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Snowball formation for Cs* solvation in molecular
hydrogen and deuteriums
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Interactions of atomic cations with molecular hydrogen are of interest for a wide range of applications
in hydrogen technologies. These interactions are fairly strong despite being non-covalent, hence one
can ask whether hydrogen molecules would form dense, solid-like, solvation shells around the ion
(snowballs) or rather a more weakly bound compound. In this work, the interactions between Cs* and
H, are studied both experimentally and computationally. Isotopic substitution of H, by D, is also
investigated. On the one hand, helium nanodroplets doped with cesium and hydrogen or deuterium are
ionized by electron impact and the (H,/D,),Cs* (up to n = 30) clusters formed are identified via mass
spectrometry. On the other hand, a new analytical potential energy surface, based on ab initio
calculations, is developed and used to study cluster energies and structures by means of classical and
quantum-mechanical Monte Carlo methods. The most salient features of the measured ion abundances
are remarkably mimicked by the computed evaporation energies, particularly for the clusters composed
of deuterium. This result supports the reliability of the present potential energy surface and allows us to
recommend its use in related systems. Clusters with either twelve H, or D, molecules stand out for their
stability and quasi-rigid icosahedral structures. However, the first solvation shell involves thirteen or
fourteen molecules for hydrogenated or deuterated clusters, respectively. This shell retains its internal
structure when extra molecules are added to the second shell and is nearly solid-like, especially for the
deuterated clusters. The role played by three-body induction interactions as well as the rotational
degrees of freedom is analyzed and they are found to be significant (up to 15% and 18%, respectively)
for the molecules belonging to the first solvation shell.

these characteristics, metallic cations can be expected to solvate
in hydrogen, with the formation of one or more dense, solid-like,

Interactions between molecular hydrogen and cations of metal-
lic atoms (H,-M") are in general non-covalent but relatively
strong, as they are dominated by charge-quadrupole electro-
static as well as charge-induced electric dipole forces."” Due to
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solvation shells, similar to the well-known Atkins snowballs
formed by the solvation of ions in helium.? Properties of hydrogen
as a solvent*® differ from those of helium (due to differences in
mass, polarizability, onset of superfluidity, internal degrees of
freedom, etc.), hence, it is worth exploring the impact of this
alternative quantum solvent. There is also much interest in Hy-M"
interactions for applications of reversible storage of hydrogen
in porous materials,”*! where dopant metal cations act as centers
to which hydrogen molecules attach. Moreover, different nuclear
quantum effects in H, and D, have been proposed to exploit
selective adsorption’? and isotope separation’® in metal-doped
materials, processes of paramount importance for the develop-
ment of new fusion reactors.

In contrast to the solvation of ions in helium,
(Hy),M" clusters are scarce and limited to small cluster
sizes.>?*2° Clampitt and Jefferies** carried out mass spectro-
metry measurements of (H,),Li" clusters up to n = 7 and found

14723 studies on
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indications that Li" is solvated by six H, molecules, a conjecture
that was later confirmed theoretically.>*”>° Interestingly, a
study of the potential energy minima of these clusters® led
the authors to suggest that, while the first solvation shell of Li*
is solid-like, this shell screens the charge of the cation so that
the outer shells become more diffuse. No further experiments
explored these issues until the recent work by Kranabetter et al.,*
who were able to produce (H,),Cs" clusters with as many as 65
hydrogen molecules by means of electron ionization of large
helium nanodroplets doped with Cs and hydrogen. Anomalies
in the mass spectrum (maxima or abrupt drops in the cluster
abundances) were found for n = 8, 12, 32, 44 and 52. Accompanying
density functional theory (DFT) calculations for 7 = 1-14 found that
the n = 12 cluster has icosahedral symmetry and exhibits a special
stability, in agreement with the experiment. In this way, the authors
attribute the anomalies at n = 12, 32 and 44 to the formation
of three concentric, solid-like, solvation shells of icosahedral
symmetry. More theoretical work was requested for the elucidation
of the origin of these and the other magic numbers.

In the present work, previous experiments®’ are extended to
deuterated clusters (D,),Cs" (r < 30). Moreover, classical and
quantum Monte Carlo calculations of energies and structures
of both hydrogenated and deuterated clusters are reported
based on a new potential energy surface (PES) parametrized
using high level ab initio calculations. As far as we are aware,
this is the first combined experimental and theoretical work on
the solvation of alkali cations by hydrogen that also includes a
consistent study of the effects of isotopic substitution. Our goal
is to investigate whether well-defined and compact shells are
formed and what their structure is. In addition, since the H,-Cs"
interaction is very anisotropic, we believe that it is worth studying
the H,/D, orientational effects'®*"*> by explicitly taking into
account their rotational degrees of freedom and comparing with
the more widely used pseudoatom model. The importance of
three-body (3B) induction forces**™® is assessed as well.

Experimental details

In the present experiments, large helium nanodroplets
(~10° atoms) are successively doped with Cs and H, (or D,)
particles. Cs atoms are strongly heliophobic and occupy dimple
sites at the surface of the He droplets whereas H, or D,
submerges into the droplet as they are heliophilic. Then, the
nanodroplets are exposed to an electron beam, which causes
significant fragmentation with the formation of a variety of posi-
tively charged clusters, whose abundance is ultimately recorded
with a high-resolution time of flight mass spectrometer. Electron
bombardment causes formation of Cs" via Penning ionization of
Cs by He**” These cations undergo rather strong attractive
forces with the remaining particles and consequently submerge
into the droplet'> where association with hydrogen clusters
occurs. Thorough descriptions of the experiments and data
analysis are provided elsewhere®®?? and, for details specific to
the present system, see the ESI.{ Measured ion abundances of
(H,).Cs" and (D,),Cs" are displayed in Fig. 1. Both series clearly
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Fig. 1 Measured abundances (in blue, refer to left ordinate) compared with
computed evaporation energies (AE, = E, 1 — E, in meV, refer to right
ordinate) of (a) (H.),Cs* and (b) (D,),Cs* clusters as a function of the number of
molecules. Calculations correspond to DMC within the rigid rotor approxi-
mation (in red) as well as to BH + ZPE (open triangles) and PIMC (black) within
the pseudoatom approximation. All theoretical models are able to clearly
reproduce the behavior of the measured ion yields in the region n = 11-15.
In many cases, error bars (associated with measurements or quantum
calculations) are not seen because they are smaller than the symbol size.

show an anomaly for n = 12 (local maximum and strong drop
for n > 12) followed by a peak in the abundance of n = 14
clusters. We have noticed that, in a previous work,*® the
abundance of the (H,)sCs" cluster was assigned a value exces-
sively large due to a residual gas contribution. In the present
work, a corrected value is reported for this cluster size after
removal of the effect of the contaminant.

Theoretical methods
Potential energy surface

Two theoretical models are considered in this work, depending
on whether the H, molecules are assumed to be rotating rigid
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rotors or pseudoatoms, referred to in what follows as ‘“RigRot”
and “PsAt” approaches, respectively. In both approaches, the
PES is given as a sum of two-body (2B) terms, corresponding to
the H,-Cs' and H,-H, pairwise interactions, and 3B terms,
associated with the interaction between the dipoles that the
cation induces in the H, molecules. A detailed account of the
building of these PESs is given in the ESI,{ accompanied by
Table S1, where all the PES parameters are gathered. A brief
summatry is given below.

Within the RigRot approximation, the H,~Cs" 2B interaction
is given analytically as a sum of an electrostatic contribution —
determined by interacting point charges — and a non-covalent
component (including induction and van der Waals inter-
actions) given by the atom-bond model*® and the Improved
Lennard Jones (ILJ) formulation.*’ The relevant parameters are
optimized by comparing the resulting interaction potential
with ab initio estimations obtained at the CCSD(T) level** using
the d-aug-cc-pvV6Z** and def2-AQVZPP** basis sets for H, and
Cs', respectively, and where the basis set superposition error
was corrected by applying the counterpoise method.”> As shown
in Fig. 2, the analytical representation compares very well with
the ab initio results. It can also be seen that the interaction is
quite anisotropic, the minimum corresponding to a T-shaped
configuration due to a leading charge-quadrupole interaction.
Despite interactions between molecular hydrogen and the
lighter alkalis have been previously studied,>*® we believe that
this is the first time that a H,-Cs" PES is reported. Regarding
the H,-H, 2B potential, it is also given as a sum of an
electrostatic contribution (using the same point charges) and
a non-covalent (van der Waals) contribution. The latter is
represented using the atom-bond IL] formulation mentioned
above, with parameters being fitted to the accurate PES of
Patkowski et al.*’ (a comparison between the present and
Patkowski’s potentials is shown in Fig. S1, ESIt). Finally, the
3B component corresponds to the interaction between the

[o2]
(=]
I

w
o
I

Interaction potential, meV
(@]
T

90 degrees

e 60 4
30

e 0

Fig. 2 H,-Cs* interaction potential (in meV) as a function of inter-
molecular distance r (in A) for various angular orientations 6, from linear
(60 = 0) to T-shaped (6 = 90°). Filled circles correspond to CCSD(T) results
whereas solid lines correspond to the analytical representation.
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dipoles that the cation induces on the hydrogen molecules.”*?*
For this, anisotropy in the H, polarizability is neglected; so
this contribution is identical within both RigRot and PsAt
approximations. Indeed, it is found that the anisotropic con-
tribution just provides a difference of 0.1 meV to the total
potential energy of (H,),Cs" at equilibrium. A comparison of
the present PES with ab initio estimations for the case of the
(H,),Cs" cluster is given in Fig. S2, ESI, where the extent of 3B
effects can be assessed.

Finally, within the PsAt approximation, H,-Cs" and H,-H,
potentials are represented by atom-atom ILJ functions*' repro-
ducing the spherical average of the RigRot potentials. It should
be noted that the electrostatic contribution cancels out by
means of averaging.

Calculation of cluster energies

Using either the RigRot or PsAt in the PESs, energies, E,, and
structures of the (H,),Cs" and (D,),Cs" clusters have been
obtained by means of a combination of classical and quantum
Monte Carlo methods, as in previous works.>**®*° First, within
the PsAt model, putative global minima of the PESs were
obtained by means of the basin-hopping (BH) method.**™°
Quantum cluster energies, labelled as BH + ZPE, are then
obtained by adding zero-point energies (in the harmonic
approximation) to the BH minima. Geometrical arrangements
of the clusters obtained from the BH approach are then used as
initial seeds for running Path Integral Monte Carlo (PIMC)
calculations,*®>" where cluster energies are obtained at
a temperature of 2 K using the thermodynamic estimator.>>
On the other hand, within the RigRot model, cluster ground
state energies and probability distributions were computed by
applying the rigid body Diffusion Monte Carlo (DMC) approach
developed by Buch.> Details of the implementation of these
techniques are given in the ESI.{

Results and discussion

With the methods mentioned above, the stability of the com-
plexes is studied by means of the evaporation energies, defined
as AE, = E, , — E,, ie., the energy required to adiabatically
remove the most weakly bound monomer from a (H,/D,),Cs"
cluster. Results are reported in Fig. 1 in comparison with the
experimental distribution of cluster abundances. It can be seen
that all the computational approaches reproduce remarkably
well the most important features of the experimental abun-
dances, i.e., a maximum at n = 12 followed by a steep drop at
n = 13 and a small peak at n = 14. This result provides a nice
example for the theoretical predictions of a linear proportion-
ality between cluster abundances and evaporation energies,
within the model of the evaporative ensemble.*®** Moreover,
agreement with experiment gives substantial support to the
PES proposed here. It is noteworthy that all the theoretical
approaches, ranging from BH + ZPE and PIMC within the PsAt
model to the more elaborate RigRot DMC calculation, lead
to very similar conclusions, as discussed below. For n > 14,

This journal is © the Owner Societies 2019
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the recorded abundances follow a smooth trend for both kinds
of clusters except for a drop after (H,);sCs’, which is not
reproduced by the PsAt (PIMC) calculations, whereas PsAt
(BH + ZPE) predicts a drop at n = 19 and uncertainties of the
RigRot (DMC) energies do not allow a definite conclusion to be
reached. For n < 11, comparison between experiment and
theory is more satisfactory for the deuterated than for the
hydrogenated clusters. For these sizes, the experimental dis-
tribution of (H,),Cs" clusters is affected by larger error bars due
to both shorter measurement times and overlapping with
signals coming from the residual gas.

To understand the origin of the special stability of the n =12
clusters, a study of the structure of (H,);,Cs" is presented in
Fig. 3 within the PsAt(PIMC) and RigRot(DMC) approaches.
Upon examination of the distributions presented therein, it can
be concluded that this cluster has an icosahedral structure, in
agreement with the original experimental suggestion and DFT
calculations therein.** Indeed, the PIMC three-dimensional repre-
sentation of the cluster (top-central panel) reveals a relatively
diffuse icosahedron. Also, the H,-Cs® radial distribution
(Fig. 3(a)) shows a unique shell of radius ~3.6 A and the H,-
Cs'-H, angular distribution (Fig. 3(c)) exhibits three wide peaks
centered around the values corresponding to an icosahedron
(63.43° 116.57° and 180°). Regarding the quantum H, rotational

(H2)1zcs+

I 1 1 0
3 4 5 0 90 180
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T T T
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Fig. 3 Structure of (H,);,Cs™, from PsAt(PIMC) (in black) and RigRot(DMC)
(in red) calculations. Top-central panel: Representation of the three-
dimensional PIMC probability distribution for specific snapshots of the
quantum beads, depicting the corresponding average as a cloud (center of
mass of H, and Cs* symbolized by blue-gray and light brown colors,
respectively). (a) Radial distribution (arb. units) of H, molecules around Cs*
(H,—Cs* distance in A). (b) Distribution (arb. units) of the angle (in degrees)
formed between the H, molecular axes and the vector joining the ion and
the H, center of mass (only applicable to the RigRot model). (c) Distribu-
tion of the angle (in degrees) between vectors joining Cs* with the center
of mass of two different H, molecules.

This journal is © the Owner Societies 2019

View Article Online

PCCP

degrees of freedom studied within RigRot(DMC), the distribution
of Fig. 3(b) indicates that the H, molecules behave as hindered
rotors with a moderately large amplitude motion around the
T-shaped configuration, as expected from the features of the
H,-Cs" potential and found for related systems."” It is worth
noticing that, despite this angular anisotropy, the distributions
concerning the translational degrees of freedom of the molecule
(Fig. 3(a) and (c)) are almost identical within the PsAt and the
RigRot models. Concerning the structure of the smaller clusters
(n < 12), it is found that the molecules arrange around the cation
approximately filling in the positions of a nominal icosahedron
(“icosahedral growth”), as could be expected from the fact that
the equilibrium distances of H,-Cs" and H,-H, pairwise inter-
actions are rather similar (Table S1, ESIt). Analogous conclu-
sions are reached for the deuterated clusters, with somewhat
narrower distributions of the molecules as expected from their
heavier mass.

Analysis of cluster structures for larger sizes (n > 12) is
shown in Fig. 4, corresponding to RigRot (DMC) calculations.
First, inflection points in the accumulated radial distributions
of Fig. 4(a) and (b) indicate that the first solvation shell is
composed by 13 and 14 molecules for the hydrogenated and
deuterated clusters, respectively (it should be noted however
that (D,)14Cs" clearly has a compact structure while (H,);3Cs"
is more diffuse). Therefore, despite the special stability of the
n = 12 clusters, this magic number does not correspond to a
solvation shell as could be expected.*® Rather, n= 12 is a cluster
with a special energetic stability (with respect to clusters of
similar sizes), while n = 13 or 14 leads to maximum packing
structures.”® Hence, local maxima observed at n = 14 of Fig. 1
can be attributed to maximum packing or, in other words,
solvation shells. The internal structure of the first solvation
shell for n > 14 is depicted in Fig. 4(c) and (d), by means of the
distributions of H,-Cs'-H, and D,-Cs'-D, angles for molecules
that reside within the first shell. The radius of that shell is
defined by the inflection point indicated by arrows in Fig. 4(a)
and (b). As can be seen, adding extra molecules to the second
shell does not affect the structure of the first shell, which
remains nearly constant.

More insight into the structure of these clusters is gained by
means of some indicators at the PsAt (PIMC) level: the gyration
radius and the Lindemann index, defined in the ESI and
displayed in Fig. S3(a-d).} First, for (D,),Cs" clusters, it can
be seen that the n = 12, 14 and n > 16 complexes are rather
rigid, with localized molecules in the first solvation shell.
Indeed, deuterated clusters of these sizes can be considered
to be solid-like since their corresponding Lindemann indexes
(~0.1) are below the critical value that discriminates between a
solid-like and a liquid-like phase, which ranges between 0.1
and 0.2, depending on the authors.”®*” The behavior of these
indicators is qualitatively similar for the (H,),Cs" clusters.
However, with a few exceptions (such as that of n = 12),
quantum delocalization and fluidity are larger as compared
with the deuterated clusters.

Apart from a solid-like behavior, an enhancement of the
H,/D, density around the cation due to electrostriction is

Phys. Chem. Chem. Phys., 2019, 21, 15662-15668 | 15665
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Fig. 4 Upper panels (a and b): number of H, and D, molecules, respec-
tively, inside a sphere defined by the distance between the molecules and
Cs™ for cluster sizes n = 12, 13, 14, 16, 18 and 20. It can be seen that the first
solvation layer has 13 and 14 molecules for hydrogenated and deuterated
clusters, respectively. Lower panels (c and d): distribution of H,—Cs*™—H, and
D,-Cs*-D, angles (in degrees), respectively, for molecules residing in the first
shell (defined by the radial distance indicated by arrows in the upper panels)
for n = 14, 16, 18 and 20. Al distributions correspond to RigRot (DMC)
calculations. Angular distribution based on the classical minimum energy
structure of the n = 14 cluster is also shown in (d) (black dashed lines).

another common feature for the formation of snowballs.'**?

As a measure of electrostriction, we have computed the percen-
tage of H,-H, density within the repulsive region of the H,-H,
potential."® The results are shown in Fig. S3(e and f) (ESIY),
where it can be seen that electrostriction is significant and
steadily increases with n until the first shell is completed
(n ~ 15), decreasing thereafter. It should be noted that this
index behaves quite similarly for the two isotopes. The analysis
points to a snowball-like structure of the inner solvation shell of
these clusters, especially the deuterated ones that are more
rigid, as commented above.

It is worth noting that cluster sizes n = 12 and n = 14 already
manifest special stability at a classical level, as can be seen in
Fig. S4 (ESIt), where evaporation energies computed using the
minima of the PES show the same kind of anomalies for these
magic numbers. The classical structure of the n = 12 cluster
corresponds to an icosahedron, in agreement with the quantum
structure of both H, and D, clusters. For n = 14, the classical
cluster has a Dgq symmetry within the PsAt approximation. Within
the RigRot approach, this structure becomes distorted and lowers
its symmetry. Using the latter structure, we have computed a

15666 | Phys. Chem. Chem. Phys., 2019, 21, 15662-15668
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“classical” D,~Cs'-D, angular distribution (arbitrarily widening
the classical sticks to emulate quantum effects) and the result is
shown in Fig. 4(d). It can be seen that this classical “skeleton” is
compatible with the quantum-mechanical results.

In addition, it is interesting to study in more detail the role
of rotation of the H,/D, molecules as well as of the explicit
inclusion of 3B induction terms in the PES, as these effects are
often neglected in related computational studies. The extent of
3B effects is explored by comparing RigRot calculations that
include or neglect 3B terms in the PES. Analogously, PsAt
and RigRot approaches (including 3B terms) are compared to
study the orientational effects. (H,),Cs" evaporation energies,
obtained within these models, are depicted in Fig. 5(a) as
functions of n. Fig. 5(b) shows relative errors (of the approxi-
mated approaches with respect to the most accurate one) in the
determination of the total energy. As expected, rotational
effects are significant for small cluster sizes (about 10-12%
for n < 13), where the H, molecules close to the cation tend to
orient perpendicularly to it, and become less important for
larger cluster sizes. On the other hand, 3B effects steadily
increase as the first solvation shell is being filled, reaching a
maximum of about 15% for n = 14. This is due to the increase in
the number of 3B partners as more polarizable molecules are
attached to the cation. The extent of these effects does not
continue to rise for larger cluster sizes because of the reduction
in the polarization energy of molecules in the second shell
due to their larger distance to the cation. Regarding (D,),Cs"
clusters, it has been found that, while 3B effects are nearly the
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Fig. 5 (a) Evaporation energies of (H,),Cs* as functions of n, for various
different approaches: rigid rotors (in red), pseudoatoms (in black) and rigid
rotors with the removal of three-body terms in the PES (in blue). There are
appreciable differences for small cluster sizes but the behavior near n = 12
and 14 is very similar, as well as for larger cluster sizes. (b) Relative errors in
the total energy of the cluster due to neglecting 3B terms in the PES (blue)
and not accounting for H; rotational degrees of freedom (black).
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same as those of hydrogenated clusters, rotational effects are
somewhat larger, as they account for about 14-18% within the
first solvation shell. As a consequence of the above, these two
effects have a noticeable impact on the evaporation energies of
small clusters (n < 13) but their role becomes negligible for
larger cluster sizes, as can be seen in Fig. 5(a). In particular, it is
worth noting that the more approximated models reproduce
the behavior of the evaporation energies around the main
anomalies quite well and thereby the experimental results.

Finally, one may wonder about the sensitivity of the most
salient results reported here with respect to variations of the
PES parameters. To explore this aspect, some parameters of the
non-covalent contribution of the H,-Cs" pair interaction have
been artificially modified (see Table S2, ESI}) so as to make the
total interaction either less or more attractive by ~14%.
As seen from Fig. S5(a) (ESIT), the peak in the evaporation
energy at n = 12 is robust with respect to these variations while
that at n = 14 disappears. Interestingly, in both cases, the shell
structure is different to that reported above: the more attractive
PES leads to a compact shell with 12 molecules whereas the less
attractive one gives more diffuse structures with about 14-15
molecules in the first shell (Fig. S5(b), ESIt). It should be
pointed out that possible inaccuracies of the present PES would
imply much smaller modifications, which eventually should be
tested against stringent spectroscopy measurements.

Conclusions

In conclusion, mass spectra of (H,),Cs" and (D,),Cs" clusters
(n < 30) have been measured and calculations of cluster
evaporation energies-based on a new potential energy surface-
have been able to reproduce the most important features of the
experiment, namely, the anomalies for cluster sizes around
n =12 and 7 = 14. Icosahedral (H,/D,);,Cs" clusters are found to
be specially stable, while the first solvation shell becomes closed for
13 or 14 hydrogen or deuterium molecules, respectively. Solvation
layers exhibit the typical characteristics of the well-known Atkins
snowballs, especially for the deuterated clusters. In addition, it is
found that an explicit account for rotational motion as well as three
body induction interactions is important for the description of the
first solvation shell. Experimental and computational methods
presented here appear to be very well suited for studying the
solvation of other alkali or alkali earth ions in hydrogen as well
as for an extension to studies of the adsorption of hydrogen on
fullerenes or polyaromatic hydrocarbons doped with alkali
atoms.'"*® Work in these directions is in progress.
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