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1. Introduction

Microsolvation of H,O", H:O*, and CHzOH,™ by
He in a cryogenic ion trap: structure of solvation
shells¥

David Muller and Otto Dopfer (2 *

Due to the weak interactions of He atoms with neutral molecules and ions, the preparation of size-
selected clusters for the spectroscopic characterization of their structures, energies, and large amplitude
motions is a challenging task. Herein, we generate H,O*He, (n < 9) and HzO*He, (n < 5) clusters by
stepwise addition of He atoms to mass-selected ions stored in a cryogenic 22-pole ion trap held at 5 K.
The population of the clusters as a function of n provides insight into the structure of the first He
solvation shell around these ions given by the anisotropy of the cation—He interaction potential.
To rationalize the observed cluster size distributions, the structural, energetic, and vibrational properties
of the clusters are characterized by ab initio calculations up to the CCSD(T)/aug-cc-pVTZ level. The
cluster growth around both the open-shell H,O" and closed-shell HzO" ions begins by forming nearly
linear and equivalent OH- - -He hydrogen bonds (H-bonds) leading to symmetric structures. The strength
of these H-bonds decreases slightly with n due to noncooperative three-body induction forces and is
weaker for HzO" than for H,O" due to both enhanced charge delocalization and reduced acidity of
the OH protons. After filling all available H-bonded sites, addition of further He ligands around H,O*
(n = 3-4) occurs at the electrophilic singly occupied 2p, orbital of O leading to O---He p-bonds
stabilized by induction and small charge transfer from H,O" to He. As this orbital is filled for HzO*, He
atoms occupy in the n = 4-6 clusters positions between the H-bonded He atoms, leading to a slightly
distorted regular hexagon ring for n = 6. Comparison between HzO*He, and CHsOH,"He, illustrates
that CHsz substitution substantially reduces the acidity of the OH protons, so that only clusters up to
n = 2 can be observed. The structure of the solvation sub-shells is visible in both the binding energies
and the predicted vibrational OH stretch and bend frequencies.

In the case of noncovalent X'He, clusters, their low binding
energy makes their efficient production for spectroscopic char-

The weak interaction of He with neutral and charged atoms and
molecules is relevant for several disciplines, including mole-
cular physics, low-temperature physics and chemistry, plasma
chemistry, and astrochemistry. He atoms are quantum objects
and their neutral clusters serve as models to investigate super-
fluidity and large-amplitude motion at the molecular level.'™®
In general, the interaction of He with cations is stronger than
for neutrals due to additional electrostatic and induction forces
arising from the excess positive charge, leading to deeper
potential wells and larger angular anisotropy of the interaction
potential.” ™" For some closed-shell and open-shell cations
strong chemical bonds may be formed (e.g,, H'He, He,").’

Institut fiir Optik und Atomare Physik, Technische Universitdt Berlin,

Hardenbergstr. 36, 10623 Berlin, Germany. E-mail: dopfer@physik.tu-berlin.de

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2cp01192a

1222 | Phys. Chem. Chem. Phys., 2022, 24, 11222-11233

acterization a challenging task.

Pioneering experiments of X'He, clusters were carried out
by Kobayashi and coworkers,">™** who injected X" ions into
drift tubes cooled by liquid He and filled with rarified He gas to
generate and characterize these clusters by mass spectrometry,
thereby revealing initial experimental information about their
stability and structure (magic numbers). Since then, three
major approaches have been applied as efficient X'He, ion
sources. In the first bottom-up approach developed around
three decades ago, X'He, clusters are generated in supersonic
plasma expansions in which X" ions are generated by electron
or chemical ionization or laser desorption. The cold clusters
generated can readily be characterized by infrared or optical
photodissociation (IRPD, UV/visPD).'®'>!® One of the early
visPD examples includes N, (n < 3) with free internal rotation
of the He atoms around the N," rod.’” IRPD studies of small
closed-shell and open-shell protonated X" ions include HCO"

This journal is © the Owner Societies 2022


https://orcid.org/0000-0002-9834-4404
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp01192a&domain=pdf&date_stamp=2022-04-27
https://doi.org/10.1039/d2cp01192a
https://doi.org/10.1039/d2cp01192a
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01192a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024018

Open Access Article. Published on 20 April 2022. Downloaded on 12/9/2025 4:51:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(n=1)," HN," (n < 2),"° NH," (n = 1),° NH," (n = 1),>** OH"
(n = 1), H,0" (n = 1),>* HO," (n = 1),>® HCO," (n = 1), CH;"
(n = 1),">***” SiOH" (n = 1),>® but also large aromatic and
cycloalkane ions, such as phenol” (n = 1),* acetanilide* (n = 1),*°
and adamantane” (n < 3).>' However, it is often difficult to
attach more than one He atom to the X' cation as substantial
energy has to be injected into the expansion to generate the
ions and the expansion provides a too short time and pressure
window to grow cold X'He, clusters with larger n.

A second bottom-up approach developed later by Asmis and
coworkers is growing X 'He,, ions in a cryogenic trap.”*’ In this
approach, ions are prepared in an arbitrary ion source, mass-
selected, and trapped in a cryogenic trap by He buffer gas
cooling. During the cooling process, larger X'He,, clusters can
be formed and the limit of zn is mostly given by the He binding
energy and the cooling efficiency of the trap. As a result of the
longer time for cluster growth, often larger X 'He, clusters can
be formed in the trap than in the plasma expansion. This
approach has been widely adopted by several groups to form
X'He,, clusters around smaller and larger cations,>**°™*° such
as inorganic and small hydrocarbon ions,®**>*'~¢ C¢,",*”~*° and
protonated PAH (coronene)®® and biomolecules,
reaction intermediates.*® However, in many of these studies,
He-tagging is barely used for spectroscopy of the bare X' ion
and no or only little attention has been paid to the X'---He
interaction potential. Because of the larger binding energies, in
most cases larger rare gas atoms, H,, or N, are used as a tag in
spectroscopy experiments coupled to cryogenic traps.

A third and top-down approach to generate X He, clusters is
ionization of doped helium nanodroplets, X@He,,. Briefly, in
this technique one or more neutral atoms or molecules are
picked up by very large He,, clusters (m = 10°-107) and then
ionized typically by electron impact. As a result of the excess
ionization energy, most He atoms evaporate. The remaining
population of the small X'He, products (n « m) may be
analysed by mass spectrometry to reveal magic numbers and
structures of solvation shells or used for photodissociation
spectroscopy. This technique has been pioneered and exten-
sively applied by Scheier and his group to a plethora of
cations,”™? including metal, PAH, and fullerene cations and
their clusters.”>>® Few groups have also started recently to
perform elegant ion spectroscopy in large He droplets,> %’
although this approach does not provide details about the local
X'---He interaction potential (radial strength and angular
anisotropy).

Herein, we report the generation of H,0'He, and H;0'He,
clusters in our recently commissioned cryogenic ion trap
coupled to a quadrupole/time-of-flight tandem mass spectro-
meter (BerlinTrap).®® As we use this bottom-up approach for
X'He, generation in this tandem mass spectrometer combi-
nation for the first time, we describe the instrument-specific
data analysis in some detail and validate the approach for
CHj;'He,, and H;0"He,, for which corresponding cluster growth
experiments have been performed before in a quadrupole/
quadrupole tandem mass spectrometer.***> The H,0"He,, clus-
ters are grown for the first time and extend our previous IRPD
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work on H,0'He (7 = 1), in which we could produce in a plasma
expansion not enough larger clusters for spectroscopic interro-
gation.”® In that work, high-resolution rotation-vibration-
tunneling spectroscopy has been performed for H,0O'He and
partly deuterated species, providing precise information about
the 3D interaction potential by comparison to ab initio calcula-
tions at the MP2/aug-cc-pVTZ level. No spectroscopic informa-
tion appears to be available for H,0'He,~, and any of the
H;0'He, clusters. To this end, we employ in the present work
CCSD and CCSD(T) calculations to determine the structural,
energetic, and vibrational properties of H,0'He,.s; and
H;0'He, ., for investigating the solvation shell structure and
for preparation of future IRPD experiments in the BerlinTrap.
For comparison to H;O'He,, we investigate also CH;OH,"
He, .2 clusters*® using the same experimental and computa-
tional strategy to extract the effects of H — CHj; substitution on
the X' --He interaction potential. Complexes of small inter-
stellar hydroxy cations with He, such as OH",*® H,0",”® and
H;0",”* are of special interest in the context of astrophysics and
considered in several models of astrochemistry.””

2. Experimental and
computational techniques

The cluster growth experiments are carried out in an ion-trap
quadrupole/time-of-flight tandem mass spectrometer (BerlinTrap)
described in detail elsewhere.®®”* Briefly, it consists of an ion
source for ion generation, a quadrupole mass spectrometer
(QPMS) for ion selection, an electrostatic bender for ion deflec-
tion, an octupole ion guide for transferring the ions into a
cryogenic 22-pole ion trap used for trapping and cooling the
ions via He buffer gas (purity 5.0, Air Liquide, impurities O,
and H,O0 < 3 ppm), an Einzel lens stack for focusing the ions,
and finally a reflectron time-of-flight (ReTOF) mass spectro-
meter for detecting the product ions. For the current study, the
original electrospray ionization (ESI) source is used to produce
the closed-shell ions H;0", CH;", and CH;OH,",°® while for the
open-shell H,0" ions the ESI source is replaced by an electron
ionization (EI) source.”* H;0" and CH3;OH," are readily pro-
duced by ESI of solutions containing H,O or CH;OH with some
addition of acetic acid. CH;" is a major fragment of CH;0H, " by
elimination of H,0. The H,O" cations are produced by standard
electron ionization of H,O using electrons with a kinetic energy
of typically 70 eV. The X" ions generated by ESI or EI are mass-
selected by the QPMS and injected in the 22-pole trap held at
5 K by a cryostat. The ions are then trapped and cooled down by
an intense He pulse injected into the trap just before the ions
enter the trap. Spectroscopic analysis of hot band intensities in
the electronic spectra of a variety of biomolecular ions yield an
effective vibrational temperature in the range of 15-30 K for
trap temperatures of 4-6 K, illustrating that the ion tempera-
ture does not fully reach the trap temperature.®®”*”® During
this process, X'He, clusters grow in the trap. The resulting
X'He, cluster distribution is extracted into the extraction region
of an orthogonal ReTOF (with a resolution of m/Am > 100 in the
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considered size range) where they are accelerated by a high voltage
pulse toward a dual stage microchannel plate detector in Chevron
arrangement.

One particular feature of the BerlinTrap setup is the distance
between the 22-pole trap and the ReTOF (ca. 0.5 m), which acts
as additional time-of-flight discriminator and leads to variable
transmission efficiencies for ions with different masses via the
choice of the delay between the 22-pole extraction and the
ReTOF extraction. To compensate for this effect, mass spectra
are recorded at varying delay times in steps of typically 2 pus and
added up to cover the whole X He, cluster distribution. Fig. 1
illustrates this procedure for the case of H;0'He, clusters for
selected delay times and the sum spectrum.®® As can be seen,
for early extraction at 60 us delay only H;O He, with n = 0-2
have significant transmission. On the other hand, at late
extraction at 74 ps delay only n = 2-5 clusters have measurable
transmission. Thus, by varying the delay from very early to very
late extraction, where at the extreme delays no ions are detected
anymore, we ensure that we account reliably for the total ion
population in the trap by summing up all spectra (Fig. 1). To
validate this approach further, mass spectra of CH,'He,, are
presented in Fig. 2 to allow for direct comparison with corres-
ponding spectra recorded previously by Asvany and coworkers
using a QPMS for ion analysis.*® Attachment of only two He
atoms is observed with significant abundance in both
approaches, and the n = 3 abundance in the QPMS study is
lower by three orders of magnitude than those of n = 1 and 2.
The spectrum in Fig. 2 is taken at relatively long delay to

74 us
; ; ’t : 70 us
66 us
g . 60 us
§ n=0
2
"
IS H3O0*He,,
1
- 2 3 sum
4 5
o —
paaa by be v by s lasaal

20 25 30 35 40
m/z

Fig.1 Mass spectra of the ion trap content recorded with the ReTOF,
when storing mass-selected HzO™ ions in the 22-pole trap and growing
HzO*He, clusters. Individual mass spectra for variable delay times
between ion extraction from the trap and ion extraction into the ortho-
gonal ReTOF illustrate the transmission efficiency as a function of the
delay. The sum spectrum is the sum of all spectra for delays between 50
and 84 ps in steps of 2 ps. In addition to the predominant HsO*He,, series,
Hz0*H,O (H50,") is observed at m/z 37.
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Fig. 2 Mass spectrum of the ion trap content recorded with the ReTOF,
when storing mass-selected CHz* ions in the 22-pole trap and growing
CH3z"He,, clusters. This mass spectrum is taken at a long delay to illustrate
the shell closure at n = 2.

illustrate the sharp drop in ion population at n = 2 also using
the ReTOF approach, indicating shell closure at this cluster
size. This observation is in line with the previous potential
energy surface calculations for CH; He, with n = 1-2,'%2%%7
and results from rotationally-resolved IRPD and microwave
spectra.”®*>”” These studies show that the first two He atoms
strongly bind to the vacant and thus very electrophilic 2p,
orbital of C (D. = 700 em™ " for n = 1 at MP2/aug-cc-pVTZ),
while binding to the protons is much less stable (D. =
100 cm™1),*® so that CH; He,, with n > 3 are very difficult to
grow even in cryogenic traps.*” This view is fully supported by
additional extensive IRPD studies and calculations of CH;'Rg,,
clusters with the larger rare gas atoms Ar (n < 8) and Ne
(n < 2).">7%7° While in the supersonic plasma expansion only
CH,; " He,, clusters with n = 1 could be produced in sufficient
abundance for spectroscopy,’® in the ion trap the n = 1 and 2
clusters are readily produced with enough abundance for
spectroscopic interrogation.””

AD initio calculations at the unrestricted CCSD/aug-cc-pVIZ
level with tight optimization are carried out for H,O'He,,
H,;0"He,, and CH;0H, 'He, clusters to determine their structure,
binding energy, rotational constants, and vibrational frequen-
cies.®® Single point calculations are carried out at CCSD(T) level
at the minima obtained at the CCSD level. Harmonic vibrational
frequencies are scaled to optimize the agreement between
computed and experimental OH stretch and bend frequencies
of H,0" and H;0'. Spin contamination is negligible, with
values of (§%) —0.75 < 1072 (10~*) before (after) spin annihila-
tion for H,0" and its clusters in the *A; doublet ground state.
As expected, popular DFT methods are not suitable to describe
the interactions in this type of clusters. For example, our
B3LYP-D3/aug-cc-pVTZ results for He, and H,0 He show that
this level severely underestimates the He---He interaction
(D. = 0.2 ecm™*, R, = 2.805 A) and strongly overestimates the
H,O'He interaction (D, = 708.8 cm ™, R, = 1.591 A) compared
to results at the CCSD(T)/aug-cc-pVTZ level (D. = 6.9 and
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487.9 cm ™, R, = 3.015 and 1.702 A). The latter values compare
favorably with the best estimate for He, from Virial and viscosity
data (D, =7.6 cm™*, R, = 2.963 A)®* and the CCSD(T)/CBS value for
H,O'He (D, = 482.0 cm ™). The CCSD(T)/CBS values are obtained
by extrapolation of the calculations with the aug-cc-pvnZ basis
sets with n = 3-5 at the geometry of n = 3. We do not systematically
include corrections for basis set superposition error (BSSE).
For the global minimum of H,0'He, the CCSD(T)/aug-cc-pVTZ
level yields D, = 510.2 and 455.2 cm™ " without and with BSSE
correction, respectively, while the CCDT(T)/CBS value amounts to
482.0 cm ™. Hence, the BSSE correction lowers D, by roughly 11%,
while the limited basis set overestimates it by around 6%.
In addition to equilibrium geometries and dissociation energies,
we also evaluate binding energies (D,) by considering harmonic
zero-point vibrational corrections. We are aware that zero-point
motions involve large-amplitude motions even in the ground
vibrational state,”>*” and these may not be well described by
the harmonic approximation. To this end, the equilibrium ener-
gies D, at the CCSD(T) level are more reliable. The atomic charge
distribution is evaluated using the natural bond orbital (NBO)
analysis.

3. Results and discussion
3.1 H,O'He,

Fig. 3 shows the mass spectrum obtained for the growth of
H,0"He,, clusters around the mass-selected H,O" ion. In addition
to the very intense H,O" parent ion (n = 0), H,0'He, clusters are
produced with a higher intensity for n = 1, while signals for n = 2-4
are similar and around a factor of 3-5 weaker than for n = 1. The
signal for n = 5 drops again by a factor of five, and the n = 6-9
peaks are barely visible. Clusters with n > 10 are below the
detection limit. The relative signal intensities are 150:25:8:
7:5:1 for n = 0-5, and <0.1 for n = 6-9. This mass spectrum

n=0
H,O*He,,

ion signal [a.u.]

sl by a by s by s byl by lsaaal

20 25 30 35 40 45 50 55 60
m/z

Fig. 3 Sum mass spectrum of the ion trap content recorded with the
ReTOF, when storing mass-selected H,O" ions in the 22-pole trap and
growing H>O"He, clusters. The filled circles and the asterisk indicate the
formation of HsO*He, (m/z 23, 27, 31) and HzO"H,O (Hs0,", m/z 37),
while the open circles are due O,*He,, 1 (m/z 32, 36), which are produced by
O, impurity in the He line and exothermic charge transfer from H,O to O,.
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suggests relatively stable and comparable binding sites for n = 1-4,
while n = 5 seems less stable. After filling the solvation subshells
with five He ligands, attachment of a sixth He atom seems not
efficient due to even lower binding energy, and all efforts to
change the experimental conditions for the He pulse (timing,
intensity, duration) failed in producing H,0'He, clusters with
n > 10. In addition to the main H,0O'He,, series, we detect also
H;0'He, -5 (m/z 23, 27, 31) and H;0'H,O (m/z 37), because the
QPMS does not completely filter out all H;O" ions produced in the
EI source. We also detect O, He,, ; clusters (m/z 32, 36), which are
produced by O, impurity in the He line and exothermic charge
transfer from H,O" to O,.

In an effort to assign the observed H,0'He,, cluster struc-
tures, we consider again the CCSD calculations, and the most
stable isomers are shown in Fig. 4. Ionization of H,O (*A;, Cs,)
into its cation ground state (*By, C,,) occurs by removal of an
electron from the nonbonding b, orbital, which is essentially
the 2p, orbital of O and thus perpendicular to the molecular
plane. The structural data for H,0" (r. = 1.0001 A, 0, = 109.3°)
and rotational constants (4. = 28.119, B, = 12.572, C. =
8.688 cm ') are in excellent agreement with the experimental
values (r. = 0.9992(6) A, 0. = 109.3(1)°, A, = 27.789, B, = 12.588,
Ce = 8.700 cm ™ ').%” The scaled harmonic vibrational frequen-
cies of the symmetric and antisymmetric OH stretch modes of
vy = 3211 and v; = 3261 cm™ ' are also close to the measured
fundamentals, v; = 3213 and v5 = 3259 cm™ %52

The potential energy surface of H,O'Rg dimers with Rg =
He-Ar has been characterized in detail before by calculations at
the MP2 and CCSD(T) levels.>"**"# 1t contains two nonequiva-
lent minima, in which the Rg atom binds either to one of the
protons forming a nearly linear OH---Rg ionic H-bond (two
equivalent minima) or to the 2p, orbital of O (also two equiva-
lent minima), while other parts of the potential are less
attractive. The H-bonded minima are stabilized by dispersion
and induction forces (charge-induced dipole), while the
p-bonded minima are stabilized by charge transfer from Rg
into the 2p, singly occupied orbital (SOMO). The latter is weak
for small Rg atoms but becomes more pronounced for larger Rg
atoms, because the ionization potential of Rg gets closer to that
of H,O (IP = 24.6, 21.6, 15.8, 14.0, 12.1 €V for He-Xe and 12.6 eV
for H,0),”° Thus, for Rg = He-Ar the H-bonded isomer is the
global minimum on the H,O'Rg potential and the p-bonded
structure is clearly a higher lying local minimum, in agreement
with the experimental IRPD spectra.>*®***%” On the other
hand, for Rg = Kr the hemi-bonded p-isomer is slightly more
stable than the H-bonded isomer.”">

For H,0'He, the CCSD calculations predict for H,0'He(H)
a planar structure (Cs) with a nearly linear OH- - -He bond, with
intermolecular bond parameters (R. = 1.702 A, f. = 174.2°,
A. = 21.539 em™ ', B. = 0.68900 cm ™!, C. = 0.66765 cm *,
D, = 488 cm ™', D, = 207 cm ™ '), which are in good agreement
with previous computational data®*®® and experimental
values from IRPD spectroscopy (R, = 1.656(4) A, B, = 175(5)°,
(Bo + Co)/2 = 0.6535 cm™').>* The proton donor O-H bond
considerably elongates (by 2.3 mA) upon H-bonding, while the
free O-H bond slightly contracts (by 1.0 mA). As a result, the v,
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Fig. 4 Minimum structures (in A and degree) of H,O*He,, with n = 0—6 obtained at the CCSD/aug-cc-pVTZ level.

and v; frequencies display both red shifts of —27 and —8 cm ™",

in qualitative agreement with the observed values (—15 and
—5 cm™').>* The weak interaction of H,O" with He is insuffi-
cient to decouple v; and v; into the two equivalent OH stretch
local modes, leading to a red shift in v; (mostly free OH stretch)
although the free O-H bond contracts upon forming the
OH-: - -He H-bond. In fact, the barrier between the two equiva-
lent H-bonded minima at a planar transition state is rather low
so that tunneling splittings for hindered internal rotation could
be resolved in the IRPD spectra of H,O'He, which are absent in
the HDO'He spectra. This tunneling motion, along with the
involved large amplitude motion, also explains the overestima-
tion of the computed Avy; shifts calculated for the rigid
H,0"He(H) equilibrium structure because the He moves away
from the linear OH- - -He configuration even for the zero-point
level. H-bond formation slightly increases the H,O bend angle by
0.2°. It also increases the H,O" bend frequency by Av, = +4 cm ™,
due to the additional retarding force of the OH-: - -He bond.
The CCSD calculations predict for the local H,0'He(p)
minimum (Cs) a structure, in which the He is attached to
H,O0 in the plane perpendicular to the molecular plane. The
He ligand is slightly tilted away from the 2p, orbital toward the
OH protons. The predicted intermolecular bond parameters for
the O- - -He bond are R, = 2.543 A, f, = 77.0°, A. = 9.0835 cm ™},
B. = 0.78853 cm™ ', C. = 0.75945 cm™ ', D, = 270 cm ™, and
Dy = 99 cm™'. The O-H bonds slightly contract upon He
attachment at the 2p, orbital (by 0.3 mA) and, as a result, the
computed v, and v; frequencies display both minor blue shifts
of 4 em™". This effect is mostly caused by the small electron
transfer from He into the electrophilic 2p, SOMO orbital of

1226 | Phys. Chem. Chem. Phys., 2022, 24, 11222-11233

H,0", which makes the cation slightly less positively charged
and thus shifts the low-frequency v4,; modes of H,0" toward
the higher-frequency modes of neutral H,O. Such blue-shifted
vibrational transitions are absent in the IRPD spectrum, clearly
confirming that the H-bonded isomer is the global minimum
on the H,OHe potential.>* In contrast to the H-bonded isomer,
p-bonding decreases the H,O bond angle by 0.2° but also
increases v, by 3 cm ™. Overall, the CCSD results for H,O"He(p)
are close to those reported earlier at the MP2 level.>*#¢

In the planar global minimum structure of H,0'He,(2H)
with C,, symmetry, two equivalent OH- - -He H-bonds are formed,
which are only slightly weaker than that in the H,O He(H) dimer,
with R, = 1.713 A, f. = 174.0°, D, = 472 cm ™ !, and D, = 228 cm™ ..
In principle, the two He atoms do not interact much with each
other and one expects near additivity in the properties and effects
upon sequential He solvation. The observation of slightly less
than additivity is consistent with the noncooperative threebody
forces of interior ion solvation. This effect arises from nonadditive
induction forces and charge delocalization, which are both small
due to the weak interaction. Both proton donor O-H bonds
considerably elongate (by 1.2 mA) upon H-bonding, causing total
red shifts of —21 and —41 ecm ™! in v, and ;. H-bond formation
slightly increases the H,O bend angle by 0.4° and v, by +7 cm ™"
compared to bare H,O", again nearly twice the changes caused by
the first OH: - -He bond.

For comparison, we have also computed the H,0 He,(2p)
local minimum with C,, symmetry. As expected, it has two
equivalent O- - -He p-bonds, which are only slightly weaker than
that in the H,O'He(p) dimer due to slightly noncoopera-
tive threebody forces (R. = 2.548 A, f. = 76.8°, D, = 266 cm™*,
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Dy = 139 cm™Y). The free O-H bonds contract by 0.6 mA,
resulting in total blue shifts of 9 cm ™! in both v; and v; from
the values of bare H,O". The H,O bond angle increases by 0.4°
and v, increases by 5 cm™.

The most stable n = 3 and n = 4 clusters are obtained by
adding two p-bonded He ligands to H,0 " He,(2H), resulting in
H,0"He;(2Hp) and H,0"'He,(2H2p) with C, and C,, symmetry.
The p-bonds in n = 3 and 4 are slightly longer (R. = 2.573 and
2.578 A) and weaker (D, = 264 and 261 cm ™', D, = 160 and
158 cm ™ ') than in the p-bonded isomers of n = 1 and 2. Again,
p-bonding slightly contracts the O-H bonds compared to
H,0"He,(2H) by 0.3 and 0.6 mA, causing blue shifts in both
v, and v; of 5/10 cm™" for n = 3/4. The H,0 bond angle
decreases by 0.2° and u, increases by 3 cm™ ! for each
p-bonded ligand. Moreover, p-bonding destabilizes the OH- - -He
bonds, which elongates by 4 mA for each p-bonded ligand. This
trend is in line with strengthening the intramolecular O-H bonds,
which reduces their acidity and thus their propensity to form
H-bonds.

After all four minima on the H,0O'He dimer potential are
filled with two H-bonded and two p-bonded He ligands, the
fifth ligand occupies a less stable binding site, which is not a
minimum on the dimer potential. Inspection of the in-plane
and out-of-plane potential characterized by MP2 suggests that
the O end is not very favorable because of the repulsive in-plane
lone pair of 0.>* On the other hand, the proton side is rather
attractive. Hence, a natural attractive binding site is in the H,0"
plane on the C, axis between the two H-bonded He ligands,
leading to a H,0'He; structure with C,, symmetry and binding
energies (D, = 251 and D, = 161 cm™ ') not much lower than
those of the p-bonded ligands. Indeed, the p-bonded minimum
on the MP2 dimer potential is very shallow and has a low
barrier for migration toward the position of the fifth He
ligand.?* At this bridged position, it has a distance of 2.900 A
from O, 2.458 A from the two protons, and 2.827 and 2.961 A
from the H-bonded and p-bonded He atoms. The latter dis-
tances are close to the He-He distance in He, of 2.805 A,
consistent with close packing. Attachment of the fifth ligand
weakens and thus lengthens the OH- - -He H-bonds (by 6 mA),
while the O- - -He p-bonds become slightly shorter (by 16 mA).
As a result of the weaker H-bonds and the stronger p-bonds, the
O-H bonds become shorter (by 0.2 mA), resulting in blue shifts
of v; and v; by +4 and +3 em™". The H,O bend angle becomes
smaller (by 0.2°) and v, decreases by 3 cm™ .

The H,0 He, cluster growth deduced from the CCSD calcu-
lations suggests the initial formation of the in-plane H-bonded
minima with binding energies of D. ~ 480 cm ™', followed by
out-of-plane p-bonded He-ligands with much weaker binding of
D ~ 260 cm ™" and the bridged ligand with similar interaction
(De ~ 250 cm™") (Fig. 5 and Table 1). At n = 5, all favorable
binding sites are occupied by He atoms, as suggested by the
H,O"He dimer potential, which suggests for the O binding site
only weak He binding (D. ~ 60 cm ™) due to repulsion from the
lone pair.>* Apparently, the mass spectrum in Fig. 3 is fully
consistent with this view, showing only minor abundances for
H,0"'He, clusters with n > 6. Interestingly, the intensity of n =5
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H,O*He, clusters calculated at the CCSD/aug-cc-pVTZ level.

Table 1 Binding energies of the He atoms in H,O*He, and HzO*He,
evaluated at the CCSD/aug-cc-pVTZ level (in cm™%)?2

H,0" H;0" CH,;0H,"
n D. D, D. D, D. D,
1(H) 487.9(510.2) 207.0 365.2 (384.9) 139.9 283.6 (301.7) 140.0
1(p) 269.7 (282.1) 99.4
2 (2H) 471.8 (492.5) 228.0 359.1(378.1) 158.7 281.8 (299.4) 140.1
2 (2p) 266.0 (278.1) 138.7
3 264.1 (276.2) 159.8 352.6 (371.1) 179.3
4 260.9 (259.0) 157.9 214.2 (225.9) 121.6
5 251.2 (277.5) 161.3 210.4 (221.4) 115.0
6 199.4 (212.9) 71.6

“ Numbers in parentheses are CCSD(T) energies (single-point calcula-
tions at the CCSD geometry).

is substantially reduced compared to n = 3-4, although these
cluster sizes have similar He binding energies. This result may
indicate the quantum nature of the He motion. While in
H,0'He, with n = 1-4 the He ligands can readily undergo large
amplitude motions, the structure of the n = 5 cluster is rather
compact and more rigid due to close-packing of all five ligands,
thereby strongly reducing the possibility for large amplitude
motions even at 0 K, whereby this effect is larger for the angular
than the stretching motions. As a result, even though the
interaction energy for the fifth He atom is quite favorable, the
large zero-point motions may make it difficult for the He ligand
to squeeze into this binding site, thereby reducing its effective
binding energy and population. The cluster growth deduced
herein from mass spectrometry and CCSD calculations is fully
consistent with the one derived for H,O'Ar,, clusters derived
from IRPD spectroscopy (n = 1-14) and MP2 calculations
(n = 1-4).8%%93 Ag expected, the charge transfer from H,O" to
the individual He ligands is small, and the NBO charges per He
atom are 9, 1, and 0.3 me for the H-bonded, p-bonded, and
bridged ligands, and decrease slightly as the cluster grows
(Table S1 in ESIt).
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Significantly, while the H,0'He dimer has been produced in
a supersonic plasma expansion and spectroscopically charac-
terized by IRPD previously, the larger H,O'He, clusters with
n = 2-9 are generated herein for the first time. Similar to the
CH;'He, case, this result demonstrates the superior perfor-
mance of ion traps over supersonic expansions in growing
larger X'He,, clusters. This is in contrast to H,0'Rg, with the
larger Rg atoms Ar and Kr, which have been grown and studied
up to n = 14 and 3, respectively.”>** Fig. 6 summarizes the
predicted evolution of the OH stretch and H,O bend frequen-
cies ;3 as a function of cluster size for the size range n = 0-5 as
basis for future IRPD spectroscopy and includes the available
experimental data for n = 0 and 1 (Table S2 in ESIt). As can be
seen, the H-bonded ligands cause large incremental red shifts
in v, and v; due to destabilization of the O-H bonds by the
formation of OH---He H-bonds (~15 cm ™' on average) and
smaller blue shifts of 4 em™* in v, due to the additional
retarding force of the H-bonds. On the other hand, p-bonded
ligands cause only minor blue shifts in v; and v; (~5 cm ™ ") due
to modest charge transfer into the 2p, orbital of O which
strengthens the O-H bonds and similarly small blue shifts in
vy (~3 em™'). Interestingly, the bridged He ligand (n = 5)
causes a similarly small blue shift in v, and v; as the
p-bonded ligand but a red shift in v,. Hence, the pattern in
the v;_; frequencies will readily allow for distinguishing the
various isomeric structures. In addition to the frequency

H,O*He,,

3260
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vou [em™]
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1420 |-
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1412 |-
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Fig. 6 OH stretch (11 and vz, scaled by 0.9442) and O-H bend (v,, scaled
by 0.9492) frequencies calculated for H,O"He,, clusters (CCSD/aug-cc-
pVTZ) compared to available experimental values for n = 0 and 1 (crosses).
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pattern, the computed IR intensities are reported in Table S2
in ESL{ All fundamentals of H,O" are strongly IR active. While
H-bonded He ligands strongly increase the IR activity in v; and
v; and slightly reduce that of v,, p-bonded ligands have little
impact on the intensity of all three modes. Overall, the spectral
pattern predicted for H,0'He,, is similar to that predicted and
observed for H,0'Ne, and H,0"Ar,, whereby the effects scale
with the polarizability of the Rg atom. A detailed comparison of
the H,O'Rg dimer potentials, structures, energies, and spectral
shifts has been presented elsewhere.”*

3.2 H;0'He,

Fig. 1 shows the mass spectrum obtained for the growth of
H;0"He, clusters around the mass-selected H;O" ion. In addi-
tion to the very intense H;O' parent ion (n = 0), H;0'He,
clusters are produced with a higher intensity for n = 1-3, while
signals drop for n = 4-5 and disappear for n = 6. The relative
signal intensities are roughly 125:50:30:30:10:1 for n = 0-5.
This mass spectrum suggests relatively stable and comparable
binding sites for n = 1-3 by forming OH- - -He ionic H-bonds to
the three available OH protons. After filling this solvation
subshell with three He ligands, further attachment occurs at
less stable binding sites. In addition to the H;O"'He, series, we
detect again H;0'H,O (m/z 37) from H,O impurity in the He
line or residual gas pressure in the trap. The observed mass
spectrum is similar to that obtained recently in a cryogenic trap
coupled to a QPMS, again validating our approach.?® Actually,
the latter study observed the n = 6 cluster about a factor
10 weaker than the n = 5 cluster.

To rationalize the observed H;O'He, cluster growth, we
consider again the CCSD calculations and the most stable
isomers are shown in Fig. 7. Protonation of H,O produces the
pyramidal H;0O" cation with C3, symmetry and a low barrier for
inversion through the planar D, transition state. The equili-
brium structural data for H;O" (r. = 0.9769 A, 0. = 111.7°) and
rotational constants (B, = 11.028, C. = 6.4006 cm ') are in
excellent agreement with the experimental values (r. = 0.974(1) A,
0. =113.6(1)°, B. = 11.2329(26), C. = 6.2913(66) cm ™ *).%> The scaled
harmonic vibrational frequencies of the symmetric and degene-
rate antisymmetric OH stretch modes of v4(a) = 3439 and v;(e) =
3529 cm ™! are also close to the measured fundamentals, v, = 3440
and v; = 3528 cm ™! (average of tunneling components).*>*®

The global minima for the H;0"He,, clusters with n = 1-3 are
characterized by n equivalent and nearly linear OH- - -He ionic
H-bonds, leading to structures with Cs, Cg, and Cj, symmetry.
Due to small noncooperative threebody forces, the strength of
the H-bonds decreases roughly linearly with n, as indicated
by the intermolecular bond lengths of R. = 1.800, 1.808, and
1.816 A, and the equilibrium binding energies, D, = 365, 359,
and 353 cm ™" (Table 1), respectively. This trend is also visible in
the charge transfer from H;O" per He atom of 8.5, 8.1, and
7.9 me (Table S1 in ESIf). The zero-point corrected energy
shows the opposite trend, D, = 140, 159, and 179 c¢cm ’,
illustrating the subtle effect of the vibrations on the dissocia-
tion energy, although the harmonic correction may not be
reliable for these floppy clusters. The OH---He bond angle
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Fig. 7 Minimum structures (in A and degree) of HsO*He,, with n = 0—6 obtained at the CCSD/aug-cc-pVTZ level.

changes from 175.0 to 174.8° for n = 1 and 3, respectively, while
the H;O" ion gets more planar (6, = 111.7 and 111.9° forn = 0
and 3). The bound O-H bonds elongate upon H-bonding (by
1.4, 0.8, and 0.3 mA for n = 1-3), while the free O-H bonds
contract (by 0.4 and 0.9 mA for n = 1-2). Overall, the properties
derived here for H;O'He are consistent with previous CCSD
calculations of the dimer potential.®”%

In contrast to the open-shell H,O" cation with its partly
occupied and electrophilic 2p, orbital, the closed-shell H;0"
cation has a filled and thus for He repulsive 2p, orbital of the
central O atom. As a result, this region of p-bonding to H;0"
is not favorable for He ligands. For example, the O-bound
structure of H;O' 'He with C;, symmetry is a transition state
between the H-bound minima with a very low binding energy
(De=95cm™*, Dy =39 cm ™, R, = 3.049 A). Hence, they prefer to
occupy positions between the H-bonded He ligands, leading to
structures with C, Cs, and C3, symmetry for n = 4-6. The plane
of the n = 4-6 ligands is only slightly above the plane of the
n = 1-3 ligands, so that the He ligands in H;O0'He, form a
slightly distorted regular hexagon with He-He distances of
2.8 A in close agreement with the van der Waals distance in
He, (2.805 A). The equilibrium binding energies in this second
shell are much lower than in the first H-bonded shell, with
D, = 214, 210, and 199 cm ' for n = 4-6, respectively, and this
trend is also visible in the reduced charge transfer from H;O"
per He atom of 1.9 me. The slight decrease in D, with size is
again due to small noncooperativity and results in an increase
in the O-He distance from 2.797 to 2.809 A for n = 4-6.

This journal is © the Owner Societies 2022

Interestingly, the dissociation energies show a significant drop
for n = 4-6 (D, = 122, 115, and 72 cm™ '), and the drop is
particularly large for the last ligand. Due to enhanced charge
delocalization, the formation of the second He ring also weak-
ens the bonds to the first H-bonded He ring, whose bond
lengths elongate from 1.816 A in n = 3 to 1.834 A in n = 6.
Formation of the second He shell makes the H;O" ion again
slightly less planar and the pyramidal angle in = 6 is again the
same as in n = 0 (111.7°).

The H;0'He, cluster growth deduced from the CCSD calcu-
lations is fully consistent with the mass spectrum shown in
Fig. 1. The first solvation shell has three H-bonded H-ligands
with similarly high binding energies, giving rise to similar
intensities in the mass spectrum. The signals drop for the
three bridged He atoms, which have substantially lower bind-
ing energies. Similar to the H,O'He,, case, it appears not easy to
squeeze in the last two ligands (n = 5 and n = 6), probably again
by quenching the possibility for large-amplitude motion of the
first ligands. This causes higher intermolecular frequencies
and thus larger zero-point energy, which reduces the binding
energies, as seen for the low D, value computed for n = 6. The
deduced cluster growth is fully consistent with the H;O'He
dimer potential,®”® and the computational and spectroscopic
studies of H;0'L,, clusters with larger Rg atoms and small inert
ligands (L = N,, CO,).%***

While the vibrational spectroscopy of H;O' is known for
long time by high-resolution spectroscopy, no spectral data
appear to be available for its H;O'He, clusters. In the Cs,
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symmetric equilibrium structure, H;O' has two OH stretch
normal modes, namely the symmetric v4(a) and antisymmetric
degenerate v;(e) mode, which are split by inversion tunneling.
Herein, we do not consider this tunneling motion, which will
be strongly affected by He solvation, and thus focus on the
average frequencies of the two tunneling components, mea-
sured as v; = 3440 and v; = 3528 ecm™ '.°>°® Complexation with
n=1,2,4,and 5 He atoms reduces the three-fold symmetry and
thus removes the degeneracy of ;. The predicted evolution of
the v, and v; components of H;0'He, as a function of n is
illustrated in Fig. 8 (Table S3 in ESIT), along with the average
OH stretch frequency (v,,). The spectral shifts and splittings are
larger for the H-bonded He ligands due to the stronger inter-
action, and an overall red shift of 13 cm ™" per atom is obtained.
On the other hand, the bridged He atoms cause incremental
blue shifts of 3 cm™* for n = 4 and 5, while shell closure at n =6
causes a small red shift (4 cm ™). H;0'L,, clusters with larger Rg
ligands and small ligands show a similar pattern as a function
of cluster size but with larger shifts and splittings due to the
stronger H;O"- - -L interaction.”®%*

3.3 CH,;O0H,He,

Fig. 9 shows the mass spectrum obtained for the growth of
CH;0H,He,, clusters around the mass-selected CH;OH," ion,
which is in good agreement with a recent report.** In addition
to the prominent CH;OH," parent peak (n = 0), only CH;O0H, "
He,, clusters with n = 1-2 are produced with significant abun-
dance (relative ratio of roughly 10:3:1 for n = 0-2). This mass
spectrum suggests relatively stable and comparable binding
sites for n = 1-2 by forming OH- - -He ionic H-bonds to the two
available OH protons. In contrast to the related H;O" ion, no
further He atoms can be attached under our experimental
conditions, because the CH; group is not attractive for He. In
addition, the overall ROH,"- - -He interaction becomes weaker
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Fig. 9 Sum mass spectrum of the ion trap content recorded with the
ReTOF, when storing mass-selected CHzOH,™ ions in the 22-pole trap and
growing CHsOH,*He,, clusters.

upon H — CHj; substitution due to enhanced charge delocali-
zation. As a result, the OH protons in CH;OH," are less acidic
than in H;O" leading to weaker OH: - -He bonds. Moreover, the
binding energy for the bridged binding site becomes too weak
in CH;0H, He; and thus is not observed. To rationalize the
observed cluster growth and the qualitative conclusions, we
consider again the CCSD calculations.

Our CCSD optimization for CH;OH," yields a pyramidal
structure, which agrees well with previous calculations at a
similar level (Fig. 10).”> The O-H bonds are slightly shorter
than in H,0" (by 4 mA), leading to symmetric and antisym-
metric OH stretch frequencies of V¢34 = 3510 and 3585 cm %,
which are substantially higher than for H;0" using the same
scaling factor (3439 and 3529 cm ', Table S4 in ESIt). The
oxonium ion is less pyramidal in CH;0H,", although the HOH
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Fig. 10 Minimum structures (in A and degree) of CHzOH,*He, with n =
0-2 obtained at the CCSD/aug-cc-pVTZ level.
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bond angle is substantially smaller, . = 109.3 vs. 111.7°. So far,
no IR spectrum of cold and isolated CH;OH," has been
reported, preventing any direct comparison to experiment.
An IRPD spectrum of warm CH3;OH," produced by CO, elimi-
nation of protonated methyl formate shows only a single broad
band centered at 3450 cm ™' (width 300 em™"), which is sub-
stantially red shifted from the spectrum predicted for cold
CH;0H," due to high internal temperature.'®®

The only previous experimental and computational study for
CH;0H,"He,, reports only B3LYP calculations for n = 1, which
strongly overestimates the interaction energy. Our CCSD data
yield nearly linear intermolecular OH---He bonds with R, =
1.905 and 1.910 A, f. = 109.5 and 109.6°, and D, = 284 and
282 ecm ! for n = 1 and 2, respectively. The weaker OH.- - -He
bonds go along with smaller charge transfer from the cation to
the He ligands (3 me per He, Table S1 in ESIt). As the O-H
bonds in CH;0H," are stronger and less acidic than in H;0",
the intermolecular OH---He bonds are somewhat weaker in
CH;0H,'He,. Consequently, the corresponding O-H bond
elongations and red shifts in the OH stretch frequencies are
smaller (Ar3y = 1.5 and 0.5 mA, Ay = —1.7/—3.7 and
—1.6/—7.8 em™ " for n = 1 and 2). The computed frequencies
for n =1, 8% = 3508/3581 cm ™2, agree well with the measured
ones, 3504/3571 cm '.** No spectral OH stretch data are
available for n = 2. Interestingly, the C-O bond of CH;OH," is
also substantially affected by He complexation, with bond con-
tractions of 1.5 mA per He atom and blue shifts in the CO stretch
mode near 800 cm~ ' of 5 cm™". In the limit of considering
CH;O0H," as dative bond between CH;" and OH,, the strengthen-
ing of the C-O bond may be rationalized by a lowering of the
ionization energy of the H,O moiety, leading to a slightly stronger
bond. Finally, we note that our CCSD structure of CH;OH, He
(Re = 1.905 A) is rather different from the B3LYP and B3LYP-D3
structures reported recently (R. = 1.833 and 1.809 A),** again due
to the failure of these DFT methods to properly describe the
X'.- -He interaction (severe overestimation).

4. Conclusions

In summary, He cluster growth around the small cations X = H,O",
H;0", and CH;OH," in a cryogenic ion trap has been characterized
by mass spectrometry and high level CCSD(T) calculations to
determine the structural, vibrational, and energetic properties
of X'He,, clusters. The abundances of the cluster ions provide
valuable experimental insight about the stepwise solvation
process and the structure of the first solvation shell. Clearly,
the cluster growth is fully controlled by the radial and angular
properties of X'---He dimer potential, because the He---He
interaction is much weaker. In all cases, the cluster growth
begins with the formation of equivalent OH---He ionic
H-bonds leading to highly symmetric structures (first coordina-
tion), before less stable binding sites are occupied. In the case
of the open-shell H,0'He, clusters, the latter are p-bonds to the
partly filled electrophilic 2p, orbital of O (second coordination).
These binding sites are not favorable for H;0'He,, because the
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filled 2p, orbital is not attractive for the electron-avoiding He
atoms. As a result, the second coordination shell has He atoms
between the H-bonded He atoms, leading to a nearly planar and
almost regular hexagon for n = 6. Overall, the strengths of the
OH- - -He bonds scale with the proton affinity of the proton
donor, which varies as PA = 593.2 < 691 < 754.3 k] mol ™" for
OH, H,0, and CH;0H."% The higher the PA, the stronger and
less acidic the intermolecular O-H bonds (r. = 0.9991, 0.9769,
0.9721 A), the weaker the OH- - -He bonds (R. = 1.702, 1.800,
1.905 A; D, = 488, 365, 284 cm™ ), and the smaller the charge
transfer to He (g = 9, 5, 3 me). As a consequence of the weaker
OH-: - -He bonds, their impact on the O-H bond elongation
and reduction in the OH stretch frequencies are smaller, too.
Overall, the binding energies for equivalent binding sites are
almost the same, apart from a very minor noncooperative three-
body effect, resulting mostly from nonadditive induction.
Indeed, the dipole moments induced in the He atoms are not
aligned favorably in the structures given by the strong X'- - -He
dimer two-body potential. Overall, the He atoms are arranged
such that they have roughly the He- - -He van der Waals distance
of ~3 A. The more He atoms are added to the solvation shell,
the more rigid the cluster structure. As a result of restricted
possibility for large-amplitude motions (in particular in the
angular direction), the zero-point energy increases, which
reduces the binding energy (Do), and this leads to reduced
population of equivalent binding sites as n increases. This
effect may be probed in the future by advanced quantum
calculations, including nuclear quantum effects, dynamics,
and effects of temperature and the bosonic character of He.
In general, the structured growth of the X'He, clusters is not
only visible in their geometric and energetic properties but
nicely reflected also in the evolution of the vibrational proper-
ties (both in frequency and IR intensity).

This work paves the way for several future directions. So far,
from the clusters considered herein, only for the H,O He dimer
potential has been characterized in detail by high-resolution
IRPD spectroscopy at the rotation-vibration-tunneling level.
To this end, the larger H,0'He, clusters produced herein for
the first time are further attractive targets for future IRPD
experiments using the reliable CCSD predictions for these
clusters. Similarly, no spectroscopic information is available
yet for any of the H;0'He,, clusters, and our presented CCSD
predictions provide again a useful guide for such experiments.
The open-shell H,0'He, clusters offer also the potential for
optical spectroscopy as a probe for cluster structure.'®”
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