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The fully three-dimensional ground and first electronically excited states of the [LiHHe]* system were
computed with ab initio methods, using a self-consistent field treatment followed by a multi-reference
configuration interaction calculation. The topology and reactive pathways of the surfaces are analysed
at different configurations extending the understanding of the possible dynamics on these surfaces with
respect to previous studies limited to lower dimensionality. The behavior of LiH* inside or at the surface of
a helium droplet is surmised from our findings, along with some suggestions on possible ways with which
the different reactive and deexcitation phenomena occurring in this environment could be experimentally
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1. Introduction

The study of lithium hydride chemistry in reaction with the
lightest atoms (hydrogen and helium) is of importance in sev-
eral fields, one of which being the understanding of elementary
chemical processes occurring in the early universe [1]. The com-
plex chemistry is supposed to have initiated with the appearance
of the first dihydrogen (H;) molecules, during the recombination
epoch (~ 1000 years after the big bang), when neutral and ionic
lithium hydrides could both be involved in the formation of the
first H, molecule. To fully understand this process of formation,
one has to know also the efficiency of rival processes at play in the
same environment. The helium atom is the second most abundant
species after hydrogen; it is hence of importance to know the spe-
cific behavior of lithium hydrides with this atomic partner and the
details of their chemical interactions.

A second field of interest for the present system is provided by
the study of the helium nanodroplets. Recent experimental pro-
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gresses has allowed researchers, by combinations of older and well
known techniques like matrix isolation in crystals and supersonic
molecular beams, to have access to the controlled formation of lig-
uid 4He nanodroplets with sizes ranging from 102 to 108 atoms,
which provide in turn a unique, cold environment (at T < 0.37K)
for the study of physico-chemical processes involving embedded
species [2-4].

An extensive amount of theoretical work has now shown that
all closed-shell atoms or molecules, with the exception of the alkali
and alkaline earth atoms [5], are heliophilic, i.e., are absorbed inside
the helium droplets. For open-shell systems and ions, much less
work has been published, and the question is still open for several
of such systems as to whether they are completely heliophobic, i.e.,
remain at the surface of the droplet, or present instead a helio-
philic behavior depending on the size of the droplet. In this case
one therefore wishes to know if and how the solubility depends on
the number of He atoms in the droplet.

Indeed, the presence of an ionic impurity inside the droplet has
been shown to cause strong modifications of the local order of the
droplet. Impurities as ionic alkali metals (see Ref. [6]) are expected
to cause a local increase of helium density, due to electrostric-
tion, to a point where some local order is achieved and it creates
local near-solid structures, the so-called snowballs [7]. This model
has been widely used to interpret experiments and it explains for
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example why, at odd with neutral species, positive ions have a very
low mobility in liquid He and in helium droplets [8].

The self-organisation and aggregation of dopants inside helium
droplets created by the low temperature of this environment gives
rise to the possibility of studying chemical reactions with strong
orientational dependence, their trapping in global van der Waals
minima or other favoured configurations possibly enhancing or cre-
ating reactive channels which would be unlikely to occur in other
environments. As an example, several complexes of radicals either
reactant or products can now be produced inside droplet and their
structures analysed with high resolution spectroscopy [9].

There are two possible classes of reactions to study inside
the droplets: dopant-dopant reactions, as mentioned above, and
reactions of the dopant with its He environment. Experimen-
tal techniques used to initiate this type of reactions include
photo- and electron-impact ionisation: an ionised He* is created
(a “hole”) and then it migrates because of induction forces [10]
towards the embedded species, eventually ionising it. But one
can also directly ionise the dopant species, passing from a non-
reactive neutral dopant-droplet interaction to the reactive ionic
dopant-droplet situation. This is the case on which the present
work is focused.

To understand the dynamics of ionic dopants inside the droplet,
it is thus very helpful to also study the different processes which
are possibly at play: we could, in fact, surmise that after entering
the droplet the rovibrationally excited LiH* dopant can either cool
off by collisional internal energy transfer to the surrounding matrix
(thereby provoking evaporation of helium atoms from the droplet)
or the dopant can instead be able to react with one of the surround-
ing helium atoms to form LiHe"*, the different products depending
on the nature of the interaction at play. It is this latter interaction
which we wish to analyse in the present work.

Notwithstanding the large amount of theoretical and experi-
mental work about dopants in droplets, very little is known about
the forces at play at the microscopic level when chemical reac-
tions become present and are energetically allowed. This is due in
part to the sizable computational cost of a fully three-dimensional
potential energy surface, a feature which still limits calculations
to few-electron systems or otherwise to using crude approxima-
tions in order to reduce the dimensionality of the problem. Ref. [11],
for example, showed that the many-body (MB) effects in a helium
matrix are generally small and therefore the interaction potential
of the dopant inside the droplet can be reasonably approximated by
a sum of 2-body (2B) (dopant- #He) potentials. On the other hand,
when chemical reactions are to be considered among the outgoing
channels, the full effects of MB forces need to be included in any
realistic estimate of the relevant potential energy surfaces.

Let us recall that the present system has been already consid-
ered in two of our previous work [12,13]. In both cases, though,
the dimensionality of the system was reduced. In Ref. [12], we
examined possible reactions on the first two electronic states of
the system which reacts only along collinear configurations. For
the ground state, we found a shallow stable (~ 30cm~!) van der
Waals configuration when He approaches the Li-side of the target
and that the reaction forming Li*He is endothermic, hence only
likely to occur when the molecular ion is vibrationally excited. The
first electronically excited state proved to be topologically different
because of the different charge collocations in LiH* and therefore,
the reaction could develop without barrier from LiH* to HeH* when
the helium atom would approach the H-side of the target.

In Ref. [13], a nonreactive interaction between partners with
the Li*H bond length fixed at its ground state equilibrium distance
(re = 2.191A), was used to study the clustering of helium atoms
around the cationic dopant in a droplet environment. We found that
up to 30 He atoms would locate in a cap-like structure surrounding

the Li-side of the cation, while the H atom would remain outside
this structure.

The present work is therefore an extension of our analysis to
the first fully three-dimensional potential energy surface (PES) for
the first two electronic states of this ionic system. The increased
dimensionality will allow us to discuss the reliability of the simpli-
fications used in our two previous studies by allowing us to assess
the importance of nonlinear approaches to reactive channels, the
influence of the electronic state of LiH* on the structuring of He
atoms around it and the possible deexcitation (vibrational or elec-
tronic) of LiH*, when reacting with its helium environment. While
addressing these questions, we shall also try to suggest ways in
which these phenomena could be experimentally detected in the
droplets.

The paper is organised as follows: Section 2 gives the details of
the abinitio computation and of the numerical fitting of the ground
and first excited PESs; Section 3 analyses the ground state topol-
ogy both in the collinear configurations and for the non-collinear
arrangements. The first excited PES is described in Section 4, while
Section 5 summarises our conclusions.

2. Details of calculations

If we define as r; the H-He distance, r, the Li-H distance and
r3 the Li-He distance, the three-dimensional interaction poten-
tial (i.e., after subtracting the individual atomic energies) can be
expressed as

Viot(r1, 2, 13) = Vabody + V3body + O(4body), (1)

where Vapody = Zkvgg(rk), k=1,2,3 is the sum of the three
diatomic potentials. It is generally accepted that contributions of
more than 3body (3B) interactions could be considered as negligi-
ble. We hence have to compute accurate 2B potentials for all three
possible pairs of atoms, H-He, Li-H and Li-He, with the 3B potential
of similar accuracy. The strategy used by us furthermore relies on
the fact that 2B potentials are the dominant contributions to Vio.
It therefore involves four basic steps:

1. ab initio computation and fitting of the 2B potentials;

2. ab initio computation of Vi on a finite grid of geometries {g;},
i<N;

3. build V3p; i.e., compute V3g(g;) = Viot(gi) — Zkvg’;)(gi), Vi.We see
at this stage that it is important that the total and the diatomic
potentials were calculated with the same ab initio strategy. We
also need to fit V3g(g;) to get a continuous 3B potential V3g(w),
weR13, with w = (17, ry, r3) being the atom-atom coordinates;

4. build Vigt(w) = Ekvg};)(rk) + V3g(w). At this stage, depending on
whether or not we are able to find accurate potentials in the cur-
rent literature, we may decide to add different (perhaps better)
diatomic potentials than those computed in step 1.

All present ab initio calculations were performed using the
GAMESS|[14] program.

2.1. The raw points generation from ab initio methods

2.1.1. Diatomics

The three diatomic potentials are those already discussed in Ref.
[12]. To the initial sets of geometries, we furthermore added a small
number of points for the LiH potential at short-range in order to
ensure a reliable extrapolation of the repulsive part of that poten-
tial. Let us now recall briefly the ab initio strategy employed: the
radial grid for all three potentials consisted of a total of about 30
points each, with radial ranges of 0.3-10A for H-He, 1.5-9 A for
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Li-H and 0.8-5A for Li-He, respectively. For all these points the
potential was calculated starting from an HF initial guess which
provided the ensuing complete active space for the self-consistent
field (CASSCF) calculations, whose optimised molecular orbitals
served in turn as input for the final multi-reference configuration
interaction (MRCI) computations. All parameters were optimised to
ensure convergence of the electronic ground and first excited states
of the diatomics. The active space used for all calculations contained
nine orbitals. See Ref. [12] and references therein for more details
on the atomic basis used.

2.1.2. 3B geometries

We have employed as many as possible the earlier 988 points
for the collinear configurations: [Li-H-He]* and [He-Li-H]* already
discussed by Ref. [12]. To this, a new set of 803 points was added to
describe the nonlinear configurations. The strategy used to obtain
them was twofold: (i) for each LiH distance on a grid ranging from
1.6 to 4.4 A the potential was computed at six equidistant angles.
Hence this was done for each grid distance of the He atom to the
centre of mass of the Li-H target, ranging from 1.3 to 5.8 A. At short
distances, the angular grid was increased by three to six more points
to account for the large anisotropy of the potential in such strong
interacting regions. Each point was computed not starting from a
new HF calculation, but using instead as an initial guess the SCF
orbitals of the closest neighbouring point. These calculations will
hereafter be referred to as angular scans; (ii) to avoid oscillations
in the subsequent fitting that would have appeared because of the
near-periodicity of the grid employed, we computed a smaller set
of points in a randomly selected set of geometries lying in the same
range as the angular scans. This new set of non-collinear geome-
tries consisted in turn of 104 new points: the ab initio method used
for these points was exactly the same as for the collinear configura-
tions we used in Ref. [12]. The accuracy of all the points computed
depends on the value of the potential itself, but we estimate it to
be within ~ 3cm~! for |Viot| < 300cm~! and around 1% for larger
values of the total potential. In the end, the total number of points
employed in the fitting which we describe below was of 1895 points
for the lower and first excited PES.

2.2. The many-body fitting of the overall PES

2.2.1. Diatomics

The diatomic asymptotes associated with the ground state 3B
surface are Li* H(X2X*) and Li*He(X! X*). For the first electroni-
cally excited PES, they are Li*H(22X+) and HeH*(X! X*) (see [12],
Figs. 1 and 2).

All four asymptotic components, together with neutral
“molecules” [HHe] and [LiHe], were fitted using our variant of
the analytical form suggested by Aguado and Paniagua [15] for
diatomics:

N
co e~ %Rk .
ViR = = —+ > cinf, (2)
i=1
where
(1)
pr = Rie PR, 3)

with k = 1 for HHe, 2 for LiHe and 3 for LiH and [ = 2 for diatomics.
The fit was weighted by using a function giving greater importance
to the attractive range and low-energy repulsive points. The param-
eters and outcome of the fitting are summarised in Table 1. No
equilibrium distance or minimum value are given for LiHe and HHe
as these two diatomic partners are not bound, although their repul-
sive potentials also need to be globally fitted within the full reactive
surfaces of the present study.

Table 1
Optimised fitting parameters and results for the first two electronic states of the
three diatomics

N /3 Vmin (Cmil) Rmin (A)
Li*H(X2 5+) 6 2.66 ~1113.8 2.192
LiH* (A2 X+) 6 2.34 —3938.5 3.932
Li*He X' =+) 3 4.1 —642.5 1.898
LiHe 7 3 = =
HeH 7 4.6 = =
HeH* (X' 2+) 11 8.3 —16444.8 0.7744

At short-range an exponential extrapolation was added so that
in the end all diatomic potentials were obtained up to at least
50,000 cm~! in their repulsive ranges. At long-range, a power-law
extrapolation of the R~" type was used with n = 6 for neutral sys-
tems and n = 4 for ionic ones, which are in both cases the respective
leading terms in the multipolar expansions. On both sides, the con-
nection between the many-body fitting with both the short- and
long-range extrapolations was made to occur smoothly by the use
of a doubly differentiable connecting function:

C(x)= % [1 —cos{(1 - cos(nx))g}} R (4)

where the connection between the extrapolating function f(r) and
the potential g(r) in an interval [rg, 1,] is made at short-range via
the formula:

(o (1)

The left coefficient “turns off” f(r), while the right one “turns on”
g(r). At long-range the roles of f(r) and g(r) are interchanged.

For all six diatomics involved the quality of the optimised fit-
ting was excellent, with a standard deviation which was always
< 0.1 cm~!. The fitting quality of the bound states was further-
more assessed by computing their vibrational eigenfunctions and
eigenenergies via the LEVEL program [16]. For LitH(X2 £+), we found
the same number of bound states (7) as encountered by Refs. [17,18],
with differences of less than 4cm~! for all states. For Li*H(A2 ),
to the best of our knowledge, no bibliographic data exist and we
obtained 25 bound states, the last 2 being less certain because of
the smallness of their binding energies: 1.21 and 0.18 cm~! below
dissociation, respectively. For Li*He, again no data could be found
in the literature: we got eight bound states, two of them being very
weakly (< 1cm~1) bound. Finally for HeH*, we found 12 bound
states, all in agreement (within 5 cm~1) with the earlier data of Ref.
[19].

2.2.2. 3B and total potential

Having fitted all diatomic states following accurately the ab ini-
tio points, we then carried out point (3) of the four-step procedure
outlined before, i.e., compute on the grid of the total potential the
purely 3B contributions. We may say about this procedure that it
justifies our splitting strategy in the sense that the 3B potential
was found nearly always to be much smaller that the total poten-
tial (except, of course, for regions where a rising repulsion wall
increases above its onset). The electronic ground state was fitted
using the form:

M

V3g(ry, 12, 13) = Zdijkpil oh 0k, (6)
ij,k

as taken from Ref. [15]. The p follows the definition of Eq. (3),

but with [ =3. We used an optimisation procedure to find the

best three nonlinear 8 parameters and the order M of the fit-
ting. With Bppe = 2.0, B+ = 1.2, Bjj+y = 0.8 and M = 7 (which
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corresponds to 101 basis functions), using a Vt;‘t’" weighting, where
the optimal weighting power was here found to be W = 0.3, we got
a0.9 cm~! standard deviation for all our raw points. The long-range
potential turned out to be nearly exclusively 2-body, and therefore
no extrapolation of the pure 3B potential needed to be done: it
was simply put to zero at long-range using the connecting function
given in Egs. (4) and (5).

Reassured by the good quality of our diatomic calculations, fur-
ther assessed by a comparison of our vibrational levels with the
available data, we completed the four-step procedure by construct-
ing the total potential as a sum of 2B and 3B contributions. From the
split-fit procedure used and the errors of the various fitting results,
we can estimate the overall fitting quality to be within a few cm~!
for the well regions of the total potential and around 1-2% for val-
ues in the repulsive range above a few hundred cm~1, a precision
coherent with that provided by the ab initio calculations.

Finally, we obtained the electronic ground state of the [LiHHe]*
system, with a typical 10cm™! reliability for potential values up to
500cm~! and 2-3% for V between 500 and 50,000 cm~!. This is
an acceptable precision with respect to the further uses of this PES
for reactive scattering and for structural studies for which it was
intended.

The first electronically excited PES for the present system was
also retrieved from the same run of GAMEss|[14] calculations, hence
on the same grid of 1895 geometries. The 3B breakup limit of this
state lies 0.3021 hartree (66,303 cm~!) above that of the ground
state. As mentioned before, the basis sets used were optimised in
order to obtain both states with reliable convergence. Nonetheless,
the excited state is expected to be less accurate, especially in the
regions of strong repulsive interaction.

We used the same fitting strategy as for the ground state.
Through nonlinear optimisation we obtained the following param-
eters for the 3B fitting: M = 9 (hence using 195 basis functions),
Buen+ = 1.8, Brine = 0.9 and B+ = 1.2. The fitting was weighted
using VtB?'G. Finally, with the converged parameters we obtained a
2.0cm~! standard deviation for the whole surface, a fitting pre-
cision which is even better than that achieved by the ab initio
calculations for this state.

3. Surveying the lowest surface

In this section, we will analyse the outcomes of the global fitting
of the ground-state PES. Figs. 1-4 show PES cuts and computed
minimum energy paths (MEPs) for the He atom approaching the Li
atom at different angles with respect to the LiH bond. On some MEP
panels we have also reported the first five vibrational levels of the
relevant diatomic asymptotes. All these figures show once again, by
the absence of spurious oscillations, the rather good quality of the
fitting of the ab initio calculations achieved in the present work.

Fig. 1 reports the PES and MEP for the He-Li-H collinear orien-
tations: we can see on the upper panel that the surface is strongly
reactive, since it goes exothermically from the Li*He ion on the
left side to the Li*H cation on the right, thus indicating as more
favourable the permanence of the Li*H initial partner. Our fitting
of the surface places the lower and upper asymptotes at —1113
and —643 cm™!, respectively, with a minimum at —1736 cm™1,
which is also the global minimum of the whole surface: it occurs at
r(LiH) = 2.20 A and r(LiHe) = 1.90A.

We also see that the reaction barrier is here fairly small since the
first vibrationally excited state of the Li*H reagent partner is only
slightly below the ground vibrational state of the Li*He cationic
product. It suggests that even at the lower collision energies the
reactive channel can be already open for an initially excited Li*H
partner to He. Most probably, the proximity of the v =1 state of
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Fig. 1. Upper panel: Ground-state potential energy surface for He approaching Li*H
at 0°. Distances are in A, potential values in cm~! and the projection on the plane
shows as a solid line the V = 0 profile. Lower panel: minimum energy path for the
same orientation. The vibrational levels of the two diatoms are shown above the
v = 0 reference energies.

Li*H with the v = 0 state of Li*He, as well as that of v;+; = 2 with
Viithe = 1, and given the strength of the attractive well, could be
the source of resonances in scattering processes, an indication that
indirect reactive mechanisms are likely to play here a significant
role.

Fig. 2 reports the PES at 6 = 60° and 90°. From this figure, we
see that the surface remains qualitatively unchanged whenever the
He atom approaches the cation on its Li-side. This isotropy at the
small angles is due to the fact that the electronic charge is essen-
tially located on the lithium atom, so that the interaction potential
is largely dominated by the isotropic charge-polarisability con-
tributions. When still increasing the angle, however, the global
minimum goes progressively (albeit slowly) to larger values, even-
tually reaching a point where there is no more a minimum energy
configuration and the MEP moves directly from one asymptote to
the other. This occurs between ~ 120° and ~ 140°. Fig. 3 illustrates
this on the PES and MEP, at & = 120°. From this and larger angles of
approach, the He atom first sees the repulsive H-side of the dimer.
Hence the appearance of barrier, reflecting the fact that when He
approaches Li*H on the H-side, it first encounters a large repulsive
wall due to the Pauli repulsion between the electron density on H
and the two-electron density on the He atom.

The other collinear configuration, [LiHHe]* is presented in Fig. 4
(note that the coordinates have been changed for pictorial con-
venience). We see on the right side of the PES (upper panel)
the nearly isolated Li*H asymptote, while there is no bound HHe
asymptote on the left, the interaction between the two atoms
being purely repulsive. The MEP, on the lower panel, further
shows that there exists a small van der Waals minimum when
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Viot = —1145cm~!, which lies some 35 cm~! below the bound Li*H
asymptote. Thus, reaction is not likely to be possible when the
helium atom is approaching the H-side of Li*H around this collinear
orientation.

In conclusion, the surface we have just surveyed presents a small
interval of angular approaches for which no reaction will be possi-
ble, on the H-side of the LiH* cation. On the other side, whenever
even a rather small amount of internal energy is present in the
cation in the form of vibrational excitation, or if the kinetic energy
content increases, the small endothermicity of the reaction should
allow it to happen for an extended range of angular approaches of
He towards the Li-side of the cation. Obviously, in real collisional
processes, the He atom will not follow only one specific orientation;
the classical picture is that it will find its way to the best accessible
path, which means, however, that some of the possible trajectories
will involve arrangements which, energetically at least, cannot lead
to product formation at low collision energies. When considering
the collisional process between a vibrationally excited Li*H cation
and He, the anisotropy on the PES will reflect itself in possibly yield-
ing comparable probabilities for the vibrational deexcitation or for
the exchange reaction evolving towards a less internally excited
Li*He product.

When addressing the problem of Li*H interacting within a
helium droplet, it could be useful to consider at least two possi-
ble situations: (i) a cationic diatom directly entering the droplet
or (ii) a neutral LiH already trapped inside the droplet and sub-
sequently ionised by electron or photon impact. As the second
situation can involve electronic excitation of the cation, it will be
discussed below, in the section about the first electronically excited
PES (Section 4). Let us now consider the first case a bit further. We
recall that calculations of Ref. [13] fixed the cation interatomic dis-
tance at its equilibrium value. Thus, neither its vibration nor the
reactive exit channels could be taken into account in this purely
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structural analysis of the problem, i.e., of the relative collocations
of the He adatoms surrounding the doping cation.

Let us now consider first the nonreactive situations: even with
the cation is in its ground vibrational state, the geometry which
the closest helium atoms will “see” should be given by the larger,
vibrationally averaged distance of the target molecule. If the clus-
ter calculations were therefore to be repeated using a larger Li*H
geometry, one could expect larger snowball structures to be com-
putationally observed, as discussed in Ref. [6].

If we further consider the Li*H to enter the He droplet in an
excited vibrational state, two possible events may occur: (i) a vibra-
tional relaxation, i.e., the internal energy of the cation is transfered
to the atoms of the droplet, this transfer causing rapid solvent atom
evaporations up to several hundred He partners [20] or, (ii) the
chemical reaction discussed before, i.e., the one forming Li*He. We
have seen that this may occur even at low relative velocities and
already for Li*H in its v = 1 level. In this case, the hydrogen atom
would probably be ejected from the droplet after migration to its
surface[21,22], while the behavior of the newly formed cation could
vary from remaining on the surface of the droplet with the lithium
inside it, to total solvation well inside the droplet, depending on
its residual energy. To predict the preferential behavior would defi-
nitely require to have a PES for the LiH* (He), system which we could
conceivably construct as a sum-of-potentials [6] for each selected
vibrational state of the cation and using the one produced by the
present study.

Experimentally, to see whether one process occurs or the other
would require to collect the He signal for the ejected atoms, i.e.,
the number of He atoms as a function of time and compare what is
found from the evaporation of He from the pure droplet with that
due to the additional presence of the cation. In case one were to
have only dissipation of the internal energy of the cation, the evap-
orative yield may then be larger than that of the reaction. Hence,
one should possibly not observe a marked increase of the number
of helium atoms that leave the droplet. The direct measurement of
the He yield would almost certainly be a difficult task, especially
so for small droplets. In the latter case, an easier way to see if the
reaction occurred could then be through the use of a mass spec-
trometer; bare ions or positive ions surrounded by a small number
of He adatoms are indeed more easily detected via mass spectra
[23,24].

Finally, another way of testing whether the reaction has
occurred or not is by using a laser source that would be scan-
ning the frequencies around the vibrational frequency of one of the
two cations. With this probing we could, at the same time, know
if the reaction occurred by detecting one of the cations, and also
have some insight as to whether a snowball has formed around
it, a feature after equilibration which could modify its vibrational
spectrum.

4. The next excited electronic surface

The present section discusses the main features of the first
electronically excited state as provided by the fitting described in
Section 2.2.2. Figs. 5 and 6 show the computed MEPs at four repre-
sentative relative orientations. The zero of energy is given, as before,
by the 3-atom breakup.

As mentioned in Section 2.2.1, the two asymptotic species of
the reaction are LiH* on one side and HeH"* on the other side, with
a large exothermicity of 12506.3 cm~!. Note that the angle con-
vention chosen here for the plots defines the orientation from the
H-side of the LiH partner, which is different from that we followed
for the ground state. We see from the panels that in the Li-H-He
collinear configuration (Fig. 5, upper panel), the reaction from LiH*
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Fig. 5. Computed minimum energy paths for the first electronically excited state at
different orientations. Upper panel: 6 = 0; lower panel: 6 = 60°.

to HeH* goes down without a barrier, but with a van der Waals
minimum at —17, 730 cm~! in the product valley. It is located about
1110 cm~! below the HeH* diatomic asymptote, thus indicating the
formation of a stable triatomic complex. When increasing the angle,
the Li-He repulsion begins to play a significant role and this repul-
sion is reflected in the appearance of a “hump” at 60° (Fig. 5, lower
panel), while the final minimum becomes even lower, due to 3B
contributions. As we found for the case of the ground state dis-
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cussed before, the first excited surface is isotropic on the side of
the charged atom (which is now H*), although less extended in
terms of the range of angles.

When going to angles larger than ~ 90° the approaching helium
sees first the repulsive Li atom which constitutes now a barrier to
the reaction. At these orientations, once the barrier is overcome, the
surface presents however even deeper minima than in the collinear
case. This is shown by Fig. 6, upper panel, for an angle of 150°
where the well region in the product valley is even more promi-
nent. At 180° (same figure, lower panel), the Li atom represents now
avery large barrier, with no possible attachment of He to the H* for
this conformation as opposed to the small van der Waals minimum
observed on the lower surface when the He was approaching the
H-side of Li*H (Fig. 4).

Because of what happened at the angles slightly below this
collinear conformation, we further computed the value of the
potential fit for an Li-He-H collinear arrangement, and found the
global minimum of this surface to be slightly below —19, 000 cm~!
for rijpge ~ 4.8 A and ryey ~ 0.85 A. This fact could not be predicted
from only the two extreme collinear approaches described before.
The presence of this minimum in this special conformation could
be understood in terms of effects from 2B and 3B potentials: the 3B
potential is here attractive, while both the strongly bound LiH* and
HeH* cations are near their equilibrium values and the LiHe repul-
sion amounts to only a few hundred cm~!. Hence, the “insertion”
configuration becomes a stable option for this system.

As already discussed for the electronic ground state potential
features, two different situations for excited (LiH*)* in a helium
droplet might be considered to occur. If we take first the interaction
of a single LiH*(A%2 X*) within the droplet, the exothermicity and
absence of barrier of the reaction could make it react very rapidly
with the surrounding atoms. This should not depend too much on
the initial vibrational energy content of the cation since we have
seen that only within a restricted angular region of the PES the LiHe
repulsion creates a barrier to the reaction. In fact, to have an initially
vibrationally excited (LiH*)* should cause an enlargement of the
interaction volume spanned by the reactive pathways and hence an
even quicker reaction. In any case, the vibrational energy content is
relatively small compared to the more than 12,000 cm~! released
by the reaction. This energy, when dissipated within the helium
droplet may cause its rapid evaporative breakup. If we estimate the
binding energy of each He atom in the droplet to be of ~ 5 cm~1[25],
we find that the droplet has to be made of at least some 2500 atoms
in order to release by evaporation all the energy produced by this
reaction and still survive as a droplet. Of course, even more helium
atoms are required if the LiH* is vibrationally excited or if there is
more than one LiH* entering the droplet.

The presence of a stable “insertion” Li-He-H configuration
makes us also wonder as to whether this conformation could be
formed inside the droplet. In the solvation process the He atoms
usually localise at distances comparable, or larger than, that of the
embedded species. Hence, it does not seem probable that one of
the He adatoms could manage to overcome the repulsive barrier
on the Li-side in order to get stabilised into this conformation.

When discussing the features of the ground state reaction, we
saw that the location of the charge on the Li atom led to the for-
mation of a microsolvation cup on the Li-side, while the H atom
remained always outside it, at least in the smaller clusters with
up to 30 adatoms. For the excited electronic surface the situation
becomes different: the charge is being located essentially on the
H atom and therefore we expect that it would be this part of the
dimer which will be solvated. In case the reaction were to occur very
rapidly since a wide range of angular approaches leads to reaction,
this will have several consequences, all of which could possibly be
detected experimentally: (i) the neutral Li atom could be ejected

from the droplet due to its being heliophobic [26]. Such a phe-
nomenon might not be easy to detect because it involves only one
particle per event and therefore it will depend on the number of ini-
tial dopants in the droplet; (ii) the energy released by the reaction
causes a dramatic increase in the number of helium atoms evap-
orated from the droplet. As mentioned for the case of the ground
state processes, this could be detected by He yield measurement or
mass spectra, and (iii) the HeH* cation could be now formed and it
should migrate inside the droplet. Again a laser probe able to scan
frequencies close to those of the vibrational ladder of this cation
might inform us about its presence and possibly the formation of a
snowball surrounding it.

The second process which we could mention here, experimen-
tally in alternative to the direct interaction of an externally prepared
LiH* species made to enter the droplet, is to activate ionisation
inside the droplet. The ionisation process could then be made via
charge-exchange with a primary ionised He* adatom, although it
would also imply the possible involvement of higher electronic
states not considered here, or through direct electron or photon
impact, where the latter process could also be accompanied with an
internal excitation of the formed cationic species Li*H, a vibrational
or even an electronic excitation.

If the excitation is only vibrational, the reaction described in
Section 3 for the ground electronic state could also happen before
the cation has had time to migrate. In case of the occurrence of
the electronic excitation, the symmetries involved allow for dipole
emissions: such a process was studied experimentally for alkali
dimers [27]. The difference here is that while their reaction implies
at most a few thousand cm~! energy release, in our case there are
more than 60,000 cm~!, which in terms of evaporating He atoms
would amount to roughly 15,000 adatoms. Hence this deexcitation
process is likely to cause the full destruction of most droplets of
that size. This would be even more likely when clusters of dopants
are taken in by a droplet.

5. Present conclusions

In the present work we have computed with ab initio methods
the first two electronic potential energy surfaces for the [LiHHe]*
system. These calculations provide the first fully three-dimensional
study on this system. The six diatomic asymptotes (four bound and
two not-bound) were successfully fitted, with the vibrational spec-
trum of the bound diatomics obtained from this fitting in excellent
agreement with the data found in the literature. After having fit-
ted the 3B contributions for both the ground and the first excited
state we could finally build two global descriptions for these two
surfaces.

The important element brought out by the present analysis is the
reliable knowledge of the orientational anisotropy existing for both
surfaces. The topology of the excited state appears richer, with 3B
contributions making insertion configurations with He in between
Li and H being significantly (around 2000 cm~') more attractive
than the outer collinear conformations.

We also used the two computed surfaces to surmise possi-
ble outcomes of the LiH* dimer interacting with a helium droplet
environment. From the structural point of view, we saw for the
ground state that to include the non-rigidity of the cation in the
present study could possibly modify the selective collocation of the
He adatoms which surround the cationic dopant. On the excited
state we found that a barrierless reaction forming HeH* could be
very likely to occur just after the cation enters in contact with the
droplet. We analysed for each deexcitation and/or reactive process
predicted by our computed PESs what consequences it would have
in terms of He atoms evaporation and cluster restructuring, and
how they could be detected in some special instances.
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Future work that we are planning on the present system will
include the reactive dynamics on both surfaces, the use of diffusion
Monte Carlo (DMC) [13] methods to reveal the structures of helium
clustering around the ground state cation as a function of its vibra-
tional energy content, and the analysis of what might happen to
the excited state of the cation in a droplet. The present calculations
will also allow us to extend our current comparative study of LiH*,
LiH and LiH™ interacting with helium, done to see the influence
of the charge on the heliophilic/phobic character of the dimer or
its mobility inside the droplets, to the analysis of structural effects
induced by HeH* and LiHe* formation.
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