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low energies. A dynamical barrier and minimum arise which
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The capture dynamics of a H atom and isotopic variants [D, T and Q (hypothetical isotope of mass equal
to four times the mass of H)] by a superfluid helium nanodroplet (HeND) has been investigated
theoretically. The HeND (T = 0.37 K) is (*He)y-400 and a mean field quantum hybrid approach [TDDFT
(helium) + quantum wave packet (H, D, T or Q)] at zero angular momentum, is used to explore a rather
wide range of very low initial kinetic energies (Exo ~ 10-150 K). The analysis of the capture mechanism
shows the existence of a dynamical barrier and a dynamical minimum that play key roles to understand
the time evolution of the capture, especially the former property. In general, the H atom shows a differ-
ent behavior from the other isotopes, with the behavior of T and Q being very similar to each other and
the D atom behaving inbetween H and T. Besides, it is worth noting that, in principle, at the very low
initial kinetic energies considered only “short” and “long” lived atom---HeND collision complexes are

Received 18th April 2025, formed, i.e., in the atom-helium nanodroplet collision only the temporary capture of the atom takes

Accepted 2nd July 2025 place. The different behaviors observed have been interpreted considering the faster motion of the H
DOI: 10.1039/d5cp01498k atom when colliding with (*He)y—400 and the more quantum character of the H behavior both due to its

significantly lower mass. As far as we know, this is the first quantum dynamics study carried out on the
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1. Introduction

Superfluid helium nanodroplets [(*He)y or HeNDs] are of great
interest not only because they allow us to explore finite-size
superfluidity but also because of their properties as a
solvent." ™" The superfluidity, chemically inert character, cap-
ability of being doped with almost any atomic or molecular
species (neutral or charged), very low temperature (7 = 0.37 K)
and large heat capacity make these nanodroplets an
optimal nanoreactor to investigate a wide variety of chemical

“Center for Nanoscale Materials, Argonne National Laboratory, 9700 S. Cass
Avenue, Lemont, IL 60439, USA. E-mail: sternberg@anl.gov, gray@anl.gov
b Departament de Ciencia de Materials i Quimica Fisica and Institut de Quimica
Teorica i Computacional (IQTC), Universitat de Barcelona, Marti i Franques 1-11,
08028 Barcelona, Spain. E-mail: miguel.gonzalez@ub.edu
1 Electronic supplementary information (ESI) available: Figures: snapshots of the
atomic wave packet (WP) probability density and superfluid helium density for D
at Fy o = 42.52 K (Fig. S1); time evolution of the change in the kinetic energy of the
atom (Fig. S2); change in the energy of the HeND at the barrier (Fig. S3) and at the
minimum (Fig. S4); reflection probability of the atomic WP (Fig. S5). Movies: time
evolution of the atomic WP probability density and superfluid helium density for
H at Ey o = 27.73 K (Movie 1); same as Movie 1 but for H at Ey , = 47.23 K (Movie 2),
D at Eyo = 23.04 K (Movie 3) and D at E o = 42.52 K (Movie 4). See DOI: https://doi.
0rg/10.1039/d5¢cp01498k

17212 | Phys. Chem. Chem. Phys., 2025, 27,17212-17224

collision of light atoms with HeNDs at very low energies.

C T i iy o iliz
rocesses.” 7' Besides, HeNDs are also able to stabilize

nanoclusters and nanowires.'*"*> that could not be pro-
duced by standard chemical synthesis procedures. The stabili-
zation of chemical species is an important issue from a
practical perspective and also for the understanding of the
impurity (chemical species) relaxation mechanisms.

The first experiments conducted on this topic were centered
on the influence of the cage effect in the fragmentation dynamics
of photoionized molecules'® ™ and rare-gas clusters**>* that were
embedded in helium nanodroplets. The energy relaxation caused
by these nanodroplets has also been examined experimentally,
e.g., in neutral species, where two examples are the photoiso-
merization of linear and bent isomers of the HCN-HF complex®*
and the photodissociation of alkyl iodides (R — I + Av — R +1).257
Most of the experiments indicated that the cooling by the helium
environment is not a thermal evaporative process. That is to say,
the mean energy per evaporated “He atom is greater than the
binding energy per “He atom in liquid helium (approx. 7 K).
Furthermore, there are also experiments on femtosecond photo-
excitation dynamics inside HeNDs (see, e.g., ref. 28-30).

Thanks to the efforts of the experimentalists a large number
of experimental techniques have been adapted and extended so
as to make possible the study of processes involving chemical

12,13
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species and helium nanodroplets. Among them in particular we
can mention the following: mass spectrometry, Coulomb explo-
sion, spectroscopic techniques (e.g., infrared, fluorescence,
Penning ionization, and photoelectron photoion coincidence),
electrical deflection, X-rays, pump-probe techniques (e.g., time-
resolved photoelectron detection, velocity-map imaging, and
time-resolved ion yield detection) and transmission electron
microscopy.’™”*!" Furthermore, an experimental technique
has been developed recently to detect the primary steps of the
Na' ion solvation in HeNDs (see ref. 31, 32 and the related
theoretical ref. 33-35); and using a different recent technique
multiple ordered helium solvation shells have been observed in
Ca, @HeND.*®

In addition to the great interest that the study of the capture
of chemical species by HeNDs presents (virtually nearly all
species are susceptible to be captured by these nanodroplets),
this work has also been stimulated by the experimental
advances in this context. Furthermore, the investigation of
systems that are prone to show quantum effects (due to their
small mass) in very low collision energy situations, where these
effects are expected to manifest more clearly, has also been
stimulating. To the best of our knowledge this is the first
quantum dynamics study carried out on the collision of light
atoms with HeNDs at very low energies (quantum studies on
the structure and interaction energy of light species, He*™ and
He,*", with up to 32 solvating He atoms have been reported
previously).?”

Thus, here we study theoretically the quantum dynamics of the
capture process of a H atom by a HeND of four hundred helium
atoms (N = 400), H + (*He)y — H- --(*He)y (collision complex with
a given lifetime), at very low collision energies [up to ~150 K
(713 meV)], where quantum effects are expected to play a
particularly important role. To obtain a deeper insight into the
dynamics, we also consider the D and T isotopes and a hypothe-
tical Q (quartium) atom of mass equal to four times the H mass.

The HeND is described by time-dependent density functional
theory (TDDFT) and the H atom and isotopes are described
quantum-mechanically using a wave packet (WP) approach,
i.e., following the same (or a similar) hybrid approach consid-
ered by us in previous studies where different physicochemical
problems involving HeNDs and atoms or diatomic molecules
were analyzed (photodissociation,*®™*! atom capture,*>** van
der Waals reaction,**** vibrational relaxation,*®*” rotational
relaxation® and helium nanodroplet relaxation*®). Owing to
the high computational resources needed for a quantum
description of the present problem, here we have also restricted
the investigation to the case of zero total angular momentum
(head-on collisions).

Furthermore, considering hypothetical isotopic chemical
species interacting with HeNDs in dynamics simulations pro-
vides a broader perspective about the dependence of the
investigated properties on the mass of the chemical species.
Prior to this work, we considered hypothetical isotopic species
in the quantum dynamics of the photodissociation,® vibra-
tional relaxation,*” and rotational relaxation*® of diatomic
molecules located inside HeNDs.
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This work is related to ref. 42 and 43 where the capture of a
Ne atom by a HeND was considered, with the Ne atom
described by a WP and by classical mechanics, respectively.
It deserves to be highlighted that, differing from the results that
will be presented here for H and isotopes, the Ne colliding atom
is completely captured by the HeND and remains inside it fully
solvated by the helium environment. The different behaviors
observed for H and Ne arise from the fact that the H-He
interaction is weaker than the Ne-He one. For other systems
where atomic capture by HeNDs has been studied previously
see, e.g., ref. 50-54 (Cs, Xe, Ar).

This work is organized as follows: the theoretical methods
employed are briefly explained in Section 2; the description and
analysis of the main results are reported in Section 3; and the
summary and conclusions are presented in Section 4. Some
useful complementary information is given in the ESL}

2. Theoretical methods

The capture dynamics is investigated using a quantum approach.
The colliding X atom (X: H, D, T or Q) and the HeND are described
following the same treatment as that used by us for the capture of
a Ne atom by a HeND,** which is analogous to the approach
proposed by us to describe the photodissociation of diatomic
molecules placed inside HeNDs.*®

Thus, for the TDDFT description of the superfluid liquid
helium, we use the Orsay-Trento (OT) phenomenological
functional,® neglecting the backflow term and the non-local
contribution to the helium correlation energy for computa-
tional reasons.’®?*>°° This functional is characterized via the
é[pue] term in eqn (1a) below, which corresponds to the
potential and correlation energy density of superfluid liquid
helium. Note that the TDDFT model here concerns the helium
atom motions and is not the more familiar electronic TDDFT of
quantum chemistry. This approach for superfluid liquid
helium has led to a rather good agreement with the experi-
mental findings (see, e.g, ref. 56-58).

In this initial quantum dynamics study on the X + HeND
(X=H,D, T, Q) — X---HeND capture processes we will consider
the situation of zero angular momentum. And in what respects
to the X atom only a one-dimensional (z-axis) standard quan-
tum WP dynamics will be considered to account for its time
evolution.

The inclusion of angular momentum in quantum dynamics
is a really difficult problem to address, even in the case of
systems with a small number of atoms,”**® and in complex
systems as the one we are considering here it is extremely
challenging. This results from the large number of coupled
differential equations to solve, arising from all possible projec-
tions of the angular momentum on the quantization axis.
In qualitative terms, as a result of including angular momentum,
an additional barrier (centrifugal barrier) will appear in the system
that will make harder the approach of the atom to the nanodro-
plet and the capture process. This barrier grows as J(J + 1), where
J is the angular momentum quantum number of the system.

Phys. Chem. Chem. Phys., 2025, 27,17212-17224 | 17213
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Quantum tunneling through this barrier is possible and will be
easier the smaller the mass of the atom involved.

A detailed description of the TDDFT+WP method for doped
(X, diatomic molecules) HeNDs can be found in our previous
work,®® and it is also useful to see the reference correspond-
ing to the Ne atom quantum capture.*” Here, we will only
briefly report the main equations and particularities of the
present study.

The mean field equations of motion governing the time
evolution of superfluid liquid helium and the X atom, consid-
ering here that X—H, correspond to the following pair of
coupled non-linear Schrodinger-like equations:

h2
MHe

ihg'I’He(RHe) = [—

Er V2 + IdZH Vite—t (211, Rute) |y (z10)°

dec [pHe]
+ 6,0He lIIHe (RHE)

(1a)

0
72]’)’11—[ aZ]-[2

i) = |

+ JdRHe VHe 1 (2H, Rue) pye (Rue) | P (21),
(1b)

where Ry are the (X, Y, Z) cartesian coordinates of the helium
density, zy is the z-coordinate of the H atom, Vy.y is the
interaction potential energy, and the other terms have the usual
meaning. In particular, the OT functional is characterized via
the e[pue] term in eqn (1a), which here corresponds to the
potential and correlation energy density of superfluid liquid
helium. In addition, the effective complex wave function of
(*He)y satisfies | Pie(Riest)|” = pre(Rue,t) (helium density) and
the z-axis wave packet of H is specified by ¢u(z,t). Given the
approach of the atom to the nanodroplet along the z axis,
the atom-HeND system presents rotational symmetry around
this axis.

The He-X diatomic potential energy curve, Virex(2x,Rue),
that for all isotopes corresponds to the Vige pi(2s1,Rie) curve, has
been taken from the multi-reference configuration interaction
ab initio calculations reported in ref. 61. The well depth and
interatomic separation in the minimum of the He-H potential
energy curve are 7.124 K and 3.524 A, respectively. While for the
0, 10, 10> and 10° K interaction energy values of the repulsive
part of this curve the corresponding He-H distances are 3.117,
2.975,2.594 and 2.008 A, respectively. The helium nanodroplet-
X atom interaction potential energy is obtained employing the
usual pairwise approach.

Eqn (1a) and (1b) have been discretized using cartesian
grids: (a) helium grid for a HeND with 400 He atoms that has
190 x 190 x 256 points for the x, y, and z axes, respectively, with
size intervals of 0.4, 0.4 and 0.3 A, respectively (ie., total
intervals from —38.0 to +38.0 A for the x and y axes and from
—38.4 to +38.4 A for the z axis); (b) the atomic grid (only z axis)
describes the —40.0 to +40.0 A z-interval and the density of

17214 | Phys. Chem. Chem. Phys., 2025, 27,17212-17224
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points depends on the initial atomic kinetic energy. For the six
kinetic energy values considered (¢f. next section) and from the
lower to the higher energy, the number of points is 700, 900,
900, 1100, 1300, and 1400, respectively. Thus, the atom grid size
interval is between 0.114 and 0.057 A. On the other hand, it
must be considered that the radius of the nanodroplet, defined
as r = roN* with r, = 2.22 A, is equal to 16.4 A for N = 400
(¢f Fig. 1).

The time propagation has been performed using the Adams
predictor-corrector-modifier method,®* initiated by a fourth
order Runge-Kutta method,*® and the time step used varied
from 1.0 x 10* to 3.0 x 10> ps from the lower to the higher
initial kinetic energy examined. The derivatives for the kinetic
energy terms have been calculated in momentum space by
means of a Fourier transform.®

To absorb the superfluid helium density evaporated from
the nanodroplet and thus minimize non-physical reflections
from the edges of the grid, a quartic negative imaginary
potential (NIP) is placed there.®® We also apply a NIP to the
edges of the X atom grid so as to account for the possibility of
rebound of a fraction of the wave packet due to the collision
with the nanodroplet. The NIPs have the following form:

5(d—dap\*
Vnip = —l'Az (%) , (2)

where A and L are the absorption strength and length of the
NIP. This potential acts for d > dyp and 4 and L are equal to
265.2 K and 5.0 A for the X atom (z axis), respectively, and
3315.0 K and 1.0 A for the helium (x, y and z axes). Therefore,
the NIPs have been placed 5.0 A and 1.0 A before the limits of
the system for the X atom and the helium, respectively.

Regarding the initial conditions, we consider a pure (*He)y
of 400 “He atoms and a minimum uncertainty wave packet
describing the X atom, which corresponds to a Gaussian
function. The initial WP is centered on the z-axis at u = —30 A
and its width is ¢ = 0.80 A,

1 (zx—)* 20

e'h X (3)

p— — 172
dx(zx,t=0) = (2n02)1/4e 4

These values are similar to those used in our previous
quantum dynamics study on the capture of a Ne atom by a
HeND.** The initial expectation values of the kinetic energy
of the colliding X atom we have investigated are given in
Table 1, where the expectation values of the initial velocity
are also shown.

The initial time ground state wave function of the pure
HeND is obtained from a static calculation by finding the
lowest energy solution of eqn (1a) without the term that
describes the atom-HeND interaction. To do this, we follow
an analogous strategy to that for dynamic calculations, but
applying the imaginary time step propagation method (see,
e.g., ref. 38 and 48).

This journal is © the Owner Societies 2025
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Fig. 1 Snapshots of the atomic WP probability density and superfluid helium density for the H atom at £, o = 47.23 K (Movie 2 condition, ESI) at four
representative times (initial, collision with the surface, in the dimple and escape): WP probability density along the z axis and superfluid helium density
along the x and z axes (top); superfluid helium density (2D) in the xz plane (middle); superfluid helium density (3D) in the xz plane (bottom). A H---HeND

collision complex with a lifetime of 3 ps is observed.

Table 1 Initial kinetic energies, Ey o (K), and initial velocities, v,.o (m s7%), of
H, D, T and Q%

H D T Q
14.86 (300) 10.16 (212.2) 8.59 (173.4) 7.82 (150.6)
27.73 (550) 23.04 (389.1) 21.47 (317.9) 20.71 (276.1)
47.23 (790) 42.52 (558.8) 40.97 (456.7) 40.19 (396.5)
84.07 (1110) 78.04 (778.1) 76.48 (635.9) 75.69 (552.1)
121.50 (1360)  116.79 (962.0) 115.25 (786.2)  114.48 (682.7)
158.79 (1570)  154.10 (1110.6)  152.55 (907.6)  151.77 (788.1)

“ The velocities are given between parentheses. ” Each value really
corresponds to the expectation value of the initial kinetic energy or
initial velocity of the corresponding atomic WP.

3. Results and discussion

In this section we will consider first the mechanism of for-
mation and breakdown of the atom- - -HeND collision complex
and the corresponding dimple in the HeND. For this goal the
time evolution of the main properties will be analyzed. After
this, the analysis of formation/breakdown of the collision
complex will be performed in more quantitative terms in
Sections 3.2 and 3.3.

All the properties considered are expectation values but to
make things shorter we will refer to them as ‘“properties”
instead of “expectation values of properties”, and an analogous
simplification is applied to the symbols used for the properties.

The six initial kinetic energies investigated for each one
of the atoms, Ey, are given in Table 1 (x10-150 K energy

This journal is © the Owner Societies 2025

interval) together with the corresponding initial velocities,
V0 (300-1570 m s~ velocity interval for H, and 212-1110,
173-908 and 150-788 m s ' velocity intervals for D, T and
Q, respectively).

In this work we focus on the analysis of the collision
complex formation and breakdown process, and we do not
analyze the relaxation of the helium nanodroplet that occurs
once the atom leaves its surface. This relaxation process
requires a substantial amount of time, as it is known from
previous works (see, e.g., ref. 41, 43, 45 and 49).

Collision complexes are metastable intermediates in which
the chemical species involved remain close to each other for a
certain time, X + HeND — X-:--HeND (collision complex; X = H,
D, T, Q), and in the end the atom will leave the surface of the
nanodroplet and move away from it. The collision complex has
a lower interaction potential energy than the X + HeND reac-
tants even though in most cases the H atom (or isotopes) is not
fully solvated by the helium environment.

To determine the lifetime of a collision complex we use the
following criterion (for a given isotope and initial condition): if
the lowest energy dynamical minimum occurs at a given time,
tm, we consider both the previous, ¢, and following, ¢, times at
which the atom-HeND interaction potential energy is equal to
3/4 of the corresponding value at the lowest energy dynamical
minimum. We then take the lifetime to be the difference t; — .
Similar criteria have been used in the gas phase reaction
dynamics context, even though in this case it was applied on
minima of the potential energy surface (see, e.g., ref. 66).

Phys. Chem. Chem. Phys., 2025, 27,17212-17224 | 17215
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It is worth noting that during the existence of the atom- - -
HeND collision complex most of the atom WP remains attached
to the surface of the HeND, as it will be shown in Section 3.3
when analyzing the atom WP direct reflection probability
(i.e., when the system reaches the dynamical minimum) and
its dependence with the isotope and initial kinetic energy.

3.1 Microscopic mechanism

From the time evolution plots of the properties (coordinates,
velocities, energies, etc.) we have found two of them particularly
useful to describe the dynamics of the capture process: the
interaction potential energy (Vx_penp) and the coordinate of the
X atom (2x). Furthermore, the movies showing the time evolu-
tion of the probability density of the atomic WP (ie., its
modulus square; HWPHZ) and the superfluid helium density
along the x (equivalent to y) and z axes, together with the
superfluid helium density on the xz plane, have also been very
useful to characterize the capture dynamics (¢f. Movies 1-4 in
the ESIt).

These movies correspond to the collisions of the H atom at
Ex,o =27.73 and 47.23 K and of the D atom at Ey o = 23.04 and
42.52 K, respectively; i.e., to the initial conditions 2 and 3 of
both atoms. For the H atom, we can see the formation of a
collision complex with a lifetime below 5 ps while for the
D atom a collision complex with a lifetime above 40 ps is found.

In addition, Fig. 1 shows snapshots of the time evolution of
the four properties mentioned above for the atomic WP and
superfluid helium density considering the H atom at Ey, =
47.23 K, and in the analogous Fig. S1 (ESIt) the snapshots for
the D atom at Ej o = 42.52 K are presented; i.e., they correspond
to the situations of Movies 2 and 4 (ESIf).

Without considering the atom approach to the nanodroplet,
four different steps can be identified in the capture process,
where only a small fraction of the atomic WP is reflected during
the collision with the HeND (¢f Section 3.3). The first step
corresponds to the penetration of the atom through the nano-
droplet surface, which acts as a barrier. Once the atom has
managed to make a hole in the nanodroplet (second step),
generating a dimple in the HeND, it remains there for a certain
time (third step), making oscillations but, in general, without
being fully solvated by the superfluid helium environment.
Finally, the atom begins the process of escaping from the
HeND (fourth step) that finishes when the atom and the HeND
are well separated.

A temporary full solvation of the atom by the superfluid
helium is only observed for the cases of T (conditions 5 and 6)
and Q (conditions 4-6). Moreover, it is worth noting that for D,
T and Q and some initial kinetic energies, during the simulated
time, we do not observe the escaping process indicated above.
This occurs for the initial conditions (2, 3), (1-3) and (1-3) of D,
T and Q, respectively.

As a result of the collision of the atom with the HeND
surface and due to the exchange of energy, oscillatory patterns
appear in both the atom WP probability density and the super-
fluid helium density, ¢f Fig. 1 and Movies 1-4 in the ESL¥
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Table 2 Collision complex lifetime (in ps) as a function of the initial kinetic

energy (in K) for H, D, T and Q. The first value corresponds to the initial
kinetic energy and the second one to the lifetime®

H D T Q
14.86, 2.1 10.16, 2.2 8.59, ~160 7.82, >220
27.73,1.3 23.04, >40 21.47, >90 20.71, >90
47.23, 4.3 42.52, >40 40.97, >40 40.19, >40
84.07, 4.3 78.04, 4.9 76.48, 5.7 75.69, 6.7

121.50, 4.4 116.79, 5.2 115.25, 6.3 114.48, 8.0
158.79, 4.7 154.10, 6.0 152.55, 7.2 151.77, 8.8

“ For the criterion to determine the lifetime see the text. * Formation of
a long-lived collision complex in the case of D (conditions 2 and 3),
T (conditions 1-3) and Q (conditions 1-3).

The intensity of these oscillations increases with the initial
kinetic energy due to the higher excitation produced.

Concerning the capture mechanism, for the H atom and all
initial conditions a H- - -HeND collision complex with a lifetime
in the 1.3-4.7 ps interval is formed (Table 2). For the D atom,
a collision complex with a lifetime in the 2.2-6.0 ps interval is
produced for the initial conditions 1 and 4-6, while for the
initial conditions 2 and 3 the D atom remains attached to
the HeND surface during all the simulated time (Table 2). For
these two last conditions a collision complex lifetime >40 ps is
obtained.

Regarding the T atom, a collision complex with a lifetime in
the 5.7-7.2 ps interval is formed for the initial conditions 4-6,
while for the initial conditions 1, 2 and 3 the T atom remains
attached to the HeND surface during ~160 ps and more than
90 and 40 ps, respectively (Table 2). In the case of the Q atom,
the situation is similar to that for the T atom, with collision
complexes showing a lifetime in the 6.7-8.8 ps interval for
initial conditions 4-6, while for the initial conditions 1, 2 and 3
the Q atom remains attached to the HeND surface during more
than 220, 90 and 40 ps, respectively (Table 2).

Therefore, from the collision complex lifetime results, we
may conclude that the behaviors of T and Q are quite similar to
each other (formation of a long-lived atom-:--HeND collision
complex for initial conditions 1-3) whereas the behavior of D
is in between the behaviors of H (no long-lived H:--HeND
collision complex) and T and Q (Table 2). We use the term
“long-lived” in relative terms, i.e., taking as a reference the
situations in which the collision complex lasts more than 10 ps.
Besides, the shortest duration complexes are those of H, which
last less than 5 ps.

At initial kinetic energies higher than those at which long-
lived collision complexes are formed, collision complexes of
short duration are formed whose lifetime increases moderately
with Ey o (& 80-150 K): 22.4, 26.3 and 31.3% for D, T and Q,
respectively. In the case of the H atom, where no long-lived
complexes are formed, the corresponding lifetimes increase
by 9.0%.

This increase of the lifetime is probably related to the
somewhat higher penetration of the atom inside the HeND as
Ey, increases in that energy interval. This contrasts with what,
in general, occurs in the case of gas phase elementary reactions
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taking place through a minimum of the potential energy
surface, where the increase of collision energy is against the
duration of the complex.

In strong contrast with the results shown here for the
capture of the H and isotopes, the Ne atom is fully captured
and solvated by the helium environment of the nano-
droplet.*>*? These results can be interpreted on the basis of
the different strength of the H-He and Ne-He interactions. The
depth of the minimum of the X-He potential energy curve with
respect to the dissociated atoms is equal to 7.124 and 21.02 K
for H®' and Ne,®” respectively (the He-He value is 10.63 K*'),
which favors a situation in which the Ne atom is solvated by
helium. On the other hand, it is worth noting that at a given
collision energy, the velocity of Ne is substantially lower than
that of H (vy. = 0.225vy), so that the HeND will have greater
ease in adapting appropriately as the Ne colliding atom
approaches to it.

Additional and valuable information on the microscopic
mechanism of capture can be derived from the time evolution
of the atom-HeND interaction potential energy (Fig. 2). Thus,
even though there exist some oscillations in the time evolution
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of this property, the presence of a dynamical potential energy
barrier (barrier hereafter) above the potential energy of the
X + HeND reactants is evident, where X refers to the colliding
atom. This barrier occurs in the early times of the collision
process and is followed by the formation of a dynamical
minimum (minimum hereafter) that corresponds to the for-
mation of a X---HeND collision complex (Fig. 2).

It is important to note that for a number of initial conditions
there are, really, several minima of similar relevance (similar
potential energy values) that occur for D (conditions 2 and 3),
T (conditions 1-3) and Q (conditions 1-3); ¢f. Fig. 2. These
conditions correspond to situations in which a long-lived
collision complex is formed, and in these cases when referring
to the properties of the minimum we have considered those of
the minimum with the lowest atom-HeND interaction potential
energy.

For a given atom, the potential energy of the barrier (Vx_genn
at the barrier, Vx_penpp) increases with the initial atomic
kinetic energy (Ewinx,o) and this energy also increases when
evolving from the heaviest atom (Q) to the lightest one (H),
being especially important in this last case. The barrier is very
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Fig. 2 Time evolution of the atom—-HeND interaction potential energy, Vx_nenn, @s a function of the initial kinetic energy of the atom, E, o, for the four

isotopic variants H, D, T and Q, in panels (a), (b), (c) and (d), respectively.
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small for Q, independently of Eyinx 0, and T presents a similar
behavior. The situation for D is in between the behaviors
observed for H and T, but closer to this last atom.

In contrast to the case of the potential energy barrier, the
depth of the minimum shows on the overall a small depen-
dence with Ey;y, x o, with the only exception of what occurs at the
lowest Eyinx,o value region examined for each atom, where a
larger dependence is found, particularly for H and D. Besides,
the depth of the minimum increases when evolving from the
lightest isotope (H) to the heaviest one (Q).

Complementary information about the atom can be
obtained when representing the time evolution of the atom
kinetic energy (Fig. S2, ESIf). A very important decrease of its
initial kinetic energy is observed at the barrier, and at the
minimum this decrease is even larger.

In what follows the main properties (atom-HeND potential
energy, atom kinetic energy, z-coordinate, etc.) of the barrier
and minimum will be examined in greater detail, beginning
with the properties of the barrier (Section 3.2) and ending with
the properties of the minimum (Section 3.3). Also, some con-
siderations about the dimple formed in the surface of the
HeND will be given in Section 3.3.

3.2 Dynamical barrier

When analyzing the dynamical entrance barrier, that is reached
at simulated times below ~ 1.0 ps, we explore a number of key
properties: the atom-HeND interaction energy, the kinetic
energy of the atom, the z-coordinate of the atom and the energy
of the HeND. In addition, we also consider the norm of the
atomic wave packet and of the superfluid helium wavefunction.

The interaction potential energy Vx penp at the barrier,
Vx-tzenp,py depends on the Ey, of the atom in a quite different
way for the several isotopes and Vix_penn,» decreases in an impor-
tant way when evolving from the H atom to the heavier D, T and
Q isotopes (Fig. 3).
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Fig. 3 Change in the atom—-HeND interaction potential energy, Vx_nenn.
at the dynamical barrier, as a function of the initial kinetic energy of the
atom, Ey o, for the four isotopic variants (H, D, T and Q). Changes are
relative to the initial reactant state.
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The next values of Vx_genp 1, are obtained for the H atom at
the six Ey o values investigated (14.9, 27.7, 47.2, 84.1, 121.5 and
158.8 K): 0.36, 1.16, 4.43, 15.48, 33.37 and 55.36 K, respectively
(Fig. 3). This contrasts with the substantially lower values found
for the other isotopes at similar energies. Thus, at the lowest
Ey o values studied for D, T and Q (10.16, 8.59 and 7.82 K,
respectively), a value of 0.023 K is determined for Vx_penp,b-
Whereas, at the highest Ey o values examined for these atoms
(154.10, 152.55 and 151.77 K, respectively), Vx_penp,b iS equal to
20.10, 6.54 and 0.903 K, respectively (Fig. 3).

The very large differences found in the values of the inter-
action energy Vx_penp at the barrier and in the dependence of
this property with Ey , for the different isotopes can be inter-
preted, at least in part, considering the faster motion of the
atom approaching to the HeND as the mass of the former
diminishes for the same kinetic energy. Thus, when the mass of
the isotope decreases the nanodroplet will have less time to
adapt its structure to the incoming atom, which will not be
favorable from an energetic point of view. Moreover, the larger
importance of purely quantum effects that is expected when the
atomic mass decreases can, of course, play also a role here.
However, to determine the importance of these effects on the
capture dynamics it would be necessary to compare the present
results with those obtained when the H, D, T and Q atoms are
described using classical mechanics, but this is out of the scope
of the present study.

Based on the above, and in purely qualitative terms, it is
reasonable to expect that H, due to its much lighter character,
behaves in a particularly different manner with respect to the
other isotopic variants.

The kinetic energy of the atom at the barrier, Ey 1, depends
on the Eyn o of the atom in a rather different way for the several
isotopes, and Ey p, increases significantly from the H atom to the
heavier D, T and Q atoms, as it can be seen from Fig. 4, where
the Ey , — Ey difference vs. Ey  is plotted. Moreover, while the
decrease of the kinetic energy of the H atom when reaching the
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Fig. 4 Change in the kinetic energy of the atom at the dynamical barrier,
as a function of the initial kinetic energy of the atom, E, o, for the four
isotopic variants (H, D, T and Q).
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barrier is clearly evident for all the initial kinetic energies
examined (and becomes progressively more important as
Ey, increases), for the D, T and Q atoms the decrease of the
kinetic energy becomes clearly evident only at the three, two
and one higher initial kinetic energies considered, respectively
(Fig. 4).

For the six Ey o values of the H atom (14.9, 27.7, 47.2, 84.1,
121.5 and 158.8 K) the Ej values are equal to 89.8, 74.9,
61.4, 50.3, 40.4 and 30.5% of the corresponding Ey, values,
respectively. Higher or substantially higher percentages are
obtained for D, T and Q at similar initial kinetic energies.
Thus, at the lowest Ej , values of D, T and Q (10.16, 8.59 and
7.82 K, respectively), the E j, values are 98.2, 98.1 and 98.0% of
their Ey o values, respectively. At the highest Ey  values of these
atoms (154.10, 152.55 and 151.77 K, respectively), the Eyp,
values correspond to the 55.5, 78.3 and 90.6% of their Ei g
values, respectively. These last values are in strong contrast
with the substantially smaller percentage that has been found
for the H atom (30.5%).

These results correlate with the substantially less attractive
character of the atom-HeND interaction that occurs for the
H atom in comparison to the other isotopes. This fact is directly
related to the substantially higher Vx_genpp values that are
found in the former case and discussed previously.

The study of the z-coordinate of the atom at the barrier, zx ,,
helps us to understand somewhat more what happens in the
early times of the atom + HeND collision (Fig. 5; zxp vS. Ex)-
This coordinate depends on the atomic Ey, o in a significant
way and at the barrier, on the overall, the atomic WP tends to be
closer to the surface of the HeND as Ey, increases (i.e., the
absolute value of the z-coordinate of the atom takes smaller
values). The H atom behaves in a fairly different way as the
other atoms in the lower-intermediate Ej, region (ie., in the
75-150 K Ej  interval), where zx}, is almost constant for T and
Q; but all atoms show zx, values which are not far from each
other at the higher Ey, o. It is worth noting that in the case of

-20

21

-22 -

-23 -

24 +

-25 |-

Zatom,barr &)

-26

-29

30 1 I I I I I I
0 20 40 60 80 100 120 140 160

Ek,O atom (K)

Fig. 5 Z-coordinate of the atom at the dynamical barrier, zxp, as a
function of the initial kinetic energy of the atom, E, o, for the four isotopic
variants (H, D, T and Q).
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this property the D atom behaves quite close to the H atom
from the intermediate to the higher Ey , region.

Regarding the norm of the atomic wave packet at the barrier,
the largest decrease of the norm is observed for the H atom at
Exo =27.73 K and it is equal to 1.92 x 10~*, while for the D, T
and Q atoms the largest decrease of the norm is of the order of
10~%. With respect to the norm of the superfluid helium wave
function, the decrease of the norm at the barrier is of the order
of 108, That is to say, at the barrier the norm of the atomic WP
and of the superfluid helium wave function are essentially
coincident with their initial values (1.0 and 400, respectively;
where the superfluid helium wave function is normalized to the
number of atoms of the HeND). Therefore, there has not yet
been an opportunity for a part of the WP to reach the limits of
the system nor for a fraction of the HeND to evaporate and
reach these limits.

We have included an additional figure in the ESIT (Fig. S3) of
interest for the analysis of the properties at the barrier and that
presents the energy change of the HeND at the barrier vs. Ey .
This change of energy shows approximately a linear depen-
dence with respect to the initial kinetic energy of the atom, and
the lines of the different isotopes are approximately parallel to
each other with the energy change values following the order
H > D > T > Q. This is consistent with the greater decrease in
the kinetic energy of the colliding atom at the barrier that
follows the same ordering.

3.3 Dynamical minimum (or minima)

In the analysis of the dynamical minimum that is formed once
the atom + HeND system overcomes the dynamical barrier, we
explore the same key properties as for the dynamical barrier
(atom-HeND interaction energy, atom kinetic energy, atom
z-coordinate, energy of the HeND and norms of the atomic
WP and HeND wave function). Moreover, additional key infor-
mation on the dynamical minimum has been already reported
during the analysis of the capture mechanism carried out in
Section 3.1, where the lifetime of the atom---HeND collision
complex and the existence of several dynamical minima for
some isotopes and initial conditions have been shown.

In the present section, for the isotopes and initial conditions
(Ex0 of the atom) that exhibit several dynamical minima in the
time evolution of the atom-HeND interaction energy, Vx-iienn,
we have considered the properties of the minimum with the
lowest value of Vx_penp (i.€., for the stronger attractive inter-
action between the atom and the nanodroplet).

The interaction energy Vx_penp at the minimum, Vx_yenp,ms
depends in a smooth way on the Ey, of the atom, shows a
similar shape for all the isotopes, and the strength of this
interaction (given by the absolute value of Vx_penpm) €volves
according to the following order: Q > T > D > H (Fig. 6).
This result anticorrelates with the order of values for the
atom-HeND interaction potential energy at the barrier (H >
D > T > Q) so that, for a given Ej o, a higher value of Vx_genp b
involves a weaker (shallower depth) minimum. This is, in
principle, expected, given that a higher barrier makes the atom
penetration through the surface of the nanodroplet more
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Fig. 6 Change in the atom—-HeND interaction potential energy, Vx_nenn,
at the dynamical minimum, as a function of the initial kinetic energy of the
atom, Ey o, for the four isotopic variants (H, D, T and Q). In some cases
there are more than a single minimum (see the text). Changes are relative
to the initial reactant state.

difficult. Furthermore, Vx_penpm decreases with Eyx, in an
appreciably way in the lower Ey, region and presents, in
general, a weak decreasing trend for Ey, values above 40 K
(Fig. 6).

The following values of Vx_yenp,m are found for the H atom
at the six Ey o values considered in the simulations (14.9, 27.7,
47.2, 84.1, 121.5 and 158.8 K): —3.23, —4.61, —13.95, —16.09,
—17.36 and —18.76 K, respectively (Fig. 6). The atom-HeND
attractive interaction in the minimum is stronger for the D, T
and Q isotopes. So, at the lowest Ey o values of D, T and Q
(10.16, 8.59 and 7.82 K, respectively), Vx_penn,m is equal to
—5.04, —12.51 and —20.28 K, respectively. And at the highest
Eyo values of these atoms (154.10, 152.55 and 151.77 K,
respectively), Vx peno,m 1S equal to —29.78, —30.25 and
—34.10 K, respectively (Fig. 6). The single consideration of the
depth of the minimum does not allow us to interpret the
lifetime of the collision complexes formed, as can be seen,
e.g., in Table 2.

Therefore, the differences found in the values of the atom-
HeND interaction energy at the minimum are not so large as
the ones we have found in the case of the HeND interaction
energy at the barrier. For the former, all isotopic variants
present a similar shape although the energies are different.
So, for the minimum the H atom is not behaving in a particu-
larly differentiated manner with respect to the other isotopes,
differing from what happens for the barrier. Moreover, on the
overall, the dependence of Vx_penn,m With Ey o is weaker than in
the case of Vx_genn,n, as previously mentioned.

The change in the kinetic energy of the atom when it evolves
from the initial situation (atom + HeND) up to the minimum,
Exm — Exo, depends on Ey, in a linear way that is almost
identical for H, D, T and Q, as it can be seen from Fig. 7, where
the Eyx , — Ex o difference vs. Ey, is plotted. Moreover, on the
overall Ey ,, increases smoothly with E , and takes substantially
small values that are even below the lower Ey o values considered
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Fig. 7 Change in the kinetic energy of the atom at the dynamical mini-
mum, as a function of the initial kinetic energy of the atom, E, o, for the
four isotopic variants (H, D, T and Q). In some cases there are more than a
single minimum (see the text).

in this study. More concretely, the Ey,, values obtained for all
atoms are within the 3.2-7.5 K interval and so the kinetic energy of
the atoms when they are in the minimum is very small.

For the six Ey values of the H atom (14.9, 27.7, 47.2, 84.1,
121.5 and 158.8 K) the Ej ,, values are equal to 26.3, 21.5, 10.9,
7.6, 6.1 and 3.5% of the corresponding Ey  values, respectively.
Comparable percentages are obtained for D, T and Q at similar
initial kinetic energies. Thus, at the lowest Ey , values of D, T
and Q (10.16, 8.59 and 7.82 K, respectively), the Ey ,,, values are
35.9, 37.6 and 46.8% of their Ey, values, respectively. At the
highest Ey o values of these atoms (154.10, 152.55 and 151.77 K,
respectively), the Ej ,, values correspond to the 4.1, 4.7 and 4.9%
of their Ey o values, respectively.

Therefore, when the atom + HeND system reaches the
minimum, where an atom---HeND collision-complex is formed,
most of the initial kinetic energy of the colliding atom has been
transferred to the helium nanodroplet, thanks to the highly
efficient energy transfer that occurs due to its superfluid
character.

We have included an additional figure (Fig. S4) in the ESIY
analogous to Fig. S3 (ESIT) that is appropriate for the analysis of
the properties at the minimum. This figure shows the energy
change of the HeND at the minimum vs. Ey o, which has a bit
more complicated dependence as a function of Ey o than in the
case of the barrier. The pair H and D behave in a very similar
way and the same applies for the pair T and Q and, disregard-
ing what happens at the lower and higher Ey , values, in the
minimum the increase of HeND energy is larger for T and Q.

The analysis of the z-coordinate of the atom at the mini-
mum, Zxm, shows that it depends in a significant way on the
atomic Eyp o only at the lower Ey, o and this is particularly clear
for H and D (Fig. 8; zxm VS. Ei,)- The values of the z-coordinate
for the lowest and highest Ei, o values investigated for each
isotope are, respectively, the following: —23.5 and —14.8 A (H),
—22.3 and —13.5 A (D), —16.5 and —14.1 A (T), and —13.9 and
—13.3 A (Q). For this property the behaviors of the H and D
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Fig. 8 Z-coordinate of the atom at the dynamical minimum, zx ., as a
function of the initial kinetic energy of the atom, E, o, for the four isotopic
variants (H, D, T and Q). In some cases there are more than a single
minimum (see the text).

atoms are quite similar to each other and the same happens in
the case of T and Q, and for these two atoms the dependence of
Zx,m With Eyin o is particularly smooth (Fig. 8).

The penetration of the atomic WP inside the HeND follows
the following order: Q > T > D > H and the results for the
different atoms become more similar to each other at the
higher Eyn,,o values (the radius of the HeND ends at z =
—16.4 A on the negative part of the z axis; ¢f Section 2). This
result correlates with the magnitude of the dynamical barrier
encountered in the early times of the atom + HeND collision.
Thus, the lower the barrier, the deeper the penetration of the
atom inside the nanodroplet. A suitable property to account for
the size of the dimple generated after the penetration of the
atom into the surface of the nanodroplet is the value of the
z-atom coordinate (and its oscillations) when it is in the
minimum. The lower value of z in absolute value the larger
size of the dimple generated by the atom.

The decrease of the norm of the atomic wave packet at the
minimum, with respect to the initial value and for the lowest
and highest Ey, o values are, respectively: —0.0875 and —0.0948
(H), —0.0333 and —0.0168 (D), —0.150 and —0.00476 (T), and
—0.105 and —0.000527 (Q). Besides, the changes observed in
the norm of the atomic WP are <10% for H, <5% for D and
<4% for T and Q, in the case of the two heaviest atoms with
exception of result for the lowest Ey;, . Regarding the norm of
the superfluid helium wave function, the maximum decrease of
the norm at the minimum is 8.0 x 10™%, 1.8 x 1073, 4.4 x 102,
and 4.4 x 1077, for H, D, T, and Q, respectively. Therefore, the
vast majority of the wave packet reaches the minimum and in
this situation the evaporation of helium atoms from the
nanodroplet has not yet occurred (recall that the normalization
of the atomic WP is taken with respect to unity and in the case
of the superfluid helium wavefunction with respect to the
number of helium atoms (N = 400 in this case)).

In the ESI we present an additional figure (Fig. S4) that is
also of interest for the analysis of the properties at the

This journal is © the Owner Societies 2025

View Article Online

PCCP

minimum and that shows the energy change of the HeND at
the barrier vs. Ey o. This change of energy shows approximately
a linear dependence with respect to the initial kinetic energy of
the atom, and the lines of the different isotopes are approxi-
mately parallel to each other with the energy change values
following the order H > D > T > Q. This is consistent with the
greater decrease in the kinetic energy of the colliding atom at
the barrier that follows the same ordering.

The reflection probability as a function of the initial kinetic
energy Ey o and for each isotope can be estimated on the basis
of the difference between the unity and the norm of the
WP while the atom is on the surface of the HeND (i.e., while
it is in the dynamic minimum forming a collision complex,
atom- - -HeND), that is to say, from the decrease of the WP norm
considered above. Although the oscillations of the reflection
probability with E o are clearly evident for H and D, this is not
the case for T and Q where this property almost decreases
monotonically with E o (Fig. S5, ESIT). This can be interpreted
on the basis of the more quantum character of the behavior
that is expected for H and D, in comparison to T and Q, due to
their masses.

4. Summary and conclusions

The quantum dynamics of the capture of a H atom (or D, T
and Q) by a superfluid helium nanodroplet of 400 “He atoms
(T = 0.37 K), with zero angular momentum, has been studied
using a TDDFT (helium) + WP (atom) mean field hybrid
approach. Very low initial kinetic energies have been consid-
ered (~10-150 K energy interval) in order to try to make more
evident the quantum behavior of these systems. To the best of
our knowledge these very low energies have not been consid-
ered before in this context.

The existence of a dynamical entrance barrier and a dyna-
mical minimum (or minima) during the capture process play
a central role in the understanding of this process, especially
the former property. In general, the H atom shows a different
behavior from the other heavier isotopes, with the behavior
of T and Q being very similar to each other and the D atom
behaving in between H and T.

Probably, the barrier and minimum are common and
important properties in all capture processes, and particularly
for systems for which the interaction between helium and the
colliding atom is not as attractive as the helium-helium one.

Another key result obtained corresponds to the fact that, in
principle, at the very low initial kinetic energies examined only
“short” and “long” lived atom- - -HeND collision complexes are
formed. Therefore, at the end of the simulations, the atom-
helium nanodroplet collision the capture of the atom by the
HeND really does not take place. So, we can only refer to the
temporary capture of an H atom or isotope by the HeND.

The different behaviors observed for the capture dynamics,
i.e., for the capture mechanism and for the properties of the
dynamical barrier and dynamical minimum (or minima) have
been interpreted in terms of the higher velocity of the
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H colliding with the (*He)y-s00 nNanodroplet and the more
quantum character of the H behavior due to its significantly
lower mass.

In order to identify in a direct way the importance of
quantum effects on the different dynamic properties, in the
future we expect to investigate these systems considering a
classical mechanics description of the colliding atoms, so as to
contrast with the quantum mechanics results obtained here.
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