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Microsolvation of cationic alkali dimers in helium:
quantum delocalization and solid-like/liquid-like
behaviors of He shellst}

Raquel Yanes-Rodriguez, (2 Pablo Villarreal'® and Rita Prosmiti (= *

We performed path-integral molecular dynamics (PIMD) simulations in the NVT ensemble to investigate
the quantum solvation of Li>* in He nanoclusters at a low temperature of 2 K. The interaction potentials
were modeled using a sum-of-potentials approach, incorporating automated learning ab initio-based
models up to three-body terms. Additionally, the semiclassical quadratic Feynman—Hibbs approach
was applied to incorporate quantum effects into classical computations effectively, enabling the study
of HepLi>™ complexes with up to 50 He atoms. The quantum simulations revealed strong evidence of
local solid-like behavior in the He atoms within the first solvation shell surrounding the Li,™ dimer cation.
In contrast, the second and third solvation shells displayed delocalized He densities, allowing for the
interchange of He atoms between these layers, indicative of a liquid-like structure. Our findings align with
earlier studies of He-doped clusters, particularly in systems where the charged impurity interacts strongly with
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1. Introduction

The investigation of nano-sized He droplets has received great
attention in the last few years, being a challenge for both
theoreticians and experimentalists.'""” Doped He nanodroplets
have become a standard medium for high-resolution spectro-
scopy of ultracold molecular species."®>* More recently, they
have also been used for real-time observation of the primary
steps of ion solvation at the atomic level, with open possibilities
for time-resolved measurements of cation-molecule complex
formation.”® Molecular impurities immersed in liquid He
nanodrops and small/medium He clusters have yielded some
extremely interesting properties, such as the microscopic
superfluid behavior, bubble/snowball effect, and local nano-
scale supersolidity.>'%**>°

The microsolvation process of molecular impurities in He
droplets is governed by the relative strengths of the He-dopant
and He-He interactions, with charged cationic impurities
typically exhibiting strong interactions with He. Depending
on the type and size of the cation, the attraction with He atoms
dominates over the very weak He-He interactions. Such com-
petition between ionic forces and van der Waals (vdW) inter-
actions gives rise to a range of intriguing phenomena.
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the solvent medium, significantly impacting the helium environment at the microscopic level.

Considerable efforts have been devoted, with rather inten-
sive experimental activity and a variety of computational meth-
odologies used to deal with impurities, and their reactions in
He droplets and clusters, concerning the understanding of
cations’ frictionless motion, the solid-like/liquid-like shell for-
mation and the slow ion mobility in the quantum He environ-
ment at the atomic scale.>?°>* In this vein, alkaline and
alkaline-earth cations have been frequently used to investigate
the superfluid properties of He droplets/clusters, as well as
the microscopic structure of the He solvation shells around
them.3,10,13,15,17,35741

High-resolution mass spectrometry experiments involving
doped helium droplets have revealed anomalies in the abun-
dance distributions for various ions, including alkali ions
and their dimers.>®*”*>*® The relation between the size depen-
dence of the ion yield in the experiments and unimolecular
He-doped cluster dissociation energies has been investigated,
and directly correlated with the closure of solvation sub/shells
or formation of stable structures. For example, the number of
surrounding He atoms in the first shell varies from 8 to
18 for Li" to Mg" and up to 25 for Ca’, while for the Na,"
and K," dimers distinct anomalies in the ion yield have
been identified, with the formation of a linear structure with
2 He atoms, followed by another with 6, when a subshell is
COmpleted.3'10‘15’17’36’37'39‘40

Here, Li,'-doped He clusters have been chosen, as the strong
interaction of these cations with the He solvent (~350 cm ™)
makes them prototypes of snowball structures, whose expected
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solid-like signature can provide a useful benchmark in the
study of the other ions. As the local He structure around the
ion in large enough clusters should be very similar to that
developed in bulk He?, it is of interest to explore the anisotropic
ionic interaction effects, due to the alkali-dimer cation, in
comparison with the monoatomic Li* counterparts.’*>** The
classical picture for the Li," He-doped clusters indicates a
selective growth on the basis of compact solid-like He;-motifs
surrounded by less-delocalized liquid-like regions, with well-
defined structural transformations and magic number struc-
tures up to 30 He atoms.’” However, one should definitely
consider quantum delocalization effects given the nature of the
solvent medium. Thus, we study the quantum microsolvation
of the Li," cation in He nanoclusters through both the Feyn-
man-Hibbs (FH) model,** and accurate path-integral molecular
dynamics (PIMD) simulations. In this way, the performance of
the FH approach for such liquid-solid mixture (heterogeneous
low temperature) systems against exact PIMD calculations is
assessed.

2. Methods and computational details

2.1. Potential energy surface models

As previously reported,'’***° the analytical sum-of-potentials

approach was employed to represent the potential energy
surface (PES) of the HeyLi," aggregates. The total potential is

written as,

V = Z VHe,»Lig* (R,’7 l') +
i=1-N iJ=1-N]>i

Vierie(Rir) &)

The R; and r are the vectors connecting the center of mass of
the Li," molecule with each He atom, and the Li atoms along
the z (Li,") axis (see Fig. 1), respectively, with 0, being the angles
between each R; and r vector, while the Ry are the vectors
between distinct (7, /) He atoms. The cylindrical (p, z, ¢)
coordinates are also displayed in Fig. 1.

The Ve, 1i,+ three-body (3B) terms correspond to the RKHS
(reproducing kernel Hilbert space) PES, trained on RCCSD(T)/
CBS[Q5] interaction energies,*> while the Vi e two-body (2B)
interactions are given by the Aziz-Slaman potential."® The
three-body contributions have been taken into account only
for the He-Li," interactions, while such corrections for the

Fig. 1 Cartesian (x, y, z), Jacobi (r, R, 6) and cylindrical (p, z, ¢) coordinates
used for the Heplix* systems.
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Fig. 2 The VHe/,Uf (left panel) and Viye_pe (right panel) potentials (solid
lines) from ref. 45 and 46, respectively, in comparison with the corres-
ponding UHe_L‘? and Une-ne effective FH2 potentials at T = 2 K (dashed
lines).

interactions between He atoms have been neglected.®® In Fig. 2
one can observe that the Vye i+ RKHS PES presents the
correct long-range behavior, ~R™*, with a global minimum at
—343.54 cm™ " for the linear configurations. The strength of the
interaction gradually decreases for bent configurations down to
—16.84 cm ™ for the T-shaped arrangement, but is still stronger
compared to the potential well of 7.69 cm ™" for the He dimer.

2.2. Feynman-Hibbs effective potentials

Initially, quantum corrections by means of second-order Feynman-
Hibbs (FH2) effective potentials***”~>' have been introduced for the
2B and 3B interactions as,

IS 2V(R)
P — a9 _n "(
U(2R) V('/Z)+24ukBT(V (%) + % > )
U /) =V(% ,/)+L aZ_V Ea_V
Y = Y T ks T\ORZ T ROR

®)

1—y20*V 2y oV
Loy y )

R 0y? R oy

where # denotes the vector joining the two interacting atoms/
species (R; or R), y' = cos(0), u is their reduced mass, kg is the
Boltzmann constant and 7 is the simulation temperature. The V(R)
and V(£, y') are the Vi g OF Vhe,1i,+ Potentials (see eqn (1)), while

ov , | OV
and V" /6R2—/y/2

d / OR/y'

derivatives or gradients, respectively, with respect to the R; or R/0
coordinates, respectively. The total Vg, effective potential is
obtained by using the sum-of-potentials (see eqn (1)) with the
corresponding 2B and 3B terms from eqn (2),

Ve = > Uneriy RiD) + Y Unere(Ra)  (4)
TN H=1-NJ > i

are their first- and second-order

In Fig. 2 we also present the effective Uy ri,+ and Upe pe
potentials in comparison with the Vi i+ (see left panel) and
Vie-te (see right panel) ones. Both V' and V" derivatives and
gradients of the potentials (forces) are calculated analytically®*

This journal is © the Owner Societies 2025
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or through automatic differentiation tools.® One can clearly
see that the FH2 corrections clearly modify the 2B and 3B
potential terms, with the effective Ugy, being more repulsive
with shallower well-depths of 6.65 and 236 cm™ ' at larger
equilibrium distances of 3.475 and 4.03 A, respectively.

2.3. Semiclassical MD and quantum PIMD simulations

In turn, classical MD and quantum PIMD NVT simulations
have been performed using the Upy, and V (see eqn (1))
potentials, respectively, for the HeyLi," clusters, with N up to
50 He atoms. The Li," interaction is described by a very flexible
harmonic oscillator potential with a force constant of
0.009113 a.u., and an equilibrium distance of r. = 3.11 A. This
has no consequence for classical MD simulations, as the system
looks for the minimum on the full PES, although in the
quantum PIMD case a separated Li," calculation (calibration)
was performed.

All simulations were carried out using the i-PI open code of
Ceriotti et al.>"® at a temperature of 2 K, that is slightly below
the critical value for He superfluidity, and high enough for
neglecting exchange effects. The thermostatted NVT calculations
were carried out based on the simple, white noise, Langevin
thermostat, employing the global version of the path integral
Langevin equation stochastic thermostatting scheme,’® with the
thermostat time constant, 7o, for the centroid mode, defining the
friction coefficient and the strength of the thermostat. The input
value of the 7, parameter was 1 fs along the 7'= 2 K simulations.
We used a large cubic simulation cell with a side length of 450 A,
maintaining the pressure close to zero, and thus no barostats
were applied in the simulations.

A time interval A¢ = 2 fs was chosen to be of the order of
1/5000 times the smallest period in the physical system (~100 fs,
corresponding to the maximum kinetic energy of the linear
Li, -He interaction), and the quality of the simulation was also
controlled through the so-called effective energy®” in addition to
the temperature, that oscillates around 2 K within 0.0008 K.

We performed the NVT simulations considering an increas-
ing number of beads M in the extended system (ring polymer)
from M = 1 (classical) up to M = 400. The initial configurations
for each cluster were those produced by an evolutionary pro-
gramming algorithm®*®" on the corresponding PES (see
eqn (1)), while initial velocities were generated from a Max-
well-Boltzmann distribution at the given temperature. The
centroid approximation was employed to estimate all computed
properties and quantities in this work.

3. Results and discussion

In Fig. 3 we display the energies of various low-lying minima on
the PES of each HeyLi, cluster with N up to 30 using the
evolutionary algorithm.’® The global minimum energies are
highlighted in red color lines, while those of local minima
are displayed in black lines, and their number is increasing as
the size N of the cluster increases. With the aim of investigating
the nuclear quantum and thermal effects occurring during the
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Fig. 3 Low-lying minima (black color) predicted by the evolutionary
algorithm using the potential of egn (1), with those corresponding to the
global minimum energy configurations highlighted in red color, compared
with average energies (E) obtained from semiclassical FH2 (cyan color)
and quantum PIMD (blue color) at T = 2 K.

gradual microsolvation of the Li," cation in Hey clusters, we
have performed two different kinds of MD simulations. On the
one hand, quantum PIMD calculations employing the V PESs
from eqn (1), and on the other hand, semiclassical MD simula-
tions using the quantum-corrected FH2 version U of the effec-
tive interaction potentials from eqn (4). The corresponding
global minimum geometries for each HeyLi,' cluster were
those used as initial configurations in both MD and PIMD
simulations in this work.

The first step in the PIMD calculations consists in running
convergence tests in order to choose the number of beads (M)
in the extended system (ring polymer), which ensures a descrip-
tion of the system as accurate as possible considering a balance
between error and computational time. Starting with the global
PES minimum configurations, we performed PIMD -calcu-
lations along 150000 steps for the Li,", HeLi," and HezoLi,"
systems, using different numbers of beads ranging from M =1
(classical case) to M = 400. In Fig. 4 we present the convergence
of the kinetic, potential and total energy as a function of the
number of beads (left panels), as well as the extrapolation of
the last fully converged energy values (right panels) following a
quadratic fit” of a + bAt” type, where At® corresponds to 1/M,
with a and b being parameters, so as to compare these total
energy values with the one corresponding to M — oo (see
dashed lines). One can see that the values obtained with M =
300 are converged and therefore, we have considered this
number of beads to correctly describe the interactions of the
systems under consideration. Consequently, all the subsequent
PIMD computations are performed with M = 300 (see ESIt).

The next step consists in performing MD-FH2 simulations
for all HeyLi," systems with N = 1-50 and PIMD simulations in
certain HeyLi," systems with N = 1-6, 10, 13, 14, 18, 22, 24 and
30. We have also carried out a PIMD NVT simulation for the Li,"
at T=2 K, and a bond energy of 129.68 4 0.68 cm ™ is obtained

Phys. Chem. Chem. Phys., 2025, 27, 8259-8266 | 8261
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Fig. 4 Convergence of kinetic, potential and total energy as a function of
the number of beads (M) (left panels), and extrapolation of the total energy
inthe M — oo limit (right panels) for the Li,* (lower panels), HeLi,* (middle
panels) and Hesgli,™ (upper panels) systems at T = 2 K.

in accordance with the ground vibrational state value reported
in the literature. This energy value was subtracted from the
total average PIMD energies of all HeyLi," clusters studied.
The primary quantities investigated in our simulations are
total, kinetic and potential energies, single-atom evaporative
energies and probability densities of He atoms around the
alkali dimer cation. Fig. 3 shows the total average energies,
(E), for the semiclassical (FH2) (see cyan color lines) and
quantum (PIMD) (see blue color lines) thermal isomers com-
puted for the different size N He-doped clusters. One can clearly
see in Fig. 3 the impact of nuclear quantum effects on the
energetics and binding of the HeyLi," clusters. The quantum
total energies are considerably higher than those of the classi-
cal potential minima (at the same temperature), as well as those
obtained from the semiclassical FH2, specially for larger size
clusters, indicating high anharmonic zero-point energy (ZPE)
quantum effects.
Computation of single-atom

evaporation energies,

. Ey
Ex_1 — En, and average energies per He atom, N was used

to investigate the cluster’s stabilities in connection with experi-
mentally observed ion yield distributions and identify stable
isomers and completion of solvation shells, as well as to quantify
the performance of the FH2 approach. In Fig. 5 we display such
energetic quantities as a function of the cluster size as obtained
from the classical, semiclassical and quantum calculations. One
can clearly see the improvement of the FH2 energies with respect
to the classical PES ones. Despite the expected quantitative
differences, both classical and semiclassical approaches shown
here exhibit qualitatively the same trend as the corresponding QM
counterparts for the average energies per He atom curves. In the
case of evaporation energy curves, they show pronounced drop
offs at small values of N = 2, 4 and 6, while their behavior for
larger size clusters is rather distinct for both computations, with a
noticeable plateau between N = 7 and 13 or 14, followed by an
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Fig. 5 Computed single-atom evaporative energies (solid lines) of
HepnLiz™ clusters, their average energy per He atom (dashed lines) from
the EP potential optimizations (red color), FH2 MD simulations (cyan color)
and PIMD calculations (blue color) as a function of N. Given the lack of
experimental data for the HepLi>" clusters, we decided to compare them
with the experimental integrated yields reported for the HeyLi™ clusters®®
shown by a black circle.

oscillatory behavior. Thus, it should be noted that two slopes are
distinguished in the evaporative energy curves: one fairly pro-
nounced from approximately N = 1-6 and another softer one
between N = 7-30. Moreover, from the quantum point of view the
energy variation between N = 7-30 is significantly much smaller
than that from the classical point of view.

As there are no experimental observations for the HeyLi,",
we consider to compare the results with previous studies on
HeyLi* clusters,”® and the experimentally observed ion yield
distribution is displayed in Fig. 5. One can see peaks at N = 2, 6,
8, 14, 21 and 26, with N = 6 and 8 being quite stable.

Given that the trends in energies are not conclusive on the
stability of specific medium size clusters studied here, we thus
continued with the analysis of the computed HeyLi," clusters’
structures that could provide some further insight into this
issue. In Fig. 6, the radial probability distributions obtained
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Fig. 6 Radial probability distributions obtained from the quantum PIMD
simulations for the indicated HeplLis*, with N = 1-30 at T = 2 K. The inset
plots show the fraction of He atoms in each solvation shell as a function of
N computed by integrating the density in each shell. The vertical dashed
lines mark the separation of each shell.
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from the quantum PIMD simulations are shown as a function
of R distance. One can clearly see a sharp peak localized
between 3.3 and 3.8 A, featuring the first solvation shell for
clusters up to 6 He atoms. For larger clusters the radial
distributions become wider and shift towards slightly larger
values of R, as N increases, with the appearance of additional
peaks, suggesting the onset of a second and a third shell,
located around 4.6 and 6.25 A, for N > 6 and 10, respectively.
As seen, there is no He atom interchange in between the first
and second solvation shells, with the density being close to zero
between the corresponding peaks. In the inset plots, we show
the fraction of He atoms in each shell, as computed by
integrating the density in each shell/peak, as defined by the
vertical dashed lines that indicate the R values at 4.0, 5.7 and
7.1 A, for the completion of the corresponding shell.

The radial and angular densities as a function of the He-He
distances and cos(0) angles, respectively, are displayed in Fig. 7
from both FH2 and PIMD calculations for selected cluster sizes.
We should note here that for structural transition from N = 2 to
3 up to 6, the He atoms initially prefer linear arrangements
along the Li," axis, while for 2 < N < 9 this linear arrangement
no longer holds, as indicated by the angular probability density
distributions in Fig. 7 (see also plots in the ESI{). By comparing
the same quantities, we observe similar patterns with well
structured He atom arrangements around the Li," cation, with
sharp and high density peaks in the first peak. Such a highly
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Fig. 7 Probability distributions of He—He distances (upper panels) and
cos(q) angle (lower panels) obtained from semiclassical FH2 and quantum
PIMD simulations for the indicated HenLi>™, with N = 1-50 at T = 2 K.
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Fig. 8 Side/top-view of the spatial distribution functions of He atoms
around the Li,* cation. The He densities are computed by the PIMD
simulations at T = 2 K, while for a clearer visual representation the Li," is
plotted in its equilibrium geometry instead of its PIMD fluctuating one, as
given next in Fig. 9. The isosurface values are 0.05, 0.025, and 0.0165 Nyo/A®
for N = 10, 18 and 30, respectively.

compact and well-defined position structure is clearly observed
in the spatial distribution functions shown in Fig. 8. The He
densities are computed by the PIMD simulations at 7 = 2 K
around a fixed Li," cation, and by analyzing the 3D distribu-
tions of He atoms for several HeyLi," clusters, such as N = 10,
18 and 30 in the plot (see top and side views), the presence of a
solid-like first shell has been identified, in contrast to broader,
delocalized or liquid-like structures for the remaining shells.

In Fig. 9, 2D probability distributions of selective clusters
with increasing number of He atoms (N =2, 6, 10, 14, 18, 26 and
30) are depicted, considering the (z, p) cylindrical coordinates
as obtained from semiclassical FH2 and quantum PIMD simu-
lations at T'= 2 K. One can see the evolution of the 2D contour
plots with the formation of more He layers around the Li," ion.
First, one can observe that He,Li," shows a strong localization
of the He atoms almost in the linear configuration. As the
number of He atoms increases, there is always a preference
around z = 3.2 A at both sides of the Li," cation, which holds
regardless of the number of atoms. From N > 10, one can
distinguish new zones in the contour plots corresponding to
larger values of p and z. Finally, in He,gLi," and HesoLi," we can
even see that the z = 0 zone is starting to be accessible. Although
this general behaviour is similar between semiclassical and
quantum 2D distributions, the maxima peaks that appeared in
the semiclassical FH2 calculations are shifted to larger z values
following the displacements of the effective FH2 potentials, as
shown in Fig. 2.

Phys. Chem. Chem. Phys., 2025, 27, 8259-8266 | 8263
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Fig. 9 Semiclassical FH2 (left panels) and quantum (right panels) contour
plots of the probability distributions in (z, p)-plane and corresponding
thermal conformers of the Heyli,™, with N = 2, 6, 10, 14, 18, 26 and 30 at
T=2K

By performing partial integrations in selected spatial regions
corresponding to solvation rings around the cation, we quanti-
fied the He atom probability density in each of these areas.
In Fig. 10 we plotted this number of He atoms in each solvation
shell as a function of the cluster size. Both semiclassical FH2
and quantum PIMD results show that for all clusters the first
shell maintains fixed the number of 6 He atoms, confirming
that there is no interchange with the outer shells. The second
shell appears for clusters with N > 6, and a third for N > 10.
The differences found between the FH2 and PIMD 2D distribu-
tions for N = 18 are also clear in the number of He atoms in
these shells, with the FH2 results predicting a larger number of
He atoms in the third shell, while PIMD data show a fixed
number of two He’s in the N = 14 and 18 clusters in this shell,
as well as for the He,¢Li," and He,oLi," with 16 He’s in the
second shell. In turn, for the Hes,Li," cluster, the number of
He’s in the outer shells is similar counting 20 and 24 He’s in
each of them.
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cluster size for the indicated HeplLis*, with N = 1-50, obtained from FH2
and PIMD simulations at T = 2 K.

Our analysis was primarily based on structural distributions
and energy comparisons, although, for a more quantitative
analysis, the use of alternative robust indicators of solid-like
and liquid-like behavior can also provide additional insights.
One such measure is the Lindemann index,**%® with its formula

1 3 ({r?) = (ri)?)
NN = 1) iz (i)
tance or angle of interest, which quantifies atomic fluctuations
relative to their time-averaged positions. We evaluated averaged ¢
for both Ryene and R distance fluctuations for the HexLi,"
clusters, as well as for each He atom in specific clusters. Fig. 11
displays the computed o values for each He atom in specific
HeyLi," clusters (see upper panel), along with the system-
averaged values (see lower panel) for each cluster obtained
from our PIMD simulations. The magnitude of § serves as an
indication of structural rigidity, such as solid-like behavior
when the He atoms are localized, meaning that their rela-
tive positions fluctuate very little, thus giving small ¢ values

given by ¢ = , where r; is the dis-
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Fig. 11 Lindemann index, 9, values calculated for the R; distance fluctua-
tions for each He atom (upper panel) in the indicated clusters. The lower
panel shows the average o values obtained for both Ryene (dotted triangle
lines) and R; (solid-circle lines) distance fluctuations for each Hey = ;_zoLi>*
cluster, as obtained from the PIMD simulations at T = 2 K.
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(typically < 0.1), while for a liquid-like behavior the He atoms
exhibit significant fluctuations in their relative positions,
leading to larger ¢ values (typically > 0.2). By comparing the
averaged ¢ values for Ry.ye and R distance fluctuations (see
lower panel in Fig. 11), we observe that the fluctuations in R are
small, remaining below 0.2 for all clusters studied, suggesting
structural stability around the Li,", while the Ryey. fluctuations
are found to be larger than 0.2 for N > 12 clusters, indicating
increased He atom mobility. This supports the formation of
ring arrangements, with the exchange of He atoms between
them. Additionally, Fig. 11 shows the J values for each He atom
in specific HeyLi," clusters up to N = 30. Notably, at least 5-6 He
atoms in each cluster (see also Fig. 10) have 6 < 0.1, indicating
the presence of well-localized solid-like structures in the inner
shell. Beyond this, larger fluctuations were found for the
remaining He atoms in the N = 10, 18 and 30 clusters, where
some He atoms exhibit fluctuations more than three times
higher than those in the inner shell, highlighting the coexis-
tence of solid-like and liquid-like behavior as the cluster
size grows.

4. Summary and conclusions

This study investigates quantum microsolvation effects in Li,"
ion-doped helium clusters at low temperatures, employing both
FH2 and PIMD simulations. Results from semiclassical and
quantum calculations provide consistent qualitative insights
into the structural and energetic properties during the micro-
solvation of the cation by He atoms.

Our findings confirm the selective growth of the HeyLi,"
clusters, governed by the anisotropic nature of the interactions.
In the first solvation shell, well-localized solid-like structures
form around the cation, with no interchange of He atoms between
the inner and outer shells. This pronounced local order suggests
a strong magic shell effect, evident in the single-atom evaporative
energetics. In contrast, the second and third shells exhibit liquid-
like characteristics, with significant He exchange between them.

The presence of such local microstructures may relate to the
experimentally observed slow mobility of ions in ultra-cold He
droplets. Cations could transiently become trapped, influenc-
ing short-time solute-solvent dynamics. This shell effect may
extend to various ions, warranting future studies to calculate
local superfluid densities in the shells. Furthermore, exploring
the solid-like/liquid-like behavior in He clusters induced by
charged molecules, particularly in terms of local order and
localization degree, could provide insights into the transition of
dissolved molecules from clusters to bulk.
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