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Functionalizing carbon-based materials with metal atoms has been proposed as an effective method to enhance
the adsorption of hydrogen molecules on these substrates, thereby developing new useful systems for hydrogen
storage. In this work, we investigate both experimentally and theoretically the role of sodium atom decoration
on hydrogen attachment to coronene, a polycyclic aromatic hydrocarbon considered the smallest prototype
of graphene. In the experiments, multiply charged helium nanodroplets are produced and exposed to sodium,
coronene and hydrogen vapors, leading to the formation, within equal conditions, of clusters of hydrogen
molecules surrounding bare and sodium-decorated protonated coronene, [H-coronene]* and [H-coronene-
Na]*, respectively, whose abundances are accurately measured via mass spectrometry. These clusters are
studied computationally by means of quantum Monte Carlo methods, using analytical representations of the
H,-substrate interaction potentials based on high-level electronic structure calculations. It is found that the
number of H, molecules attached to both [H-coronene]* and [H-coronene-Na]* decreases as the evaporation
pressure in the H, chamber increases; however, the Na-decorated support retains a considerably larger number
of molecules than the undecorated one, which is related to the higher evaporation energies of H, molecules
attached to the decorated support. In addition, most of the anomalies observed in the distributions of ion
abundances vs. the number of hydrogen molecules have been identified in the theory as particularly stable
clusters. For the Na-decorated substrate, it is found that clusters formed by four H, molecules surrounding Na
are very stable and that with the addition of two more molecules, the alkali atom becomes ‘“solvated”.

1. Introduction alkali metals, this enhancement stems from the partial donation of the
metal valence electron to the carbon support, so that the alkali atom
acquires a partial positive charge when bound to the substrate [14—
16]. It is worth noting that similar binding properties have been found
in the interaction of alkali cations to carbonaceous materials [17,18].

Hydrogen molecules close to these metals become polarized and their

Adsorption of molecular hydrogen to carbon-based materials has
been proposed as a safe and efficient method of hydrogen storage, a
goal that is a key step in the development of new environmentally
friendly technologies that use this element as an energy carrier [1-8].
These materials, such as graphene, are in principle very appealing to

these purposes because of their light weight, large surface area, great
stability and robustness [9-12]. However, as hydrogen molecules inter-
act with them via weak van der Waals forces (with binding energies in
the range of a few tens of meV [13]), hydrogen adsorption only occurs
efficiently at rather low temperatures.

The functionalization of carbon materials with metals gives rise to
an enhancement of the hydrogen binding energies, eventually improv-
ing the adsorption properties. Focusing on their decoration with neutral
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bonding to them — besides the ubiquitous van der Waals forces — is due
to the interaction of the charge with the induced dipole and with the
permanent quadrupole of hydrogen, pretty similar to the interactions
between these particles in the gas phase [19]. These non-covalent
forces are more attractive than pure van der Waals ones and have the
peculiarity that the ionic center can become surrounded by various
hydrogen molecules. These properties lead to enhanced gravimetric and
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volumetric densities and move the temperature range for a reversible
adsorption/desorption process to higher values [10,14,20]. This work
concerns these interactions, still falling within the category of physical
adsorption — the hydrogen molecule retains its identity —, as opposed
to chemisorption, not considered here, where the molecule breaks and
its atoms covalently attach to the substrate [21-23].

This physical adsorption of hydrogen on carbonaceous materials
(bare or decorated with alkali metals) has been the subject of numerous
theoretical studies [9,14,15,20,24-31], however, experimental studies
have been scarcer [32-37]. Among the different carbon-based mate-
rials, considerable attention has been devoted to polycyclic aromatic
hydrocarbons (PAHs), as prototypes of extended materials or as al-
ternative storage systems [13,18,37-44]. Adsorption of hydrogen to
PAHs is also a subject of great interest in astrochemistry [45]. Very
recently, some of us have reported a joint experimental and theo-
retical investigation where Na-decorated naphthalene, as a hydrogen
adsorbent, was compared to bare naphthalene [46]. Calculations and
measurements confirmed an enhancement in H, adsorption for the
decorated substrate, and agree with the finding of special stability of
clusters formed by four H, molecules surrounding the alkali atom,
with some minor discrepancies about other specially stable structures
(magic numbers). In addition, larger Na-decorated PAHs were studied
using more approximated calculations but without the experimental
counterpart.

In this work, we focus both experimentally and computationally, on
the adsorption of hydrogen on bare and sodium-decorated coronene, a
PAH commonly considered the smallest graphene prototype [47,48]. In
the experiments, complexes of hydrogen molecules coating protonated
coronene (coro), both bare, (H,),[H-coro]*, and sodium-decorated,
(H,), [H-coro-Na]*, are abundantly produced inside ultracold helium
nanodroplets and, after their passage through an evaporative cell,
populations of these clusters are accurately measured, enabling the
identification of the most stable complexes. Interestingly, both bare
and Na-decorated substrates are produced and studied under the same
experimental conditions, allowing us to explore in a direct and unbiased
manner the role of sodium decoration. These results are compared
with quantum Monte Carlo calculations of the clusters’ ground state
energies and structures, obtained with the use of force fields care-
fully parametrized on high-level electronic structure calculations of the
H,-substrate interaction. These calculations provide accurate determi-
nations of nuclear quantum effects — such as the zero-point energy
of the adsorbed molecules — which are generally quite important for
this lightweight species [9,13,49,50] but are not usually considered
in works that only focus on the electronic structure of these kinds of
systems.

The paper is organized as follows: experimental and computational
methods are presented in Sections 2 and 3, respectively. In Section 4,
the results of the joint investigation on bare and Na-decorated coronene
are reported and discussed. Finally, concluding remarks are given in
Section 5.

2. Experimental method

This section gives an overview of the experimental part of this work,
the details of the setup and methods can be found in the literature [51,
52]. A schematic sketch of the apparatus can be seen in Fig. 1.

Superfluid helium nanodroplets (HNDs) are formed via supersonic
expansion of pressurized (22 bar), and pre-cooled (8.8 K) helium gas
(Messer, purity 99.9999%) through a pinhole nozzle (5 pm diameter)
into ultra-high vacuum. The HNDs are ionized via electron impact, with
the ion source operated at an electron energy of 40 eV and electron
current of 340 pA to generate multiply charged droplets. Hydrogen
gas that is introduced into a differentially pumped RF-hexapole further
downstream the experiment at relatively high pressures (between 1.69x
1073 and 3.72 x 10~3 mbar) is reaching the ion source chamber and H,
is likely the first dopant to be picked up by the HNDs. Charge transfer
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Fig. 1. Superfluid helium nanodroplets (HNDs) are produced in the cluster source and
multiply charged via electron impact. Due to the back-flow of the hydrogen evaporation
gas into this chamber, H, molecules are doped into the HNDs before a quadrupole
bender filters the droplet beam for one mass-per-charge ratio. These size-selected HNDs
then traverse through pick-up cells with sodium and coronene vapor. The dopant ions
are liberated from the He matrix and tagged with H, through collisions with hydrogen
gas at varying pressures. The resulting ions are detected in a reflectron time-of-flight
mass spectrometer (TOF Mass Analyzer).

from initially formed He* will ionize hydrogen and additional pickup
of H, molecules will form (H,),H; ionic cores close to the surface of the
droplets. A subsequent quadrupole bender allows the selection of the
charged droplets by their mass-per-charge ratio, resulting in the current
experiment in HNDs consisting of approximately 7.5x 10* He atoms per
charge and an approximate kinetic energy of 400 eV. Coronene powder
(SigmaAldrich, 99% purity) and sodium (SigmaAldrich, 99.95%) are
evaporated in resistively heated ovens. The similar evaporation pres-
sures of the dopants, as well as the geometry of the ovens, lead to
a mixture of the gas phases, resulting in simultaneous pick-up of the
two substances into the HNDs. Ion-induced dipole interaction then at-
tracts coronene and sodium towards the (Hz),,H;r charge centers, where
charge transfer leads to the formation of Na* or proton transfer to [H-
coro]t and subsequently picked up dopants attach to the ionic cores
forming [H-coro,-Na,]* and [coro,-Na,]* complexes, respectively.
The corresponding binding energy is transferred to the surrounding He
matrix, causing evaporation of about 1600 He atoms per eV and the
stabilization of the clusters. In the RF hexapole cell, collisions with
H, molecules lead to the shrinking of the HNDs and solvation of the
dopant ions by hydrogen. Due to the increasing Coulomb repulsion, this
shrinking causes the sequential ejection of hydrogen-solvated cluster
ions. Typically, the removal of 10° He atoms is necessary to eject each
ionic core [53]. Subsequent collisions of the ejected ionic complexes
with hydrogen gas reduce the number of H, molecules attached to a
favorable value. Hence, high hydrogen pressures in the cell result in
fewer H, molecules solvating the ejected ions, which are then analyzed
in a time-of-flight mass spectrometer. Exemplary mass spectra are
shown in Fig. 2. Due to the conditions during the ionization process
and the later pick-up of coronene and Na, the protonated substrates
[H-coro]™ and [H-coro-Na]* become most abundant and are hence the
focus of this work.

3. Theoretical method

We have performed Diffusion Monte Carlo calculations of the ground
state energies and distributions of the clusters (H,),[H-coro]* and



E. Garcia-Arroyo et al.

H‘ 1.69 x 10°° mbar H| 195x103mbar

300 310 320 330 340 350 300 310 320 330 340 350

2

2.24 x 10 mbar 2.57 x 10 mbar

lon Yield (a.u.)
N

0 0

300 310 320 330 340 350 300 310 320 330 340 350
16
12 293x10%mbar | 12" |y corgp 372 10°° mbar

8 8 [H-coro-NaJ*

4 4 [H-coro—Naz]*I“
0 ol I||_I_|.|_||I ||I 0 ||| .I. Al L.

300 310 320 330 340 350 300 310 320 330 340 350
Mass per Charge (m/z)

Fig. 2. Mass spectra resulting from different H, pressures in the evaporation cell where
a higher hydrogen pressure leads to lower hydrogen solvation of the clusters. The
absolute ion yields are given to compare the differing levels of the signal.

(H,),[H-coro-Na]*. In the present model, we treat the substrates as
rigid molecules and the hydrogen molecules, as pseudoatoms, i.e., only
the motion of the centers of mass of the H, molecules is explicitly
considered in the simulations. This pseudoatom approximation has
been shown to be rather appropriate for the description of the evapo-
ration energies of related systems, such as the attachment of hydrogen
to Na* or to Na-decorated naphthalene [46,54]. We firstly present
the electronic structure calculations of the H,-substrate interactions
together with their analytical representation within the adopted model,
followed by a description of the Diffusion Monte Carlo calculations of
the clusters ground states.

3.1. Electronic structure calculations

Electronic structure calculations have been carried out to obtain
reference energy potentials for the interaction between the H, molecule
and the Na-decorated and bare protonated coronene cations, [H-coro-
Na]* and [H-coro]™. In these calculations the monomers have been
considered as rigid rotors. The decorated and bare [H-coro]* geome-
tries have been optimized in the same way as it was previously done
on naphthalene [46], while the interatomic distance of the H, molecule
has been fixed to 0.767 A, corresponding to the averaged value in the
ground vibrational state. For the case of the decorated coronene, it
is found that the distance of the sodium atom to the coronene plane
is 2.33 A. Moreover, the binding energy obtained by subtracting the
sodium cation from the neutral coronene is about 1.5 eV, indicating
that the decorated coronene complex is indeed strongly bound and that
it can be safely treated as a rigid body.

In the calculations of the intermolecular interaction energies, three
different approach directions of the H, center of mass towards the
decorated and bare protonated coronene have been considered, as
shown in Fig. 3. For each approach direction, three different limiting
orientations of the H, molecular axis have also been taken into account,
which correspond to two parallel and one perpendicular orientation
with respect to the coronene plane. The different interaction potentials
for each approach have been calculated at the Kohn-Sham Density
Functional Theory (DFT) level using a spin-restricted formalism, with
the B3LYP [55] exchange—correlation functional together with the D3
dispersion correction [56] and a triple-zeta (VTZ) [57] basis set. The
only exception corresponds to the top approach in the case of [H-
coro-Na't, for which we have followed a different strategy based on
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Fig. 3. Left panel A: [H-coro]* substrate, with red arrows indicating the different
approach directions of the center of mass of the H, molecule. hollow a is the direction
perpendicular to the coronene plane towards its geometrical center, hollow b is also
perpendicular but towards the center of a peripheral hexagon and in-plane indicates
the direction along the molecule plane towards the middle of an outer C-C bond and
the center of the coronene. Right panel B: just like panel A, but for [H-coro-Na]*. top is
the direction perpendicular to the coronene plane towards its geometrical center from
the face with sodium, bottom is also perpendicular, along the top direction, but from
the bare face and in-plane indicates the direction along the molecule plane exactly
as in panel A. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

benchmark results obtained for the H, interaction with Na-decorated
naphthalene [46] (see Figure S1 in the Supplementary Information).
In this case, we have extrapolated the interaction energies to obtain
the values corresponding to the complete basis set (CBS) [58,59] by
combining the results obtained with the spin-component scaled second-
order Mgller-Plesset (MP2-SCS) [60] perturbation theory with those at
MP2 and Hartree-Fock levels for two different basis sets: augmented
double-zeta [57] (AVDZ) and augmented triple-zeta (AVTZ). All the
interaction energies have been corrected for the basis set superpo-
sition error (BSSE) by using the counterpoise method of Boys and
Bernardi [61].

All the calculations have been computed using the Molpro 2022.2
software package [62]. The computed interaction energies are shown
as black points in Fig. 4 and correspond, for each approach direction,
to values averaged over the three different considered orientations
of the H, molecule. Such values represent a good estimation of the
pseudoatom approximation for H,.

3.2. Interaction potential analytical representation

The interaction potential between the H, molecule - as a
pseudoatom — and decorated and undecorated coronene is expressed
by a sum of pairwise contributions for each H,-atom interacting pair:

V= Z Vi @

where i sums over all atoms in the coronene substrates. Each of these V;
terms is given by the Improved Lennard-Jones (ILJ) [63] formulation:
m n(r ) ( "'m

vi=e [m ()" - 52 —)m] :

where ¢ and r,, represent the well depth and equilibrium distance of
the pair interaction, respectively, n(r) is expressed like n(r) = p +
4.0 (r/r,)* where f is a parameter defining the shape and stiffness of the
potential. Finally, m is a parameter whose value is 6 for neutral-neutral
interactions and 4 for ion-neutral ones.

As the pair interaction between H, molecules is considered as the
one for pseudoatoms, it can be expressed again using the formulation
in Eq. (2).

The used ILJ parameters for the different H,-atom and H,-H,
molecules interaction pairs are given in Table 1.

The H,-C, H,-H and H,-Na parameters have been optimized by
exploiting the comparison with the electronic structure results and the

(2)
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Table 1

ILJ optimized parameters for the H,-C, H,-H and H,-Na contributions
involved in the interaction between H, and coronene. The corresponding
parameters for the H,-H, interaction are also reported. In this model,
H, is described as a point-like particle (pseudoatom). ¢ is in meV, r,, is
in A and g and m are dimensionless.

€ T p m
H,-C 4.30 3.45 7.0 6
H,-H 2.15 3.17 6.1 6
H,-Na 52.0 2.75 4.6 4
H,-H,[64] 3.07 3.47 7.0 6
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Fig. 4. Interaction energy potentials for H, approaching [H-coro]* (left panel a) and
[H-coro-Na]* (right panel b) along the directions illustrated in Fig. 3. The black
points correspond to the electronic structure results while the red lines to the obtained
analytical potentials. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

final estimated analytical profiles are shown as red solid lines in Fig. 4,
where a good agreement can be appreciated.

3.3. Diffusion Monte Carlo simulations

To study the energetics associated with the adsorption of H,
molecules on the decorated and undecorated coronene, we have used
Diffusion Monte Carlo (DMC), a technique that allows, in principle,
to exactly solve the Schrodinger equation for molecular clusters by
sampling a density of configurations proportional to the ground state
wave function, y, (e.g. see Refs. [65-67]). In this respect, it can both
determine the ground state energy of clusters as well as the relative
molecular distribution.

DMC works projecting an initial distribution of configurations in
imaginary time applying diffusion and branching steps to propagate
the latter [68] for the system under study. While the diffusion step
randomly displaces configurations accordingly with a Gaussian kernel
of width depending on the molecular masses and integration time-step,
the branching algorithm changes the number of configurations accord-
ingly to a computed weight; the latter is defined based on the difference
between the value of the potential energy for each configuration and
a reference energy appropriately selected to conserve the number of
configurations. Once the weights are defined, system replicas are killed
or duplicated based on a random selection game, where the reference
energy is adjusted for the next step [69]. After a steady state is reached,
the distribution of points representing the ground state wave function
can be used to estimate the system ground state energy by computing
the potential energy average [70]. In order to minimize integration
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timestep errors and the bias due to the finite population size, we have
used a timestep of 100 a.u. and a number of walkers that oscillates
around 650.

The ground energies and configuration distributions for both bare
and Na-decorated coronene systems have been calculated up to a
number of 14 hydrogen molecules; the results are described in the
following sections.

4. Results and discussion

The experimental data of this study were analyzed via the home-
built software IsotopeFit [71] to determine the exact yield of the
hydrogen solvation within the (H,),[H-coro]* and (H,), [H-coro-Na]*
series, respectively. From the mass spectra shown in Fig. 2 the software
identifies the correct cluster size by considering the isotopic pattern of
coronene, potential isobaric impurities (such as clusters with helium
attachment or those with water picked up from the residual gas) and
the background signal from neighboring ion peaks. The resulting ion
yields in Fig. 5 depict the differences in (H,), attachment as a function
of the number of hydrogen molecules, n, to the coronene cluster with or
without sodium at different evaporation pressures. For each pressure,
the yields of each (H,),[H-coro]* and (H,),[H-coro-Na]* series are
normalized by the total ion yields of all protonated substrates contain-
ing no Na, ', H,,[H-coro], or one Na, Y, H,,[H-coro-Na], respectively.
This corrects the effects of the Poisson statistics in the pick-up process
and consequent cluster formation. During this process, it is more proba-
ble to form undecorated species in comparison to complexes containing
one or more Na atoms, as evident in the mass spectra of Fig. 2. At all
pressures in Fig. 5 it becomes apparent that with increasing cluster
size of (H,),, the sodium-decorated complexes are more stable and
hence show higher yields compared to the (H,),[H-coro]* substrate.
Additionally, it is noticeable that at lower H, evaporation pressures
(1.69x 1073-1.95x 10~3 mbar), the distributions of the (H,), attachment
is similar for the support with and without Na. However, at increas-
ing pressures, the undecorated [H-coro]* support loses the amount
of attached H, molecules considerably faster than the Na decorated
counterpart. This indicates that the Na decorated clusters are more
resilient against increasing collision frequencies, as the H, molecules
become more tightly bound compared to those on (H,),[H-coro]™.

At this point it is worth noting the differences between the present
experiment and those aimed at studying hydrogen storage at conditions
within the requirements of the U. S. Department of Energy (DOE) [72].
In particular, typical pressures of this experiment (10~3 mbar) are
several orders of magnitude smaller than the required pressures in a
storage system (5-12 bars). In the present case, complex ions cross the
H, evaporation chamber at a rather high velocity, determined by the
difference of the electrostatic potential of the electron ionization region
and the field axis of the RF-hexapole guide. The pressure in the cell
determines the number of collisions the ions have with a stagnant H,
gas target at a collision energy that is mostly determined by the kinetic
energy of the ions. On the other hand, in a storage system, substrate
molecules are embedded in a hydrogen gas at a pressure of several
bars, which provides many more collisions, however, at a much lower
collision energy, in this case solely determined by the temperature of
the gas.

The slower(faster) loss of H, molecules attached to the metal dec-
orated(undecorated) carbonaceous surface as the pressure of the col-
lision gas increases (Fig. 5) is an effect that becomes clearly visible
in Fig. 6, where the percentage of adsorption to either the decorated
or the bare substrate is shown depending on the corresponding evap-
oration pressure. This highlights the efficiency of the H, attachment
on [H-coro-Na]* at increasing pressures and suggests an increase of
the evaporation energies of the H, molecules on the sodium-decorated
clusters. In other words, when more H, molecules are removed at
increasing pressures, the substrate with the alkali atom retains more
molecules and therefore adsorbs a larger percentage of hydrogen.
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On the theoretical side, we have obtained the ground state energies,
E,, of the clusters formed by n = 1-14 hydrogen molecules attached to
[H-coro-Na]* and [H-coro]*. A good measure of the stability of these
complexes is given by the evaporation energy AE, = E,_, — E,, which
is the energy required to adiabatically remove the most weakly bound
H, molecule from a cluster with » molecules. In Fig. 7, these energies
are presented as functions of n for the two substrates studied. It is clear
that they are larger for the alkali-decorated support, particularly for
the first four attached molecules. This is due to the stronger binding
of H, to the Na atom, as discussed in more detail below. For n > 10,
the evaporation energies become smaller and almost equal for the two
substrates, suggesting that at these sizes the alkali atom no longer
has a dominant effect on the cluster stability. These features can be
qualitatively related to the observed relative ion yields of Fig. 5 and the
subsequent percentage of H, adsorption of Fig. 6. Indeed, for pressures
up to 2.24 x 10~3 mbar, cluster abundances extend up to more than
ten H, molecules (Fig. 5) and from Fig. 6 it is seen that they adsorb to
either support in a similar proportion (50 + 10%). For higher pressures,
species with more than ten molecules attached are no longer observed
and there is an increasing trend for H, adsorption to the Na-decorated
substrate (reaching 90% for the highest pressure), a feature that we
interpret as a consequence of the larger evaporation energies of the
decorated substrate for these cluster sizes.

The relative ion yields of Fig. 5 generally follow an expected Poisson
distribution [51] with various anomalies (locally larger abundances)
which suggest that some cluster sizes are relatively more stable than
their neighbors. For instance, the (H,),[H-coro-Na]* cluster seems to
be more abundant than the n = 3 and 5 clusters for most evaporation
pressures. In the calculations, the n = 4 Na-decorated complex appears
to be particularly stable, due to its large evaporation energy in com-
parison to the n = 5 one (Fig. 7). Recent DFT calculations also found
a special stability for four H, molecules attached to [coro-Na]*[44].
To establish a quantitative determination of these anomalies and its
relationship with the computed evaporation energies, we have followed
the approach originally proposed in Ref. [73], also recently applied on
(H,),Nat and (H,),[H-naphthalene-Na]* systems [46,74]. This model
assumes that the experimental abundance I, and the corresponding
evaporation energy AE, are related as

I, AE,
1, AE,’
where I,, and AE,

3

av

. are local averages of I, and AE,. As discussed
in detail in Refs. [75,76], Eq. (3) applies when the observed cluster
ions are the unimolecular fragments of larger precursors and, in addi-
tion, their internal vibrational modes are not excited at the relevant
temperatures. These conditions are met in the present experiment. In
Figs. 8 and 9, we present a comparison between the left- and right-hand
sides of Eq. (3) as functions of n, for substrates [H-coro-Na]* and [H-
coro]*, respectively. Averages I,, and AE,, over neighboring cluster
sizes were obtained using a normalized Gaussian distribution [77]
centered at each cluster size and with a standard deviation ¢ = 1. The
experimental ratios of Figs. 8 and 9 (upper panels) are shown for evap-
oration pressures from 1.69 x 10~ to 2.93 x 10~ mbar (for the highest
pressures the set of ratios shown is reduced to the range with non-
negligible intensities associated). It is worth noticing that the maxima
obtained in I, /I,, for various values of » are almost independent of the
pressure. In other words, they are not due to accidental maxima in the
size distribution of ion abundances but rather can be associated with
magic numbers (this statement does not apply as much to the highest
pressures, where the abundances distributions are narrower and the
ratios become more sensitive to them).

Moving to the comparison of AE,/AE,, with I,/I,, for [H-coro-
Na]*, in Fig. 8, it can be seen that a good agreement has been achieved.
Specifically, both intensity and evaporation energy ratios indicate that
the n = 4 and n = 9 clusters are magic numbers as well as, to a lesser
extent, the n = 6 and 7. A minor discrepancy is related to larger cluster
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Fig. 8. Upper panel: ratios between the observed ion abundances and their local aver-
ages vs. n, the number of H, molecules adsorbed on [H-coro-Na]*, for various pressures
in the evaporation cell. Lower panel: ratios between the calculated evaporation energies
and their local averages vs. n for the same substrate. The resemblance between the
experimental and theoretical ratios implies that Eq. (3) holds reasonably well. Cluster
sizes for which the ratios reach a local maximum indicate that the corresponding
clusters are especially stable (magic numbers). The two most evident magic numbers
are indicated by vertical dashed lines. See text for discussion.
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Fig. 9. Same as in Fig. 8, for the adsorption of H, molecules on [H-coro]*. The two
most evident magic numbers, experimentally observed, are indicated by vertical dashed
lines.

sizes since the next magic number is » = 11 in the experiments, but
n = 12 in the calculations. Regarding the bare substrate, in Fig. 9, it

can be seen that both theory and experiment agree that n = 6 is a
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quite stable complex as well as, to a minor degree, n = 11. The cluster
formed with two molecules attached is also found to be quite stable
from the calculations, the finding being in reasonable agreement with
the behavior of the experimental ratios at the highest pressures. There
is no agreement, however, in the next magic number, which is n = 9
in the experiment but » = 8 in the theory. Reasons for the mentioned
discrepancies could be related to some simplifying assumptions of the
theoretical model, such as the description of the H, molecules as
pseudoatoms. Despite it has been shown that this approximation works
well for related systems [46], a more accurate description of these
molecules as rigid rotors could modify the relative stability of some
cluster sizes, an issue worth investigating in the future.

To understand the stability patterns of these systems, we have
examined the structures of n H, molecules adsorbed on [H-coro-Na]*
and [H-coro]*, obtained from the DMC probability distributions. For
the sodium-decorated support, the first four molecules are successively
placed around Na and above the coronene molecule. Probability dis-
tributions of the magic number n = 4 are shown in Fig. 10. It can be
seen that they extend about 3.2 A above the coronene plane (Fig. 10.a),
forming a ring around the Na atom (Fig. 10.b, notice a somewhat larger
probability density on top of the centers of the peripheral hexagonal
rings of coronene). For n = 5, the molecules also arrange along a ring
around sodium; the reason that the n = 5 cluster is less stable than
the n = 4 one must lie in an increase of the repulsion between the
hydrogen molecules, which nevertheless are confined around Na due to
the attraction exerted by this atom (i.e., electrostriction effect [64,78]).
Then, the sixth molecule is placed on top of Na, six being the maximum
number of molecules closely attached to Na, in other words, the number
of molecules that solvate the alkali atom. The following three molecules
become placed on the side of [H-coro-Na]* without Na. Using the
notation (n,, n,), where n, and n, indicate the number of molecules on
the sides without and with sodium, respectively, the n = 7-9 clusters
can be assigned to (1,6), (2,6) and (3,6) arrangements, respectively. The
probability density for n = 9 (3,6), along the direction perpendicular to
coronene, is depicted in Fig. 10.a. The special stability of this cluster
size can be understood from the solvation of sodium with six molecules
on the side with Na (Fig. 10.d) and, on the opposite side, from a
maximization of the attractive interactions of the three H, molecules
with the support and among themselves (Fig. 10.c). Furthermore, it
is worth noticing that the three H, molecules of Fig. 10.c are rather
delocalized, in contrast to the six ones of the decorated side (Fig. 10.d);
analogous features of localization vs. delocalization have been found
and discussed for the distributions of rare gas atoms [79] and H,[13]
adsorbed to coronene. Finally, the structures found for n = 10-14
correspond to (n,, n,)= (4,6), (5,6), (5,7), (5,8) and (6,8) arrangements,
respectively.

For the bare substrate, [H-coro]*, H, molecules tend to distribute
equally on both sides of the molecule, that is, from n» = 1 to 6, the
most stable arrangements are (n,,n,)= (1,0), (1,1), (2,1), (2,2), (3,2)
and (3,3), respectively. The most stable cluster, as found both in the
calculations and in the experiment, is the one having six H, molecules
adsorbed. The special stability of the n = 6 cluster can be understood as
an optimization of the attractive interactions of the three H, molecules
that are on each side of the support (as in the case of the side without
Na of (H,)e[H-Coro-Na]*, discussed above). In this point, it is worth
mentioning that this magic number has already been identified in
related experiments [40] as well as in computational studies of the
adsorption of hydrogen to neutral [13] and cationic [46,50] coronene.
For larger clusters, n = 7-14, the most stable structures correspond to
arrangements (n,,n;) = (4,3), (4,4), (5,4), (5,5), (6,5), (7,5), (7,6) and
(8,6).

As discussed above, the kind of experiments here reported are
quite different from set-ups to measure hydrogen storage at pressures
and temperatures typical of the desired applications. For this reason,
it is not straightforward to extrapolate present results to these situ-
ations. Nevertheless, we have estimated the gravimetric capacity of
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Fig. 10. (a) Probability distributions along the axis perpendicular to coronene (z) of
n =4 (in red) and »n = 9 (in black) H, molecules attached to [H-coro-Na]* (distributions
normalized to n). For n = 9 there are three and six molecules on the sides with no
Na (z < 0) and one Na (z > 0), respectively. (b) Probability density, as a function of
the coordinates of the coronene plane, (x,y), for the n = 4 cluster on the z > 0 side,
with contour lines superimposed to a cartoon of [H-coro-Na]*. (c) As in (b), for the
three molecules of the n = 9 cluster placed on the z < 0 side. (d) As in (b), for the
six molecules of the n = 9 cluster placed on the z > 0 side: five around the Na atom
and the sixth one above it. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the (H,),[H-coro-Na]* clusters, defined as g, = 100nmp, /(nmy, +
M), Where my and mg,,; are the masses of H, and the substrate,
respectively. We have obtained 2.4 wt% and 5.3 wt% for the clusters
with n = 4 and 9 magic numbers, respectively. The latter is close to
the DOE requirement for 2025 [72]. It would be much more adequate
to obtain this capacity as a function of temperature and pressure,
a goal that can be achieved by means of various methods such as
grand canonical Monte Carlo, molecular dynamics or several other
thermodynamical calculations [28-30], which however are beyond the
scope of the present work. Here, it is interesting to mention recent
ab initio molecular dynamics simulations of the single-side adsorption
to [coro-Na]*, where gravimetric capacities of 3.0 and 2.4 wt% were
found for 77 and 300 K, respectively [44].

5. Conclusion

Clusters of hydrogen molecules adsorbed to bare and sodium-
decorated protonated coronene have been studied both experimental
and theoretically, with the aim of determining the role played by the
alkali atom decoration in the attachment of these molecules to these
substrates. The substrates have been produced within multiply charged
helium nanodroplets and, after collisions with hydrogen molecules
within an RF hexapole evaporation cell, abundances of the resulting
clusters, (H,),[H-coronene-Na]* and (H,),[H-coronene]* have been
accurately determined by mass spectrometry. It is found that both
bare and decorated supports adsorb similar amounts of hydrogen at
the lowest pressures in the H, chamber; however, as the pressure
increases, the percentage of hydrogen attached to the Na-decorated
support steadily increases, reaching about 90% at the highest pres-
sure applied. In addition, some clusters with specific numbers of H,
molecules attached have been found to be particularly stable, as their
abundances were consistently higher than those of neighboring cluster
sizes.
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On the theoretical side, Diffusion Monte Carlo calculations of these
clusters were carried out to obtain their evaporation energies, defined
as the minimum energy needed to remove a H, molecule from them.
The calculations used an Improved Lennard Jones formulation to rep-
resent the interactions among the H, molecules and the substrates,
whose parameters were ultimately determined from the comparison
with electronic structure predictions. From the analysis of the evap-
oration energies of decorated vs. bare supports, we have found a
qualitative interpretation of the observed increase of H, adsorption by
the Na-decorated substrate. Finally, a rather good agreement has been
reached regarding the clusters that were found to be stable experimen-
tally and those that exhibit relatively large evaporation energies in the
calculations.

The effect on the hydrogen adsorption of decorating coronene with
more than one alkali atom, or of producing clusters containing several
coronene molecules, could be suitably studied upon slight modifi-
cations of the experimental conditions. In addition, it would be of
interest to consider larger polycyclic aromatic hydrocarbons, such as
circumcoronene and circumcircumcoronene, to investigate how the hy-
drogen adsorption properties evolve as the prototypes become closer to
graphene. Besides hydrogen storage, another interesting application of
metal-decorated carbonaceous substrates is the separation of deuterium
or tritium isotopologues from a mixture with the most abundant H,, by
exploiting the differences in their adsorption energies [65,80,81]. Work
on some of these directions is in progress.
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