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Hydrogen adsorption in porous, high surface area, and stable metal organic frameworks (MOF’s) appears
a novel route towards hydrogen storage materials [N.L. Rosi, J. Eckert, M. Eddaoudi, D.T. Vodak, J. Kim, M.
O’Keeffe, O.M. Yaghi, Science 300 (2003) 1127; J.L.C. Rowsell, A.R. Millward, K. Sung Park, O.M. Yaghi, J.
Am. Chem. Soc. 126 (2004) 5666; G. Ferey, M. Latroche, C. Serre, F. Millange, T. Loiseau, A. Percheron-Gue-
gan, Chem. Commun. (2003) 2976; T. Loiseau, C. Serre, C. Huguenard, G. Fink, F. Taulelle, M. Henry, T.
Bataille, G. Férey, Chem. Eur. J. 10 (2004) 1373]. A prerequisite for such materials is sufficient adsorption
interaction strength for hydrogen adsorbed on the adsorption sites of the material because this facilitates
successful operation under moderate temperature and pressure conditions. Here we report detailed
information on the geometry of the hydrogen adsorption sites, based on the analysis of inelastic neutron
spectroscopy (INS). The adsorption energies for the metal organic framework MOF5 equal about 800 K for
part of the different sites, which is significantly higher than for nanoporous carbon materials (�550 K)
[H.G. Schimmel, G.J. Kearley, M.G. Nijkamp, C.T. Visser, K.P. de Jong, F.M. Mulder, Chem. Eur. J. 9
(2003) 4764], and is in agreement with what is found in first principles calculations [T. Sagara, J. Klassen,
E. Ganz, J. Chem. Phys. 121 (2004) 12543; F.M. Mulder, T.J. Dingemans, M. Wagemaker, G.J. Kearley,
Chem. Phys. 317 (2005) 113]. Assignments of the INS spectra is realized using comparison with indepen-
dently published model calculations [F.M. Mulder, T.J. Dingemans, M. Wagemaker, G.J. Kearley, Chem.
Phys. 317 (2005) 113] and structural data [T. Yildirim, M.R. Hartman, Phys. Rev. Lett. 95 (2005) 215504].

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen adsorption in MOFs has the characteristic of an
adsorption interaction which is much lower than the enthalpies
of formation of many light metal hydrides. In principle there is
an advantage to this low adsorption interaction because this opens
the possibility to have rapid hydrogen adsorption into MOFs with-
out running into the limitations of adsorption heat transport out of
the storage material, which is a remaining bottleneck with for in-
stance catalysed and nanostructured MgH2 [8]. However, the dis-
advantage of the currently found adsorption interactions is that
they are still that low that significant storage only occurs at low
temperatures or exceedingly high pressures [1–3,9], and therefore
the aim is to chemically tailor MOFs to realize higher adsorption
energies using various approaches [9–12]. Experimental character-
isation of the adsorption potential of hydrogen molecules can be
performed using neutron inelastic spectroscopy (INS) [1,13]. Such
experiments give detailed information on the local shape of the
ll rights reserved.
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adsorption potential via the barrier for rotation of the exited J = 1
molecular state of H2, and via the information on the 1, 2 or 3D
dimensionality of the rotor [14–16]. Advantages of neutron scat-
tering are its high sensitivity to para hydrogen and the fact that,
unlike in optical methods, there are no forbidden transitions or
extinction effects that play a role [17].

Modelling of the adsorption interaction in a few types of MOF
has been performed by classical methods using force fields in sev-
eral occasions [18–22], and by using full ab initio methods at the
MP2 [23] level for certain fragments of the MOF [5,17,24]. Ab initio
calculations using density functional theory were performed in
[6,25] on the full primitive cell of MOF5, i.e. on a full periodic mod-
el. It may be noted that the adsorption energy values in the DFT re-
sults compare favourably with MP2 level calculations [6,24]. In [6]
the preferred adsorption sites and also the barriers for rotational
tunnelling of the hydrogen molecule were calculated, and for this
reason the experimental INS data are compared to these calcula-
tions. Additionally, the positions of the adsorption sites in MOF5
have been determined by Yildirim and Hartman in neutron diffrac-
tion experiments on deuterated materials. Therefore, the existing
experimental information on positions [7] and the here reported
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INS data on the adsorption potentials is compared in this contribu-
tion to the theoretical predictions of ab initio calculations on the
full periodic structure of [6]. The INS spectroscopic information re-
vealed here and the comparison with existing structural data and
modelling results gives new insight in the adsorption potentials
experienced by molecular hydrogen in MOF5. Such insight can be
used for further optimisation of MOF structures towards higher
absorption strength MOFs with high storage capacity.

2. Methods

MOF5 was prepared using a similar method as described in [26].
Samples were stored under a dry and inert atmosphere, in order to
prevent possible degradation as reported in [27]. Cubic crystals as
grown from the solution ranged in size up to �0.5 mm. It was
noted that the diffraction linewidth increases upon the uptake of
possibly water from the air, which may show that strains build
up upon adsorption. The composition of the sample was verified
using X-ray diffraction on clean and degassed MOF5 sample under
an inert atmosphere. Using GSAS [28] the structure was refined
having a space group F m-3m with lattice parameter a = 25.83 Å.

The adsorption energy of the hydrogen molecules can be ob-
tained from macroscopic adsorption measurements. Experiments
were performed using a closed cycle cryostat with a base temper-
ature of 3.6 K. First the sample was loaded in the sample container
made of aluminium with a gold O-ring, and degassed at elevated
temperature (150 �C) for prolonged periods of time (days) under
high vacuum (down to 10�4 Pa). After cooling to 60 K hydrogen
was loaded in the sample using hydrogen gas that was additionally
purified by leading it through a bed of zeolite spheres at 77 K. The
amount of hydrogen loaded was determined volumetrically from
the pressure drop in a calibrated volume at room temperature. A
small correction was made for the free volume of the capillary
and the empty sample chamber minus the volume of the sample
calculated from the density and weight of the MOF5 sample, and
taking into account the sample chamber temperature.

INS was performed using the TOSCA instrument at ISIS (Ruther-
ford Appleton Laboratories, Oxfordshire, UK). Neutrons are pre-
dominantly scattered by the protons in the sample because of
their large incoherent scattering cross section. Inelastic neutron
scattering probes the motions of these hydrogen atoms, i.e. their
vibrations (the MOF5 matrix protons) and rotations (the molecular
hydrogen). The sample was again loaded in an Al container with a
gold O-ring seal and degassed under high vacuum (10�4 Pa) at
150 �C. The empty sample was measured at 13 K. After heating to
60 K, calibrated amounts of para hydrogen were loaded in the sam-
ple using para hydrogen produced in a separate cryostat. The
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Fig. 1. (a) Hydrogen gas pressure above a sample of MOF5 loaded to the amounts as indic
their hydrogen. (b) The resulting effective adsorption energies as a function of hydrogen lo
decrease of the effective adsorption energy with increasing loading is observed.
amounts of para hydrogen loaded were determined from the pres-
sure drop in a known volume at room temperature.

Mulder et al. [6] performed first principles model calculations
using density functional theory (DFT) in the generalized gradient
approximation (GGA) as implemented in the VASP plane wave pseu-
do-potential code. Generally DFT codes have limitations in repro-
ducing long-range dispersive interactions like the long-range tails
of van der Waals interactions (see, e.g., [29] for a discussion). Re-
cently, however, it was shown that DFT with GGA pseudo potentials
give good agreement of the adsorption energy with experimental re-
sults for hydrogen adsorbed on carbon [30] and for alkanes adsorbed
in zeolites [31]. The rotational barrier that has to be overcome when
rotating a H2 molecule in the calculations as described in [6] is com-
pared to the para to ortho hydrogen rotational transitions observed
in the INS. Such DFT methods to reveal the potential energy surface
are also employed in for instance understanding the methyl group
rotational tunnelling in solids [32].

3. Results and discussion

The hydrogen gas pressure above the sample as a function of
temperature is shown in Fig. 1a for a few fixed loadings. For a
low amount of hydrogen loaded the adsorbed hydrogen starts to
be released partially from MOF5 above 60–70 K, while for in-
creased loading such release already starts at 20–40 K. As de-
scribed in [4] such data can be fitted to the following equation,
which relates the adsorption energy Had, the site coverage h, the
temperature T and pressure P:

P ¼ C0
ffiffiffi

T
p

expð�Had

kBT
Þ h

1� h
ð1Þ

where C0 is a constant. For the fit one assumes a constant h, i.e. the
free volume of the empty space in the filled sample container
should be small. The resulting effective adsorption energies are
plotted in Fig. 1b. The value for low hydrogen loadings is remark-
able high �720 to �850 K. Such values exceed those found in nano-
structured carbon materials like nanotubes and activated carbons
(�550 K) by up to 54%. Such finding agrees with the first principles
calculations reported in [5,6]. This finding indicates that there is
considerable promise for the increase of hydrogen adsorption ener-
gies by using MOF’s and tailoring the substrate.

Adsorption isotherms were measured at three different low
temperatures in order to determine the adsorption capacities of
stronger as well as weaker bound sites (Fig. 2). Note that the pres-
sures applied are all below the vapour pressure of pure hydrogen
(3.24 Bar at 25 K), i.e. no liquid can be formed yet in the free vol-
ume between the MOF crystallites. It is immediately obvious from
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Fig. 2. The hydrogen load as a function of applied pressure at three different te-
mperatures. The 55 and 60 K curves are fitted using two Langmuir isotherms. The
steep initial increase represents the stronger bound H2, while the sloping increase
represents the weaker bound H2.
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Fig. 3a. INS spectra from MOF5 without and with two different loadings of hydr-
ogen. The peaks between 300 and 1500 cm�1 result mainly from modes within the
BDC linker. Upon hydrogen loading the general spectrum intensity is lifted due to
scattering by the hydrogen (recoil signal). At low energy strong peaks occur that are
different rotational transitions of the para H2 molecules.
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Fig. 3b. The low energy part of the spectra after subtraction of the empty MOF5
signal for the two different loadings (1 meV = 8.066 cm�1). Peaks are rotational tr-
ansitions of the adsorbed hydrogen molecules. Fits that indicate up to five different
sites for H2 are presented, with the colours indicating different sub-spectra (i.e.
molecular sites). Note that for the higher loading apart from larger intensities, new
peaks n1,n2 and a peak shift (b1) occur.
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the measurements that a large fraction of the hydrogen is bound
directly at low pressure. Upon increasing the pressure there still
is an increasing adsorption, leading to a shape of the isotherms
as described in [33] for a system with heterogeneous sites, having
different adsorption interaction strengths. The gradual increase of
adsorption with pressure occurs mainly because sites with lower
adsorption energies become increasingly occupied. Upon lowering
the temperature the isotherms change significantly due to the
increasingly higher adsorption at less favourable sites. For 55 and
60 K it was possible to fit the data with the sum of only two Lang-
muir isotherms (h ¼ bP=ð1þ bPÞ as follows from Eq. (1), where b is
a constant), one corresponding to the rapid increase of adsorption,
and the second to the gradual increase at increasing pressure. At
25 K two isotherms were not enough to get a reasonable fit, and
there is also an indication of a small step at 1.2 Bar. Such findings
may be explained by the ordering of hydrogen molecules on the
different sites as the coverage of the sites increases at low temper-
ature. Steps in the isotherm for adsorption of methanol in a metal
organic framework were observed by Fletcher et al. [34]. In addi-
tion, the relatively large mobility of hydrogen between different
adsorption sites at temperatures above �38 K following from
molecular dynamics simulations [6] may play a role.

An estimate of the amount of hydrogen adsorbed in these MOF5
crystals with an adsorption energy larger than that in liquid hydro-
gen can be obtained from extrapolating the 25 K data to 3.24 Bar,
the hydrogen vapour pressure at 25 K. This number equals about
3.2 wt%. Above this loading liquid hydrogen will be formed be-
tween the crystallites, and if space still permits, inside the MOF5
pores. The adsorption capacity at 60 K is similar to what has been
reported by others at 77 K and higher pressures [2,27].

In [6] the adsorption energy was calculated and as stated above
the value agrees well with the values found here for low hydrogen
loadings, i.e. when only the most preferable sites are occupied. In
[6] also predictions for the rotational barriers of adsorbed hydro-
gen molecules were given which are in principle smaller interac-
tions than the adsorption interaction itself. In order to observe
the shape of the potential well experienced by the molecular
hydrogen via the rotational transitions, and to be able to compare
experimental and computational results, inelastic neutron spec-
troscopy (INS) was performed. For this comparison also the neu-
tron diffraction results for low deuterium loading of Yildirim and
Hartman is used, showing the different deuterium adsorption sites
experimentally in MOF5 [7]. In Fig. 3 the data are plotted before
and after subtraction of the signal of the empty sample, measured
at 13 K. The large increase of the signal with loading of hydrogen is
consistent with the amount of hydrogen loaded.

The empty MOF5 sample shows the characteristic vibrations of
the BDC (=1,4-benzenedicarboxylate) organic spacer. When hydro-
gen is loaded, the broad background signal increases, and most
important, several new peaks occur at low energy transfers
(<20 meV). The broad background is due to recoil of the hydrogen
molecule. The narrow peaks correspond to the rotational J = 0 to
J = 1 transition of the H2 molecule, J (1 0). In principle three lines
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are present (initial m = 0, final m = �1,0,+1) of which the degener-
acy is lifted depending on the geometry of the site in which hydro-
gen is adsorbed. For hydrogen in pure solid hydrogen the
environment is isotropic and a single threefold degenerate transi-
tion at 14.7 meV occurs. For adsorption on surfaces or in strongly
hindered sites the degeneracy can be lifted, which thus gives infor-
mation on the number of different sites and their geometry. The
fitting of the spectra is performed using constraints on the intensi-
ties of the sub-spectra peaks as should be the case for rotational
transitions (J,m) = (0,0) to (J,m) = (1,0), or J,m (1,0 0,0) and
(J,m) = (0,0) to (J,m) = (1,±1), or J,m (1,±1 0,0) (peak intensities
should have ratio 1:2). The widths for peaks belonging to one
sub-spectrum are constrained to be about the same. The two dif-
ferent loadings measured give additional handles on which peaks
contribute to the same sub-spectrum. The resulting fits are shown
in Fig. 3, and the parameters are in Table 1. The good resolution of
the spectra allows the discrimination of up to five different con-
tributing sub-spectra and one broad diffuse contribution, which
could not be achieved in the work of [1].

The spectra show large splittings and also shifts of the centre of
mass compared to the 14.7 meV peak position of solid hydrogen.
This clearly indicates that most adsorption sites are far from isotro-
pic, and that there is significant interaction with the substrate. The
barriers for molecular rotation can be obtained using the standard
anisotropic potential of the form V(h) = V0 � cos2(h), where V0 is the
potential energy barrier height. For positive values of the parame-
ter V0 the molecule aligns parallel to a surface (2D case) and for
negative values of V0 the molecules is perpendicular to a surface
(1D case). In the 2D case the degeneracy on the quantum number
m = ±1, means that the lower energy peak will have twice the
intensity of the higher energy component, whereas in the 1D case
the opposite is true. Using the model described in [14] we can esti-
mate a barrier height as well as an apparent rotational constant for
the hindered hydrogen rotor expressed in units bH2 , which is the
rotational constant for unperturbed H2 (last 2 columns in Table
1). The origin of the diffuse contribution indicated by d may be
found in adsorbed hydrogen molecules that follow the modes of
the MOF matrix that are relatively strong in this area; then it is
not related to rotational transitions.
Table 1
Parameters for the observed peak positions at para hydrogen loading of 0.34 and 0.57 wt%

Peaks @ 0.34 wt% Position (meV) Intensity (a.u.) 1D
or
2D

Width (m

D 9.2 0.5 3
b1,b2 9.96, 10.75 0.32, 0.51 1D 0.38, 0.3

c2,c1 11.90, 12.20 0.44, 0.21 2D 0.44, 0.4

a2,a1 13.99, 15.20 0.26, 0.13 2D 0.50, 0.5

f 14.67 0.22 3D 0.32

n2,n1 – – –
Peaks @ 0.57 wt% Positions (meV) Intensity (a.u.) 1D/2D Widt

D 8.6 0.7 4
b1,b2 10.34, 10.80 0.36, 0.74 1D 0.38
c2,c1 11.89, 12.10 0.52, 0.26 2D 0.40
a2,a1 14.01, 15.25 0.34, 0.18 2D 0.50
f1,f2 14.37, 14.65 0.15, 0.29 2D 0.34
n2,n1 12.77, 16.22 0.29, 0.15 2D 0.40

The error in the peak positions is about 0.03 meV. Peaks x1, x2 assigned to the same sub-
barrier heights have been calculated according to the standard anisotropic model [16].
In [6] first principles calculations are described to determine
potential favourable adsorption sites for H2. The results indicated
at least four different positions with relatively high adsorption
energies, as is found here experimentally in the lowest loading.
Low adsorption energy sites were not considered in these calcula-
tions. When comparing the calculated favourable positions of [6]
with the neutron diffraction experiments of [7] we can see that
there is good agreement: the positions of the C6, Zn-wide, Zn-nar-
row, sites of [6] correspond with, respectively, the Hex, Cup, and
ZnO3 site of [7]. Only the O–CO2 appears to be shifted from the
ZnO2 site (see below). In order to assign the sub-spectra of Table
1 to these different sites we can use the multiplicity of these sites
in [7] which would be expected to scale in a first approximation
with the intensity of the sub-spectra. These multiplicities are 48,
32, 32, 96 for, respectively, the C6/Hex, Zn-wide/Cup, Zn-narrow/
ZnO3 and O–CO2/ZnO2 sites. In addition, in [6] the barrier for rota-
tion was calculated for the sites, and these barriers can now be
compared with the INS experimental values in Table 1. Comparing
the intensity and barriers measured with the multiplicity and the
barriers calculated in [6] one arrives at the spectral assignments
of the b1,2, c1,2, a1,2 and f1,2 to, respectively, the O–CO2/ZnO2, C6/
Hex, Zn-wide/Cup, and Zn-narrow/ZnO3 sites. With this assign-
ment the calculated barriers appear to follow the measured ones
(see Table 1) although the Zn-wide site has the highest experimen-
tal barrier (6 meV) but still lower than the calculated one (10–
13 meV). As stated above the O–CO2 site calculated in [6] is shifted
from the experimental ZnO2 site [7]. In addition, for the higher
loading measured here we see the peaks of this site shift in posi-
tion. In [6] the model calculations were performed on a system
where the sites were only partly occupied in order to determine
possible preferential adsorption sites. It was mentioned that when
all sites would be occupied simultaneously there would be signif-
icant interference of these sites. Therefore, the shifting positions of
the b1,2 lines may indicate just this interference where the ZnO2

site is representative of the hydrogen system with higher filling.
The position of the O–CO2 site is such that it will interfere most
with the Zn-narrow/ZnO3 site. In the spectra of Figs. 3a and 3b
and in Table 1 there is indeed also a slight change in the peak posi-
tions f1,2 (splitting) upon increased loading.
, respectively

eV) Rotation
barrier (meV)

Apparent rotational
constant (bH2 )

Assignment,
multiplicity of
[12], calculated
barrier (meV) of
[6]

9 3.94 0.71 O–CO2

96
2–5

4 1.49 0.82 C6

48
0–3

0 6.04 0.98 Zn-wide
32
10–13

0 0.98 Zn-narrow
32
0–1

hs (meV) Rotational barrier (meV) Apparent rotational constant (bH2 )

, 0.38 2.30 0.72
, 0.40 1.05 0.81
, 0.50 6.2 0.98
, 0.34 1.39 0.98
, 0.34 17.3 0.94

spectrum have intensity ratio close to 1:2, and have the same widths. The rotational
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For the highest loading measured in this work a new doublet
contribution n1,n2 centred around 14.4 meV is present. Such signal
is interpreted as hydrogen molecules on sites that are less pre-
ferred than the sites occupied for lower loadings, and may there-
fore be thought of as a second layer of hydrogen molecules on
top of the first molecules adsorbed in the pores. Although not being
a preferable site, the barrier for rotation is the highest measured
(17.3 meV). In [7] there are also additional sites indicated inside
the free space of the pores.

The barrier for rotation and the dimensionality indicated in Ta-
ble 1 present a description of the potential experienced by the
hydrogen molecules at the sites indicated. The experimental re-
sults obtained here for the rotational barrier and the sites located
by [7] for low hydrogen loadings compare remarkably well with
the model calculations in [6]. Also the adsorption interaction
strength from the adsorption measurements at low loadings in
Fig. 1b (�700 K) compares well with that of the four preferable
sites in [6] (66–72 meV).

4. Conclusions

Summarizing, the adsorption of hydrogen in MOF5 occurs on up
to five different adsorption sites, as is observed from neutron
inelastic spectroscopy. The combination of structure results from
[7], modelling in [6] and the present INS results facilitates the
assignment of the INS sub-spectra to specific crystallographic
adsorption sites. The neutron inelastic spectroscopy shows that
the hydrogen molecules on different sites influence each other
upon increasing loading. The adsorption energy for these different
sites ranges between 800 and 100 K for, respectively, strongly and
more weakly bound sites. The high adsorption energy compares
favourably with what is found in nanostructured carbon materials,
i.e. there appears potential for improving adsorption energies by
application of chemically tailored MOFs. The combined results
may indicate that the model calculations can be used remarkably
successfully in this type of metal organic frameworks for predict-
ing adsorption sites, and hydrogen–matrix interactions, where also
more subtle parameters as the barriers for rotation are predicted
well.
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