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ABSTRACT

The structures and the vibrational dynamics of the complexes HHe}! are investigated experimentally
(via mass spectrometry (MS)) and at high levels of electronic-structure theory. The MS measure-
ments reveal interesting trends about the stability of the starting members of the HHe;" family.
The computations establish that the basically linear, strongly bound, symmetric triatomic molec-
ular ion He(H*)He, with an equilibrium H-He distance of 0.925 A and about 2/3 but at least 1/2 of
the positive charge on H, is the molecular core of all of the n > 3 complexes. Definitive quantum-
chemical results are obtained for HHe™ and HHe; including the proton affinity of He (computed
to be 14,876 + 12 cm™" via the focal-point analysis (FPA) scheme), the FPA isomerisation energy
between the two linear isomers of HHe;L (3826 &= 20cm~"), and the dissociation energy of the
HHezr — HHe™ + He reaction, with an FPA estimate of 3931 & 20 cm . The structural isomers of the
He-solvated complexes are discussed up to n = 18. A useful notation, [k—/—m]-HHe;", is introduced
to characterise qualitatively the three possible belts around the He-H*-He core in HHe;l (n > 3),
where | denotes the number of He atoms in the central belt and k > m denote the number of He
atoms in the top and bottom belts. Capping He atoms attached to the belts can be indicated by
sub- and superscripts. Several possible indicators of microscopic superfluidity are investigated: He
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1. Introduction

Doped He droplets, both with fermionic *He and bosonic
4He, have become standard media for high-resolution
molecular spectroscopy experiments [1-4], they were
termed ‘the ultimate spectroscopic matrix’ [5]. Of
particular relevance for the present study, spectroscopic
investigations of doped He nanodroplets of widely differ-
ent size yielded an extremely interesting property: micro-
scopic superfluidity (MSF) [4,6-18]. One of the aims of
MSF studies has been the establishment and the detailed
characterisation of the evolution of superfluidity, starting
from small (van der Waals) clusters, showing of course no
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sign of MSF and involving just a couple of He atoms, up
to thousands if not hundreds of thousands of He atoms,
showing pronounced superfluidity at the extremely low
temperatures (around and in cases significantly below
1K) of the experiments. A surprising finding of exper-
imental MSF studies has been the establishment of the
fact that clusters formed by a relatively small number
of He atoms, on the order of 10-100, surrounding neu-
tral molecules like OCS [11,14], N,O [17], and HCCCN
[18], display signs of superfluidity. Experimental signa-
tures of MSF include (a) the increased moments of inertia
and the disappearance of the Q branch in the spectra
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of He-solvated linear dopant molecules [19], and (b)
characteristic change in the effective n-dependent rota-
tional constants, where 7 is the number of solvating He
atoms, associated with free rotation of the microsolvated
dopant within the cluster. Ground-state quantum Monte
Carlo [14], reptation quantum Monte Carlo [18], finite-
temperature path-integral Monte Carlo (PIMC) [17], and
two-fluid hydrodynamic [20] model studies also pro-
vided evidence supporting the superfluidity-based inter-
pretation of the limited experimental observations.

Microsolvation studies could involve, besides >He and
“He, molecular hydrogen, especially para-H,. We are
aware of only a small number of studies utilising para-H;
for investigating MSF [19,21,22].

Experimental spectroscopic microsolvation studies,
whether performed in the microwave (MW) or the opti-
cal (infrared, IR) regions, face several considerable chal-
lenges. One difficulty has always been the separation
of clusters of different size. If He solvates not neu-
tral molecules but ions [23-31], this difficulty could
be circumvented to some extent and the dynamics and
the resulting spectra of microsolvated ions could be
studied experimentally using ion trap techniques [32].
The perhaps simplest family of microsolvated cations,
which has many potential interests and is especially rel-
evant for astronomy, has HT, H;’, and H; as potential
dopants.

Despite the fact that the H,He, molecular ions and
their He-solvated complexes are formed by the two
most abundant elements of our known universe, sur-
prisingly little is known about the structure, energetics,
and especially the nuclear dynamics of H,He, species.
Most of the experimental investigations, especially for
larger x and (in particular) larger »n values, are mass
spectrometry (MS) studies [33-39]. MS does provide
important information about the existence of HyHe
species (vide infra), and even some limited informa-
tion about their relative stabilities. In this study we
supplement the available experimental MS results with
an eye on future high-resolution spectroscopic studies
on some HyHe; systems (see Section 2). Nevertheless,
detailed structural and especially dynamic information
cannot be obtained this way. Thus, it is unfortunate that
there are only a handful of spectroscopic and compu-
tational investigations on the smaller members of the
H,He;" family [36,40-69], and even they sometimes con-
tain data less well understood. High-resolution spectro-
scopic [41,43-46,48,49,52,53,62,66] and first-principles
quantum chemical information [40,42,47,51,57,58,60,61,
63-65] is available mostly for the different isotopologues
of the HHet molecular ion, the simplest polar molecule
and a favourite system of few-body quantum-mechanical
studies.

Apart from some early confusion, all electronic-
structure computations agree that HHeJ is a highly stable
molecular ion and it forms the core, the ‘dopant’, the
‘chromophore’, of He-solvated HHe," clusters. This is in
contrast to other solvated ions which do not exhibit this
structural motif, as, e.g. LiHe;" complexes [31]. There
have been a few attempts to compute, at various lev-
els of electronic-structure theory, optimised equilibrium
structures and dependable relative energies for HHe,"
for low values of #n but larger than n=2 [36,54-58,70].
For example, in 2000, Balta and Gianturco [57] per-
formed single and double excitation configuration inter-
action (MRD-CI) computations with the compact cc-
pVTZ basis of Dunning [71] and obtained two minima
for HHel: a T-shaped and a linear one. As detailed
below, our more extensive computations presented in this
paper, performed up to single, double, triple, and quadru-
ple excitations within the coupled-cluster (CC) theory,
named CCSDTQ, and with basis sets up to aug-cc-pV6Z
[72], clearly indicate that while the T-shaped form is
indeed a minimum, the linear form becomes a second-
order transition state when basis sets more extensive than
aug-cc-pVTZ are employed. In another computational
study, Filippone and Gianturco [54] indicated breaking
of the ‘ideal’ point-group symmetry of D, and Dsj, for
the equilibrium structures of the He-solvated complexes
HHeZ and HHe;', respectively. For HHeI, the two He
atoms solvating HT of the HHe; core are placed at a
distance of 2.30 and 2.14A, yielding a strongly asym-
metric planar structure. As to HHe;, the H"-He dis-
tances are about equal, 2.20A, but they are tilted toward
one side of the complex and the equilibrium geometry,
due to the attraction of the He atoms, does not display
the fully symmetric D3, point-group symmetry. Balta,
Gianturco, and Paesani [58] came up with evaporation
energy estimates of HHe," complexes up to n==6. The
computed evaporation energies show a steady decreas-
ing tendency, changing from 0.7 to 0.4 kcal mol ~! when
going from n=3 to n=6. This computational result is
in contrast to the results of experimental MS studies
[35,39] showing that n =6 is a ‘magic number’ and HHe,"
has pronounced stability (see also our own MS study in
Section 2 supporting this statement). Classical and quan-
tum dynamical studies have also been attempted on these
systems [73].

In this paper, after reporting relevant MS results
obtained for small x and n values, we make an attempt
to explore the configuration space of a large number
of HHenJr species, up to n=18, and locate at least the
lowest-energy isomers. Note that for at least some of these
species one can easily get trapped in the web of poly-
topism [74-76], as the level of electron correlation and
the size of the basis set influence the computed results,



sometimes even in a qualitative way. Therefore, (a) some
previous studies suffered from the use of relatively low
levels of wave-function-based electronic-structure the-
ory, and (b) density-functional-theory (DFT) results
should mostly be viewed with caution for this class of
molecules, although specialised parametrised techniques
[77-81] seem to provide outstanding results.

2. Mass-spectrometry results

As mentioned in the Introduction, a couple of advanced
experimental MS studies [34,35,39] have been performed
on HHe," ions. These studies were designed to explore
the generation and the stability of the HHe}" ions pro-
duced under various experimental conditions.

Following a pioneering study of Veatch and Oskam
[34], Kojima et al. [35] injected H; and H; into a drift
tube filled with He at a temperature of 4.4 K and gener-
ated HHe; ions with n up to 14. Through the measure-
ment of the drift-field dependence of the ion yield, they
concluded that the n=13 (and possibly also the n=6)
cations are particularly stable members of the HHe;,! fam-
ily. In their words [35], ‘HHe," is relatively more stable
than other clusters’ and ‘the 14th He atom is bound much
less tightly than the last He of HHe];". Unfortunately,
based on the limited data available to them, Kojima
et al. [35] considered HHe™ as the chromophore of the
HHe; complexes, while we know today that the chro-
mophore is HHeJ . Thus, their suggestion that ‘HHe,
has an HHe™ -centred icosahedral structure’ turns out
to be incorrect. In 2013, Bartl et al. [39] obtained high-
resolution mass spectra (Am/m = 1/5000) of helium
nanodroplets which have been doped with H, or D, and
subsequently ionised. The very high resolution of the
spectrometer used enabled them to distinguish the ionic
complexes with masses up to 120 u, corresponding to
almost 30 He atoms. Bartl et al. [39] were able to confirm
the results of Kojima et al. [35], most importantly that
n = 6 appears to be a magic number for the HHe,! species.
The ion yield obtained by Bartl et al. [39] also showed an
abrupt drop from n =13 to 14. They associated this drop
with a ‘similarly abrupt drop in the evaporation energy’
[39]. It is worth adding that the ion-yield figure (Figure 2a
of Ref. [39]) suggests ‘no further magic numbers, at least
not below n=30".

To confirm and extend these results, we performed MS
experiments applying the cryogenic 22-pole trap appara-
tus COLTRAP [82,83]. Similar to the drift-tube experi-
ments [35], we injected hydrogen cations into a cold envi-
ronment containing He gas, but at much lower kinetic
and internal energies. During the first set of experiments,
HJ ions, generated by ionising a low-density (H,:He
= 1:4) gas mixture in a storage ion source, were mass
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Figure 1. Mass spectrum recorded after trapping mass-selected
H;r ionsina cold (4 K) 22-poleion trap for 1.5 s. At the beginning of
the trapping cycle, a strong and short helium pulse (~ 10'® cm~3,
~ 100 ms) has been admitted to the trap. The resulting ion masses
are explained in Section 2 of the text. The arrows indicate a rel-
atively low probability to attach a further He atom to H;r (blue),
HHeJ (green), and HyHeJ (red).

selected in a quadrupole mass filter, and then injected
with low energy (typically less than 1eV) into the 4K
cold 22-pole ion trap. A strong helium gas pulse at the
beginning of the trapping cycle leads to the mass spec-
trum shown in Figure 1, which was recorded after the
trapping time of 1.5s. A rich variety of HyHe; ions can
be observed in Figure 1. Apart from the tagging of the
injected Hy, leading to the formation of H,He,! ions
(n=1,2and 3, shown in red in Figure 1), H;‘ ions (shown
in blue) are also produced in large quantities. This is due
to a small H, contamination traversing the trap (leaking
from the ion source into the trap) and the fast exother-
mic reaction H; + H; — H;“ + H. The blue and red
arrows in Figure 1 show a strong drop of many orders of
magnitude in the number of the complexes HyHe3 and
H;He™ and indicate special stability for HyHe; and HJ .
The reluctance of H;r to attach a helium atom (as com-
pared to HJ) can be rationalised by the fact that this is a
closed shell species and even the first He atom ‘solvating’
H1 is only loosely attached to the ion. The ternary rate
coefficient for the attachment of He to H at 3.7K has
been given by Savi¢ et al. [67].

HHe," species, forming the topic of this paper, are
also readily produced in the trap. These ions stem from
vibrationally excited H (v) generated in the ion source
(the energy of the ionising electrons is 17eV). When
entering the trap, the otherwise endothermic reaction
H;r(v) + He — HHe' + H is enhanced for v >3
[84]. Further tagging by He atoms leads to the HHe;"
species shown in green in Figure 1. Again, a drop of two
orders of magnitude can be seen there for n=3 (green
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Figure 2. Mass spectrum recorded after injecting mass-selected
HHe™ ions into a 4K cold 22-pole ion trap. The initial mass-
selected ion bunch with m =5 u is drawn in thick green. The trap
is constantly filled with helium (~ 10> cm~3). The trap time is
0.8 s. Ternary attachment of helium leads to the observed HHe;"
ions with prominent, order-of-magnitude drops in the number of
ions observed after n =2 and n = 6, indicating special stability for
those species. All other masses are due to small contaminations
of H, or H,0 co-admitted to the trap. The H;r ions (m=3u) stem
from the proton hop reaction HHet + H, — HgL + He.

arrow), corroborating the special stability of the linear
ion HHe; . This extra stability of HHe; can be seen in
the mass spectra of Kojima et al. [35], as well (see their
Figure 1), though it is not explicitly mentioned there,
because HHe™ was assumed to be the chromophore in
that paper. To optimise the experimental conditions for
generating HHe,! ions, we performed further test mea-
surements, injecting a mass-selected ensemble of HHe™
ions (m =5 u), generated similarly by a helium-hydrogen
mixture in the ion source, into the 4K cold ion trap. Our
optimisation attempts led to the mass spectrum shown
in Figure 2. The tagging of the injected HHe™ in a con-
stant cloud of He atoms leads to HHe; and HHej ions,
as well as higher complexes, and features special stability
(usually associated with shell closure) not only for n=2
but also for n=6. Unfortunately, HHe;" complexes with
about n > 8 are difficult to investigate in the cold ion trap
experiment in its present configuration (see Figure 2);
therefore, the reported stability for n=13 could not be
confirmed.

The fundamental nature of HHe; makes it a promis-
ing target for future spectroscopic experiments. These
experiments are made simpler by the following charac-
teristics of HHe;: (a) it has a singlet ground electronic
state, in contrast to, for example, H,Het and its He-
solvated clusters; (b) it has a linear equilibrium struc-
ture; and (c) it has prominent stability. Most impor-
tantly, the weakly bound He atom in HHe] (green

arrow in Figure 2) opens up the possibility to perform
high-resolution rovibrational spectroscopy experiments
applying the method of state-dependent attachment of
He atoms. This method is based on the fact that rovi-
brational excitation of a cation lowers the probability of
attaching He atoms in a ternary collision process at 4 K.
For instance, this method has been successfully employed
for the high-resolution rovibrational spectroscopy of fun-
damental cations, such as CH;r [83,85], O,HT [86],
and CH™ [87]. By counting the number of HHe ions
as a function of the frequency of the irradiating IR
laser, it should be possible to record a rovibrational
spectrum of HHe; in a future experiment. The IR-active
anharmonic(harmonic) antisymmetric (o,,) stretching
vibration of linear HHe is a promising target, predicted
to be at 1345(1539) cm ™! at the aug-cc-pVQZ MP2 level.
With a suitable cw light source (most probably a quan-
tum cascade laser) operating in that region, we intend
to tackle this fundamental system in the Cologne lab-
oratories. Even rotational spectroscopy is feasible with
this action spectroscopic method [87-90]. The computed
rotational constant of HHeEL, again at the aug-cc-pVQZ
MP2 level, is By = 2.37 cm L.

Characterization of the HHe, species with n > 3
can be performed by conventional predissociation spec-
troscopy. For these species, the evaporation energy of
the outer helium atom (Figure 4, vide infra), is well
below the antisymmetric stretch excitation of the inner
HHe, chromophore, leading to detectable dissociation
upon resonant excitation. Using the wide tunability and
the high power of the FELIX free-electron laser [91],
we have detected this vibrational feature in a prelimi-
nary measurement at about 1290 cm™! for n=3—6 at
low resolution (not shown here). It is our intention to
refine these features with high-resolution lasers in rovi-
brational detail. In combination with rotational excita-
tion, a recently developed double-resonance technique
[92,93] can also be applied to record high-resolution
rotational spectra of such weakly bound species. By
recording the rotational spectra of HHe; for increasing
n, signatures of microscopic superfluidity may become
detectable.

3. Theoretical and computational details

Our computational investigation of the structure and
energetics of the smaller members (n=1 and 2) of the
closed-shell HHe;" family is based on the focal-point-
analysis (FPA) technique [94,95]. This requires the exe-
cution of a large number of electronic-structure compu-
tations using various levels of electron-correlation treat-
ment and basis sets and yields uncertainties for the com-
puted quantities. For larger members of the family, the



detailed investigations had to be restricted mostly to the
aug-cc-pVTZ and aug-cc-pVQZ MP2 levels.

3.1. Electronic structure computations

In this study the correlation-consistent (cc) family [71] of
atom-centred, fixed-exponent, Gaussian basis functions
has been employed for the electronic-structure computa-
tions. Due to the nature of the cations, especially taking
into account the noble-gas nature of He and the large
He- - -He distances, diffuse (‘aug’) functions have been
part of all basis sets used. The aug-cc-pVXZ basis sets
with X =3(T),4(Q), 5, and 6 have been used, occasionally
abbreviated as aXZ.

The MP2 computations have been carried out with
the Gaussianl6 (G16) program package [96]. All CC
electronic-structure computations utilised either the
CFOUR [97] or the MRCC [98-100] packages. To obtain
proper results, especially harmonic frequencies, it proved
to be essential to increase the standard convergence crite-
ria of CFOUR by almost two orders of magnitude. Vibra-
tional anharmonicities have been computed with the help
of the G16 package [96].

3.2. Breaking of the assumed symmetry of
equilibrium structures

In several of the He-solvated structures the naively
expected point-group symmetry of the equilibrium
structure is lowered’ by the actual geometry optimiza-
tions. In a few cases stationary points which are minima
at a given level of electronic-structure theory turn out to
be transition states at other levels. Such problems are not
unknown in electronic structure theory, relevant exam-
plesinclude the polytopic LiCN [75], SiC; [76,95], (CH);|r
[74], (CH)5 [74], and (CH)4CO [74] molecules. There
can be two reasons behind these difficulties: (a) com-
petition between the weak H - - - He, He’* - - - He, and
He - --He interactions (attractions) yields asymmetric
distortions; and (b) inadequacy of or symmetry breaking
in the (single-reference) electronic wave functions. The
interactions noted are fully physical; thus, we investi-
gated in detail the latter issues to rule out possible prob-
lems with the electronic-structure computations utilised
during the present study.

The T diagnostics [101] of coupled-cluster theory,
i.e. the Euclidian norm of the #; amplitudes given by
the CCSD procedure, is a common diagnostic for non-
dynamical electron correlation. It has been used in this
study to investigate whether single-reference techniques
would provide suitable results for the HHe;} systems. The
computed T values are small in all cases investigated; for
example, T; = 0.003 for HHej. Thus, it appears to be
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safe to use single-reference coupled-cluster theory during
this study.

Stability of the Hartree-Fock determinant was also
investigated in several cases. In all cases studied no insta-
bility was indicated by the G16 stability analysis compu-
tations.

As to the competition between the HT.-. He,
He’*. .. He, and He- - -He interactions, it is clear both
from previously computed energy results and those of
the present study that by far the largest energy gain is
obtained if the solvating He atoms attach to the central
proton core, which in all He-solvated complexes has a
Mulliken charge larger than +-0.5. The H'- - -He interac-
tion energy appears to be about 300 cm ™! at equilibrium.
The second most important interaction is that of the He
atoms of the ‘linear’ triatomic core, having a substantial
positive Mulliken charge of about 0.1-0.3 (depending on
the basis), with the solvating He atoms. The magnitude of
this interaction energy is about 100 cm™!. The attractive
He- - -He interaction is weak, on the order of a few cm ™!
[102], but it is responsible for the relative stability and the
size of the three belts formed around the three positively
charged atoms of the He(H™)He core of the He-solvated
complexes (vide infra).

3.3. Geometry optimizations

The equilibrium structures of all HHe," complexes have
been determined at the aug-cc-pVTZ MP2 level. Geome-
try optimizations have been carried out also at the CCSD,
CCSD(T), CCSDT, CCSDT(Q), and CCSDTQ levels with
basis sets up to aug-cc-pV6Z for small # values. Note that
CCSD and CCSDTQ correspond to full configuration
interaction (FCI) for HHe™ and HHe;, respectively.

The structures optimised at the aug-cc-pVQZ
CCSD(T) level served as reference structures for the FPA
analyses of this study. Since the bonding of He to the
cationic core in the He-solvated cases is extremely weak,
great care must be exercised when the geometry optimi-
sation is stopped.

3.4. Focal-point analysis (FPA)

During the last 25 years the technique of focal-point anal-
ysis [94,95] has been employed a large number of times
to study molecular energy differences as well as molecu-
lar potential energy surfaces (PES) [103]. These studies
include not only small [76,104-106] but also large sys-
tems, like peptide building blocks[107] and amino acid
complexes [108]. Within the FPA scheme it is usual to
extrapolate the energies and the energy increments to
the complete basis set (CBS) limit [95,109,110]. Most
importantly, the FPA scheme allows the estimation of
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Figure 3. Equilibrium structures of HHe™ (left) and two isomers of HHe;L (middle and right) with Mulliken charges, obtained at the
aug-cc-pVTZ RHF level, denoted on the atoms (H is white, He is light blue).

the uncertainty of the computed relative (interaction)
energies [111].

The auxiliary relativistic corrections determined in
this study for each species were obtained at the mass-
velocity and one-electron Darwin (MVD1) level [112]
employing the aug-cc-pVQZ basis and the CCSD(T) level
of electronic structure theory. These relativistic estimates
should be sufficiently accurate for the very light HHe;"
systems even at the level of accuracy sought during this
study.

The diagonal Born-Oppenheimer corrections
(DBOC) [113] were estimated at the aug-cc-pVQZ HF
level.

3.5. Harmonic and anharmonic vibrational
frequencies

To obtain highly accurate relative energies through the
FPA approach, it is preferential to use anharmonic
ZPVEs. Harmonic ZPVEs have been obtained during this
study, mostly to check whether an optimised stationary
point corresponds to a minimum or not. These harmonic
ZPVE estimates are also reasonably accurate for the pur-
pose of correcting relative electronic energies, as done in
this study.

Next, we must discuss why we are not computing
anharmonic perturbative corrections to the ZPVE for
the large(r) He-solvated clusters. The reason is that they
are expensive and, perhaps even more importantly, make
limited sense once there is a large number of funda-
mentals below 100cm~!, which is certainly the case
for large(r) n values. One must take the lack of anhar-
monic corrections into account when deciding about the
uncertainty of the vibrational corrections to the relative
energies.

4. Molecular cations

The attachment of one and two He atoms to HT
results in relatively stable molecular cations with a
linear equilibrium structure (see Figure 3). While in
Figure 3 and subsequent figures of the structures of

the HHe; cations the Mulliken charges obtained from
aug-cc-pVTZ RHF densities are denoted on the atoms,
they only serve qualitative purposes and should not
be taken literally, especially since Mulliken charges are
dependent on the level of electronic structure theory
utilised for their computation. In HHe™ the internuclear
distance is 0.775 A (a nonrelativistic, CBS FCI value),
suggesting the presence of a relatively strong, ‘true’ chem-
icalbond. As it turned out during the electronic-structure
computations of this study, the next member of the HHe;
series, the He(H1)He molecular cation, forms the core
(the ‘dopant’) of all the solvated HHe," complexes whose
equilibrium structure has been optimised. Thus, in this
section the strongly-bound HHet and HHe; species
are treated, separate from the truly He-solvated cations,
discussed in Section 6.

4.1. HHet

The molecular cation HHe™, sometimes called the
hydrohelium cation (see the left panel of Figure 3), pos-
sibly the first molecule formed in space [114] and the
founding member of the HHe;! series, was detected in a
mass spectrum almost one hundred years ago [33]. Itisa
molecule of considerable importance for the astrochem-
istry and astrophysics of certain stars [115,116]. Further-
more, the four-body HHe™ molecular cation serves as
a benchmark system for high-accuracy first-principles
computations. These computations often go beyond the
Born-Oppenheimer separation of nuclear and electronic
motions and take into account non-adiabatic, relativistic,
and quantum electrodynamic (QED) effects [61]. Note
also that Telmini and Jungen developed the so-called hal-
fium model [117], allowing the treatment of excited states
of diatomic molecules with just two active electrons, and
applied it to compute and characterise the Rydberg states
of HHe™ [118].

The equilibrium H-He bond length, r.(HHe), is only
0.775 A, corresponding to the nonrelativistic CBS FCI
limit. This structure yields a large equilibrium rota-
tional constant, Be = 34.88 cm™!, while the correspond-
ing harmonic frequency is we = 3219+ 6cm™! (from
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Figure 4. Evaporation energies of the HHe" complexes (n = 3—18) obtained during this study. Only the global minimum for each n is

considered.

here on the assumed uncertainties of some of the
computed quantities are indicated, to comply with recent
recommendations [111] of the atomic and molecu-
lar physics community). The related data corrected
for vibrational effects are By = 33.51 and vy = 2898 &
20 cm ™!, The highly accurate experimentally determined
By and v values of *“HeH™ are 33.55867000(98) [53] and
2910.958174(18) [66] cm™!, respectively, in reasonable
agreement with the computed results.

The harmonic zero-point energy estimate for HHe™
is 1609.6 +3.0cm™!. The anharmonic correction to
this value is —34.2 & 3.4 cm ™!, yielding an anharmonic
ZPVE estimate of 1575 + 5cm ™.

The simple reaction He + Ht — HeH™ defines the
proton affinity (PA) of the helium atom. As detailed in
Table 1, the computed electronic PA of He, obtained as
part of this study, is 16,457 = 8cm™!. Note the very
small electron-correlation contribution to this value. This
value should be corrected with the anharmonic ZPVE
of HHe™, as well as with the (relatively substantial)
DBOC correction, —7.1 £ 3.5cm ™!, and the minuscule
relativistic correction, 0.92 + 1.0 cm~—!. Overall, our FPA
estimate of the proton affinity of the ground-state “He
atom is 14,876 + 12cm™!. This computed PA of He
compares extremely well with the available literature val-
ues, namely 14,873 [42] and 14,863(8) [119] cm™ L.

4.2. HHe}

The ground electronic state PES of HHe; exhibits two
linear minima. The global minimum corresponds to
the symmetric He(H")He arrangement with an equi-
librium structure of Dy point-group symmetry and
re(HHe) = 0.925 A, corresponding to the nonrelativistic

Table 1. Focal-point-analysis table of the proton affinity of the
helium atom, corresponding to the reaction He + H* — HHe™.

AEe(HF) S§[MP2] §[CCSD] AE[FCI]
aug-cc-pVTZ 15601.7 5874 2264 16415.4
aug-cc-pvVQZz 15660.4 569.6 231.7 16461.8
aug-cc-pV5Z 15670.5 561.7 232.8 16465.0
aug-cc-pVezZ 15672.5 554.9 2354 16462.8
CBS 15673.0(10) 545.5(60) 238.9(30) 16457.4(80)

aThe symbol § denotes the increment in the relative energy (AE.) with respect
to the preceding level of theory in the hierarchy HF — MP2 — CCSD = FCl.
CBS = complete basis set. The basis set extrapolations are described in the
text, they are based on the cardinal number X of the aug-cc-pVXZ Gaussian

basis-set family. Uncertainties are given in parentheses. All energy values are

givenincm™'.

CBS FCI limit. This bond length is significantly longer,
just as expected, than that in HeH™, 0.775 A, show-
ing the considerably weaker binding of He by the
H* core within the symmetric HHe, ion. At the
aug-cc-pVQZ MP2 level, the By(Be) rotational con-
stant of linear HHe2+ is 2.370(2.473) cm~!. VPT2 the-
ory provides the following anharmonic(harmonic) fun-
damentals at the aug-cc-pVQZ MP2 level: 882(959),
893(1140), and 1345(1539)cm™!, and the following
anharmonic(harmonic) ZPVE values: 2265(2298) cm ™.
The harmonic frequencies at the aug-cc-pV5Z FCI level
are only slightly different at 958(w,), 1138(c7gJr ), and
1561(0, ) cm ™!, yielding a harmonic ZPVE estimate of
2308cm ™!,

The secondary minimum of Cu, point-group sym-
metry, when the He atom attaches to the He end of the
diatomic hydrohelium cation, corresponds to the He-
solvated HHe™ molecule. This stationary point is a mini-
mum at all levels of theory studied. The distance between
the two He atoms is 2.12 A in this case (it is 1.85 A for the
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Table 2. Focal-point-analysis table related to the dissociation energy of HHe , HHe; — HHe™t + He.?

AEe(HF) 8[MP2] 8[CCSD] 8[CCSDT] 8[CCSDTQ] AEe(FCI)
aug-cc-pVTZ 3980.1 606.4 246 64.0 0.9 4676.1
aug-cc-pvVQZz 3961.1 597.7 18.9 66.3 0.9 4644.9
aug-cc-pV5Z 3960.0 5923 19.5 66.7 0.9 4639.4
aug-cc-pVeZ 3957.9 588.1 211 66.8 0.9 4634.8
CBS 3957.5(20) 582.3(70) 23.1(30) 66.9(10) 0.9(1) 4631.0(100)

aSee footnote a to Table 1.

Table 3. Focal-point-analysis table of the isomerisation energy related to the two linear isomers of HHe;r (see Figure 3).2

AE(HF) 5[MP2] 8[CCSD] 8[CCSDT] 8[CCSDTQ] AE[FCI]
aug-cc-pVTZ 3819.0 +524.0 +11.6 +57.8 +0.8 4413.2
aug-cc-pvQZz 3799.2 +514.6 +7.4 +59.6 +0.8 4381.6
aug-cc-pV5Z 3797.5 +508.7 +8.2 +59.9 +0.8 43743
aug-cc-pVezZ 37954 +504.5 +9.7 +60.0 +0.8 4369.6
CBS 3794.9(10) +498.8(60) +11.8(20) +60.1(10) +0.8(1) 4365.8(65)

aSee footnote a to Table 1.

global minimum). As can be seen in Figure 3, the solvat-
ing He atom acquires a very small positive charge, for the
other two atoms the charge distribution of the secondary
minimum resembles closely that of HHe™ (where about
2/3 of the full charge is located on H and 1/3 on He). The
FPA energy difference between the two isomers of HHe;"
is huge on the energy scale of cations containing only H
and He, it is 4366 & 7 cm !, without taking into account
the ZPVEs (Table 3). The energy difference of the two
linear isomers of HHe,™ becomes 3826 & 20 cm ™! when
the ZPVE correction is taken into account. Interestingly,
electron correlation and zero-point vibrational contribu-
tions to the isomerisation energy basically cancel each
other out (Table 3).

The reaction energies of the HHe;” — HeH'+ He
(Table 2) and HHe; — H* 4 2 He (total atomisation
energy (TAE), which can be deduced from Tables 1 and 2
by adding the appropriate entries) processes suggest that
the binding of two He atoms to H™ is a strongly exother-
mic process. The CBS-FCI-based FPA value for TAE
of HHe2+ is 21,088 +12cm™1, compared to 16,457 &+
8cm~! for HHe™. Convergence of the CC series is
pronounced, the correction above CCSDT is as small
as +1cm™! for the dissociation energy of HHe; . The
ZPVE-corrected TAE is 18,813 £ 15cm™ 1.

Based on the pure electronic reaction energy of Table 3
and the ZPVEs, our estimated dissociation energy of the
HHe;' — HeH™+ He reaction is 3931 £20cm™!. A
substantial part of the uncertainty comes from the ZPVE
correction.

The existence of two minima on the ground-state PES
of HHe, means that even this simple triatomic cation
would exhibit interesting and complex rovibrational res-
onances at excitation energies close to the energy of
the secondary minimum, which can be studied, for
example, by high-resolution overtone spectroscopy in

an ion trap. The experimental studies could be nicely
complemented by fourth-age [120] variational nuclear-
motion studies if an accurate global PES was made
available.

5. A notation recommended for He-solvated
HHe; (n > 3) complexes

Before proceeding to the actual presentation of the
structures of the HHe," (n > 3) complexes, provided in
Section 6, a useful way to qualitatively characterise the
structures of the HHe;l complexes investigated in this
study is given.

The three atoms of the He(H")He core (the dopant
in a He-solvated HHe,!" cluster with n > 3) have posi-
tive partial charges. The largest positive charge is always
on the central atom but the two strongly-bound He
atoms also acquire substantial charges. For the linear
He(H")He complex the Mulliken charges are 40.571
and +0.215 for the H and He atoms, respectively (see
Figure 3). The equilibrium structures of the larger He-
solvated complexes reflect the easily explainable ten-
dency that the larger positive charge an atom possesses
the more He atoms solvate that atom of the core. Since
He atoms prefer to solvate a dopant in a planar (or nearly
planar) fashion (as a result of the different attractive
interactions), we can have three ‘belts’ (‘rings’, ‘toroids’,
‘donuts’) in a He-solvated HHe;" complex, placed more
or less perpendicularly to the linear He(H™)He core. For
the lowest-energy isomers the belt containing the largest
number of directly-bonded He atoms is the central belt
around H™ and this belt is filled up first. The two other
belts, the ‘upper’ (top) and the lower’ (bottom) belts have
less He atoms in the lowest-energy complexes. It is an
interesting question whether symmetric or less symmet-
ric arrangements are preferred for the top and bottom



belts, and the answer is case specific. Nevertheless, the
energy differences are exceedingly small and thus the
dependability of the electronic-structure computations
performed in this study can arguably be questioned for
larger n values.

Due to the presence of three rings, a useful notation
for He-solvated HY clusters is the [k — I — m] notation,
where [ denotes the number of He atoms surrounding the
central HT atom and k and m denote the number of He
atoms in the top and bottom belts. It is useful to choose k
to be larger than m.

In some of the complexes studied the outer belts con-
tain capping He atoms. This bonding can be indicated by
using upper indices in front of k and m when the cap-
ping He atom has more or less equal bonding to all the
He atoms of the belt. If only selected atoms of the belts are
solvated, the hapticity concept (the n-notation) [121] of
inorganic chemistry could be employed for the notation.
Nevertheless, we chose to indicate these structural fea-
tures using subscripts after k and m. This complication in
the structure of the isomers of HHe;'" is observed first for
the n= 13 case, when 11 He atoms solvate the He(H*)He
core. If more than one He atom has 7*-type bonding in
one of the belts, this can be indicated by repeated sub-
scripts. For example, 4;; means that a 4-membered belt
(say, k=4) is solvated by two He atoms showing n*-type
bonding. The additional He atoms can share a common
He atom (syn, s) or can take opposite sides (anti, a) of
the 4-membered ring. These n2-type bonding features
can be indicated as part of the subscripts (this is an issue
only for HHej;.) Capping He atoms can be indicated as
superscripts.

6. He-solvated complexes of the He(H*)He core

When the He(H™")He core is solvated with He atoms, the
He- - -H distances are (considerably) longer than 1.7 A,
while the He- - -He distances between the solvating He
atoms and those of the core are even longer, at least 2.1
A). While the structures of the He-solvated complexes
are discussed in separate subsections, we present sev-
eral tables summarising the main computational results
of this study (Tables 4-7).

The equilibrium rotational constants of the HHe,
(n=1—18) species are collected in Table 4, obtained at
the aug-cc-pVTZ MP2 level. Table 5 contains the four
highest fundamentals of the HHe,!" (n=2—18) species,
computed at the aug-cc-pVTZ MP2 level, correspond-
ing to the two bending and the two stretching vibrations
of the He(H")He core. Only the global minima have
been considered when the data of Tables 4 and 5 have
been assembled. Table 6 contains the harmonic ZPVE
values for all the complexes HHe;,', n=1—18, obtained

MOLECULARPHYSICS (&) 1567

Table 4. Rotational constants, in GHz, of the HHe;" (n=1-18)
species, computed at the aug-cc-pVTZ MP2 level. Only the global
minimum for each n is considered.

Hep, structure Ae Be Ce

He, - - 1047.78 -

He, - - 73.93 -

Hes [0-1-0] 73.94 38.30 25.23
Hey [0-2-0] 73.93 13.17 11.18
Hes [0-3-0] 22.82 11.20 9.43
Heg [0-4-0] 11.23 11.23 6.62
He; [0-5-0] 8.80 8.80 4.99
Heg [1-5-0] 6.65 553 433
Heg [1-5-1] 5.85 3.82 335
Heio [2-5-1] 438 3.34 2.89
Heqs [2-5-2] 3.64 2.84 243
Her, [3-5-2] 3.21 2.40 2.19
Heis [3-5-3] 2.94 1.99 1.99
Heis [4-5-3] 2.55 1.81 1.74
Heis [4-5-4] 2.24 1.60 1.59
H9‘|6 [41—5—4] 1.91 1.48 1.32
Heiz [4,-5-14] 1.87 1.20 1.09
He1g [41,15-5-4] 1.63 1.03 1.02

Table 5. The four highest fundamentals, in cm~', of the HHe;
(n=1—18) species, computed at the aug-cc-pVTZ MP2 level. Only
the global minimum for each n is considered.

Hep, structure

He, Dooh 960(r,) 960(7y) 1140(a) 1548(0,)
Hes [0-1-0]  921(a;) 964(by) 1137(ay) 1533(by)
Hey [0-2-0]  894(by,) 969(b3y) 1134(ag) 1543(byy)
Hes [0-3-0]  901(b;)  934(aj) 1131(ay) 1537(by)
Heg [0-4-0] 907(ey)  907(ey) 1129(a1g) 1538(azu)
Hey [0-5-0]  900(¢})  900(e}) 1131(d}) 1545(a’)
Heg [1-5-0] 900(a’)  902(a”) 1133(d)) 1552(a”)
Heg [1-5-1] 901(a)  904(a) 1139(a) 1553(a)
Heio  [2-5-1] 903(a)  905(a) 1141(a) 1560(a)
He1  [2-5-2] 903(a)  907(a) 1146(a) 1561(a)
Hei;  [3-5-2] 905(a)  909(a) 1148(a) 1565(a)
Heiz  [3-5-3] 909(a)  909(a) 1151(a) 1565(a)
Heqs [4-5-3] 908(a”) 912(d) 1149(d’) 1561(a’)
Heis  [4-5-4] 908(a)  909(a) 1144(a) 1552(a)
Heig  [41-5-4]  908(a)  909(a) 1145(a) 1553(a)
Hei;  [41-5-'4]  908(a)  909(a) 1144(a) 1551(a)
Heig [4115-5-'4]1 908(a)  909(a) 1145(a) 1551(a)

at several levels of electronic structure theory. Finally,
the evaporation energies of all the complexes studied are
listed in Table 7 and depicted in Figure 4.

A couple of important questions are addressed in this
and the following sections. First, we discuss the struc-
ture, the symmetry, and the harmonic vibrations of the
complexes. Second, we look for the presence of solva-
tion shells. Third, we investigate the role a pure quan-
tum effect, the zero-point vibrational energy, has on the
strength of the complexes, defined through the evapora-
tion reaction HHej — HHeZLﬁ- He. Fourth, we look
for tell-tale signatures of microscopic superfluidity.

6.1. HHe}

In the simplest truly He-solvated complex of the HHe;
series the third He binds to HT carrying the largest partial

bending bending symm.stretching asym. stretching
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Table 6. Harmonic zero-point vibrational energies of the HHe; isomers considered in this study?.

Hep, Structure Symm. MP2/aTZ MP2/aQZ MP2/a5Z CC/aTZ CC/aQz CC/a5Z
He, Coov 1606 1613 1613 1603 1610 1610
He, Dooh 2303 2298 2293 2307 2300 2298
Coov 1775 1765 1762 1782 1769 1768
Hes [0-1-0] Coy 2431 2429 2426 2438 2434 2431
Hey [0-2-0] Cav 2560 2551P 2548P 2590 2586° 2580°
Hes [0-3-0] Cau 2720 2708 2706 2738 2724 2723
Heg [0-4-0] Dap 2871 2846 2840 2858
He; [0-5-0] Dsp, 3011 3006 3000
[1-4-0] G 2951 2934
Heg [1-5-0] Cs 3085 3086 3080
[2-4-0] Cau 3027 3013 3003
[1-4-1] Gan 3028 3014 3006
Heg [1-5-1] G 3158 3165
[2-5-0] G 3167 3171
Heqo [2-5-1] G 3237 3248
[3-5-0] G 3277 3275
Heq [2-5-2] G 3315 3330
[3-5-1] G 3347 3350
[4-5-0] G 3390 3384
Hes [3-5-2] G 3419 3427
[4-5-1] G 3461 3460
Heis [3-5-3] G 3533P 3531
['4-5-1] G 3527 3528
[4-5-2] G 3532 3542
He14 [5-5-2] G 3608 3614
[4-5-3] Gs 3653 3637° 3624°
H915 [41 —5—3] C1 3725
[4-5-4] Cov 3766° 3753
Heq [41-5-4] G 3835 3821
['4-5-4] G 3833
Hez [41-5-14] G 3900 3890
['4-5-14] Ca 3901 3891
He1g [41,15-5-4] G 3958
['4,-5-4] G 3969
[41,1,4-5-"4] G 3946

aSymm. = point-group symmetry of the equilibrium structure;
MP2/aTZ = MP2/aug-cc-pVTZ//MP2/aug-cc-pVTZ;

MP2/aQZ = MP2/aug-cc-pVQZ//MP2/aug-cc-pVQZ;

MP2/a5Z = MP2/aug-cc-pV5Z//MP2/aug-cc-pV5Z;

CC/aTZ = CCSD(T)/aug-cc-pVTZ//CCSD(T)/aug-cc-pVTZ;
CC/aQZ = CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVQZ;
CC/a5Z = CCSD(T)/aug-cc-pV5Z//CCSD(T)/aug-cc-pV5Z.

bNot a minimum at the given level of electronic-structure theory.

positive charge (see Figure 5). The structure of this He-
solvated complex is thus [0—1—0]—HHe;r. This is the only
isomer we found on the PES of HHej .

The polytopic nature of some of the HHe;" com-
plexes shows up here in that (a) at the CCSD(T)/aug-cc-
pVQZ level, and only there, the structure with a linear
He(H")He core is also a minimum, higher in energy by
only 5.6cm™! than the slightly bent, C,, point-group-
symmetry isomer, the ‘true’ equilibrium structure of
HHe3+; and (b) the linear arrangement of the four atoms,
He(H')He- - -He, is a minimum at the aug-cc-pVTZ
MP2 and CCSD(T) levels, with very slightly unequal
HHe distances within the core. When larger basis sets
are used, either aug-cc-pVQZ or aug-cc-pV5Z, the lin-
ear structure becomes a second-order transition state,
and the imaginary harmonic frequencies are larger in the
case of the a5Z basis, suggesting that even larger basis
results would increase the barrier corresponding to the

high-symmetry linear configuration as compared to the
bent configuration even further. This is the result regard-
less whether the MP2 or the CCSD(T) techniques are
employed for the geometry optimizations. This means
that for this particular complex the basis set providing
meaningful results must be at least of aQZ quality and
perhaps even larger.

Then comes the question whether the equilibrium
structure of the T-shaped (n!-He)He(H")He complex
has a fully symmetric C;, or a less symmetric C; equi-
librium structure. For example, Balta and Gianturco [57]
made the following comment based on their electronic
structure optimizations: ‘the (He-H-He)" interaction
with an extra He atom presents a double well mini-
mum potential with a T-shaped global minimum and a
very shallow local minimum in the linear approach’. Our
results clearly show that the equilibrium structure has
Cyy point-group symmetry: as expected, the He atom is



MOLECULAR PHYSICS 1569

Table 7. Successive electronic evaporation energies, in cm~', defined through the reaction HHe," — HHe,J{_1 + He, of the HHe;T species
considered in this study, where only the global minimum for each n is considered (note that consideration of the ZPVE changes the
stability order of the two lowest-energy isomers of HHed , HHe ', and HHe{, (see text for details)).2

Hep, Structure HF/aTZ HF/aQz MP2/aTZ MP2/aQZ MP2/a5Z CC/aTZ CC/aQz CC/a5Z
Hes [0-1-0] 221.2 2224 321.7 329.8 3326 3425 351.0 3541
Hey [0-2-0] 214.2 2144 3139 316.5P 318.0P 3344 336.7 3385
Hes [0-3-0] 208.3 205.2 336.0 3342 3334 361.8 358.9 3458
Heg [0-4-0] 201.9 201.6 328.1 322.7 320.0 353.2 3455 3559
He; [0-5-0] 99.0 99.2 216.4 219.1 2185 241.0 243.7

Heg [1-5-0] 68.2 67.1 140.9 140.3 140.2

Heg [2-5-0] 63.3 62.8 145.9 145.1

Heqo [3-5-0] 455 453 146.5 140.7

Heqq [3-5-1] 65.3 64.0 137.0 135.8

He1, [3-5-2] 62.3 61.0 142.4 140.6

Heis [3-5-3] 39.2 39.1 143.6 138.1

Heqs [4-5-3] 0.0 —0.2 933 87.0

Heqs [4-5-4] —6.1 —4.1 84.9 83.7

Hers [41-5-4] 35 0.9 62.6 613

Heqz [4,-5-4] —57 —6.5 50.7 49.8

Heis [41,15-5-"4] —0.2 -20 56.8 523

3HF/aTZ = HF/aug-cc-pVTZ//MP2/aug-cc-pVTZ; HF/aQZ = HF/aug-cc-pVQZ//MP2/aug-cc-pVQZ; HF/a5Z = HF/aug-cc-pV5Z//MP2/aug-cc-pV5Z; MP2/aTZ
= MP2/aug-cc-pVTZ//MP2/aug-cc-pVTZ; MP2/aQZ = MP2/aug-cc-pVQZ//MP2/aug-cc-pVQZ; MP2/a5Z = MP2/aug-cc-pV5Z//MP2/aug-cc-pV5Z; CC/aTZ =
CCSD(T)/aug-cc-pVTZ//CCSD(T)/aug-cc-pVTZ; CC/aQZ = CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVQZ; CC/a5Z = CCSD(T)/aug-cc-pV5Z//CCSD(T)/aug-cc-

pV5Z.
bNot a minimum at the given level of electronic-structure theory.
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Figure 5. Equilibrium structures of HHe; (left) and HHeI (right), with Mulliken charges, obtained at the aug-cc-pVTZ RHF level, given

on the atoms (H is white, He is light blue).

attached to the formally linear He(H")He core in a T-
shaped form. The He-H-He angle decreases from 180°
to 177.2° and the non-bonded He- - -H distance is 2.13
A at the aug-cc-pVQZ CCSD(T) level. We have also dis-
credited via higher-quality electronic-structure compu-
tations the existence of a linear local minimum found
earlier by Balta and Gianturco [57].

For the global nonlinear minimum the evapora-
tion energy depends only very slightly on the exten-
sion of the basis. At the CCSD(T) level, for exam-
ple, the electronic evaporation energies are 342.5, 351.0,
and 354.1 cm™~! when the aug-cc-pVTZ, aug-cc-pVQZ,
and the aug-cc-pV5Z basis sets are used, respectively,
showing clear convergence to the CBS limit (again, as
expected, the CCSD(T) - MP2 energy increments com-
puted for the FPA analysis show extremely mild basis set
dependence).

6.2. HHe}

The naive expectation, without taking into account the
attractive He- - -He interaction, is that the equilibrium
structure of the [0—2—0]—HHeZr complex (see Figure 5)
has D,; point-group symmetry. Interestingly, this is
indeed true when one employs the aug-cc-pVTZ basis at
the MP2, CCSD, CCSD(T), and CCSDT levels. However,
the Dy, structure of [O—2—0]—HHeI is never a minimum
when basis sets larger than aug-cc-pVTZ are utilised.
With the aQZ and a5Z basis sets, the optimised Dy, struc-
tures correspond to first-order transition states (TS), with
a minuscule imaginary wavenumber of B3, symmetry,
between 5i—9icm™! (the value gets larger as the basis
gets larger). Motion along this mode makes the optimised
equilibrium structure correspond to a very nearly Cy,
point-group symmetry structure.
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obtained at the aug-cc-pVTZ MP2 level, with Mulliken charges,
obtained at the aug-cc-pVTZ RHF level, denoted on the atoms (H
is white, He is light blue).

With all basis sets used, the HHe distance of the
core is extremely similar to that of the molecular cation
He(H*)He. For example, at the aug-cc-pVTZ MP2 level
the equilibrium distance is shrinked to 0.92407 A from
0.92409 A. This means that the extra two He atoms
attached to the core cause an extremely small perturba-
tion to the electronic structure of the cationic core of the
complex.

The simplicity of the structure of the [0-2-0]-HHe;
complex is reflected in its harmonic and anharmonic fre-
quencies. There are the ‘usual’ four high-wavenumber
modes above 800 cm ™!, corresponding to the stretching
and bending modes of the He(H")He core (see Table 5).
The other five, bending modes of the complex are all
below 200 cm ™!,

6.3. HHeZ

The equilibrium structure of the [0—3—0]-HHe; com-
plex could have a maximum of Djj, point-group sym-
metry. However, at all levels of electronic structure the-
ory employed the equilibrium structure has lower, Cy,
point-group symmetry, as clearly seen in Figure 6. A sim-
ilar asymmetry has been noted by de Lara-Castells and
Mitrushchenkov [81] for the CO; dopant in para-H; and
by Whaley et al. in other cases [122,123], as well.

The eight low-frequency modes of [0-3-0]-HHe are
all below 200 cm ™!, three of them are below 100 cm™!:
27 (ay), 41 (by), and 89(b;) cm™! at the aug-cc-pVTZ
CCSDT level. These are basically the same when com-
puted at the aug-cc-pVTZ MP2 level (22, 35, and
85cm~1, respectively). In fact, the values of all the fun-
damentals are stable across the different basis sets and
electron-correlation levels. These results suggest that
when for the larger complexes only the aug-cc-pVTZ

MP2 level is used to obtain structural and spectroscopic
results, they should be considered dependable.

6.4. HHe}

The equilibrium structure of the [0—4—0]-HHe2 com-
plex has Dyj, point-group symmetry (see the left panel of
Figure 7); thus, it is a tetragonal bipyramid.

Optimizations aimed at finding the [1-3-0]-HHe;
complex always ended up as [0-4-0]-HHe, irrespec-
tive of the starting geometry and the level of electronic-
structure theory applied. Thus, even if the [1-3-0]-
HHe/ isomer existed, certainly the barriers separating
the two isomers must be small.

The [0—4—0]—HHegr complex has four harmonic fun-
damentals below 100 cm ™!, they are at 36 (e,), 39 (by),
and 66 (by,) cm ™! at the aug-cc-pVTZ MP2 level. Again,
there is a very clear separation of the core motions, with
four harmonic fundamentals above 900 cm™!.

Our computed evaporation energies and ion trap mea-
surements confirm one of the most important experi-
mental MS results [35,39] concerning the HHe”Jr com-
plexes, namely that the stability of the He-solvated com-
plexes remains about the same for n=3—6 and decreases
sharply after the HHe! complex. As Figure 4 shows
vividly, the evaporation energies for n=3—6 are basi-
cally the same, with or without the consideration of the
ZPVE correction (though the correction itself is sub-
stantial, it decreases the evaporation energies from about
320cm™! to about 180 cm™!). If one compares Figure 2
and 4, containing experimental and computed results,
respectively basically the same gentle decrease in stabil-
ity from n =3 to 6 can be observed. Thus, the computed
evaporation energies support and explain the MS results
of the present and previous studies.

6.5. HHeZ

The evaporation energy drops substantially for this com-
plex but the equilibrium structure of the global minimum
remains highly symmetric, of D5, point-group symme-
try, corresponding to a pentagonal bipyramid (middle
panel of Figure 7). This holds irrespective of which level
of electronic-structure theory was employed for the opti-
misation of the structure.

In the [0—5—0]—HHe}F cation the buildup of the first
solvation belt around the H* atom of the He-H"-He
core becomes complete. The five-membered central belt
is a recurring motif in the (global) minima of the larger
He-solvated clusters.

The lowest-frequency, in fact doubly-degenerate (e;),
vibrations characterising this structural motif are as large
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white, He is light blue).

as 49,48, and 48 cm ™! atthe aTZ, aQZ, and a5Z MP2 lev-
els, respectively. These values should be compared with
the lowest-frequency values for [0-4-0]-HHe,, 36 and
26 cm ™! at the aug-cc-pVTZ and aug-cc-pVQZ MP2 lev-
els, respectively. Nevertheless, adding a fifth He atom
to the central ring does not yield the same stabilisation
energy as building the central ring with up to 4 He atoms.

There is another HHe;r isomer, the [1—4—0]-HHe;r
cation, with an equilibrium structure of C; point-group
symmetry (see the right panel of Figure 7). [1-4-0]-
HHe. has a substantial relative electronic energy com-
pared to the global minimum, 74.4 and 76.4 cm™! at the
aTZ and aQZ MP2 levels, respectively. Since the corre-
sponding HF values are 27.9 and 29.6 cm™1, it is clear
that consideration of electron correlation is extremely
important to obtain correct relative energies. Once zero-
point vibrations are taken into account, the energy dif-
ference between the two isomers drops from 74.4 to
only 13.8 cm™! at the aug-cc-pVTZ MP2 level. The sim-
ilar relative energies and the extremely large-amplitude
motions corresponding to the interconversion of the two
isomers should make the internal dynamics of this com-
plex an extremely interesting target for high-resolution
molecular spectroscopy.

If one considers not the electronic but the ZPVE-
corrected evaporation energies, which are systemati-
cally considerably lower than their electronic counter-
parts, the abrupt drop in the evaporation energy after
HHe, becomes pronounced (see Figure 4). The ZPVE-
corrected evaporation energies, about 180 cm™! for up
to n =6 drop to about 75 cm ™! between n="7—12. Then
there is a further drop but this will be discussed later,
when the structures and energetics of HHe]; and HHe;,
are discussed.

6.6. HHe}

There are several possible isomers for this complex
with six solvating He atoms, as there are three distinct

possibilities for the central belt: it could contain four, five,
or six He atoms. The ‘planar’, D¢y, point-group-symmetry
[0-6-0] isomer has 3 imaginary modes at the aug-cc-
pVTZ MP2 level. Isomers containing six He atoms in
the central belt for n > 8 are thus deemed to be unfea-
sible and were not searched for in the larger complexes.
The viable solvation shells for HHeé" remain [1-5-0],
[1-4-1], and [2-4-0], and these isomers of HHeé|r have
indeed been found at the aug-cc-pVTZ MP2 level (see
Figure 8).

From the geometry optimizations it is clear that the
five-atom central belt has the lowest energy, it is the
global minimum at all levels of electronic-structure the-
ory employed. Nevertheless, the two isomers with a 4-
membered central belt have small relative energies.

[1-5-0]-HHey remains the global minimum-energy
isomer irrespective whether one considers zero-point
vibrations or not. However, the order of the [2-4-0] and
[1-4-1] isomers is somewhat uncertain, as the difference
in their electronic relative energies is only 5cm ™. Due to
the uncertainty in the computed (harmonic) ZPVE val-
ues, the correct energy order of the two isomers of HHe
with four He atoms in the central belt is not established
definitively.

The internal dynamics of the HHeg complex should
be intriguing though it is unclear how the low-energy
motions could be studied experimentally. There are
four and nine harmonic fundamentals of [1-5-0] -HHeé|r
below 50 and 100 cm™!, respectively, the lowest ones
are at 13 and 24cm™'. For [1—4—1]-HHeg, there are
10 harmonic fundamentals below 100 cm™!, as the He
atoms of the two outer belts contribute two modes
each.

As a result of the extra stability of the central belt of
[1—5—0]—HHe; compared to the 4-membered one, for
the n > 9 complexes only the 5-atomic central belt has
been considered. Occasionally, searches were performed
to find 3-, 4-, and 6-membered central belts but without
success.
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Figure 8. Structural isomers of HHey, [1-5-0]-HHeg (left, the global minimum), [2-4-0]-HHeg (middle), and [1-4-1]-HHey (right),
with Mulliken charges, obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

6.7. HHe}

Maintaining the five-fold central belt, there are two pos-
sible arrangements: [2-5-0]- and [1—5—1]—HHe;L (see
Figure 9). Both equilibrium structures seem to have C;
point-group symmetry. Note that [2-4-1]-HHe] also
appears to be a minimum with Cs point-group symme-
try but has a relative pure electronic energy higher by
77 cm™! (at the aTZ MP2 level).

While the solvating He atoms of the central belt have
a partial Mulliken charge of only —0.009, those He atoms
which solvate the core in the outer belts have an order of
magnitude smaller charge (see Figure 9). As always, the
larger positive charge attracts the two extra solvating He
atoms in the case of [2—5—0]—HHe;“.

Which isomer has the lower energy depends on
whether we consider the effect of zero-point vibra-
tions or not. Without the ZPVE, [2—5—0]—HHe;r is
the global minimum, though the stability difference
is only 6.7 cm~!, while when ZPVE is considered,
[1-5-1]-HHeg becomes lower in energy, but only by
1.7cm™!, as the [1—5—1]—HHe;r isomer has a har-
monic ZPVE 8.4cm™! smaller than that of [2-5-0]-
HHe; (Table 6). The present computations are def-
initely not accurate enough to decide which iso-
mer corresponds to the global minimum on the PES
of HHey .

+
6.8. HHe},

There are two feasible structural isomers of HHefrO:
[3-5-0] and [2-5-1]. Both isomers have been found at
the aug-cc-pVTZ MP2 level (see Figure 10).

Similar to HHej, the electronic and the zero-point-
corrected order of the relative energies is different:
consideration of ZPVE makes the [2-5-1] structure more
stable by a substantial amount, 30.6cm~!. Also sim-
ilar to the case of HHeJ, the isomer with the larger
number of solvating He atoms in the outer belt has the
larger ZPVE value, this time by a substantial 39.5cm™!
(see Table 6).

+
6.9. HHet,

For HHej, the relative energies of the three struc-
tural isomers identified at the aug-cc-pVTZ MP2 level,
[4-5-0]-, [3-5-1]-, and [2—5—2]-HH€T1 (see Figure 11),
change rather substantially depending on whether one
considers ZPVE effects or not. This is due to the fact
that the ZPVEs of the three isomers are significantly
different, the difference between the two extreme cases,
[4-5-0] and [2-5-2], is very large, 74.4 cm™ L. As before,
the more He atoms in the top solvation shell the larger the
ZPVE. The pure electronic energy order of the isomers is
[3-5-1], [2-5-2], and [4-5-0], with relative energies of
0.0,3.3,and 38.6cm 1, respectively (at the aug-cc-pVTZ
MP2 level). After considering the ZPVEs of the isomers,
the most ‘symmetric’ isomer, [2—5—2]—HHe;r1, becomes
the global minimum.

At the first sight, the three identified isomers can-
not interconvert easily into each other. Nevertheless,
all of the isomers have a large number of low-
frequency harmonic modes. Some of the associated
motions should facilitate the facile interconversion of
the isomers in the [4-5-0]-[3-5-1]-[2-5-2] sequence,
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through appropriate large-amplitude motions. Spectro-
scopic characterisation of the nuclear dynamics would be
extremely interesting.

+
6.10. HHel,

Two HHe/, isomers with a central belt of five He
atoms have been found at the aug-cc-pVITZ MP2
level: [4-5-1]- and [3—5—2]—HHe;r2 (see Figure 12). A
third possible isomer, [5—5—0]—HHeT2, could not be
located at the aug-cc-pVTZ MP2 level. This is taken
as an indication that while the central belt prefer-
entially contains five solvating He atoms, the outer
belts, ‘supported’ by considerably smaller positive partial
charges, may have a maximum of four He atoms (plus
several capping possibilities to accomodate more He
atoms).

There is again a substantial difference in the ZPVE
estimates of the isomers, and once again the isomer
with the larger number of solvating He atoms in the
top shell has the larger ZPVE, this time by 41.7 cm™!
(Table 6). Nevertheless, consideration of the ZPVE cor-
rections does not change the relative-energy order of the
isomers.

+
6.11. HHe},

The three structural isomers of HHe;r3 found, at the aug-
cc-pVTZ MP2 level, during this computational investi-
gation are depicted in Figure 13. This is the first time that
a capping He atom appears in one of the outer belts (see
the right panel of Figure 13). The global minimum is the
[3—5—3]—HHe1+3 complex.

According to high-quality, high-resolution experi-
mental MS studies [35,39], this is the complex after



1574 (&) A.G.CSASZARETAL.

0005
(0005 0002 &

0,004

0240

‘ln.ssz

0011

0014

(L0180

(oo
b

0000

Figure 11. Structural isomers of HHe{, [4-5-0]-HHe{, (left), [3-5-1]-HHe, (middle), and [2-5-2]-HHe], (right), with Mulliken charges,
obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

-’
-0.004
0005
{0236
\‘\« (-0.014
0014
y
(‘0.64&
(0011
.

(o189
:0.008

[ 0.000

-0.004
-0.006

0.220
-0.014

Q’ ' 0.658

_0.009 -0.010

1 -0.014
-0.010

0.194

-0.001

(-0.001

Figure 12. Two structural isomers of the HHefr2 complex, [4—5—1]-HHe1+2 (left) and [3—5—2]-HHe1+2 (right), with Mulliken charges,
obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

which the evaporation energies should drop substan-
tially once again (the previous drop was after n=6,
discussed above). Nevertheless, this is not quite the pic-
ture which emerges from our computations. Starting
with HHejy, the pure electronic evaporation energy is
about 140 cm™! at the aug-cc-pVTZ MP2 level (should
be higher for more extended electron-correlation treat-
ments and much lower, see Figure 4, if ZPVE is con-
sidered). Note that for HHeg the electronic evapora-
tion energy is 328 cm ™!, while for HHe it is 216 cm ™.
The purely electronic evaporation energies remain close
to 140cm™! for the global minima between n=8—13

(at the aug-cc-pVTZ MP2 level). If the ZPVE effect is
considered, one may say that the drop in the evaporation
energies happens after n=13, as observed experimen-
tally. Note, furthermore, that it is the n=13 complex
where the Hartree—Fock (HF) evaporation energy is sub-
stantially higher than zero, for n > 14 the complexes do
not seem to be bound at the HF level.

One may consider the capping of the outer belt in
[14—5—1]—HHefL3 as the starting point of the buildup of
even another solvation shell, beyond the three principal
belts. The He atom farthest away from the central pro-
ton indeed has a Mulliken charge of 0.000, suggesting
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Figure 13. Three structural isomers of the HHe;; complex, [3-5-3]-HHe; (left), [4-5-2]-HHe[; (middle), and ['4-5-1]-HHe ] (right),
with Mulliken charges, obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

its extremely loose attachment to the upper belt,
whose He atoms possess partial Mulliken charges of
about —0.005.

+
6.12. HHe},

Two minima have been identified for this cluster at the
aug-cc-pVTZ MP2 level: [4-5-3] is the global minimum
and [4;-5-2] is a local minimum (see Figure 14).

The global minimum still has a substantial electronic
evaporation energy at the MP2 level but it is significantly
smaller than the n =13 value.

+
6.13. HHej;

There are two structural isomers identified for this
complex at the aug-cc-pVTZ MP2 level: [4;-5-3]- and
[4—5—4]—HHefr5 (see Figure 15). Thus, this is the sec-
ond time when an outer belt is solvated in an ‘in-plane’
fashion resulting in an isomer.

It is not straightforward to distinguish a ‘4;” motif
from a ‘5’ one, but the partial Mulliken charges help doing
this. As a guide, we can safely assume that the partial
charges within a belt are similar, though they may differ
strongly from those of another belt. For example, in the
HHe/; case the central belt has Mulliken charges of about
—0.015, while the outer belts have smaller partial charges
of about —0.004. Then, in the case of [41—5—3]—HHe;r5
we see a partial charge of about 0.000 for the capping He.
Clearly, this He is not directly part of a belt governed by a

He%2*F core atom but it solvates two of the He atoms of
the belt in an ? fashion.

This is seemingly the first case when the HF evapo-
ration energy, computed at the aug-cc-pVTZ MP2 opti-
mised structure not only tends to be close to zero but
becomes negative. This happens for the [4-5-4] complex
(see Figure 15).

Based on previous structural observations about the
inner and outer belts, [4—5—4]—HHe1+5 is expected to be
the complex where the three belts corresponding to the
He¥23+ {064+ _He023* core are maximally filled up.
Somewhat surprisingly, this structural singularity is not
reflected by the relative energies.

+
6.14. HHel,

This is an interesting cluster from the point of view that
it exhibits, for the first time, a [4-5-4]-like belt system
with two different types of solvated 4-membered outer
rings (see Figure 16). No other types of isomers could
be located on the PES of HHeI"6, not at least at the
aug-cc-pVTZ MP2 level.

In the global minimum, a solvating He is attached to
the 4-membered ring in a ‘co-planar’ fashion, while in
the secondary minimum the solvating He atom caps one
of the 4-membered outer He belts, situated around the He
atom of the core having the larger positive charge. Thus,
the global and the secondary minima exhibit [4;-5-4]
and [!4-5-4] solvation shells, respectively. As empha-
sized before, since one of the He atoms in the upper belt



1576 (&) A.G.CSASZARETAL.

(0014
io 007 - »
r
“"J'“W -0.007
10019
[SLER
Lozar y
4 Loeso
4 0224
‘e -
(0007 ;;u O.M/
0014 (0007
\sv 0019 b

\“V
-0.010.
-0.010
W
(0001
& -0.007
A 4
-0.005
0.199
w io.s«z W
0013
{0014 ..
W
(o002
W
-0.004
A 01

W

Figure 14. Two structural isomers of the HHe{, complex, [4-5-3]-HHe], (left) and [4-5-2]-HHe}, (right), with Mulliken charges,
obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

0.000

A 4
- (0006
-
-0.005
0000
0,005
Lo2s0 3 V‘q <
u
(0014
«r (0016
b 4
[ -0.004
W
(000
« {0003
W
-0.016

&
(0003 £
o So0ns | R
\\ \, {0004
(0016
A
foos
0.235 .644 0.235
" ‘.
(0004
M-e.ous ‘\&W
- {-0.006
(0000
o

-0.016

Figure 15. Two structural isomers of the HHef5 complex, [41—5—3]-HHeTr5 (left) and [4—5—4]-HHe;“5 (right), with Mulliken charges,
obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

has a partial charge of 0.000 and the others have about
—0.005, it is clearly better to call this motif ‘4;” rather
than ‘5.

As expected, the energy difference between the two
isomers is not substantial, only 11.7cm™! at the aug-
cc-pVTZ MP2 level without the ZPVE correction. Con-
sideration of the ZPVE corrections does not change the
ordering of the two isomers.

+
6.15. HHe7,

Two structural isomers have been identified for HHeE,
['4-5-4;] and ['4-5-14] (see Figure 17). At the HF
level the evaporation energy is negative but at the MP2
level the evaporation energy is still substantial, 50 cm™!
without consideration of the ZPVEs. The ['4-5-4;]-
HHe1+7 isomer appears to be the global minimum.
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Figure 17. Two structural isomers of the HHeT7 complex, [14—5—14]-HHe1+7 (left) and [! 4—5—41]-HHe;“7 (right), with Mulliken charges,
obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

+
6.16. HHe18

There are three similar structural isomers we were able
to identify for this cluster at the aug-cc-pV'TZ MP2 level
(see Figure 18). These isomers exhibit a five-membered
middle belt around H*, and one '4- and one 4; ; -capped
outer belt.

The global minimum is [41,1,5—5—14]—HHeI"8. The
upper ring actually looks quite like a basin, the Mul-
liken charges help to identify the bonding motifs once
again. The second most stable structure, after consid-
ering ZPVE effects, contains a 4-membered ring with
two ‘co-planar’ solvating He on opposite sides. This
complex can be denoted as 4;;, following the nota-
tion introduced in Section 5. The least stable struc-
ture has a 4-membered ring with both a capping
and a ‘co-planar’ He, denoted accordingly as '4;. The
minuscule energy differences between the three minima

suggest a very complex internal dynamics characterising
+
HHes.

7. Signatures of microscopic superfluidity

In this section we go through possible signatures of
microscopic superfluidity which the electronic-structure
computations of this study reveal. The MS measurements
of this study, while useful for other purposes, are not able
to say anything about MSE, as they stop at n=7. Thus,
only some of the computational results are considered
below.

7.1. Evaporation energies

Table 7 contains the evaporation energies of the HHe;"
species considered in this study, obtained at different
levels of electronic-structure theory (HE MP2, and
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Figure 18. Three structural isomers of the HHe 5 complex, [411,s-5-"4]-HHe ; (left), [411,,-5-"4]-HHe]; (middle), and ['4;-5-4]-
HHef8 (right), with Mulliken charges, obtained at the aug-cc-pVTZ RHF level, given on the atoms (H is white, He is light blue).

CCSD(T)) using the aug-cc-pVTZ, aug-cc-pVQZ, and
aug-cc-pV5Z basis sets.

The evaporation energies of HHej{, HHe;, and
HHe,", about 320 cm~! at the aug-cc-pVTZ MP2 level
and without the ZPVE (see Table 7), are almost the same
as that of He(H)He-He. This could be understood sim-
ply by the fact that in these cases building up of the
first solvation belt, that around the central proton, is
taking place. Since the relative ZPVE contributions of
(n'—He,)He(H")He, 1 < n < 5, are about the same at
about 130 cm ™! (see Table 6), all these cations have a D,
of about 190 cm™!. As the vibrational excitations have a
very small energy (e.g. the three extra vibrational modes
per added He atom make up a 140cm™! increment),
there will be a large number of bound rovibrational
states for all these species. This means a rich rovibra-
tional dynamics worth studying by techniques of high-
resolution molecular spectroscopy. The electronic evap-
oration energy drops significantly for n =7, but it is still
substantial. It is for the n=7 complex that filling of the
inner belt is completed. These cations, 2 < n < 7, obvi-
ously show no signs of MSF, these complexes appear to
be ‘molecule like’. As to the nuclear dynamics of HHe;r,
it is enriched by the presence of two isomers (complexes
n=3—6 seemingly possess only a single minimum on
their PESs).

The next set of similar electronic evaporation energies,
around 140 cm™!, is between #n =8 and 13. Note that if
ZPVE is considered, n =7 also belongs to this set, where
filling of the outer solvation belts take place. This is a
somewhat surprising result and suggests that in HHe,"
complex stability and solvation-shell structure do not go

hand in hand. These complexes, all possessing at least two
isomers, are not expected to show signs of MSE.

Then, after n=13, the HF evaporation energies
become minuscule, suggesting that most of the binding
is due to electron correlation. This is the place where the
electrostatic interaction between the substantial positive
partial charges of the atoms of the quasilinear core with
the hardly polarisable He atoms play less and less role
in binding further He atoms. In other words, this is the
point where one can start considering looking for signs
of MSFE. At n > 13 we can observe the buildup of fur-
ther ‘solvation shells’, with !4 and 4, structural motifs.
The ZPVE-corrected evaporation energies also approach
the bulk value of a few cm ™! here. This suggests that one
can search for experimental signs of MSF starting from
complexes having n > 14.

7.2. Structural parameters and rotational constants

It cannot be expected that explicit structural parame-
ters prove to be useful indicators of MSF. Neverthe-
less, rotational constants, directly related to structures of
molecules, have been used to judge the onset of MSE
Thus, it is useful to collect the rotational constants of
the HHe;f species, especially for n > 13, to see if they
show any trends. The rotational constants A, Be, and Ce
of the HHe,| complexes, obtained at the aug-cc-pVTZ
MP2 level and corresponding to the rigid-rotor model,
are collected in Table 4.

The B. value of the linear HHe;r chromophore can
serve as a reference to the rotational constant values of
the larger complexes. Clearly, up to n =18 the rotational



constants become smaller and smaller as the moments of
inertia become larger with solvating He atoms farther and
farther away from the proton of the complex.

Deviations of the experimental effective rotational
constants, used to simulate observed experimental
spectra, from the present rigid-rotor values could be
useful signatures of MSF (vide infra). Most of the
complexes are near symmetric tops, pointing toward a
somewhat simpler possible interpretation of future high-
resolution spectroscopic measurements. The feasibility
of such MW experiments applying novel ion-trap-based
double-resonance schemes [92,93] has been sketched in
Section 2.

As discussed before, rotational constants for rigid
molecular structures decrease with n and deviations
from the rigid-rotor picture could be taken as indi-
cators of MSFE. For all the HHe;q|r ions, the predicted
structures contain the HHe; chromophore, and when
this chromophore is surrounded by more and more He
atoms clear progressions for the rotational constants
are expected and observed. It is an open question to
what extent large-amplitude motions of the surround-
ing He atoms will change the effective rotational con-
stants. High-resolution spectroscopic investigation of
these clusters is thus desirable and it also seems feasible,
as our preliminary experimental work (not detailed here)
indicates.

For the larger clusters more spectral features will be
arising because the structures depart from the prolate
symmetric-top limit and thus an experimental asym-
metry in the rotational constants, defined as B—C,
may provide insight into the true molecular structure
and about the influence of large-amplitude motions.
A very small asymmetry has been found in the rota-
tional spectra of the He-CHJ complex [92], even though
the large-amplitude motion of He with respect to the
CHZ molecule should lead to the spectrum of a prolate
symmetric-top molecule. This result suggests that spec-
troscopic surprises are expected already for the smaller
HHe;" complexes.

Based on the quantum-chemical computation of the
structures of the larger complexes, n > 6, internal rota-
tions are expected to complicate the observed spectra.
Depending on the energy landscape of the HHej chro-
mophore versus the surrounding He atoms also free
internal rotations could be present, which would com-
plicate the rotational structure of the spectral bands.
On the other hand, this might give insight into the
large-amplitude motions and their influence on the effec-
tive rotational constants, as discussed above. Interesting
insight into the interplay between the internal and the
end-over-end rotations could also be gained. In the end
such a detailed picture could help to distinguish between
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complex internal motions and the onset of MSF in the
HHe; clusters.

7.3. Vibrations

Itis expected that as n increases the movements of the sol-
vating He atoms become more and more unconstrained
by the core. As a result, the harmonic frequencies of the
normal modes would become lower and lower. It is not
expected that the harmonic frequencies represent well
the extremely anharmonic motions of the cations with
larger n values but they may give some indication about
the onset of MSE, especially since we are lacking better
indicators as long as no detailed dynamical studies are
performed.

In all complexes investigated the internal motions of
the quasilinear triatomic core have four high frequen-
cies, above 900 cm ™! in all but one case (894cm™! for
HHeZ), separated well from all the other 3N —10 modes.
The changes in these frequencies by changing n are small
(see Table 5) and it may not seem feasible to learn much
about microscopic superfluidity from these harmonic (or
anharmonic) frequencies. The best one can hope is that
if basically no changes are observed for them it means
that the movement of an additional He atom can be envi-
sioned as being free, sort of a requirement toward MSE.
This seems to be the case at about n = 16, where the basic
triple-belt structure [4-5-4] of the HHe,' complexes is
completed and the additional solvating He atoms form
caps or n%-type bonds to the He atoms of the outer belts.

8. Summary and conclusions

The equilibrium structures and the vibrational dynamics
of HHe;," species have been investigated for n=1—18 via
high-level electronic-structure computations. Cryogenic
ion-trap experiments have also been performed as part of
this study, to supplement the computations; HHe,! ions
were observed up to n =7 but not beyond.

The special stability of HHej is shown experimen-
tally in this work for the first time (see Figure 2), while
that of n=6 [35,39] is reproduced by our experiments.
The first spectroscopic experiments we performed at the
FELIX facility [91] indeed confirm the role the triatomic
quasilinear He(H™")He unit plays as the chromophore for
larger HHe," complexes. This is also clearly established
by our computational results, which yield for the chro-
mophore substantial partial charges of about +0.56 on
H and about +0.22 on the two core He atoms. Electro-
static interaction between these large positive charges and
the hardly polarisable solvating He atoms are responsible
for the structures of the smaller members of the HHe;
family. This is also reflected by the fact that solvating He
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atoms often acquire a small negative charge and more
He atoms are attached to the He of the core carrying the
larger positive partial charge.

The strongly-bound complexes HHe" and HHe;
could be studied with the highest levels of electronic
structure theory (up to FCI), including focal-point anal-
yses (FPA) of some relative energies, yielding appropriate
uncertainty estimates for the computed energy differ-
ences. The definitive quantum-chemical results obtained
include the proton affinity of He, computed to be
14,876 4 12 cm ™!, the isomerisation energy between the
two linear forms of HHe; , 3826 + 20 cm ™!, and the dis-
sociation energy of the HHe,” — HHe™ + He reaction,
with an FPA estimate of 3931 & 20 cm™ ..

Since the structure of all HHe] clusters can be
described by three main solvation belts around the three
atoms of the HHe; chromophore, a useful description
of the structures of the complexes is provided by the
[k—1—m] —HHe;f notation, where  denotes the number of
solvating He atoms in the central belt and k > m denote
the number of solvating He atoms in the outer (top and
bottom) belts. He atoms capping the top and bottom
belts, arising first for the n=13 case, can be indicated
by adding sub- and superscripts to k and m when extra
He atoms cap the ring or attach to two atoms of the ring,
respectively.

For the n=3—5 cations the equilibrium structures
exhibit lowering of the symmetry from the ideal ones.
For example, the equilibrium structure of the T-shaped
molecular cation HHe;|r and that of HHeI have Cy,
point-group symmetry. Due to the weak attractive
He- - - He interaction, the n=3—5 cations appear to be
polytopic. Determination of their correct equilibrium
structure requires highly correlated techniques of elec-
tronic structure theory, extended basis sets, and a careful
checking of the computed results.

We confirm the experimental MS results about the
extra relative stability of complexes up to n=6. In all the
n=3—6 complexes the central belt around the proton is
building up. The equilibrium structure of the HHeg com-
plex has Dyj, point-group symmetry. Interestingly, build-
ing up of the central belt is continued for n =7, where
the equilibrium structure has Dsj, point-group symmetry.
Nevertheless, the evaporation energy of HHe is consid-
erably smaller than that of HHe, . This means that the
larger stability of the complexes up to n=6 is not simply
due to the structural feature of the building of the cen-
tral belt. The 5-membered central belt motif will occur
in almost all of the isomers of the clusters having larger n
values.

The reason of the extra stability of the n =13 complex
compared to the n=14 one is somewhat less clear. By
this time the outer belts are formed, the global minimum

of the HHe;r3 cluster can be characterised as [3-5-3]-
HHeE. Thus, we are two helium atoms away from the
filling of the three belts, i.e. from the [4-5-4] config-
uration. Seemingly in this case the stability change is
once again not related directly to the filling of the shell
structure of the HHe;,' series.

While for the strongly bound molecular cations,
HHe* and HHeJ, where the structure is determined
mostly by electrostatic interaction, HF theory provides
about 90% of the binding energy, for the He-solvated
species a large part of the evaporation energy originates
from electron correlation. For smaller » values, about
50% of the evaporation energy is coming from the MP2
increment. Starting from the buildup of the second solva-
tion belt (n=8), forming around the ‘more positive’ He
atom of the core, HF theory struggles to yield even semi-
quantitative evaporation energies. From around n=13,
HF theory is unable to say anything useful about the sta-
bility of the complexes; in these cases it is the electron
correlation that binds the complexes.

It is of interest to review the quantum effect of ZPVE
on the stability of He-solvated complexes. First, the ZPVE
correction is substantial, can be 2/3 of the pure elec-
tronic evaporation energy. Since in the He-solvated pro-
ton complexes the harmonic picture may not be a very
good approximation and second-order vibrational per-
turbation theory may also be unreliable for modes with
large-amplitude motions, variational computation of the
ZPVE is desirable. This may not be simple by some of
the direct variational techniques [120] and generating
accurate PESs for these systems is also far from being
trivial due partly to the polytopic nature of these species.
Second, while the ZPVE correction may be as large as
the electronic evaporation energy (see Figure 4), all of
the investigated species do exist under suitable circum-
stances. This is only true when electron correlation is
taken into account, adding further electron correlation to
the treatment yields larger electronic evaporation ener-
gies. Thus, it is expected that these complexes with # val-
ues considerably larger than 18 do exist. This is in accord
with the results of high-resolution MS studies [39] which
could see HHe;" complexes up to n=30. Third, ZPVE-
corrected evaporation energies are somewhat more simi-
lar than their electronic counterparts during the buildup
of the belts. In fact, as Figure 4 demonstrates, there is a
substantial drop at the otherwise relatively steady evap-
oration energies at n=6 and n =13, supporting related
MS and cryogenic ion trap experimental results, and after
about n=13 the ZPVE-corrected evaporation energies
tend to be close to zero, suggesting an eventual onset of
microscopic superfluidity.

Note, finally, that the present computational and
cryogenic ion trap experimental investigation could be



extended to other cationic clusters containing hydrogen
and helium. These clusters would involve Hy or Hy in
the core. HyHe™ has been the subject of some advanced
theoretical studies [68,69,124], while H3He™ has already
been synthesised and investigated spectroscopically in
the same trap machine as used in this study [67]. Further
quantum chemical and low- as well as high-resolution
spectroscopic studies on these species are planned in our
laboratories.
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