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Little is known about how rotating molecular ions interact with multiple “He atoms and how this relates

to microscopic superfluidity. Here, we use infrared spectroscopy to investigate “Hey - - - H;O™ complexes
and find that H;O™ undergoes dramatic changes in rotational behavior as “He atoms are added. We present
evidence of clear rotational decoupling of the ion core from the surrounding helium for N > 3, with sudden
changes in rotational constants at N = 6 and 12. In sharp contrast to studies on small neutral molecules
microsolvated in helium, accompanying path integral simulations show that an incipient superfluid effect is

not needed to account for these findings.
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The superfluid response of bulk liquid helium is a many-
body quantum effect derived from bosonic exchange of “He
atoms at very low temperature [1]. However, it is less clear
if and when a small cluster of helium atoms can become a
superfluid. A way of exploring this is through systematic
variation of the number of helium atoms attached to a
molecule, where the spectroscopy of that molecule is used
to probe the surrounding helium. Experiments with a
number of small linear molecules, such as OCS [2,3],
CO [4], N,O [5], and CO, [6] have shown a decrease in the
rotational constant of the molecule as the first few helium
atoms are added, as expected classically given the increase
in moment of inertia of the resulting complex. However, the
addition of further helium atoms reverses that behavior and
the molecular rotation begins to decouple from the sur-
rounding helium. This reduction in rotational “friction” has
been attributed to a nanoscale version of the famous
Andronikashvili experiment [7], suggesting that a super-
fluid response can begin with relatively few helium atoms
(between 6 and 10) [2-6].

Interpretation of this incipient superfluid effect has come
from path integral Monte Carlo and other quantum sim-
ulations [8—18]. Put simply, the first few helium atoms do
not allow any meaningful bosonic exchange, and thus
adiabatically follow the rotation of the molecule, decreas-
ing the rotational constant. However, as more helium atoms
are added, longer permutation cycles involving multiple
helium atoms become accessible. It is these permutation
cycles that are connected to the superfluid response [10,19],
and this mechanism is now widely accepted as the
explanation for the decoupling of molecular rotation from
the surrounding helium.

Even though 20 years have passed since the first
experimental study of the rotational decoupling of helium
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from a small and neutral molecule as the number of “He
atoms is increased in a stepwise manner [2], no equivalent
experimental studies for charged molecules have been
reported. Although molecular cations with a single attached
helium atom have been well studied [20], the addition of
multiple helium atoms poses more of a challenge, not least
because ion formation is an energetic process that is often
incompatible with the low temperatures needed to attach
multiple helium atoms. Cryogenic ion traps offer a potential
route, as, for example, in rotationally resolved studies of
He, -- ~CH3+ [21], and He,3H* [22], and a recent mass
spectrometry study of He;_s---H3;O0" [23]. At the other
extreme, spectroscopic investigations of molecular ions
fully solvated inside liquid helium nanodroplets containing
thousands of atoms are also possible [24-26].

Given the absence of information on how an ion
transitions to the fully solvated limit upon the stepwise
addition of helium, we address this here by forming ion-
helium complexes via electron ionization of superfluid
helium nanodroplets doped with neutral molecules [27].
The resulting mass-selected molecular ion-helium com-
plexes are then probed using infrared (IR) photodissocia-
tion spectroscopy [28—30]. Because of the mass selectivity
that is readily afforded for ions, spectral congestion from
different sized complexes is not an issue and so, when it
comes to investigating rotational behavior, we are no longer
limited to the small linear molecules used in earlier studies
on neutral species [2—-6].

The ion chosen in the current study is the hydronium ion
H;O0™. The spectroscopic technique has allowed IR spectra
of the “Hey ---H;0" complexes to be recorded as a
function of N with up to 15 helium atoms, exceeding
the number required to form a complete and essentially
spherical shell of helium density around the dopant (see

© 2023 American Physical Society
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FIG. 1.

Infrared spectra of Hey - - - H30™ for N = 1 to 15. Experimental spectra are represented by blue lines, while simulated spectra

are shown in orange. The simulations for N < 3 use rotational constants from ab initio calculations, whereas for N > 3 the rotational
constants have been varied for optimum agreement with experiment.

later). Notably, H;O™ has a substantially lower moment of
inertia and greater binding energy to helium than dopants
used in previous studies for such values of N. We relate
these experimental measurements to accurate path integral
quantum simulations, which are sensitive to temperature-
dependent coupling of H;O" with the helium environment,
including the bosonic nature of “He. In marked contrast to
past work, theory can account for the observations without
invoking a microscopic superfluid effect.

Figure 1 shows experimental IR spectra measured in the
OH stretching region of H;O™ for values of N from 1 to 15,
inclusive. Rotational structure is partly resolved in some of
the spectra and the variation with N is striking. Broad and
structured spectral profiles are observed for N =1 and 2,
whereas a single Gaussian-like feature is seen for N = 3, 4,
and 5. For N = 6 and 7, a pronounced shoulder appears to
the red of the main peak, while asymmetry is observed to
the blue. At N =8 there are clear signs of rotational
sidebands on each side of the most intense peak, and their
relative separation gradually increases up to N = 11. This
substructure can be accounted for by assuming a
perpendicular vibrational transition within a (near) prolate
symmetric top and K =1 -0, 0 - 1, and 1 — 2, tran-
sitions in order of increasing energy, where K is the
quantum number for rotation about the axis of C; rotational
symmetry in H;O'. The observed increase in the

separation between these subbands indicates an increase
in the rotational constant about the C; symmetry axis. Once
N = 12 is reached, the spectrum undergoes a remarkable
change in appearance, with a large separation of >20 cm™!
between the two dominant spectral peaks. This spectral
profile is then retained up to the maximum value of N
studied, which is 15. As we will show, the evolution of the
rotational profiles reflects structural changes in the helium-
ion complexes and a decoupling of the rotational motion of
the ion from that of the surrounding helium.

To aid in the interpretation of the spectral profiles, the
rotational structure has been simulated using the PGOPHER
software package [31]. The results are included in Fig. 1,
allowing a direct comparison with the experimental IR
spectra. Table S1 in Supplemental Material [32] summa-
rizes the quantities used in these simulations. Note that the
global potential energy minimum structure for bare H;O"
has Cj, equilibrium symmetry. However, because this ion
is known to undergo rapid (“umbrella”) inversion [33-37],
it was necessary to use the D3;, molecular symmetry group
in the rotational analysis (see Supplemental Material
[32]) [38].

The spectral features shown in Fig. 1 derive from the
excitation of antisymmetric OH stretching vibrations,
which form a degenerate pair in bare H;O" and have a
far higher absorption cross section than the symmetric OH
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stretch. The addition of a single helium atom to H;O™ leads
to a structure in which the helium is bound to only one of
the OH groups, forming a linear O—H - - - He moiety on
average. This lowers the molecular symmetry, thus remov-
ing the vibrational degeneracy and thereby creating two
vibrational bands with different frequencies. Only the lower
frequency band, which has A; symmetry, falls within the
frequency range shown in Fig. 1. For the N = 2 complex,
the splitting between the two vibrational components is
reduced, such that the two bands partially overlap. For
N = 3, one helium atom is attached to each of the three OH
groups on average, and so the original trigonal symmetry
possessed by bare H;O™ returns for Hes - - - H;0™, yielding
a single vibrational band with E' symmetry.

In the simulations for N < 3, the rotational constants
were taken from ab initio calculations (MP2/aug-cc-
pVTZ), and the rotational temperature and vibrational
frequency were then varied. Good agreement is seen with
the rotational contours observed in the experimental spectra
in Fig. 1. For complexes with N > 4, less rigid structures
are expected because the additional atoms are located
further from the areas of highest charge density within
the H;O™ core. For such cases, the overall symmetry of the
helium-ion complex is approximated to be that of the ion
core and the rotational constants were systematically varied
in the simulations, along with the rotational temperature
and vibrational band origin, until good agreement
was obtained with the experimental IR spectra. See
Supplemental Material for further details [32].

The effect of adding helium atoms on the rotational
behavior can be divided into its impact on (1) rotation about
the C; symmetry axis of the bare H;O™", which corresponds
to the c¢ inertial axis for N < 3 and the «a inertial axis for
N >4, and (2) the overall tumbling rotation, which
corresponds to the average rotation about the remaining
axes. Starting with rotation about the C; axis, the rotational
constant for N = 1 (0.61 cm™!) is an order of magnitude
lower than the value of ~6.1 cm™! for bare H;O™ (an oblate
symmetric top) [33-35] because the He - - - H;O" complex
rotates as a single rigid entity possessing an increased
moment of inertia. The C; rotational constant declines
further as more helium atoms are added and reaches a
minimum at N = 3, as illustrated in Fig. 2(a). Thereafter,
the rotational constant begins to increase, which we
attribute to partial decoupling of the rotation of the ion
core from the surrounding helium. A particularly large
change, from 1.2 to 3.6 cm™, is observed between N = 5
and 6, which is significant as it coincides with the
completion of a ringlike helium structure that surrounds
the H;O™ core [23]. When more than six helium atoms are
added to H;07, the rotational constant continues to
increase before reaching a plateau at 6.2 cm™' (for
N > 12). The similarity between the values for N =0
and N > 12 suggests that rotation about the C; axis of
symmetry is almost completely decoupled from the
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FIG.2. N dependence of (a) the rotational constant about the C4
axis of H;O" and (b) the tumbling rotation of the H;O™" core, as
determined from ab initio calculations for N = 0 to 3 and from
analysis of the experimental data for N =4 to 15. The corre-
sponding quantities obtained from PI simulations at 10 K are
shown in (c) and (d). (e) Spatial distributions of helium around
H;07 for selected values of N from PI simulations.

surrounding helium at N = 12 (and beyond), which coin-
cides with completion of a near-spherical solvation shell, as
demonstrated in Fig. S6 in Supplemental Material [32].
The rotational constant associated with the tumbling
motion also shows an initial rapid decline with N, as
summarized in Fig. 2(b). It then remains small (<0.3 cm™")
between N = 3 and 11, implying that the rotational motion
stays strongly coupled to the helium. This is distinctly
different from the partial decoupling observed at similar
values of N for rotation about the C; axis. This unexpected
result leads to rotational behavior replicating that of a
prolate symmetric top for N = 6-11, as opposed to an
oblate top for the bare ion. A similar change in rotational
behavior from oblate to prolate has previously been
observed for CHJ when fully solvated in helium nano-
droplets [39]. In that case, it was attributed to the formation
of a rigid He,—CH; complex in which the two helium
atoms lie along the C; axis, while the other helium atoms
remain fluxional. In our case, it is assigned to differences in
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the N-dependent decoupling of the rotational motion about
the orthogonal molecular frame axes.

Figure 2(b) shows a profound change in the tumbling
rotational constant, from 0.2 cm™! for N = 11 to 4.5 cm™!
for N =12. This indicates that this rotation suddenly
becomes less hindered at N = 12, again coinciding with
the near-spherical helium environment formed at this value
of N. For N > 12, the rotational structure is largely
unchanged and the tumbling constant levels off at
~5.0 cm~!. This value is approximately half of that for
the bare ion (~11.0 cm™") [33-35], showing incomplete
decoupling from the helium for this motion. As a result, the
C; and tumbling rotational constants for N > 12 differ by
only 20%. Hence, we have observed an N-dependent
evolution in the overall rotational behavior from oblate
to prolate to near-spherical top.

Path integral (PI) simulations were performed to provide
atomistic insight into the “Hey - - - H;O* complexes, while
accounting for the fluxionality of the molecular ion and the
bosonic quantum nature of the surrounding helium. The PI
simulations used a hybrid PI molecular dynamics/PI
Monte Carlo approach [40,41]. This allows us to rigorously
include the rovibrational motion of nonrigid H;O™", includ-
ing its large-amplitude umbrella inversion, as well as its
coupling to the helium environment, including bosonic
exchange, within the *Hey - -- H;0" complexes. In these
simulations, the H;O" potential energy surface and the
He - --H;07 interactions were described using neural net-
work potentials [42,43] trained to reproduce highly accu-
rate coupled cluster reference calculations [44,45] while the
He - - - He interactions were described using a well-known
pair potential [46]. This description of the potential energy
surface is of the highest available accuracy, reproducing the
“gold standard” in electronic structure theory, as given by
basis set converged coupled cluster theory and bench-
marked in detail in Supplemental Material [32].

The PI simulations provide insight into the helium
solvation behavior, as well as the response of the H;O™"
core. These show that the inversion motion of H;OV is
barely affected by the addition of helium atoms and so the
ion will readily invert, exactly as assumed earlier when
discussing the rotational structure simulations. Moreover,
the PIMD/PIMC calculations reveal how the (micro)
solvation structure changes as a function of the number
of attached helium atoms. Of particular note is the
formation of a helium torus in the H;O™" plane, which is
continuous at N =5 and is most pronounced for N = 6
[see Fig. 2(e)]. Thus, the strong decoupling of the rotation
about the C; axis of H;O™" between N = 5 and N = 6 seen
experimentally can be associated with this torus of helium
density. As further helium atoms are added these locate
above and below the torus until an almost spherical
arrangement is reached at N = 12. This corresponds to
the helium shell closing [see Fig. S5(a) in Supplemental
Material [32]] and agrees well with the experimental
observations.

To further explore the coupling of the rotation of H;O™"
with the surrounding helium, we have analyzed imaginary
time correlation functions using generalized coordinates
that disentangle the rotation about the C; axis, the tumbling
rotation, and the umbrella inversion. The strategy employed
is similar to that reported elsewhere [47,48] and involves
comparing the value of these correlation functions at
imaginary time 7/2 as a function of N to that of bare
H;O™. This makes it possible to obtain a qualitative picture
of the responses for rotation about the C; axis of H;O™ and
for the tumbling motion. We resort to this strategy due to
the absence of exact quantum dynamics approaches at finite
temperature that include bosonic exchange. The findings
are shown in Figs. 2(c) and 2(d), alongside the correspond-
ing experimental quantities. The agreement between theory
and experiment is quite remarkable. In particular, for
rotation about the C; axis, theory captures both the
minimum at N =3 and the asymptotic behavior for
N > 12. The agreement for the tumbling motion is not
quite as good, although the relatively minor change
predicted from N = 3 to 8 is similar to experiment. The
initial decline with N and the return to a plateau at N = 12
is also mirrored in the PIMD/PIMC simulations.

The observed rotational behavior, namely an initial
decrease in rotational constant as helium atoms are added
followed by an increase, is similar to that reported for small
neutral linear molecules [2—6]. It is surprising to discover
this behavior for a molecular ion H;O", given the much
stronger interaction with helium expected for a small ion
than would be the case for a neutral molecule. The key
question to answer is the cause of this unexpected rotational
decoupling. Does it result from an incipient superfluid
response, as claimed in case of the neutral molecules? The
PI data shown in Figs. 2(c) and 2(d) were calculated at a
temperature of 10 K. At such a relatively high temperature,
boson exchange, which is the underlying cause of super-
fluidity, should be insignificant, and this is confirmed by
the very small superfluid fraction calculated [49] at this
temperature (see Fig. S9 in Supplemental Material [32]).
When the temperature is lowered to 1 K, boson exchange
now occurs but the same calculated solvation structure and
rotational responses are seen for N = 1 up to 12 as at 10 K,
confirming that a microscopic superfluid effect is not
responsible for the experimental observations.

If the rotational response is not caused by the onset of
superfluidity, as reported previously for neutral molecules,
then what else might be responsible? The most likely
explanation stems from H;O" being a relatively fast rotor.
It is well known that fast rotors, molecules with large
rotational constant(s) such as HF, CH,, and NHj3, can rotate
freely in liquid helium nanodroplets and have rotational
constants similar to their gas phase values [50-52]. The
current study shows that, despite the strong interaction of
H;07 with helium on account of the positive charge [44],
rotational decoupling is possible with just a small number
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of helium atoms. However, this decoupling only occurs
once specific helium “structures” form. This first becomes
possible when helium forms a torus around the molecular
cation, coinciding with decoupling of the rotation about the
C; axis of H;0™ and rotational behavior resembling that of
a prolate symmetric top. Likewise, once helium forms a
near-spherical distribution at N = 12, pronounced decou-
pling of the tumbling motion switches on.

Further experiments with dopants that are nonlinear,
ionic and/or light rotors, may reveal whether H;O" is
unique in showing rotational decoupling that is indepen-
dent of bosonic exchange. Alternative experimental tech-
niques, such as rotational coherence spectroscopy, [53,54]
may also provide valuable insight.
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