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Hydrogen storage properties and neutron scattering studies

of Mg2(dobdc)—a metal–organic framework with open Mg
2+

adsorption siteswz
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The hydrogen storage properties of Mg2(dobdc) (dobdc
4�= 2,5-

dioxido-1,4-benzenedicarboxylate), a metal–organic framework

possessing hexagonal one-dimensional channels decorated with

unsaturated Mg2+ coordination sites, have been examined

through low- and high-pressure adsorption experiments, infrared

spectroscopy, and neutron scattering studies.

Owing to their high permanent porosity, exceptional structural

and chemical tunability, and convenient modular synthesis,

metal–organic frameworks have recently come under intensive

study for use as solid-state sorbents in gas storage

applications.1 With regard to cryogenic hydrogen storage,

gravimetric and/or volumetric hydrogen storage capacities

that approach the U.S. Department of Energy targets2 for

mobile systems have been demonstrated in the highest surface

area materials.1c,3 However, the performance of these

materials is greatly diminished at ambient temperature due

to the weak, physisorptive interactions between the internal

pore surface and the hydrogen molecules. Indeed, the isosteric

heat of H2 adsorption within these materials typically lies

in the range of �5 to �7 kJ mol�1, which is well below the

�15 kJ mol�1 that is considered optimal for a sorbent

operating between 1.5 and 30 bar at 298 K.4,5 The study of

metal–organic frameworks with exposed metal cation sites

represents one promising avenue for achieving stronger

framework–H2 interactions, and is of particular interest for

light cations with a high charge density.6,7 Herein, we report

the hydrogen storage properties of Mg2(dobdc) (MOF-

74(Mg)),7d,e which possesses pores that are decorated

with unsaturated Mg2+ coordination sites (see Fig. 1).

Importantly, rigorous study of the adsorption properties via

adsorption experiments, variable-temperature infrared

spectroscopy, and neutron scattering methods affords a

detailed description of the loading characteristics, which is

crucial for the design of next-generation materials.

The solvated form of Mg2(dobdc) was prepared using a

synthesis adapted from the literature procedure.7d Activation

was performed by heating the material in anhydrous DMF

followed by anhydrous methanol, and heating the material

in vacuo at 180 1C. The BET surface area8 of 1510(5) m2 g�1 for

a material activated under the optimized conditions is close to

the accessible surface area9 of 1705 m2 g�1, indicating the full

evacuation of the pores.

The lower-pressure H2 adsorption isotherms for an activated

sample ofMg2(dobdc) are presented in Fig. 2. Remarkably, the

H2 uptake at 77 K reaches 1 wt% at just 0.02 bar, presumably

due to the high density of open metal sites within the structure.

In addition, the relatively high surface area leads to the H2

Fig. 1 A portion of the crystal structure of Mg2(dobdc) as viewed

down the [001] direction. Green, gray, and red spheres represent Mg, C,

andO atoms, respectively; H atoms omitted for clarity. Inset: D2 binding

sites (site I: yellow, site II: orange) as determined by neutron diffraction.

Fig. 2 Lower-pressure H2 isotherms recorded at 77 K (blue) and 87 K

(green). Filled and open symbols represent adsorption and desorption,

respectively. Inset: Isosteric heat of adsorption (�Qst) as a function of

H2 adsorbed.
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uptake (1 bar) of 2.2 wt% and 1.7 wt% at 77 K and 87 K,

respectively. The zero-coverage isosteric heat of adsorption

(Qst) of �10.3(2) kJ mol�1 evaluated using a virial-type fitting

to the isotherm data is indicative of the polarizing nature of the

exposed Mg2+ cations, and the gradual decrease of Qst to

�7.9(2) kJ mol�1 at an adsorption level of 1 wt% is consistent

with the gradual saturation of these sites.

The corresponding high-pressure H2 adsorption isotherms

recorded at 77 K and 298 K are shown in Fig. 3. At 77 K, the

excess adsorption saturatesat amaximumof3.2wt%at15bar, and

the total adsorption reaches 4.9 wt% and 45 g L�1 at 100 bar. The

volumetric storage capacity at 100 bar constitutes a 44% increase

over the corresponding density of pureH2 gas, and is a result of the

close approach of H2 to the framework surface facilitated by the

Mg2+ centers. Surprisingly, despite the high density of unsaturated

metal sites, the total adsorption at 298 K is just 0.8 wt% and

7.5 g L�1 at 100 bar, representing just a marginal improvement

over the corresponding storage density of compressed H2 gas.

The site-specific binding enthalpy at the open Mg2+ adsorp-

tion site was probed through variable-temperature infrared

spectroscopy. Upon cooling of a sample of Mg2(dobdc) exposed

to H2, the evolution of two absorption bands centered at 4091

and 4085 cm�1 is observed as shown in Fig. 4. These bands can

be, respectively, assigned to para-H2 (p-H2) and ortho-H2 (o-H2)

owing to their expected frequency difference (6 cm�1 for gas

phase H2), and by the observation of a spectral change at low

temperature (ca. 20 K) and decreased equilibrium pressure (see

Fig. S4, ESIz). The integrated infrared absorbance was used to

generate a van’t Hoff-type plot (Fig. S5, ESIz), from which the

standard adsorption enthalpy (DH0 = �12.1 � 1.0 kJ mol�1)

and entropy (DS0 = �137 � 10 J K�1 mol�1) could be

determined. The large magnitude of DH0 is consistent with the

close approach of H2 to the exposedMg2+ cations. Note that this

value lies slightlybelowthe correspondingvalueof�13.5kJmol�1

forNi2(dobdc),
10 likely as a result of the slightly larger ionic radius

(and lower charge density) of Mg2+ (0.72 Å) compared to Ni2+

(0.69 Å). Meanwhile, the negative sign of DS0 is presumably a

result of the more efficient packing and limited mobility of the

adsorbed molecules compared to the bulk gas, owing to the close

approach and localized adsorption of H2.
11

The loading-dependent H2 adsorption characteristics were

probed using powder neutron diffraction experiments

performed at the BT-1 high-resolution diffractometer at the

National Institute of Standards and Technology Center for

Neutron Research (NCNR). At a loading of 0.6 D2 per Mg2+

site, the nuclear density map indicates the highest-affinity

adsorption site to be just 2.45(4) Å from the metal center (see

Fig. 1). Note that this distance is in close agreement with the

theoretically calculated distance of 2.50 Å evaluated using

density functional theory.12 At the same loading, a secondary

binding site approximately 3.5 Å from the oxido group of the

organic linker could be identified. Two further sites were

located within the structure at higher loadings, although

their distance from the framework surface (>4.0 Å) suggests

only very weak interactions that are physisorptive in nature.

These observations are also supported by the infrared spectra

collected at similarly low temperatures (see Fig. S4, ESIz).
Selected inelastic neutron scattering spectra collected at the

BT-4filter analyzer neutron spectrometer13 (FANS) at theNCNR

are shown in Fig. 5. The spectrum recorded at 4 K for the

evacuated material is dominated by vibrational modes of the

ligand, and bears close resemblance to the corresponding

spectrum of Zn2(dobdc) (Fig. S7, ESIz).14 The material was then

dosed with 0.6 p-H2 perMg2+ site, resulting in three new features

in the spectra at approximately 6.8, 10.4, and 24.1meV.These new

peaks are attributed to the splitting of the J=1 rotational level of

H2 upon associationwith the openmetal site. Upon increasing the

loading to 1.2 p-H2 perMg2+ site, additional features between 15

and 20 meV are observed, and are attributable to H2 adsorbed at

site II.14 The analogous data for normal-H2 (n-H2), which is a

mixture of approximately 75% o-H2 and 25% p-H2, reveal three

additional peaks at 14.1, 18.0, and 27.3 meV, respectively. These

peaks are presumably a result of the coupling of H2 in the J= 1

rotational state with the hydrogen phonons.

The corrected neutron scattering data15 collected on the

disk-chopper spectrometer16 (DCS) at the NCNR for a

loading of 1.2 n-H2 per Mg2+ site are displayed in Fig. S7Fig. 3 High-pressure H2 isotherms recorded at 77 K (blue) and 298 K

(red). Triangles and circles represent excess and total uptake, while the

solid lines show the density of pure H2 gas.

Fig. 4 Variable-temperature infrared spectra of H2 adsorbed on

activated Mg2(dobdc) in the temperature range of 85 to 162 K.

Fig. 5 Selected INS spectra recorded at 4 K following subtraction

of the spectrum of evacuated Mg2(dobdc) for loadings of 0.2 (blue),

0.4 (green), 0.6 (orange), and 1.2 (black) H2 molecules per Mg2+ site.

Filled and open symbols represent data for p-H2 and n-H2, respectively.
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(ESIz). As reported recently,7f the rotational lines observed in

neutron energy loss at 6.8 meV and 10.2 meV are not

symmetrically observed, and only a single peak at �6.5 meV

is observed with an intensity reduced by a factor of 9.17 In

the previous work, the absence of the peak at approximately

�10 meV is ascribed to the presence of multiple binding sites at

the Mg2+ site. However, we note that there is a quantum-

mechanically allowed thermal population of the J = 1

sub-levels, wherein the lowest J = 1 sub-level is populated at

4 K. Such an interpretation allows the INS data to be described

with just one type of H2 adsorption site at the Mg2+ center,

which is in agreement with the powder neutron diffraction data.

The diffusional behavior of H2 within the one-dimensional

channels of Mg2(dobdc) was studied by quasielastic neutron

scattering (QENS). Surprisingly, at a dosing of 0.33 n-H2 per

Mg2+ site, a QENS signal that is virtually indistinguishable

from the resolution function of the instrument was obtained

(Fig. S10, ESIz). This suggests the absence of H2 diffusion on

the picosecond timescale owing to the strong interaction

between H2 and the exposed Mg2+ cations. However, the

spectrum becomes successively broadened at higher loadings,

indicative of the diffusion of H2 associated with the weaker

binding sites and bulk H2 within the channels, respectively.

The Q-dependent spectra were fit to a hydrogen diffusion model

composed of two Lorentzian functions (narrow and broad) along

with an elastic contribution that was convoluted with the

instrument resolution function (Fig. S11, ESIz). The elastic

response partially originates from stationary H2, the narrow

function originates from H2 diffusing along the pore surface, and

the broad function arises from bulk-like gas diffusing through the

one-dimensional pores. The extracted line widths of the narrow

component are indicative of a liquid-like jump-diffusion with no

distinct spatial orientation of the jump direction as observed in

other studies of H2 within porous media.18 Interestingly, the

diffusion coefficients (D = 1.2(1) � 10�8 m2 s�1 at low loading;

D=0.51(2)� 10�8 m2 s�1 at 1 bar) derived from the fittings is an

order ofmagnitude lower than the one-dimensional diffusion ofH2

in Cr(OH)(bdc) (bdc2�= 1,4-benzenedicarboxylate; MIL-53(Cr))

and VO(bdc) (MIL-47(V)) under similar conditions,19 and of

similar magnitude to H2 diffusing on a carbon surface.

The foregoing results describe the hydrogen storage

properties of Mg2(dobdc) as studied by adsorption

experiments, infrared spectroscopy, and neutron scattering

studies. The complementary nature of these techniques has

afforded a complete picture of the H2 adsorption within the

material, and has revealed an alternative interpretation to the

INS data recently reported, in which the data can be

completely described by a single type of adsorption site at

the exposed Mg2+ cation. We envisage that further studies of

this type will afford a clearer understanding of the effect of the

chemical and structural features of metal–organic frameworks

on the H2 storage properties at ambient temperatures.
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