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ABSTRACT: Combination of a cryogenic ion-trap machine, operated at 4.7 K, with
the free-electron-laser FELIX allows the first experimental characterization of the
unusually bright antisymmetric stretch (v;) and z-bending (v,) fundamentals of the
He—X'—He (X = H, D) chromophore of the in situ prepared HHe," and DHe," (n =
3—6) complexes. The band origins obtained are fully supported by first-principles
quantum-chemical computations, performed at the MP2, the CCSD(T), and
occasionally the CCSDTQ levels employing extended basis sets. Both the experiments
and the computations are consistent with structures for the species with n = 3 and 6
being of T-shaped C,, and of D,;, symmetry, respectively, while the species with n = 4 3

are suggested to exhibit interesting dynamical phenomena related to large-amplitude

motions.

S pecies of the type HHe," are composed of the two most
abundant elements of the universe. The first ion in this
series, the strongly bound HHe" cation, sometimes called the
hydrohelium cation, has played a decisive role in the
development of the early universe.' It is known in the
laboratory since 1925” and has been investigated by high-
resolution vibrational’™® and rotational”® spectroscopy.
Despite a decade-long search, the detection of HHe" in
interstellar space was achieved only very recently, via the
GREAT receiver on-board the SOFIA airplane.”

The larger HHe," species, with n > 2, may be present in the
outer atmospheres of giant gas planets and in cold plasmas.
There are also speculations'® that HHe," species with more
than ~20 solvating He atoms show the interesting quantum
phenomenon of microscopic superfluidity.' "> Currently,
these species have been investigated only by means
of mass spectrometry,”'”'>'* revealing energetic but not
structural or dynamical information. These experiments,
as well as the related computations,'® established special stabil-
ities for complexes with “magic numbers” n = 2, 6, and 13,
which seems to indicate, for example, a central role for the
He—H'—He cluster. The structures and the vibrational
dynamics of this and the larger species have been elucidated
by hi§h—level first-principles quantum-chemical computa-
tions.'”"® However, because of the rather weak interactions
within the HHe," complexes, vibrational frequencies from
infrared (IR) spectroscopy are needed to clarify the structure
of these presumably floppy molecules.

In a more general context, proton microsolvation by noble
gases received some attention, and experimental mass
spectrometry,13 matrix isolation spectroscopy,”’18 and
modeling'”~" results became available. Recently, gas-phase
HAr," (n = 3—7) complexes were investigated,”” proving to be
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built around a strongly bound Ar—H*—Ar core. It is an
interesting question whether such a motif is also prevalent in
the much weaker clusters formed with He as the noble gas.
These fundamental questions on the stability, structure, and
possible formation of a linear and strongly bound He—H*—He
core (the cromophore) are the motivation for this first
spectroscopic investigation of the HHe,* and DHe," species (n
= 3—6). Because of the much weaker bond of the outer He
atoms, with binding energies of not more than 200 cm™}'°
four times lower than in the HAr," case,”” we expect large-
amplitude motions to be at play, posing considerable
challenges to theory as well as to experiment.

The TR-active, in fact exceptionally bright,” antisymmetric
H—He stretch (13) and bend (v,) modes of HHe," have been
predicted to be around 1350 and 890 cm ™, respectively, while
the predicted dissociation energy of HHe,", corresponding to
the HHe," — HHe' + He reaction, is D, = 4427 + 20

m~1.'%** Thus, D, is considerably higher than the vibrational
energy of these fundamentals of HHe,", and it is therefore not
possible to perform conventional predissociation (PD) spec-
troscopy on HHe," in the IR region. Because of this limitation,
we focus our attention on the HHe," and DHe," complexes
with n > 3, for which predissociation spectroscopy is feasible
via both the v; and v, modes of the chromophore.

Such IRPD experiments on ionic helium complexes are best
performed in cryogenic ion traps or cold jets, as demonstrated
by several groups.”*>° The central part of our setup is a 22-
pole ion trapping machine called FELion.”” In brief, HHe" ions
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(similar for DHe") are produced in a storage ion source by
electron-impact ionization of a 2:1 He—H, gas mixture (3:1
ratio for He—D,). After mass selection (mass S u for HHe") in
the first mass filter, an ensemble of several 10000 ions is
injected into the cold 22-pole ion trap”® held at T = 4.7 K and
stored there for typically a few seconds. An ~100 ms He pulse
at the beginning of the trapping cycle cools the ions and leads
to the efficient formation of HHe," complexes up to n = 6 by
ternary collisions. During the trapping time, the ionic
complexes are exposed to the tunable IR pulses of FELIX.”
After the storage and irradiation period, the ion cloud is
extracted from the trap, and the complex of interest is filtered
by a second mass analyzer and counted by an effective ion
counter. Such storage cycles are repeated typically five times to
improve the signal-to-noise ratio, after which the FELIX laser is
tuned to the next frequency setting.

The FELIX laser is operated at its maximum repetition rate
of 10 Hz. The laser pulse energy E is constantly monitored by a
power meter at the exit of the trap machine. In the current
experiment, the IR pulses are attenuated, so that the measured
pulse energy is on the order of 8 mJ. The bandwidth of FELIX
is transform-limited with a typical resolution of 0.2% full width
at halfmaximum (fwhm) of the central frequency. With this
resolution, we are generally not able to resolve single
rovibrational lines; only the envelopes of the vibrational
bands are recovered.

For the spectroscopic investigation of the HHe," (similar for
DHe,") complexes, the second quadrupole mass filter is set to
mass (1 + 4n) u. When the FELIX frequency is on resonance,
IR photodissociation occurs, for example

+hl/

HHe,* — HHe,_, " + mHe (n—m) >2 (1)

which is detected as a decrease in the number of HHe," ions.
The spectral signal for such measurements is obtained by

n—m

counting the number of HHe," ions, ¢(7), as a function of the
FELIX wavenumber 7. The normalization procedure em-
ployed is s(¥) = (¢; — ¢(V))T/(c,NE(T)), with ¢, being the
HHe," counts with FELIX being off-resonant, and
N x E(D)/V is proportional to the number of photons
deposited during one trapping cycle (N shots). As all
complexes with n = 1—6 are present in the trap at the same
time (though with strongly decreasing number), crosstalk
between the spectroscopic channels may potentially occur. We
did not observe such crosstalk effects, in particular, because the
distribution of HHe," complexes in every experiment was
optimized via the initial He pulse.

To help understand the IRPD results, the equilibrium
structures and the harmonic and the anharmonic vibrational
fundamentals of all HHe," and DHe," (n = 2—6) complexes
were determined at the MP2, CCSD(T), and CCSDTQ levels
employing aug-cc-pVXZ basis sets with X = T, Q, and 5.°° The
anharmonic corrections to the harmonic fundamentals were
determined, within second-order vibrational perturbation
theory (VPT2),”" mostly at the MP2 and CCSD(T) levels
employing different basis sets (see Tables S.1 through S.4 of
the Supporting Information). Apart from a few noted
exceptions, the results are rather insensitive to the level of
theory and the basis sets employed. The computations utilized
the Gaussianl6,’> the CFOUR,** and the MRCC****
electronic-structure codes.

In the He-solvated structures with n = 3-S5, the naively
expected point-group symmetry of the equilibrium structure is
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“lowered” by the actual geometry optimizations (see Table
S.1). The equilibrium structures of HHe;* and HHe;" are
computed to be of C,, point-group symmetry, and that of
HHe," is only of C; symmetry at the highest level of theory
(aug-cc-pVQZ CCSD(T)) employed. In this case, the
equilibrium structure is different from a C,, structure only by
an exceedingly small amount. Thus, experimental data (in
particular, in high resolution) are decisive to settle any
dilemma about the structures and the dynamics of these ions.
The equilibrium structure of HHes" has D,, point-group
symmetry. The calculated minimum-energy structures of the
complexes, with some parameters given in Table S.1, are
depicted in Figure 1.
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Figure 1. IR predissociation spectra of HHe,", recorded in the v,
bending and v; stretching region of the HHe," chromophore (green
trace). The black lines are spectroscopic simulations with
PGOPHER,* fitted to the measured data. The extracted band
origins are given in Table 1. Blue sticks are our ab initio results from
Table S.3.

For the linear molecules HHe," and DHe,", the IR-allowed
fundamental vibrational transitions in the targeted FELIX
frequency search range are the antisymmetric stretch v; and
the degenerate bending v,, while the symmetric stretch v, and
the first overtones 2v; and 2v, are IR inactive. We confirmed
the role of HHe," as being the strongly bound chromophore
by attempting predissociation spectroscopy in the range of
900—1600 cm™' and, as expected, did not detect any signal.
For species with n > 3, however, the extra He atoms are only
weakly bound,'® and clear predissociation signals for 3 and v,
are obtained. These are summarized in Figures 1 and 2 for
HHe," and DHe," (n 3—6), respectively. For the
antisymmetric stretching vibration v;, a slight red-shift of the
band centers upon stepwise addition of He atoms is observed.
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Figure 2. IR predissociation spectra of DHe,", recorded in the v,
bending and v; stretching region of the DHe," chromophore (see also
caption to Figure 1). Blue sticks are our ab initio results from Table
S4.

The extracted band origins are summarized in Table 1 and
compared to our anharmonic ab initio values there, as well.
Also, the features for HHe;" and DHe;" show some structure
(DHe;" has, e.g., a double peak). Upon further complexation,

Table 1. Experimental Band Origins (in cm™) for the
Fundamental Vibrational Modes of HHe," and DHe,",
Extracted from Best-Fit PGOPHER Simulations to the
Measured Data”

V3 Uy U
expt Al expt Al Al
HHe,*
n=2 1345 88S 893
n=3 1290 1331 841.8//887.6 850//888 886
n=4 1282 1319 819//847 861//841 879
n=35 1277 1310 820//853 831//863 873
n==6 1273 1316 821 823 872
DHe,*
n=2 1028 673 917
n=3 1008 1018 648//673 652//674 907
n=4 1000 1009 660//646 899
n=35 995.5 1000 641//659 890
n=6 993.5 1002 638 638 887

“These are compared to their ab initio (AI) anharmonic counterparts
(see Tables S.1 and S.2 for further Al results). The experimental
uncertainties of the FELIX data are typically 0.3%. The components
of the “split” v, fundamental are indicated as //, ordered by

symmetry.
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these spectral features for v; get narrower, and no obvious
substructure can be seen any more.

For HHe," and DHe," with n = 5 and 6, small additional
features on the blue sides of the main v; bands are discernible.
For instance, for HHe;" and HHe(" these “blue bumps” are at
1372 and 1366 cm™', respectively, and thus ~95 cm™" away
from the main peak, while for the deuterated species there are
small tentative features only ~35 cm™" on the blue side of the
main v; peaks. These features are most probably combination
bands of v; with a motion of the weakly bound He atoms;
similar features arising from combination bands have been
observed before for other complexes, for example, for
H;*(H,),”” or O,H"-He.*® For HHe,", we assign the observed
mode to a combination of the asymmetric stretch (v;) with a
bending motion of ¢, symmetry of the four loosely bound He
atoms (the harmonic and anharmonic bending fundamentals
of e, symmetry are computed to be ~170 and 100 cm™,
respectively). This is the only combination band with a
nonzero intensity in this region, and the anharmonic
wavenumber agrees well with experiment. As to DHe,", the
computations indicate that the ei-symmetry bending motion
does not really depend on the mass of the central atom. Thus,
the tentative feature found at an ~35 cm™" shift for DHe," may
not be a real feature and may be due to some experimental
artifact.

As to the bending mode v,, the degeneracy of this mode
within the chromophore HHe," is lifted in solvated HHe,"
complexes with n 3—5 (similar for DHe,"). In our
experiment, the branches of these nondegenerate modes are
nicely resolved for HHe;" and DHe;*; see Figures 1 and 2,
respectively, for which one in-plane and one out-of-plane bend
is discernible. For HHe," with n 4 and S, also two
nondegenerate modes are detected, albeit with a much less
resolved structure. The recording of the bending modes for the
DHe," species turned out to be very challenging, due to very
weak absorption dips (see the intensity discussion below) on
top of a strongly varying background. Therefore, we consider
the results for v, of DHe," (n = 3 and 6) in Figure 2 less
reliable; the spectra for n = 4 and S were not measured at all.
For n = 6, the degeneracy is restored due to symmetry, and
only a single bending mode is observed.

The intensity calibration of our measurements is reprodu-
cible within approximately a factor of 2. Therefore, the
intensity variations seen in the spectra of HHe," and DHe,*
have to be viewed with some caution. Nevertheless, the
intensity of the deuterated versions (Figure 2), being a factor
of ~20 weaker compared to the hydrogenated versions (Figure
1), is striking. The significantly lower intensity could
potentially be caused by isobaric contamination of the injected
DHe" ions by D;" ions and the ensuing contamination of the
DHe," complexes produced. We checked that this effect is

n
negligible by (i) minimizing the production of D;* in the ion
source by using a diluted 1:5 D,/He precursor mixture and
confirming the intensity shown in Figure 2, and (ii) by
searching for spectral features of D;*—He (the degenerate
stretch® v, of D5 is at 1834.67 cm™') and detecting only a
tiny potential feature around 1820 cm™'. The D;* contam-
ination in the injected ion ensemble is estimated to be well
below 10%, and we thus conclude that the low measured
intensity for the deuterated species is real. Our ab initio
computations predict a weaker absorption intensity of the
deuterated versions by a factor of at most 2, and it can thus be
speculated that the dissociation process is causing the observed
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large difference between the protonated and deuterated
species.

Because of the relatively high resolution of FELIX at lower
wavenumbers (e.g, AT ~2 cm™' at ¥ =800 cm™'), the
rotational envelopes of the HHe," and DHe," bending modes
could be resolved during our experiments, in particular, for n =
3. This made it possible to make spectroscopic simulations
using the program PGOPHER;® see the black lines in Figures
1 and 2. In this approach, after defining the vibrational
symmetries and nuclear spin weights, the spectroscopic
parameters (band origins and rotational constants) are fit to
the experimental observation; the best-fit band origins are
given in Table 1. Concerning the nuclear spin weights, because
of the zero nuclear spin (I = 0) of the He nucleus, many
irreducible representations in the respective point groups of
the HHe," species have zero weight (similar for DHe,*), and
the corresponding rovibrational spectra are thus characterized
by missing levels. For instance, for HHe;* (C,, point group)
the only allowed quantum levels have symmetry A; and A,, and
for HHes" (D,, point group) the only allowed quantum levels
have symmetry A, and A;,. In the PGOPHER simulations, the
ab initio rotational constants (see Tables S.1 and S.2) were
used as starting values (for both ground and vibrationally
excited states), which, unfortunately, could not be further
refined due to the low resolution of the experiments.
Nevertheless, for HHe;*, the good agreement between
measurement and simulation suggests a structure with T-
shaped C,, symmetry. The measurements identify the in-plane
bend (a, symmetry, a-type) and the out-of-plane bend (b,
symmetry, c-type) modes, with band origins at 841.8 and 887.6
cm™; see Table 1. For HHe,* and DHe,", the detection of one
single bending mode indicates degeneracy and thus corrobo-
rates a structure of D,, symmetry. For HHe,", however,
simulations neither in the proposed C,, nor the C, symmetries
yield a satisfying fit with the measurements, indicating that
large-amplitude motions of the two loosely bound He atoms
may be at play. The rotational temperature in all these
simulations is estimated to be ~18 K, considerably higher than
the nominal trap temperature.

With similar parameters, the simulation of the measured
envelopes of the antisymmetric stretch (v;) for HHe," and
DHe," turned out to be also difficult, as the measured features
are much broader than the simulated ones. In particular, the
antisymmetric stretch v for HHe;* (b, symmetry, b-type)
cannot be reproduced well; for DHe;" a double peak structure
is observed. One can only speculate about the underlying
reasons; the possibilities include perturbations, broadening of
the rovibrational lines due to the short lifetime of the
vibrationally excited complexes, or broadening due to
saturation of the signal. High-resolution measurements are
needed for clarification here, in particular, for deciphering the
structure and dynamics of HHe,". The band origins given in
Table 1 for vy are thus less accurate, but the considerable
deviation from the computed results is definitely real.

This work provides the first infrared signatures for HHe,"
and DHe," species with n > 3. Similar to the case of the HAr,"
species measured by Duncan and co-workers,”* our spectro-
scopic investigation clearly demonstrates experimentally that
the symmetric cations He—(H/D)*—He are the chromophores
of these complexes. The experimental results also suggest
structures for HHe;* and HHe" of C,, and Dy, point-group
symmetry, respectively, by resolving the infrared bands
corresponding to the bending modes of the ions. These results
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are clearly supported by the high-level ab initio computations
of this study. The structure of HHe," and HHe;" remains
somewhat elusive, and more experimental work is needed to
confirm the theoretical predictions, which are themselves
somewhat unclear due to the polytopic nature**™** of these
ions. It is unclear why VPT2 is unable to predict accurately the
antisymmetric stretch mode (v3) of the HHe,* and DHe," (n
= 3—6) complexes (see blue sticks in Figures 1 and 2).

The chromophore itself could not be detected in this work
employing the IRPD method, but the band origin of its
antisymmetric stretch is now located around 1299 cm™ for
HHe," (1014 cm™ for DHe,") by simple linear extrapolation,
and its 7-bending mode is estimated to be at 888 cm™' (673
cm™ for DHe,"). For such an ion one can perform high-
resolution rovibrational spectroscopy applying an alternative
scheme, the method of state-dependent attachment of He
atoms.”®**** This method is based on the fact that
rovibrational excitation of a cation lowers the probability of
attaching loosely bound He atoms in a ternary collision process
at 4 K. Experiments with high-resolution lasers at the given
band positions will define the spectroscopic constants of
HHe," and DHe," and their structures in all desired detail.
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