
HAL Id: hal-02990773
https://hal.science/hal-02990773v1

Submitted on 3 Jun 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Hydrogen storage mechanism and diffusion in metal–organic
frameworks

Kenichi Koizumi, Katsuyuki Nobusada, Mauro Boero

To cite this version:
Kenichi Koizumi, Katsuyuki Nobusada, Mauro Boero. Hydrogen storage mechanism and diffusion
in metal–organic frameworks. Physical Chemistry Chemical Physics, 2019, 21 (15), pp.7756-7764.
⟨10.1039/C8CP07467D⟩. ⟨hal-02990773⟩

https://hal.science/hal-02990773v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Hydrogen storage mechanism and diffusion in

metal–organic frameworks

Kenichi Koizumi,∗,†,‡ Katsuyuki Nobusada,†,‡ and Mauro Boero¶

Department of Theoretical and Computational Molecular Science, Institute for Molecular

Science, Myodaiji, Okazaki 444-8585, Japan, Elements Strategy Initiative for Catalysts and

Batteries (ESICB), Kyoto University, Katsura, Kyoto 615-8520, Japan, and University of

Strasbourg, CNRS, Institut de Physique et Chimie des Matériaux de Strasbourg UMR 7504, 23

rue du Loess, F-67034 Strasbourg, France

E-mail: koizumi@ims.ac.jp

Abstract

Diffusion and storage of hydrogen molecules in metal organic frameworks (MOF-5 and

IRMOF-6) are crucial for the development of next-generation energy storage devices. By

resorting to first principles modeling, we compute the diffusion coefficient of molecular hy-

drogen in these systems in a range of temperatures where MOF–based devices are expected to

operate. The explicit inclusion of the electronic structure shows that diffusivities are one order

of magnitude smaller than what reported by classical simulations, evidencing the insufficiency

of the empirical force fields used so far. We show that hydrogen is mainly accumulated around

the metal junction sites both in MOF-5 and IRMOF-6, and partly around the carbon atoms in
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the case of IRMOF-6, where charged linkers are present. Metal ions embedded in the junc-

tion sites exert an electrostatic attraction toward hydrogen and the resulting distribution shows

some ordering around these same sites at low temperature, whereas this tendency vanishes

at room temperature. The induced polarization of hydrogen molecules generates an electro-

static interaction with charged atoms inside these nano-scaffolds and this is a key factor for

the enhancement in hydrogen storage both in MOF-5 and IRMOF-6. The mechanism clarified

hereby provides a novel understanding of metal organic frameworks and a guide to tune their

efficiency for hydrogen storage. Moreover it paves the route to a computer-aided design of

effective MOFs indicating that a fine control of the distribution of electrostatic charges inside

the hydrogen hosting structure is crucial.

Introduction

Producing, handling and storing energy has become a priority in view of the increasing demand

worldwide. Yet, this has to be sustainable and environmentally compatible. These fundamental

issues must be accurately addressed for the realization of efficient and cost–competitive alternative

power sources planned to be ready for the market by 2030.1 In this context, hydrogen represents

one of the most promising energy carrier and improvements in its storage are of primary impor-

tance.2 One of the major difficulties is the fact that an H2 gas easily diffuses and expands occupying

a large volume. To overcome this problem, effective storage systems with good portability are nec-

essary. Conventional storage methods require extremely high pressures which translates into heavy

storage tanks for security issues and a relatively high energy consumption already at the stage of

accumulation and production of a hydrogen reservoir. These two drawbacks are major stumbling

blocks and call for the development of materials able to store large amounts of hydrogen at standard

ambient conditions in a safe way.3 A route pioneered in the last years is the storage inside solid

materials sufficiently porous to allow H2 to diffuse inside and able to exploit either physisorption

or chemisorption mechanisms. To encourage developments in this direction, the U.S. Department

of Energy (DOE) has set as a target the year 2020 for hydrogen storage for 5.5 wt% in gravimetric
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capacity and 40 gL−1 of volumetric capacity at ambient temperatures and not extremely elevated

pressure.4 Metal-organic frameworks (MOFs) seem able to meet these requirements. In fact, they

are sufficiently porus to accommodate appreciable amounts of H2 molecules and rather versatile in

realizing physisorption, as pioneered by Kondo5 and Li.6 In those exploratory works, microporous

MOFs was synthesized and tested toward adsorption of different gases.7 Since then, a variety of

MOFs for hydrogen storages have been inspected.8,9 Among all the available MOFs, MOF-5 is

one of the best studied and more promising systems (Figure 1 a). This MOF consists of Zn4O

nodes with 1,4-benzodicarboxylic acid connecting the nodes8 and has been shown to possess a

storage ability for hydrogen of 7.1 wt% at 77 K.10 Unfortunately, such a low temperature is a

major drawback. Moreover, the storage capacity drops drastically to about 1.65 wt% at 298 K.11

Indeed, this is the reason of the scarcity of experimental results for this class of systems in a tem-

perature range closer to ambient conditions, conditions at which potential MOF–based devices are

expected to operate. A second important system, IRMOF-6, is topologically similar to MOF-5,

but includes a different organic linker, cyclobutylbenzene (Figure 1 b). Nonetheless, it has almost

the same accessible volume of MOF-512 and can uptake an analogous amount of hydrogen at 77

K.13,14 Yet, the behavior upon hydrogen storage at higher temperature is still a matter of debate.

To improve the hydrogen storage efficiency, avoiding the extreme cooling required, a detailed

insight into the fate of H2 molecules inside MOFs at room temperature is a mandatory first step.

In this respect, molecular dynamics (MD) is a useful tool to investigate these processes at se-

lected target temperatures. Yet, a reliable classical potential has to be selected and this is often not

available for these complex systems. Classical MD simulations reported so far lack the inclusion

of the electronic structure, which, instead, is a key ingredient to properly account for charge re-

distribution and dynamical change of relevant chemical bonds inside the network. To cope with

this intrinsic difficulty, we resort to first-principles molecular dynamics (FPMD) to describe the

various diffusion processes of hydrogen molecules inside MOF structures. FPMD has been as-

sessed and benchmarked on a wide variety of systems where diffusion processes are essential,

from solids,15–18 to surfaces,19–21 as well as liquids22–27 and gases.28,29 Recent advances in high
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performance computers (HPCs) for massively parallel calculations and softwares developments

are already mature to allow simulations of dynamical process for systems composed by more than

500 atoms. On these grounds, we report a detailed investigation of diffusion processes of H2 in-

side both MOF-5 and IRMOF-6 at a full FPMD level which is still lacking and has so far never

been afforded at a FPMD level. Diffusion coefficients are computed at various temperatures upon

statistically significant simulation times. The temperature dependence in the distribution of H2

molecules inside the MOF-5 is clarified, allowing for a rationalization of the degradation in hy-

drogen storage performances of this system. We also show that the dynamical behavior hydrogen

molecules in MOF-5 and IRMOF-6 is quite different at room temperature. Diffusion coefficients

in IRMOF-6 turn out to be significantly smaller than in MOF-5. Neutron diffraction experiments30

allowed to speculate that ionic metal junction sites should be the preferred H2 uptaking site at least

at extremely low temperature (3.5 K). Those exploratory works reported a cage like ordering in

the distribution of H2 molecules in proximity of metal junction sites. Classical MD simulations31

confirmed the pivotal role of these same sites as H2 captors at 77K in MOF-5. However, because

of the limitations of classical MD mentioned above, a clear insights into the diffusion process,

the subtle electronic structure modifications and the effects of higher temperature up to ambient

conditions have never been elucidated. Here, we fill this gap by showing, via FPMD, the effect

of temperature in the molecular hydrogen distribution inside the frameworks and the persistence

of the attractive character of metal junction sites even at room temperature. Some ordering in the

distribution of molecular hydrogen still exists at 200K, whereas this tendency vanishes at 300K.

Moreover, we show that electrostatic interaction between H2 molecules and the exposed surface

inside MOFs is crucial for hydrogen storage. In fact, the local electrostatic potential is affected

by the redistribution of the charge density within the framework, an effect completely neglected in

classical MD approaches. The charges of the residues introduced in the organic linkers of MOFs

also affect strongly the hydrogen diffusion processes. These insights provide precious guidelines

for the design of effective MOFs system via the control of the electrostatic charges present not

only on the metal junction sites, only focus of all previous works, but also in the organic linkers
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introduced in the frameworks.

Computational Methods

The simulated structures of MOF-5 and IRMOF-6 are shown in the two upper panels of Fig-

ure 1, along with their respective linkers in the insets. Specifically, the first one has a 1,4-

benzenedicarboxylate (BDC) linker, whereas the second one an R6-BDC and both ensure the con-

nection to the Zn ions. These sites are the one refereed to as "metal junction sites" hereafter. At

this specific locations, evidenced by a white circle in the upper panels of Figure 1, O atoms of

carboxy groups belonging to the organic linkers are bound to Zn.

In both MOFs, Zn ions of the metal junction sites are deeply embedded inside the framework

and as such barely exposed to potentially adsorbed molecules. The formulas for the simulation

cells used in our calculations are C192H96O104Zn32 for MOF-5 and C240H144O104Zn32 for IRMOF-

6. Periodic boundary conditions are adopted for all simulated systems. Since the reported amount

of the hydrogen storage in MOF-5 is 1.65wt% at 298K,11 we adjusted consistently the amount of

H2 molecules added inside our system. This translates into 52 H2 molecules inside the simulation

cell of MOF-5 and 51 for the IRMOF-6 system, both being cubic supercells of lateral size equal

to 25.8 Å. The total number of atoms for the two cases becomes then 528 for MOF-5 and 622 for

IRMOF-6. and Figure 1 illustrates in panels a and b our two simulates systems.

Our FPMD simulation scheme is based on the unified approach of density-functional theory

(DFT)32,33 and MD originally presented by Car and Parrinello.34 Valence electrons wavefunctions

are represented on a plane-wave basis set with an energy cut-off of 80 Ry and the Brillouin zone

sampling is limited to the Γ point. The Perdew-Burke-Ernserhof (PBE)35 generalized gradient

approximation (GGA) is adopted for the exchange-correlation interaction.35 To account for long

range van der Waals interactions, not included in any GGA, we use the Grimme’s empirical cor-

rection D2.36 The core-valence interactions are described by Troullier-Martins norm-conserving

pseudopotentials.37 The integration time step was 0.096 fs (4.0 atomic unit), and the fictitious
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(a) (b)

(c) (d)

Figure 1: Structural models of MOF-5 (a) and IRMOF-6 (b) used in our simulations. The insets
show the organic linkers of MOF-5 and IRMOF-6, namely BDC and R6-BDC. The white circle
indicate one of metal junction site where the carboxyl groups of the linkers BDC or R6-BDC are
connected to Zn. Panels (c) and (d) show two snapshots taken during the MD simulations of MOF-
5 and IRMOF-6 (d), respectively and the size of the spheres reflects the van der Waals radius of
each atomic species. The color code is cyan for C, red for O, gray for Zn, and white for H. 52 and
51 H2 molecules are included in the MOF-5 and IRMOF-6 simulation cells.
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electronic mass was set to µ=400.0 atomic units, which ensures a good control of the conserved

quantities.38 The ionic temperature is controlled by a Nosé-Hoover chain thermostat and dynami-

cal simulations are performed in the canonical NVT ensemble.39–42 Different temperatures corre-

sponding to 200, 300, 400, and 500 K are considered in the case of MOF-5 and 200 K is the target

temperature used for the case of IRMOF-6. About 10 ps MD was necessary to fully equilibrate the

systems, then statics were collected in the following 19.2 ps (about 200000 MD steps). We used

the CPMD package for all simulations.43

Results and Discussions

Hydrogen Diffusion inside MOFs

A rather long–lasting FPMD simulation was performed within the approach specified above. Dur-

ing a simulation time of 19.2 ps, after the full equilibration of the system, we accumulated statistics

and computed the mean square displacement (MSD) ∆R2(t) according to the standard formula

∆R2(t) =
1
N

N

∑
i=1
|RRRi(t)−RRRi(0)|2 (1)

where N is the number of hydrogen molecules in the system and RRRi(t) the position of the center

of mass of the ith H2 molecule at time t. The result of this analysis is summarized in Figure 2,

showing the MSDs of MOF-5 at the various temperatures considered, along with the MSD at 200

K in the case of IRMOF-6.

Since our simulations started from a well equilibrated conditon and the statistics was collected

for a relatively long time, all MSDs display a linear trend suitable to estimate the diffusivities.

Indeed, as shown in Figure 2, a linear fitting of the crude ∆R2(t) as a function of the time gives

straight lines nearly indistinguishable from the computed data. By using the Einstein relation,

∆R2(t) = 6D · t +∆R2(0). (2)
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Figure 2: Mean squared displacements for the diffusions of H2 molecules inside the MOF-5
system at 200 (a), 300 (b), 400 (c) and 500 K (d), respectively. Panel (e) show the analogous mean
squared displacement for IRMOF-6 at 200 K. The straight thin lines show the linear least square
fitting and the thicker black lines the actual values computed from the displacement of the centers
of mass of each hydrogen molecule.
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we computed the diffusion coefficient D, for which all values are summarized in Table.1 and

the trend as a function of the temperature is reported in Figure 3. For the sake of completeness, we

have added to the plot also the classical MD result of Skoulidas and Sholl.44

Table 1: Diffusion coefficients (cm2/s) of the hydrogen molecules inside MOF-5 (a) and IRMOF-6
(b), respectively.

(a)
T (K) Diffusion coefficient (cm2/s)
200 1.63×10−4

300 1.91×10−4

400 2.25×10−4

500 2.76×10−4

(b)
T (K) Diffusion coefficient (cm2/s)
200 7.98×10−5

As Figure 3 shows, the diffusion coefficient of MOF-5 follows a nearly perfect Arrhenius be-

havior at least for the range of temperatures investigated. Yet, the values computed appear to

be quite large in comparison with available experimental data on hydrogen diffusion in zeolites

(∼ 1.0× 10−8 cm2/s),45 but, at the same time, about two order of magnitude smaller than diffu-

sion coefficients in single-wall carbon nanotubes, at least according to classical MD simulations

(∼ 1.0× 10−2 cm2/s).46 This is not so surprising in view of the overestimation affecting typical

classical MD simulations, as shown in Figure 3. Indeed, since classical simulations do not account

for the electronic degrees of freedom and charge density redistribution processes, such as the po-

larization acquired by H2 molecules upon adsorption, it seems that a crucial part of the electrostatic

interaction is missing in standard force fields. This is likely to be the source of the overestimation

mentioned above. On the contrary, by accounting explicitly for the electronic structure, as done in

this work, diffusivities result to be ten times smaller than what has been proposed.44 This shows

the importance of an accurate inclusion of the electronic degrees of freedom in the description of

the diffusion processes. From our Arrhenius plot, we can also extract the migration energy for H2
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molecular dynamics result reported is taken from Ref.44

10



molecules, which turns out to be 0.014 eV for MOF-5.

Spatial distribution of molecular hydrogen

The dynamical evolution of H2 molecules during the FPMD simulation provides also a sufficiently

long exploration of the regions accessible to molecular hydrogen inside the framework. On these

grounds, we mapped the spatial distribution of H2 molecules in MOF-5 at the various tempera-

tures at which NVT simulations have been conducted. To rationalize such a mapping, simulation

supercells have been partitioned into a mesh of 30×30×30 small cubic boxes, each one having a

lateral size of about 0.86 Å. Such a fine subdivision ensures that each small box contains just one

H2 molecule. On the basis of this space subdivision, we counted the number of times a hydrogen

molecule visits each small cube along the FPMD trajectories. The resulting spatial distribution

maps are shown in Figure 4. This statistics has been constructed on the basis of upper bound val-

ues. Specifically, if a molecule visits 200 times a given small cubic box distributions of panels a,

c and e in that figure are the resulting statistics, whereas panels b, d and f are the distribution in

the case of 300 times visits. These values are not randomly chosen. On the contrary, they give

an estimate of the resident time of molecular hydrogen. In fact, along our FPMD simulations,

trajectories were stored each ten steps and, with our choice of time step (0.096 fs), these integer

numbers translate into 2 and 3 ps, namely 1% and 1.5% of total simulation time, respectively.

A first message that panel a of Figure 4 conveys is that H2 molecules distribute mainly around

the metal junction sites, at the corners of the MOF-5 structure at 200 K. This is consistent with

the results reported for extremely low temperatures (3.5 K) by neutron diffraction experiments30

and shows that this trend still holds also at higher values approaching room temperature. Upon

increasing the temperature, as shown in panels c and d, H2 molecules show a tendency to move

toward the pore of the framework. Simultaneously, (see panel c) a decrease in the distributions

around the metal junction sites occurs, as a consequence of the fact that molecular hydrogen starts

populating the pores at 300 K. In the same figure, a comparison of panels a and b shows, in the latter

case, that H2 molecules tend to accumulate around the metal junction sites on longer observation
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(a) (b)

(c) (d)

(e) (f)

Figure 4: Spatial distribution of hydrogen molecules inside MOF-5. Panels (a) and (b) refer to 200
K and residence times of 2 and 3, panels (c) and (d) refer to 300 K and residence times of 2 and 3
ps, panels (e) and (f) are the distributions at 500 K for residence times of 2 and 3 ps, respectively.
Details are given in the text. The color code for atoms is identical to the one used in Figure 1.

12



times. This feature is a clear indication that molecular hydrogen localizes most of the time around

these specific sites, which become the preferred accumulation points inside the framework. This

feature changes remarkably at higher temperature, as evidenced, in descending order in Figure 4,

by panels d and f if we consider longer residence times. In particular, at high temperatures (panel

f) the barrier for H2 physisorption is easily overcome by the thermal kinetic energy at 500 K. A

key point that we learn from these results is that having metal junction sites with strong affinity

to hydrogen is a fundamental requirement in the design of MOF–based devices able to operate

at ambient temperature and above, especially in view of the heat developed by the processes of

accumulating and delivering hydrogen and, consequently, energy.

In the case of IRMOF-6 at 200 K, by adopting the 2 ps upper bound as a residence time,

the distribution around the R6-BDC moieties becomes rather evident, as seen in Figure 5 a. By

assuming as the time upper limit the 3 ps threshold, H2 molecules appear to accumulate both

around the metal junction sites and the R6-BDC moieties. This is another important indication in

the design of MOF systems, namely the introduction of charged residues in organic linkers become

a new attractive site for molecular hydrogen, thus enhancing the storage ability of the framework.

(a) (b)

Figure 5: Spatial distribution of hydrogen molecules inside IRMOF-6 at 200 K. The counting
thresholds for (a) and (b) are 200 (1% of the total time) and 300 times (1.5% of the total time) in
each small cubic box in which the system has been partitioned, as explained in the text. The color
code for atoms is identical to the one used in Figure 1.
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To get a better insight into the displacement of molecular hydrogen inside the MOF-5 system,

we monitored the distance of H2 molecules from the Zn and O atoms at a metal junction site

along the dynamical trajectory. Ten of these distances are shown in Figure 6 as a function of

the simulation time. In this figure, panel a shows the evolution of the distances between these H2

molecules and the O site in the metal junction, whereas panel b shows the evolution of the distances

between these same H2 molecules and the Zn atom. In both cases, hydrogen molecules seem unable

to approach either O or Zn to a distance shorter then 3.0 Å. On the contrary, H2 molecules spend

most of the time away from these specific sites and when they approach, they leave rather quickly.

This analysis of the instantaneous H2 positions is corroborated by the distributions discussed above

and underscore the fact that Zn and O sites are not prone to uptake molecular hydrogen.
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Figure 6: Distances of ten representative H2 molecules from the Zn (a) and O (b) atoms belonging
to a metal junction site. The Zn and O atoms are located in neighboring positions.
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To quantify these features, we computed the radial distribution function (RDF) of the H2

molecules from the Zn, O and H atoms located in the metal junction sites of the MOF-5 sys-

tem at 200 and 300 K. The result obtained is shown in Figure 7 and we remark that all the H atoms

considered in this case belong to benzene moieties
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Figure 7: Radial distribution functions of hydrogen molecules from the Zn (a), O (b) and H (c)
atoms in MOF-5 at 200 K. Analogous distributions at 300 K are the ones in panels (c), (d), and (e),
respectively.

By looking at panels a and b, a first feature that can be remarked is a sharp peak at 3.0 Å in

the case of Zn and O. This indicates that at 200 K an accumulation of molecular hydrogen occurs

around these sites. This is in fair agreement with the results reported by Yildirim and Hartman at

extremely low temperature (3.5 K).30 So the hydrogen uptaking trend in the vicinity of the metal

junction site is preserved at 200 K. On the other hand, the RDF of the benzene-like H atoms in

panel c does not show any appreciable feature at short distance but an unclear shoulder. So, these

H atoms cannot be regarded as potential accumulation sites. Conversely, at room temperature (300
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K), the sharp peaks around 3.0 Å from the origines disappear (panels c and d) and both Zn and

O sites are then no longer H2 accumulation sites. The number of hydrogen molecules distributed

around the Zn and O atoms at increasing distances r can be computed by integrating the RDFs

g(r), namely

N(r) = 4π

∫ r

0
r′2ρg(r′)dr′. (3)

Where ρ indicates the average density of the H2 molecules in the simulation cell. The result of this

integration is summarized in Table 2.

Table 2: Number of hydrogen molecules around O (a) and Zn (b) atoms at increasing distances
obtained upon integration of the corresponding radial disitribution functions.

(a)
Distance (Å) Number of molecules (200 K) Number of molecules (300 K)
4.0 0.59 0.49
5.0 1.28 1.14
6.0 2.42 2.24

(b)
Distance (Å) Number of molecules (200 K) Number of molecules (300 K)
4.0 0.45 0.33
5.0 1.16 0.99
6.0 2.27 2.06

We found that, on average, at least one or two H2 molecules are distributed around the Zn

and O atoms at 200 K, the temperature at which these sites still act as attractors to molecular

hydrogen. However, this number rapidly decreases by increasing the temperature to 300 K and

by integrating the RDFs up to identical radial distances (5 Å), which, we remind, do no longer

correspond to a clear RDF minimum. It seems that at 300 K the thermal motion of Zn and its

surrounding atoms makes the metal more embedded and shielded so that it becomes unable to

uptake H2 molecules. Moreover, even at low temperature, the distances at which H2 molecules

seem to be accumulated (3-4 Å) is slightly larger than what reported using static calculations on

model complexes constructed ad hoc to simulate these metal junction sites,47,48 a fact that seem
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to underscore the insufficiency of static approaches and smaller models not accounting for the

complexity of the MOF structure as a whole.

Charge density redistribution and hydrogen displacement

To get a deeper insight into the role of the electronic charge and its redistribution in the process

of diffusion and accumulation of molecular hydrogen inside a MOF system, we extracted uncor-

related configurations from the trajectories of MOF-5 and IRMOF-6 and computed the charge

density differences according to the expression

∆ρ = ρ(H2 molecules+MOF)− (ρ(H2 molecules)+ρ(MOF)) (4)

and the result is reported graphically in Figure 8.

(a) (b)

Figure 8: Charge density differences for MOF-5 (a) and IRMOF-6 (b). Green and orange colors
indicate an increase and a decrease of charge density, respectively. Isosurfaces are shown at a value
of ±1.0×10−4 e/Å3. The color code for atoms is identical to the one used in Figure 1.

In the case of MOF-5, the values of ∆ρ around H2 molecules located in the vicinity of the

metal junction sites shows two lobes of different colors, hence an increase and a decrease of elec-

tronic charge on the two opposite sides of the hydrogen molecule. This is a clear signature of a
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polarization effect that H2 molecules experience upon approaching the metal junction sites. For

comparison, all other H2 molecules inside the pore and far from the junction sites are not polarized

as the absence of any ∆ρ confirms. Another noticeable feature is the increase of charge density

around O atoms belonging to the carboxy groups and in the vicinity of the Zn ions. All these

charge redistribution features concur in completing the picture and show that the strong polariza-

tion of molecular hydrogen is a key factor in the process of hydrogen uptake. Indeed, an analysis

of the displacement of the H2 molecules inside MOF-5 during the dynamics provides a further

confirmation of this conclusion. By looking at the trajectory of a representative H2 molecule in

panel a of Figure 9, it is evident that although nothing prevents the molecule to migrate inside the

pore and center of MOF-5, the molecular hydrogen prefers to migrate along the framework and

spends most of its time around the metal junction sites. In view of the charge polarization effects

discussed above, we can infer that local electrostatic effects due to the charge redistribution play

a major role in driving and, to a certain extent, constraining the hydrogen migrations inside the

system.(a) (b)

(a) (b) (c)

Figure 9: Trajectory of hydrogen molecules inside MOF-5 represented as a sequence of small
yellow spheres (a) and inside IRMOF-6 in panels (b) and (c), each one referring to a different H2
molecule and represented as a sequence of small green spheres. The trajectories of the molecules
are in each case subject to periodic boundary conditions and have not to be interpreted as broken
on the cell borders. The color code for atoms is identical to what has been used in Figure 1.

Analogously, also in IRMOF-6 polarized H2 molecules appear around the R6-BDC moieties

(Figure 8 b). A sign that the local electrostatics is deeply affected by the interaction between
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molecular hydrogen and the framework. On the contrary, H2 molecules far from both the R6-BDC

moieties and the metal junction sites do not show any polarization. However, an analysis of the

diffusion of hydrogen molecules inside the system (Figure 9 b, c) reveals that H2 molecules can

move also inside the pore, whereas parts of them still prefers to stay bound to the R6-BDC moi-

eties. This is not totally unexpected on the basis of the RDFs. To get a better insight into the local

electrostatic modifications, we computed the Mulliken charges of the C atoms belonging to the cy-

clobutane rings in the R6-BDC moieties. The values of these charges on the two C atoms exposed

to the approaching hydrogen molecules have values of 0.26–0.35, remarkably different from the

remaining C atoms and C sites of the benzene rings, which display negligible values ranging be-

tween 0.01 and 0.02. For comparison, also in the case of benzene moieties in MOF-5 the Mulliken

charges of the carbon sites are in the same range (0.01–0.02), indicating a negligible polarization.

We can then infer that the rather large charges of the exposed C atoms induce a polarization of the

approaching H2 molecules, thus making the R6-BDC groups of IRMOF-6 attractor sites for the

molecular hydrogen. The polarization of H2 molecules, in turn, affects substantially the diffusion

inside the frameworks of both MOF-5 and IRMOF-6. All these subtle aspects escape classical

MD simulations and all of them can be rationalized only in terms of local electronic structure

modifications, thus calling for FPMD approaches. Furthermore, these FPMD simulations show

rather clearly that the charged residues present in the linkers influence drastically the diffusion

processes of molecular hydrogen inside the systems, thus providing a fundamental understanding

in the mechanism regulating the storage and release.

Conclusions

Our FPMD simulations offer a clear picture of the diffusion mechanism of hydrogen molecules

in MOF-5 and IRMOF-6 at temperatures higher than what is generally reported. This is crucial

in view of the use at ambient temperature of potential devices based on these materials. At vari-

ance with former simulations neglecting the electronic structure and its modifications, we show
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that diffusion coefficients are at least one order of magnitutde smaller than what has been so far

believed on the basis of classical MD simulations. Since classical force fields are unable to ac-

curately describe local electrostatic modifications and polarizations evolving in time, diffusivities

estimated within these approaches turn out to be a rough overestimation. An analysis of the proba-

bility of the spatial distributions of H2 molecules inside the frameworks shows that metal junction

sites in MOF-5 act as attractor centers for molecular hydrogen up to room temperature (300 K).

Conversely, at higher temperature (500 K), these sites are no longer good H2 attractors and this

can compromise devices based on MOF-5, since high temperatures are likely to be reached upon

heating resulting from the energy storage and delivery processes. On the other hand, the same

analysis shows that the charged R6-BDC moieties of IRMOF-6 exert additional attraction toward

H2 molecules, making this material more promising. An clear indication that can be extracted

is the fact that charged residues included in the organic linker act as additional attractors for H2

and influence their diffusion. Analyses of the charge density modifications show that hydrogen

molecules in proximity of charged sites become polarized and this influences the diffusion and mi-

gration of H2 molecules, which tend to localize around these sites. The radial distribution functions

display some ordering in the spatial distribution of molecular hydrogen around O and Zn atoms in

the metal junction sites, at least for temperatures lower than 300 K. The information provided by

this analysis is that despite the fact that Zn atoms are rather embedded inside the junction, they are

still able to attract H2 molecule. This feature, however is lost at 300 K.

On the basis of our study, we propose that a key factor for improving hydrogen storage in MOF

systems is a careful addition of charged groups in the structure, which are able to stimulate the

polarization of H2 molecules and thus their uptaking. The charged residues are at least as crucial

as the metal ions. Hence, a careful design of the metal organic frameworks and a tuning of the

distribution of the electrostatic charges within the structure can pave the route to the realization of

efficient next-generation energy storages and delivery MOF–based devices.
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