system for each sorption site of interest as described and implemented previously by our group
(see Supporting Information).12,24,32–37 Further, the rotational potential energy surface for H2 sorbed at the most favorable site in α–[Mg3 (O2 CH)6 ] was calculated in this work
and details for computing this are provided in the Supporting Information. All simulations and quantum rotation calculations in α–[Mg3 (O2 CH)6 ] were performed using the Massively Parallel Monte Carlo (MPMC) code, an open-source
code that is available for download on GitHub.45
All MOF atoms were treated with Lennard-Jones parameters (ǫ and σ) and point partial charges. The ǫ and σ values for the Mg and O atoms were taken from the Universal Force Field (UFF),46 while those for C and H were taken
from the Optimized Potentials For Liquid Simulations – All
Atom (OPLS-AA) force field.47 The partial charges for the
chemically distinct atoms in α–[Mg3 (O2 CH)6 ] were determined through periodic fitting of the entire crystal structure
using the Vienna ab initio Simulation Package (VASP)48–51
with the projector augmented wave (PAW) method52 and
Ceperley–Alder (CA) functional.53 A restraining potential
was implemented to treat the presence of buried atoms in the

structure. The calculations were performed using a charge
fitting code that was developed previously.54,55 The resulting calculated partial charges are provided in the Supporting Information (Table S1). For the sorbate model, the five–
site electrostatic (nonpolarizable) potential that was developed previously by Belof et al.56 was used for the H2 sorption simulations.

III.
A.

RESULTS AND DISCUSSION

Isotherms and Isosteric Heats of Adsorption

The experimental H2 sorption isotherms in α–
[Mg3 (O2 CH)6 ] at 77 and 87 K and pressures up to 900 torr
are shown in Figure 2(a). Due to the small surface area and
pore size of α–[Mg3 (O2 CH)6 ], the H2 uptake in this MOF is
quite limited, with a value of 0.96 wt % of H2 at 77 K and 1.0
atm. Note, wt % is defined as: [(Mass of H2 )/(Mass of MOF
+ Mass of H2 )] × 100%. However, this value for the H2 uptake in α–[Mg3 (O2 CH)6 ] at 77 K and 1.0 atm is still remarkable for a MOF that has a BET surface area of only 150 m2
g−1 .20 . As a comparison, the H2 uptake value in Mg-MOF74 reaches about 2.5 wt% at the same state point with nearly
12 times the BET surface area.9 In addition, the aforementioned H2 uptake value for α–[Mg3 (O2 CH)6 ] is higher than
that for Mg-MOF-1, another Mg2+ -based MOF containing
open-metal sites, under the same conditions (0.70 wt %).57
The isotherms at both temperatures display a noticeable rise
in the H2 uptakes at pressures below 100 torr, which could
indicate a reasonably high H2 Qst value for this MOF containing no open-metal sites or other charged/polar moieties.
Figure 2(b) shows the H2 Qst values as a function of H2
uptake for α–[Mg3 (O2 CH)6 ]. These Qst values were derived
by applying the Clausius–Clapeyron equation26 to the experimental H2 sorption isotherms at 77 and 87 K. The H2
Qst values are nearly constant at ca. 7.0 kJ mol−1 for all
loadings considered. These Qst values are similar to those
reported for this MOF in previous work, with the same general shape across the loading range.25 The shape of the Qst
plot suggests homogeneity in the H2 binding sites or a number of different sites having similar adsorption enthalpies.
In addition, this Qst value for α–[Mg3 (O2 CH)6 ] is greater
than or comparable to some MOFs that possess open-metal
sites.8,58 While the Qst plot for α–[Mg3 (O2 CH)6 ] is mostly
flat, the plots for a number of MOFs containing open-metal
sites (e.g., HKUST-1, PCN-61) exhibit a monotonically decreasing behavior as a function of loading.
The simulated H2 sorption isotherms at 77 and 87 K for α–
[Mg3 (O2 CH)6 ] as compared to the corresponding experimental data are provided in the Supporting Information (Figure
S4(a)). The simulated sorption isotherms are in good agreement with experiment to within joint uncertainties for the
considered pressure range (0–1 atm) at both temperatures.
The slight oversorption compared to experiment for nearly
all pressures considered at both temperatures could be due
to the fact that the simulations utilize a perfect crystal of
the MOF, whereas slight impurities may be present in the
actual synthesized crystals.
GCMC simulations predict H2 Qst values in α–
[Mg3 (O2 CH)6 ] that are slightly higher than experiment (ca.
7.5 kJ mol−1 ) (see Supporting Information, Figure S4(b)).
The simulations also captured the same general shape for the
Qst plot as experiment, where the Qst values are virtually
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tra for α–[Mg3 (O2 CH)6 ]. Although the 6.9 meV peak is almost nonexistent at 0.12 H2 /formula unit and has a small intensity at 0.25 H2 /formula unit, the magnitude of this peak
is very large at 0.40 H2 /formula unit. In addition, it can
be observed that the 6.2 meV peak exhibits higher intensity than the 6.9 meV peak at the two lowest loadings measured, but at 0.40 H2 /formula unit, the intensity of the 6.9
meV peak becomes very large, while the intensity of 6.2 meV
peak decreases notably from 0.25 H2 /formula unit to 0.40
H2 /formula unit. This indicates that sorption at site 2A is
more prevalent than at site 2B at low loadings, but as the
loading increases, site 2B becomes the dominant sorption
site among the two subsites for site 2. Further, it is speculated that the H2 molecules that are sorbed at site 2A are
dynamically transitioning to site 2B at higher loadings when
more H2 molecules are introduced into the MOF; this could
explain why the population of H2 molecules sorbed at site
2A is reduced from 0.25 H2 /formula unit to 0.40 H2 /formula
unit and why site 2B is highly populated at the the highest
loading measured. Note, although the H atoms of the H2
molecule is very close to one of the O atoms of the framework for site 2B, these H atoms are noticeably farther away
from the other surrounding O atoms (Figure S9(b)).
The quantum rotation calculations performed herein have
confirmed that sorption at site 2A is more energetically favorable than sorption at site 2B since a lower transition energy was calculated for the former. Because the H2 molecules
at site 2 can only interact closely with four oxygen atoms
from the neighboring formate linkers compared to eight oxygen atoms in the case of site 1, the rotational transition is
increased to higher energies as observed in the INS spectra
and quantum rotation calculations. Due to the transition
energies of the two peaks occurring at nearly 6.2 and 6.9
meV and the fact that the calculated rotational levels for H2
molecules sorbed at site 2 (i.e., sorption into the region located at the side of the pore in which the Mg2 and Mg3 ions
line the pore walls) are close to the aforementioned transitions, we have assigned the peaks at 6.2 and 6.9 meV to be
associated with sorption at sites 2A and 2B, respectively.

3.

Site 3

Apart from the sides of the pores in α–[Mg3 (O2 CH)6 ], the
H2 molecules were also found to localize toward the center of
the pores of the MOF according to the simulations (Figure
7). The region near the center of the pore, denoted site 3 in
this work, represents a weaker binding site in the MOF than
the sides of the pores since the H2 molecules are typically farther away from the oxygen atoms on the ligands. Three different subsites were observed for site 3 in α–[Mg3 (O2 CH)6 ].
The majority of measured distances between the H atoms of
the H2 molecule and the nearby O atoms of the framework
for these sites are greater than 3.0 Å (Figure S10). The most
favorable H2 molecule position for site 3 is actually located
in the area between the two adjacent sides of the pores that
accommodate sites 1 and 2, respectively (Figure 7(a)). A
H2 molecule that is positioned at this site, denoted site 3A
herein, is somewhat close to the nearby oxygen atoms of the
formate ligands. However, because this H2 molecule is farther away from the linkers compared to those H2 molecules
that are sorbed at sites 1 and 2, the rotational frequency for
this molecule increases (meaning weaker interactions). Indeed, a rotational level of 8.08 meV was calculated for this

site for the lowest transition from the quantum rotation calculations. This value is in good agreement with the peak occurring at approximately 7.7 meV in the INS spectra for α–
[Mg3 (O2 CH)6 ], which is the next highest energy peak after
the 6.9 meV peak. The high relative intensity of the 7.7 meV
peak at 0.12 H2 /formula unit and 0.25 H2 /formula unit signifies a large occupancy of H2 molecules sorbing at site 3A
in this MOF for the low loadings considered.
The H2 molecules sorbed at the other two subsites for site
3 in α–[Mg3 (O2 CH)6 ] are positioned much closer to the center of the pore than a H2 molecule sorbed at site 3A. For site
3B, the H2 molecule is sorbed very close to center of the pore,
but is oriented perpendicular to the b-axis (Figure 7(b)). On
the other hand, the H2 molecule sorbed at site 3C is located
at the same place as site 3B, but the sorbate molecule is oriented parallel with respect to the b-axis (Figure 7(c)). Because of the orientation of the H2 molecule sorbed at site 3B,
the sorbate molecule can interact slightly with the oxygen
atoms of the formate ligands across the pore, thus providing
for mildly greater interactions with the MOF than the H2
molecule sorbed at site 3C. The H2 molecule cannot interact
significantly with the framework when it is sorbed at site 3C.
The notion that site 3B is more favorable than site 3C
was verified through quantum rotation calculations, as a H2
molecule sorbed at site 3B displayed a lower rotational energy for the 0 to 1 transition than that sorbed at site 3C
(8.80 vs. 9.18 meV). These calculated values are actually in
close agreement with the transition energies for the peaks
appearing at about 8.3 and 9.2 meV, respectively, in the INS
spectra for α–[Mg3 (O2 CH)6 ]. It can be observed that the
8.3 meV peak exhibits the highest intensity throughout the
entire INS spectra for the MOF at 4.0 H2 /formula unit, thus
implying that the majority of H2 molecules are sorbed at site
3B at this loading. This is consistent with what was observed
from the simulations at high loadings. Note, a pattern similar to that observed between the 6.2 and 6.9 meV peaks can
be seen when comparing the 7.7 and 8.3 meV peaks for the
different loadings. Further, site 3C is not as favorable for the
sorbed H2 molecules as compared to the other sorption sites
in α–[Mg3 (O2 CH)6 ]. This could explain why the intensity of
the 9.2 meV peak is very low across all loadings considered.
Due to the positions of the peaks at 7.7, 8.3, and 9.2 meV,
the relative energetics of the H2 molecules sorbed at site 3,
and the close agreement between the experimental and calculated transitions, we have assigned the peaks occurring at
7.7, 8.3, and 9.2 meV to be associated with H2 molecules
sorbing at sites 3A, 3B, and 3C, respectively. Note, despite
higher transition energies for H2 molecules sorbed at site 3
relative to sites 1 and 2, these rotational transitions are still
similar to those observed for sorption onto the [Cu2 (O2 CR)4 ]
clusters in MOFs that contain such units (e.g., HKUST-1,
PCN-12, rht-MOF-4a).59,61,62 This indicates that even the
weakest H2 sorption sites in α–[Mg3 (O2 CH)6 ] are comparably rotationally hindered to H2 molecules sorbed onto an
open-metal Cu2+ ion of a copper paddlewheel.

IV.

CONCLUSION

A combined experimental and theoretical study of H2
sorption was performed in α–[Mg3 (O2 CH)6 ], a Mg2+ -based
MOF containing very small pore sizes. Although the H2 uptake in the MOF was found to be quite low at 77 K and 1.0
atm (0.96 wt %), especially compared to other MOFs that
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Our discoveries from the joint experimental and theoretical study of H2 sorption in α–[Mg3 (O2 CH)6 ] demonstrate
that small pore sizes are highly effective for increasing the H2
sorpton energetics in MOFs, which in turn implies that the
sorbed H2 molecules are subject to unusually high barriers to
rotation. Moreover, the nearly flat loading dependence of the
H2 Qst observed for α–[Mg3 (O2 CH)6 ] is a critical ingredient
for a potential H2 storage system. However, the value for the
H2 adsorption enthalpy in α–[Mg3 (O2 CH)6 ] is too low for a
practical sorption-based system operating at room temperature, for which a value of 15–30 kJ mol−1 is required.67,68
We speculate that a variant of α–[Mg3 (O2 CH)6 ] with additional functionalities, such as open-metal sites and/or counterions, could exhibit appreciably higher H2 Qst values that
could fall within the required range for a room temperature
sorption-based H2 storage system.
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