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Hydroquinone clathrates have been proposed as potential gas separation and storage media.
Experimental results have demonstrated enhanced preferential adsorption for certain guest molecules,
and also stability over temperature and pressure ranges that make them promising candidates to be
employed in applications as hydrogen storage. Despite this, the characterization of these inclusion solids
from thermodynamic and kinetic perspectives is still poor. In this work, we have tried to estimate the
hydrogen storage ability of these clathrates using molecular simulations. The process of diffusion of
hydrogen guest molecules from an external reservoir has been simulated using molecular dynamics,
and the thermodynamic occupancy limit at different ðT; pÞ conditions has been computed using hydrid
Grand-Canonical Monte Carlo/Molecular Dynamics. The results show that hydrogen diffusion from an
external reservoir is limited by interfacial phenomena in the clathrate surface, and also that multiple
guest occupancy and its distribution can be computed using the described approach.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In an era in which the energy sector is the source of most of
greenhouse gas emissions, it is becoming clear that we need noth-
ing less than a complete transformation of how we produce, trans-
port and consume energy. Within this context, hydrogen is
considered to be an alternative to face various critical energy chal-
lenges, since it offers ways to move towards the reduction of car-
bon in a wide range of sectors. It is already widely used in some
industries, but it has not yet achieved its full potential to empower
clean energy transitions. The implementation of hydrogen tech-
nologies is already receiving attention but its widespread use
remains still challenging [1,2]. To make hydrogen an economically
viable option several issues concerning its storage and release
must be addressed, such as energy density, cost and total system
mass.

In recent years, several research groups have considered nanos-
tructured materials, such as zeolites, metal-organic frameworks
and clathrates, for the storage of gases [3,4]. In particular, clath-
rates are nonstoichiometric inclusion compounds with a specific
crystal structure containing holes (cages/cavities) of appropriate
size inside the three-dimensional structure formed by bonding of
atoms or molecules (hosts), in which other atoms or small mole-
cules (guests) can be encapsulated (enclathrated) and move from
one cage to another [5]. The term clathrate refers to both inorganic
and organic hosts.

The family of inorganic clathrates in which hydrogen-bonded
water is the host are more commonly known as hydrates [6]. Clath-
rate hydrates of small guests (such as hydrogen (H2), argon (Ar),
carbon dioxide (CO2) or nitrogen (N2)) [7–18] and of larger mole-
cules (such as tetrahydrofuran (THF), methane (CH4) or methyl
iodide (CH3I)) [19–21] have been extensively studied. However,
storage applications of clathrate hydrates are very limited due to
the rather extreme conditions of temperature and pressure neces-
sary to their formation. This problem could be solved by using a
promoter at the cost of reducing the storage capacity of the
hydrate.

Concerning the organic molecules that can form clathrates, the
hydroquinone (HQ) has been extensively studied and it was found
to show some properties that can overcome the disadvantages of
water when forming clathrates (such as vapor pressures due to
water that can contaminate the purity of the separated gas phase
when the hydrates are used for gas separation) [22]. Nevertheless,
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much of the research up to now concerns hydrates and very few
practical applications were proposed for organic clathrates. HQ
can crystallize into a solid substance that presents three different
crystal structures: a; b, and c, which need specific thermodynamic
conditions to form [23]. The rhombohedral a-form is stable under
ambient conditions and is able to accommodate small guests such
as Ar, helium (He), xenon (Xe), N2 and H2 [24,25]. Since the a-form
remains stable in the absence of guest molecules, this cannot be
considered an enclathration phenomena but rather a solubilization
of gas molecules. The metastable c-structure can be obtained by
sublimation or rapid evaporation of an ether solution of a-form.
This form does not correspond to an inclusion compound [26].

Only the b-form is known to form clathrates in the presence of
guest species under specific conditions of temperature and pres-
sure [27–29]. Each HQ molecule takes part in the formation of
two adjacent cavities. The b-HQ clathrate cages are limited at the
top and bottom by planar hexagonal [OH]6 rings, each of them
resulting from the hydrogen bonding of the hydroxyl groups of
six HQ molecules (Fig. 1.a) and with a radius of � 4 Å. In general,
the b-HQ clathrate form is characterized by an stoichiometry factor
of 3:1, that is, three HQ molecules per guest molecule; and an
occupancy factor (the proportion of cages occupied by a guest) that
goes from 0 (guest-free clathrate) to 1 (full clathrate with one
guest per cage). However, Rozsa and Strobel observed multiple
occupancy in H2-loaded b-HQ clathrate at high pressure conditions
[30].

A wide range of investigations of b-form HQ clathrate com-
pounds were carried out. Among the numerous guest materials
that have attracted attention we can find CH4, N2, Ar, carbon
monoxide (CO), carbon dioxide (CO2), oxygen (O2), carbonyl sulfide
(COS), hydrogen sulfide (H2S), hydrogen fluoride (HF), acetonitrile
(ACN), ethanol (EtOH), and methanol (MetOH) [31–51]. More
recently, mixed-gas clathrates have also started to be considered
with the purpose of selectivity/separation processes, mainly by
Torré and coworkers [52–56] and Yoon and coworkers [57–64].

In this work we will focus on this b-structure containing H2 as
the guest molecule. Up to now, very few experimental works have
Fig. 1. (a) Cross section of the b-HQ clathrate structure, viewed along the z axis. Channels
are connected by H-bonds. There are 12 channels that correspond to 4 unit cells in th
T ¼ 300 K starting from a clathrate with no occupancy. (c) Schematic representation of th
Both in (b) and (c) the system is periodically repeated in the three directions. The relative
Colour coding for the atoms of hydroquinone molecules is as follows: C, light blue; O, r
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analyzed the potential of these clathrate compounds as host media
for recyclable and practicable storage of hydrogen [30,65,66]. For
example, Yoon and coworkers [66] found that the storage capacity
of the HQ clathrate highly depends on the loading pressure, rang-
ing from a hydrogen weight percentage of 0.19 wt% at 10 MPa to
0.38 wt% at 35 MPa, both at room temperature. They also observed
an extremely fast uptake and release of H2 in the cages completed
under 2 s. Moreover, Rozsa and Strobel[30] identified highly unu-
sual behaviour of this system under high pressure (� 3 GPa): mul-
tiple occupancy and negative compressibility.

On the other hand, computer simulations can provide us with
detailed molecular-level information of these systems and comple-
ment details that are often difficult to characterize experimentally.
For example, McGrail et al. [67] employed molecular dynamics
(MD) simulations to study the molecular interactions and the
dynamics of b-HQ clathrate loaded with different initial occupan-
cies (from one to four) of H2 per cage. They observed that higher
loadings were stable at low temperatures (20 K), whereas at higher
temperatures (300 K) greater displacement of hydrogen guests are
favoured, which leads to lower loadings. More recently, Pérez-
Rodríguez et al. [68] analyzed, by means of MD techniques and
quantum mechanics calculations, the capture and release pro-
cesses of the same host/guest pair. They reported the occurrence
of spontaneous double occupancy per cavity and they concluded
that b-HQ clathrate can be considered as a promising alternative
to current strategies for H2 storage. However, it must be noted that
the capture process was modeled under stoichiometric conditions,
that is, the number of H2 gas molecules in the reservoir in contact
with the empty HQ clathrate was equal to the number of cages
inside the crystal.

Thus, we decided to analyze at the molecular scale the loading
of the empty b-HQ clathrate in contact with a bulk of hydrogen
whose density corresponds to the temperature and pressure
conditions, which is more similar to the experimental procedure.
For this purpose, we performed MD simulations that allowed us
to understand the dynamic phenomena of capturing the gas mole-
cules as well as the guest diffusion inside the crystal structure. In
can be observed to be arranged in the z axis and delimited by the OH hexagons that
e XY-plane. (b) Snapshot of the last frame in the hybrid GCMC/MD simulation at
e simulation box at the last step in the MD simulation at T ¼ 300 K and p ¼ 400 bar.
size of hydrogen molecules (dark blue) has been increased for the purpose of clarity.
ed; and H, white.
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addition, hydrid Grand Canonical Monte Carlo/Molecular Dynam-
ics (GCMC/MD) simulations were applied to determine the ther-
modynamic upper storage capacity limit of the HQ clathrate.

The outline of this paper is as follows. In Section 2, we provide a
detailed account of the simulation method. In Section 3, we present
and discuss the results obtained and concluding remarks are
offered in Section 4.
2. Simulation details

2.1. Molecular dynamics simulations

MD simulations of HQ clathrates and hydrogen were performed
using the GROMACS 2020.4 software [69–71] with the OPLS-AA
force field [72], which includes both intramolecular (bond stretch-
ing, dihedral torsion and angle bending) and intermolecular forces
(a van der Waals and a Coulomb term). Analysis and post-
processing of the MD trajectories were done by using the standard
GROMACS tools or coding an specific script in Python 3.9.1 with
the library MDAnalysis [73,74].

The initial coordinates of the rhombohedral b-HQ clathrate
were taken from experimental crystallographic data provided by
Torré et al. [31] with CO2 as molecule guest, the unit cell having
the following dimensions: a ¼ b ¼ ð16:207� 0:006Þ Å;
c ¼ ð5:780� 0:002Þ Å. Then, 2� 2� 8 replicated unit cells pro-
vided us with the crystalline structure used in the simulations,
which contains of 288 hydroquinone molecules and consists of
12 channels with 8 cages per channel, as can be seen in Fig. 1. Con-
cerning the force field used for the hydroquinone molecular model,
the dispersive and intramolecular characteristic parameters used
were those of OPLS-AA [75], combined with the partial atomic
charges recalculated by Comesaña et al. [40]. This molecular model
has been shown to describe with accuracy the structure of the
hydroquinone b-clathrates for different pure guest molecules,
and also for mixture clathrates [56]. For the case of the H2, the
model consists of two charged regular atoms constrained with a
rigid bond and having a charge of þ0:4932e, and by a charged vir-
tual Lennard-Jones (LJ) site (r ¼ 3:038 Å and � ¼ 0:2852 kJ=mol)
located in the center of the molecule at 37:07 pm from each regular
atom nucleus and carrying a charge of �0:9864e. The inclusion of
the virtual atom aims at describing the quadrupole moment of
the molecule [68]. All the molecules were considered to be
nonpolarizable.

For modelling the capture process with MD, the simulation box
was built by adding a bulk of hydrogen to the HQ system along the
Z-dimension, that is, along the direction of the clathrate channels
(Fig. 1.c). This bulk of H2 is created with PACKMOL [76] by ran-
domly placing inside of a box � 6 times greater than the clathrate
structure the number of hydrogen molecules necessary to match
the gas density at the pressure and temperature conditions of the
simulation. Then, periodic boundary conditions were applied in
all directions. Long-range electrostatic interactions were treated
by using the Particle Mesh Ewald (PME) [77] method with a grid
spacing of 12 nm and cubic interpolation. A cut-off distance of
1:1 nm was used for both Coulomb and LJ interactions. The geo-
metric average was used for the combination rules of both LJ
parameters [78]. The Linear Constraint Solver (LINCS) algorithm
[79,80], with a fourth-order expansion of the constraint coupling
matrix was used to fix all the bond lengths.

Initial configurations were relaxed during 106 steps using a con-
jugate gradient algorithm in order to remove bad contacts due to
the initial random configuration of hydrogen molecules. The max-
imum step size and the tolerance were set to 0:01 nm and
0:1 kJ=ðnm �molÞ, respectively.
3

Then, two different sets of simulations were performed in the
isothermal-isobaric (NpT) ensemble, one of them corresponding
to the isotherm T ¼ 300 K and pressures of
p ¼ ð1; 10; 50; 100; 400; 500; 700Þ bar; and the other one cor-
responding to the isobar p ¼ 100 bar and temperatures of
T ¼ ð150; 200; 250; 300; 350; 400Þ K, which are all of them
below the dissociation temperature (� 450 K) at this pressure.
The temperature was kept constant by using the V-rescale ther-
mostat introduced by Bussi et al. [81], with a coupling constant
of 0:1 ps; whereas the pressure control was done by means of a
semiisotropic Parrinello-Rahman [82,83] barostat, with a relax-
ation time of 1 ps. Compressibility in the X/Y-directions was set

to the standard value of 4:5� 10�5 bar�1, but in the Z-direction this

value was increased up to 10� 10�5 bar�1 to take into account the
rhombohedral symmetry of the clathrate crystal and the different
response to variations of the pressure observed in the direction
perpendicular to the gas-clathrate interface by Rozsa et al. [30].

For each simulation, the system was allowed to equilibrate dur-
ing 20 ns, which was observed to be enough for properties such as
the adsorption capacity to reach an equilibrium value. The resul-
tant configurations were taken as the initial configurations for
the production runs of 30 ns. The time step of the simulations
was 1 fs. These NpT simulations were used to study the occupancy
of the HQ-clathrate. Then, the final configurations were used as the
initial configurations of 30 ns-long simulations in the NVT ensem-
ble, in order to avoid the barostat having some impact on the cal-
culation of the transport properties, such as the Mean Square
Displacements (MSDs). Additional runs of 100 ps in which the
velocities were saved at each step were carried out for the calcula-
tions of the Velocity Autocorrelation Functions (VACFs).

2.2. Hydrid grand canonical Monte Carlo/molecular dynamics
simulations

Hybrid GCMC/MD simulations of H2 uptake were carried out
using the LAMMPS package [84]. This method is widely used in
the study of gas adsorption in microporous materials [14,85–87]
and, since the accommodation of guest molecules can be consid-
ered as an adsorption of the guest in the cages, it allowed us to
account for hydrogen gas content of the clathrate at fixed volume,
temperature and chemical potential of the guest species, l. The
number of adsorbates is changed to keep constant the chemical
potential of the gas phase, which is identical to that of the guest
molecules and is computed from the pressure of the bulk fluid.

The geometry and the force field parameters of the host are the
same as those previously mentioned, whereas hydrogen was
parameterized by using the Cracknell model [88]. In this case,
the H2 molecule is modelled as a rigid LJ dimer with parameters
r ¼ 2:59 Å and �=kB ¼ 12:5 K. The bond distance between the
two hydrogen atoms was 0:7414 Å and the force constant was

set to be 374 kcal=ðmol � Å2Þ. The specified bonds and angles are
reset to their equilibrium values via the SHAKE algorithm [89]. A
cutoff of 1:1 nm was used for both the LJ and Coulombic terms,
and a long-range Van der Waals tail correction to the energy and
pressure was added.

Two initial configurations were prepared in order to test the
loading capacity of the b-HQ clathrate. The first periodic system
consisted of the empty crystal structure (no occupancy), that is,
only 288 HQ molecules; whereas in the second one each cage of
the clathrate was loaded with identical configurations of three H2

molecules (triple occupancy), that is, 288 HQ molecules and 288
H2 molecules.

Each run in the lVT ensemble was performed at temperatures
of 150 K and 300 K, which were kept constant by using the Nosé-
Hoover thermostat [90] with a relaxation time of 10 fs. In all cases
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the pressure of the gas reservoir was set to be 500 bar. The time
step of the simulations was again 1 fs and each system was
allowed to run for 400000 steps, that is, for 400 ps. No MC moves
(translation/rotation) of a molecule were done and 10 GCMC
exchanges (insertions or deletions, with equal probability) were
attempted every 10 steps to control the number of guest mole-
cules, which gives a total of 400000 trials. The insertion points
are not limited to the centers of the cavities, but a guest hydrogen
is allowed to be adsorbed at a random position in the available
space inside the cages, even if they are already occupied by another
guest molecule. The center of mass of the molecule is placed at the
insertion point and the orientation of the guest is chosen at ran-
dom by rotating around this point.

3. Results

3.1. H2 adsorption in HQ-clathrates

In order to shed some light on the capture process, number den-
sities (nm�3) of H2 molecules along the Z-direction were calculated
Fig. 2. Number density profiles (in nm�3) in the Z-direction of the H2 molecules in the
T ¼ 300 K isotherm from the MD simulations (the Z-coordinate is centered in the middle
the clathrate in (a) and (b), respectively. Vertical dashed lines have been added with the
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from MD simulations and the profiles are shown in Fig. 2 for both
the p ¼ 100 bar isobar (Fig. 2a and c) and the T ¼ 300 K isotherm
(Figs. 2.b and 2.d). For these calculations, the positions of the
hydrogen guests were computed by considering the virtual atom
in the center of the molecule. The density profile for the clathrate
structure is not completely shown since its height is much greater
than that of the hydrogens, but it can be observed that the Z-
coordinate is centered in the middle of the clathrate. In addition,
in Fig. 2c and d vertical dashed lines have been included in order
to delimit the cages inside the b-HQ clathrate. It must be noted that
the position of the clathrate and the voids inside are approximated
since only the data for one clathrate of the simulations was plotted,
and due to the flexibility of the hydroquinone host lattice the cell
volume can slightly change for different thermodynamic condi-
tions [50].

We can observe that both in the isobar and the isotherm simu-
lations there is a strong accumulation of H2 molecules at the gas-
clathrate interface. This accumulation of hydrogens increases with
decreasing the temperature and with increasing the pressure,
which is the same trend that follows the density of this gas. It
vicinity and inside the clathrate channels for the (a) p ¼ 100 bar isobar and the (b)
of the clathrate, named as HQ in the legend). (c) and (d) show a zoom of the inside of
purpose of showing the limits of the cavities along the channels in the Z-direction.



Fig. 3. Number of H2 molecules inside the b-HQ clathrate as a function of time for
the hybrid GCMC/MD simulations starting from different initial conditions: empty
clathrate at T ¼ 150 K (blue) and T ¼ 300 K (black); and clathrate with triple guest
occupancy at T ¼ 150 K (green) and T ¼ 300 K (red). In all cases the crystal
structure is in contact with a a reservoir of H2 gas at 500 bar.
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can also be seen that at p ¼ 100 bar some of the guests are able to
reach the center of the clathrate at the highest temperatures
(T ¼ 350 K and T ¼ 400 K); whereas at T ¼ 300 K no guests can dif-
fuse into the innermost cages even at the highest pressures. That is,
the ability of the b-HQ clathrate to allow for the entrance of the
guests and their diffusion through the channels is not enough to
accommodate the hydrogens at the rate they reach the interface.
As a result, a dense layer of gas molecules is formed at the ‘‘en-
trance” of the clathrate that impedes the crystal structure to store
a significant amount of hydrogen. Once the H2 molecules are
accommodated inside the clathrate and the interface is ‘‘blocked”
they are no longer affected by the pressure of the bulk outside,
which explains why the distance they are able to traverse in
Fig. 2 does not vary with pressure as it does with the temperature.
In addition, Pérez-Rodríguez et al. [68] stated that the barrier
obtained from the potential energy for the transition of an H2 guest
from cage to cage through the hexagonal OH ring was around
100 meV for a hydrogen oriented parallel to the Z-axis, and it
increased up to 120 meV for a perpendicular one. These values
indicate a very low probability of intercage hopping and could
explain the difficulties of the H2 molecules to diffuse through the
b-HQ clathrate channels and reaching the center of the structure.

In order to numerically estimate the occupancy of the b-HQ
clathrate we computed the average number of hydrogens inside
the structure by two different methods. In both cases a H2 guest
was considered to be enclathrated if the virtual atom in the center
of the molecule satisfies the conditions imposed. The results are
shown in Table 1 for all the MD simulations. In the first method
(named as 10-oxygens in the table) we considered a hydrogen to
be stored if it has at least 10 oxygen atoms closer than 6:4 Å. It
must be noted that even though each cavity is delimited by two
hexagonal ½OH�6 rings, it was too restrictive to impose having 12
oxygens within that distance. The second method (named as HQ
limits in the table) consisted simply on considering the H2 to be
stored if its Z-coordinate is inside the interval defined by the high-
est and the lowest Z-coordinates of the clathrate.

It can be seen in Table 1 that increasing the temperature does
not have a strong impact on the number of guests that are accom-
Table 1
Average number of H2 molecules inside the b-HQ clathrate channels during 30 ns of
the MD simulations for the p ¼ 100 bar isobar (up) and the T ¼ 300 K isotherm
(down). A single occupancy would correspond with 96 hydrogens inside the clathrate.
In both cases two methods were compared for calculating the cage occupancy: (i)
those hydrogens that have at least 10 oxygens closer than 6:4 Å are considered to be
inside the clathrate (‘‘10-oxygens” in the table), and (ii) those hydrogens whose z
coordinates are within the interval defined by the smallest and the largest z values of
the clathrate are considered to be inside it (‘‘HQ limits” in the table).

AVERAGE OCCUPANCY MD
p = 100 bar

Temperature (K) 10-oxygens HQ limits

150 6ð2Þ 35ð4Þ
200 6ð2Þ 27ð5Þ
250 7ð2Þ 22ð5Þ
300 7ð2Þ 19ð4Þ
350 10ð3Þ 25ð6Þ
400 10ð2Þ 26ð5Þ

T = 300 K

Pressure (bar) 10-oxygens HQ limits

1 0:0ð1Þ 0:2ð4Þ
10 0:3ð6Þ 2ð1Þ
50 3ð2Þ 10ð3Þ
100 7ð2Þ 19ð4Þ
400 21ð2Þ 55ð8Þ
500 23ð4Þ 61ð9Þ
700 35ð4Þ 81ð10Þ
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modated by the host, whereas this number increases significantly
when increasing the pressure. We can deduce that varying the
pressure has a stronger influence on the H2 uptake, whereas mod-
ifying the temperature affects more the diffusion of the guest
inside the crystal. Moreover, it is clear that the second method
overestimates the occupancy since it takes into account some of
the hydrogens that are located at the interface. Thus, the highest
loading capacity was found at T ¼ 300 K and p ¼ 700 bar and it is
shown to be around 0:22 wt% (100 � the ratio between the mass
of absorbed hydrogen and the total mass of the system), which is
clearly not enough for practical applications and quite lower than
the value of 0:38 wt% observed by Yoon et al. [66] at the same tem-
perature and p ¼ 350 bar. If we consider a single occupancy of the
cages we can conclude that only 36:5% of the cavities are occupied
at these conditions.

On the other hand, the thermodynamic upper limit for the H2

uptake capacity of the HQ clathrate was determined by means of
hybrid GCMC/MD simulations, starting the simulations from two
different initial configurations. The first one is an initial guest-
free clathrate, and the second one starts from a fully loaded struc-
ture, with triple guest occupancy per cage. In Fig. 3 we show the
estimation of the H2 gas content of the clathrate as a function of
time for two different temperatures, T ¼ 150 K and T ¼ 300 K (it
must be remembered that the system is in equilibrium with a
hydrogen reservoir whose pressure is 500 bar). In all cases, it can
be observed that the curves showing the evolution of the number
of enclathrated hydrogen molecules rapidly reach a plateau, and
the equilibrium states are achieved by the initial 25 ps, that is, after
approximately 25000 creation/deletion trials. Also, for a given tem-
perature, the H2 content converges to the same equilibrium value
of guest molecules regardless the initial occupancy.

The average occupancy results for the last 200 ps of the hybrid
GCMC/MD simulations are included in Table 2. Compared to some
previous experimental results reported by Yoon and coworkers
[66], who observed an H2 content of 0.38 wt% at 35 MPa and room
temperature; the hybrid GCMC/MD simulations show that these
cavities could reach an occupancy rate of h ¼ 0:68, that is,
0.41 wt% at the same temperature and slightly higher pressure.
This is � 3 times greater than our previous estimation of 0.15 wt
% obtained from MD simulations (Table 1). At T ¼ 150 K the value
of the adsorption plateau corresponds to a case where some of the
cages are occupied by two H2 molecules (single occupancy, h ¼ 1:0,
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would correspond with 96 hydrogens). However, at T ¼ 300 K the
analysis of the simulation box revealed that some the cavities also
present double guest occupancy even though the whole crystal
structure is at h ¼ 0:68; but it must be noted that this is generally
the case for less than 2% of the holes. In any case, these results evi-
dence that multiple occupancy can be studied using the molecular
modelling setup proposed, opening perspectives for further
analysis.
3.2. Dynamics of H2 inside HQ-clathrates

Single-particle dynamics in these systems was analyzed only for
those guest molecules that were observed to be adsorbed during
Fig. 4. Log-log plot of the time dependence of the MSDs of the H2 molecule for
those guests that were observed to be all the time inside the clathrate channels
during 30 ns of the MD simulations for the p ¼ 100 bar isobar (a) and the T ¼ 300 K
isotherm (b).

Table 2
Average number of H2 molecules inside the HQ clathrate from hybrid GCMC/MD
simulations at T ¼ 150 K and T ¼ 300 K, starting from two different configuration: an
empty clathrate (up) and a clathrate with 3 hydrogen guests per cavity (down). In all
cases the crystal structure is in contact with a a reservoir of H2 gas at 500 bar.

AVERAGE OCCUPANCY GCMC/MD

Occupancy Temperature

150 K 300 K

None 106ð3Þ (0:67 wt%) 65ð4Þ (0:41 wt%)
Triple 107ð3Þ (0:68 wt%) 69ð5Þ (0:44 wt%)

6

the 30 ns of the production NVT runs (or 100 ps for the VACFs). It
must be noted that for the three lowest temperature of the isobar
(T ¼ 150 K; T ¼ 200 K and T ¼ 250 K) and the two lowest pressures
of the isotherm (p ¼ 1 bar and p ¼ 10 bar) there were no hydro-
gens satisfying this condition. For the other systems the number
of guests was found to be between 1 and 15 depending on the ther-
modynamic conditions of the simulation.

MD is a good method to investigate the hydrogen diffusion pro-
cess inside the b-HQ clathrate channels through the calculation of
the Mean Square Displacement (MSD), which is defined as

MSD ¼ hDj~rðtÞj2i ¼ 1
N
h
XN
i¼1

j~riðtÞ �~rið0Þj2i; ð1Þ

where~rðtÞ is the location of the center of mass of gas molecule i at
time t, the sum extends over all the hydrogen molecules present in
the clathrate and brackets indicate the ensemble average. Fig. 4
shows the log-log plot of MSD with time for the p ¼ 100 bar isobar
and the T ¼ 300 K isotherm.

This plot can be divided into three regions: the first one, below
approximately 1 ns, shows for most of the curves an anomalous
diffusion with a slope close to zero; the second region, which cor-
responds to the central part of the plot, is a gradual transition to
the third region, between 10� 20 ns, where hydrogen diffuses
inside the clathrate. At long times the fluctuations in the curve
increase due to decreasing statistics. In addition to the very slow
diffusion revealed by this figure, we can observe that some of the
curves show a shoulder in the intermediate region, which corre-
Fig. 5. VACFs of the H2 molecule for those guests that were observed to be all the
time inside the clathrate channels during 100 ps of the additional MD simulations
for the p ¼ 100 bar isobar (a) and the T ¼ 300 K isotherm (b).
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sponds to cage-to-cage hopping of H2 guests. Moreover, the plot at
constant pressure (Fig. 4.a) displays that H2 molecules reach longer
distances under these conditions than the set of simulations at
constant temperature (Fig. 4.b). This is in good agreement with
the results included in Fig. 2. At 100 bar, when the temperature
increases the guests are able to travel around 0:7� 0:9 nm, that
is, there are spontaneous hopping events of H2 molecules across
the neighboring cavities. However, at 300 K the guests do not tra-
verse, on average, more than 0:4 nm regardless the pressure, which
reveals that the movement of most of the H2 molecules is confined
inside the same clathrate cage. As stated in the previous section,
once the hydrogens of the bulk are adsorbed by the HQ-clathrate
they are not affected anymore by the pressure of the reservoir
and the rate of diffusion is governed by the temperature.

One way of further understanding the dynamical properties is
through the calculation of the center-of-mass Velocity Autocorre-
lation Functions (VACFs) of the guests. The normalized VACF is
computed as
CðtÞ ¼ h~vðtÞ �~vð0Þi
h~vð0Þ �~vð0Þi ; ð2Þ
where ~vðtÞ is the velocity of the center-of-mass of the molecule at
time t and the brackets indicate the ensemble average. In Fig. 5,
the temperature and pressure dependence of dimensionless VACFs
of H2 molecules are shown for the p ¼ 100 bar isobar and the
T ¼ 300 K isotherm.
Fig. 6. Mean collision time of the H2 molecule for those guests that were observed
to be all the time inside the clathrate channels during 100 ps of the additional MD
simulations for the p ¼ 100 bar isobar (a) and the T ¼ 300 K isotherm (b).
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As it can be seen, the VACFs exhibit an oscillatory behaviour
that is coherent with a rattling motion of the guests that are
entrapped in the cages. In addition, all the VACFs decay in a subpi-
cosecond scale, and the first zero of the curve, which is around
0:06 ps in all cases, indicates the mean collision time of hydrogen
molecules. As it is shown in Fig. 6, this mean collision time slightly
increases (from 0:055 ps to 0:066 ps) with decreasing the temper-
ature but, once again, no effect of the pressure was registered on
this magnitude.

In addition, the vibrational Density of States (vDOS) can be
straightforwardly obtained, since it is directly related to the Four-
ier transform of the VACFs

IðxÞ ¼
Z 1

0
e�ixtCðtÞdt ð3Þ

We assume the convention here that IðxÞ is normalized such that

Z 1

0
IðxÞdx ¼ 1 ð4Þ

The results for the guest molecules are shown in Fig. 7. A broad
band centered at about 130 cm�1 was predicted in all cases. Upon
increasing the temperature the spectrum shows a slight shift to
higher frequencies as a consequence of the increased thermal veloc-
ities of the small guests. However, no difference was noticed when
varying the pressure, as expected.
Fig. 7. vDOS of the H2 molecule for those guests that were observed to be all the
time inside the clathrate channels during 100 ps of the additional MD simulations
for the p ¼ 100 bar isobar (a) and the T ¼ 300 K isotherm (b). The fluctuations were
smoothed with a running average of length 7.
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Finally, with the aim of obtaining a more complete statistical
description of the dynamics properties plotted in Figs. 4 and 5
(MSDs and VACFs, respectively), we have performedmultiple repli-
cations of the run at T ¼ 300 K and p ¼ 700 bar. The results are
shown in Fig. 8.a and Fig. 8.b, from which a qualitative analysis
of the uncertainties can be obtained and extrapolated to the other
systems. It can be observed that the MSDs strongly depend on the
Fig. 8. MSDs (a) and VACFs (b) obtained from multiple replications of the
simulation run at p ¼ 700 bar and T ¼ 300 K (including the data from Figs. 4 and
5). The legends show the number of hydrogens employed for the calculations, that
is, those that are observed to be inside the clathrate during 30 ns and 100 ps,
respectively. MSDs (c) from an unidimensional diffusion model applied to systems
with different number of particles.
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occupancy of the clathrate and the moment at which the guests
move from one cage to another. Since the number of enclathrated
molecules is very low there is marked variability in the curves but
it does exist a compatibility among them. On the other hand,
VACFs do not differ from each other due to the lower characteristic
time as compared to the intercage hopping and this movement
being restricted to the volume of a cage. In addition, we considered
an unidimensional model of the diffusion to obtain a better under-
standing of the MSDs. The model considers two different contribu-
tions to the movement of the atoms. The first one defines constant
probability of jumping between cages, which act as jumps between
adjacent clathrate cages. The mean time of the jump was set at
20 ns and its direction is randomly chosen. The second one is the
vibration of the particles inside the cages. Due to the much smaller
characteristic time of this movement, compared to the intercage
one, the contribution of this movement to the MSD is a constant
value and can be considered as independent of the jumping
between cages. This value was set at 0:02 nm2 by looking at the
value of the simulated MSDs at small times. The results, included
in Fig. 8.c, show the MSDs obtained with this model applied to sys-
tems with a different number of particles and it can be clearly seen
that the behaviour of the MSDs obtained with GROMACS is well
reproduced.
4. Conclusions

The potential use of hydroquinone clathrates as hydrogen stor-
age media is conditioned by a number of factors not fully under-
stood yet. One of them is the maximum storage capacity that
may be obtained, a key factor to determine whether this option
improves the efficiency of the already existing alternatives. The
experimental and theoretical studies concerning this question are
still scarce. Following previous works where the estimation of
hydroquinone clathrates structure and equilibrium were analyzed
using molecular dynamics, in this study we have tried to determine
the maximum occupancy of the b-clathrate structure by hydrogen
guest molecules.

The first setup tested considered the empty clathrate structure,
in direct coexistence with a bulk of hydrogen. Calculations were
performed for the isotherm of 300 K, in the pressure from 1 to
700 bar, and for the isobar of 100 bar in the 150 to 400 K range.
The intention of this setup was twofold, trying to explore the
dynamics of the filling process of an empty structure in contact
with an external reservoir, resembling a possible real loading pro-
cedure, up to the maximum occupancy. The results of these tests
were that the combination of slow diffusion of the guests through
the solid and formation of a high density adsorbed hydrogen layer
in the clathrate surface represented a limiting hindrance that com-
pletely blocked the loading process. The evolution of occupancy
and surface adsorption has been discussed in these cases. The
results of this test are very instructive and pose several key ques-
tions that have to be carefully considered from a practical point of
view related to the filling-emptying cyclic process. The dynamics
of the enclathrated guest molecules was analysed also through
the study of mean square displacements, velocity autocorrelation
functions, and density of states distribution.

As the previous option did not allow to determine the structural
maximum occupancy, an alternative methodology was proposed.
Hybrid Grand-Canonical Monte Carlo/Molecular Dynamics simula-
tions were then performed, with the aim of overcoming the limita-
tion of slow diffusion and clathrate channel entrance clogging
observed in the previous calculations. Trying to determine the
influence of the initial clathrate occupancy state on the final
results, calculations were started in this case from two opposed
initial setups, namely the empty structure, and an overloaded tri-
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ple occupancy crystal. For every condition tested, both calculations
starting from the described initial configurations converged to the
same equilibrium occupancy rate. The occupancy determined fol-
lowing this technique matches closely experimentally reported
values, which represents another remarkable validation for the
molecular model used to describe both the host (hydroquinone)
and guest (hydrogen) molecules. For the case of higher uptake,
double occupation appears spontaneously, but combined with sin-
gly occupied and even empty cages. This means that this feature of
guest multiple occupancy, essential for practical objectives, can be
studied using the proposed technique, opening perspectives to
more detailed analysis.

The results presented underline the validity of the molecular
simulation approaches used in the quantitative determination of
macroscopic storage capacities for this type of clathrates. In addi-
tion, the precise molecular scale description of the dynamics of
the guest molecule diffusion process obtained has to be empha-
sized as a value of this calculations, as its detailed understanding
and possible tuning is a key towards the development of feasible
practical applications related with hydrogen storage.
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