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Abstract

The methanium CHs" is a prototypical fluxional ion whose infrared spectra remain
unassigned. Here we report on the infrared spectra of CHs" cations and its deuterated isotopomer,
CH4D" in helium droplets at a low temperature of 0.38 K. The ions were produced upon
protonation of CHs molecules, a technique that was developed in this work. The spectra of CHs"
around 3000 cm™' show two strong and broad infrared bands and a weak shoulder reflecting its
highly fluxional nature. The spectrum of CH4sD" shows a much sharper infrared band indicating a
partial quenching of the exchange of H/D atoms. This work also reports on the infrared spectrum

of the methane dimer radical cations (CHa),".
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The structure of the methanium ion remains one of the most fascinating puzzles in physical
chemistry. The CHs" cation is a primitive model for the penta-coordinated carbon, fluxional
molecules, and 3 center 2 electron (3¢2e) bonds. ! The CHs™ ion has 120 equivalent minima on its
potential energy surface related to the permutation of hydrogen atoms.” Quantum chemical
calculations show that the energy minima structure has the H> moiety presiding over a tripod made
of the CH3" ion in eclipsed Cs (e-Cs) configuration.?!? The e-C; state could pass to an equivalent
state through a saddle point of either C,y geometry or staggered Cs (s-Cs) geometry, which have
potential energies of 341 cm™ and 29 cm™, respectively.* Small activation barriers between
equivalent structures facilitate quantum mechanical tunneling and scrambling of hydrogen atoms.
Therefore CHs' ions have attracted the attention of spectroscopists as well as of the theoretical

chemists, >4 7> 11-26

Early spectroscopic studies of the CHs" were performed on complexes with hydrogen
molecules and other adducts. '>!7 High-resolution infrared spectra of the bare CHs" in the C-H
stretching range have previously been demonstrated in electric discharge ' and ions traps.?* Even
at cryogenic temperatures, the spectra have numerous rovibrational-tunneling lines that until date
remain unassigned. ' ?* Attaining low-resolution spectra at a low temperature may help identify
the vibrational structure of the bands providing a reference point for the assignment of the high-
resolution spectra. A spectrum obtained with the help of a free electron laser using the laser-
induced reaction technique at a temperature of ~100 K has a single broad infrared band ((6v~200
cm!) around 3000 cm™! beside several other weaker broad bands at the lower frequency region. 2°
The spectra of the isotopologues show no dramatic narrowing or simplification with respect to the

CHs", which is likely related to the high temperature of the ions of ~110 K. 2’ The spectra of the

CHs" and deuterated isotopologues were also computed from the Fourier transform of the classical



autocorrelation function of the total dipole momentum at temperatures of 300 K and 110 K,*® and
50 K. Recently, the spectrum of CHs" was obtained in small He clusters containing less than about
100 He atoms at low temperature of the order of ~5K. 2° However, the spectrum may still sustain
some broadening due to the cluster size distribution and higher temperature of helium clusters

compared to larger helium droplets. *°

Here, we obtained CHs" ions in helium nanodroplets containing ~10* He atoms and having
temperature of 0.4 K. CHs" ions were produced via protonation of CHs molecules in the droplets,
a technique that is introduced in this work. The ions were studied by infrared spectroscopy in the
C-H stretching range. The spectrum of CHs" has two partially resolved bands centered at 2935 and
2985 cm™!. The spectrum deviates significantly from the predictions of the calculations. Replacing
some or all the hydrogen atoms of the CHs" with deuterium atoms is expected to influence the
exchange of the hydrogen atoms. Here we report the spectra of the CH4D™ in helium droplets which
shows a factor of ~10 narrower bandwidth consistent with the quenching of the exchange of atoms

in the ion.



31 Helium

A detailed description of the experimental setup is provided elsewhere.
nanodroplets are produced by a pulsed expansion of helium gas at 23 K at a stagnation pressure of
23 bar through a 1 mm diameter nozzle. The helium droplet beam is formed by a 2 mm wide
skimmer placed about 10 cm downstream from the nozzle and enters a 44 cm long pickup chamber
filled with either methane, hydrogen, or deuterium. The doped droplets are ionized by electron
impact and pass through a 22 cm long RF octupole collision cell filled with room-temperature
helium gas at a nominal pressure of 2x107 mbar. Collisions with He atoms reduce the droplet size
which increases the laser-induced signal.’? Further downstream, the droplets containing molecular
ions enter the ion region of the quadrupole mass spectrometer (QMS) where they are irradiated by
the focused beam of the pulsed infrared laser. Upon excitation, the vibrational energy is transferred
to the droplet leading to its complete evaporation and release of the free ions. The free ions are

mass-selected by the QMS and detected by a Channeltron electron multiplier. The signals from the

multiplier are then recorded by a boxcar integrator with a gate of 5 ps.

The experiments employed a mid-IR OPO/OPA laser system (LaserVision) with a nominal
line width of 1 cm™ and pulse energy of 8-10 mJ. The laser pulses are 7 ns long with a repetition
rate of 20 Hz. The absolute frequency is calibrated by measuring a photoacoustic spectrum of the

v3 band of methane.



Before the laser spectroscopic experiments, mass spectra of the droplets doped with
methane molecules were recorded upon ionization of the droplets by the electron impact in the ion
region of the QMS, i.e., standard QMS operation, which are shown in Fig. SI 1 in Supporting
Information (SI). The mass spectra show that free CHs" ions belong to the main products of the
ionization of the droplets doped with methane dimers. Our previous measurements indicated that
such ions are also found embedded in the droplets. *-3” Therefore, we started with the study of the
infrared spectra of the CHs" originated from the dissociative ionization of the methane dimers in
helium droplets. The results of corresponding measurements are summarized in Section S2 of the
SI, which contains the spectra recorded at mass channels m/z=17 and 32 in Fig. SI 2 as well as the
pickup pressure dependence of the signal in Fig. SI 3 and the laser-induced mass spectrum in Fig.
SI 4. The results show that the spectrum of CHs" is contaminated by the signal originating from
the laser-induced dissociation of the (CH4):" ionic clusters whose absorption contributes to both
mass channels m/z=17 and m/z=32. This indicates that (CHs)>" ions consist of relatively weakly
bound CHs" and CH3 units. Although the observation of the CHs"-CH3 radical cations is interesting

by itself, the fragmentation complicates the assignment of the CHs" bands.

Hence, we developed a different method for producing CHs™ based on the protonation of
the methane molecules in helium nanodroplets. Accordingly, the droplets were first doped with
H> (or D2 to produce CH4D™) followed by electron impact ionization. The charge transfer reaction
of He" ions and H; in the gas phase at low temperatures mainly produces H" ions with a small
yield of H," ions. * The ionization of the hydrogen clusters will also produce Hs* and Hs" ions.
Nonetheless, at the low hydrogen pickup pressure, the droplets are mostly doped with single
hydrogen molecules and protons are expected to be the primary ionization products. Methane gas

was added to the octupole cell at a small pressure in addition to the helium gas. The droplets



containing H" (D) ions capture methane molecules leading to the formation of the embedded CHs"
(CH4D") ions by addition reaction. The CHs" formation follows the first-order kinetics for the CHa
pressure as well as the Hy pressure. Therefore, at sufficiently small pressure of methane, the
formation of the (CHa4)2" and CHs"-CHs ions, which follow the second-order kinetics with respect

to CHa, could be minimized.
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Figure 1: The infrared spectrum recorded at m/z = 17 for CHs" cations (black trace). The H> gas is filled in the pickup
chamber at 1.2x107 mbar. CHy gas was added in the octupole ion guide at 1.5 <107 mbar in addition to He gas. The
red curve is a fit by two Gaussian shapes. The blue traces show the individual Gaussian functions used in the fit. The
daughter ions band originating from the fragmentation of (CHy)>" is marked by a red asterisk and the band coming
from CHs"-CH, is marked by a blue asterisk.

Figure 1 shows the infrared spectrum recorded at m/z = 17 for CHs". The spectrum shows
two bands centered at 2935 cm™ and 2985 cm’!, weak narrow bands at 2848 cm™ and 2871 cm’’,
and a broad shoulder extending in the range of 3050-3180 cm™'. The experimental spectrum is
fitted by two Gaussian functions centered at 2933 cm™ and 2984 cm™! having a width (FWHM) of
~40 cm’!. The narrower bands marked by asterisks are due to CHs"-CH3 and CHs"-CHy clusters
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which fragment upon laser excitation and yield CHs" ions. In comparison to the spectrum obtained
upon ionization of the methane dimers in Fig. SI 2, the spectrum in Fig. 1 contains similar main
CHs" bands but the intensity of the spurious bands due to (CH4)2" and CHs"-CHa is negligible. To
elucidate the CHs" formation mechanism, we measured the intensity of the CHs" signal versus the

pickup pressure of H> and CHa.

Figures 2 (a) and (b) show the dependence of the intensity of the signal with the laser

parked at 2988 cm! vs the nominal pickup pressure of H, and CHa, respectively. The results are

fitted with the Poisson equation for the pickup of £ molecules: 2%

Ik(P) — cxeC A . (E)k (1)

(k') A

Where P is the pickup pressure and ‘4’ and ‘C’ are fitting parameters. The constant ‘4’ gives the
pickup pressure required for the doping of the droplets with on average a single molecule. The fit
with £=1 shows good agreement with the experimental results consistent with the production of

H" ions upon ionization of the droplets containing single hydrogen molecules.
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Figure 2: The dependence of signal recorded at m/z = 17 with the laser parked at 2988 cm™ on the pressure of H; in
the pickup chamber (a) and CHy in the octupole collision cell (b). The octupole cell was additionally filled with He
up to a total nominal pressure of 2.5x107 mbar. In (a) the pickup pressure of CHy; was 4.5x107 mbar. In (b) the H>
pressure was 3.5 <107 mbar. Red traces are the fits with eq. (1) with k = 1.

Similarly, Fig. 2 (b) shows that at lower CH4 pressure, the intensity rises linearly, which is
consistent with the production of CHs" by protonation. In addition to protons, the electron impact
also produces droplets containing He" ions and He* metastable species which cause the ionization
of the methane molecules and clusters. Therefore, at higher CHy pressure the yield of (CHa4):" and
CHs'-CH4 clusters becomes noticeable, which produce CHs" ions upon laser-induced

fragmentation. Thus, the spectrum of CHs" in Fig. 1 was obtained at the smallest practical pressure

of methane.
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Figure 3: The mass spectrum recorded by parking the laser frequency at 2936.9 cm™. The H, pressure in the pickup
cell is kept constant at 1.2x10"7 mbar and the pressure of the CHy in the octupole collision cell is 1.5*107 mbar. The
total nominal pressure in the octupole cell is maintained at 2.7 %107 mbar.

Figure 3 shows the mass spectrum recorded with the laser parked at 2936.9 cm™. It shows
a strong peak at m/z = 17 due to CHs" cations, followed by a progression of peaks due to CHs"-
Hen complexes. The mass spectrum has a peak at m/z = 33 which corresponds to protonated
methane dimer cation CHs"CHs and CHs'-Hes complexes. A small peak at m/z = 19 corresponds
to the CHs"-H> complex. The comparison of the mass spectra in Fig. 3 and Fig. SI 4 shows that
the here-introduced protonation technique enables a higher yield of CHs" feature in the spectrum

in comparison to the (CHs)," and CHs*-CHs4 bands by about a factor of 10.
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Figure 4: The infrared spectrum measured at m/z = 18 for CH/D" cations (red trace). The D: gas is filled in the pickup
chamber at 1.5x107 mbar of nominal pressure. CHy gas was added in the octupole ion guide at 1.0x107 mbar
pressures in addition to He gas. The black trace shows the spectrum of CHs" ions (from Figure 1).

Figure 4 shows the infrared spectrum of CH4D" cations measured in the CH stretching
range at m/z = 18 mass channel. The spectrum was obtained similarly to that for CHs" in Fig. 1,
but instead of Ha, the droplets were first doped with D> molecules. The spectrum of the CH4sD*
ions shows a sharp band at 2942 cm™ (8v = 2 ecm™!) which is superimposed on a broader band

covering the range of 2900- 3050 cm™.
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Infrared spectra of CHs" have been investigated by several groups over the past three
decades. '>17 1% 20 The high-resolution spectra contained numerous rovibrational lines which
remain unassigned. ' ?* Here we limit our discussion to the low-resolution spectra which could
be directly compared with the spectra obtained in this work. In early works, Boo et al. obtained
spectra of CHs" ions tagged with H, molecules.'” The spectrum shows a broad band centered at
2965 cm™!, which was further fitted with three Gaussians centered at 2907 (v ~ 200 cm™), 2965
(v ~ 80 cm™), and 3070 cm™ (Sv ~ 60cm™). The bands were assigned to the excitation of the
vibrational modes of the CH3" moiety. The bands become about a factor of two narrower in
complexes with a larger number of H> molecules, or in clusters with Ar, N2, and CH4. The effect
is assigned to some quenching of the tunneling motion in CHs". 1> ! 17 The spectrum of CHs"
obtained by Laser Induced Reaction (LIR) at ~100 K has a strong broad band (v ~ 200 cm™)
centered at ~2980 cm™'. 2° The spectrum of CHs" solvated in small helium clusters appears to have
a broad band centered at 2966 cm™ (8v ~ 100 cm™) and a weaker wing extending up to ~3200 cm™
I, 2% The spectrum of the CHs" ions in large helium droplets in Fig. 1 shows two partially resolved
bands centered at ~2935 cm™! and 2985 cm™!. The band of CHs" obtained in this work is narrower
than in the previous study in small He clusters,?’ which likely relates to lower temperature in He
droplets and smaller effect of the droplet size distribution. Nevertheless, the bands in Fig. 1 have
FWHM ~40 cm™! and are about a factor of ten broader compared to the bands of CHs*-CHj3 in Fig.
SI 2 of SI and those in the spectra of other carbo-cations in helium droplets. 3% 3* 40 The large
width of the CHs" bands was assigned to the fluxional character of the ions, whose spectra have
some extended rotation-tunneling structure that remains unresolved in this work. > % 13- 1820 The

spectrum of CHs" in Fig. 1 also has a weak wing in the region of 3050-3180 cm’'.

13



20,29 and in

The CHs" bands in the range of 2900-3000 cm™' observed in previous works
this work are in broad agreement with the high density of the lines of CHs" in this spectral range
obtained in the high-resolution study in the discharge.!® The most recent study in the cold ion trap
at 4 K using a laser-induced inhibition of complex growth (LIICG) shows that the strongest lines
gather around 3030 cm™ to 3070 cm'. ?* The authors concluded that this is one of the CH-
stretching band centers. However, this frequency is well outside the range of maximum intensity

20,29

obtained in different low-resolution studies, including the current one at 0.4 K. The origin of

this discrepancy is yet unclear.

Quantum chemical calculations show that the CHs" structure corresponding to the
minimum potential energy has the H, moiety presiding over a tripod made of the CH3" ion in
eclipsed Cs (e-Cs) configuration.> 10 13-15:22.41.42 The ¢.C; state could pass to an equivalent state
through a saddle point of either staggered Cs (s-Cs) geometry or Cay geometry which correspond
to the internal rotation of the H» unit relative to the CH3" unit and the exchange of hydrogen atoms
between the H> and CH3 moieties, respectively. Several works reported the calculated vibrational
spectra of the CHs" in the global minimum e-Cs geometry. 4 28 6 22 Recent CCSD(T)/cc-pVTZ
calculations give the scaled (0.9748) frequencies of the C-H stretches at 3218, 3120 and 2988 cm”
! with comparable infrared intensities. 2> The bands correspond to an antisymmetric (A") and a
symmetric (A") vibration of the two out-of-plane H atoms of the CHs" moiety and the symmetric
breath of C-H bonds (A'), respectively. The vibration frequencies were also calculated for the Cay
and s-C; saddle point structures. &% 15 In Ref.  the CHs" spectrum was approximated by the sum
of the spectra at each stationary point weighted by the corresponding probability from DMC

calculations. ® #1° The calculated spectrum has three prominent peaks with scaled frequencies of

14



~3020, ~2950, and ~2870 cm!, and several other weaker peaks in the C-H stretching region which

is at variance with the spectrum in Fig. 1.

The CHs" spectrum was also computed from the Fourier transform of the classical
autocorrelation function of the total dipole momentum with quantum corrections at temperatures
of 300 K and 110 K,?® and 50 K.? Calculated spectra at 300 K were found to be in good agreement
with the measured low-resolution spectrum showing a broad band in the C-H stretching range. 2°

However, at T=50 K and 110 K, the hydrogen scrambling is frozen and the internal rotation
of the H> moiety is partially frozen, which is an artifact of the classical molecular dynamic's
calculations. The calculated spectra®® have three high-frequency bands due to CH3" moiety at 3309,
3218, and 3080 cm™! having comparable intensities, similar to that found in the quantum chemical
calculations for the e-Cs potential minimum structure.? This is in disagreement with the

results in this work in Fig. 1 which shows only two prominent bands separated by 50 cm'.

The infrared spectra of the deuterated isotopologues of CHs" may provide insights into the
quenching of the tunneling exchange. In the minimum energy structure of CH4D" the deuterium
atom resides in the tripod unit - CH,D*. % 2!:2"-43 The calculated harmonic frequencies of the
asymmetric and symmetric stretching modes of the CH> unit in the tripod were found to be at 3178
cm™! and 3018 cm™!, respectively. The CD stretching frequency was calculated at 2299 cm™!, ** and
is likely out of the spectral range of the current laser system. Based on the results of the
calculations, the spectrum of the CHsD* should have two C-H stretching bands around 3000 cm™.
However, the spectrum in Fig. 4 shows one sharp band at 2942 cm™! besides a broad spectral feature
extending from 2920 to 3040 cm’!. However, the vibrational frequencies calculated for the
minimum energy configuration may not reflect the true nature of the CH4D". The Diffusion Monte

Carlo calculations show that the CH4D" remains fluxional. ' The probabilities of finding the
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deuterium in all three sites of the tripod are comparable, indicating that the internal rotation of the
H> unit relative to the CH3" unit remains active. The probability of finding the deuterium with the
dimer moiety was found to be about 10%, indicating the exchange of the deuterium between the
dimer and the tripod locations. '° The sharpening of the spectrum agrees with the partial quenching
of the exchange of H atoms in CH4D" as compared with CHs". On the other hand, the broad band
agrees with unresolved tunneling splitting of the transitions akin that in the CHs" ions. The
assignment of the spectrum calls for a better molecular spectroscopic picture of the vibrational-

rotational transitions in the CHs™ and its isotopologues which considers the tunneling motion.

In this work, CHs" and CH4D" ions are produced in superfluid helium droplets at 0.4 K and
studied by laser infrared spectroscopy in the range of C-H stretching vibrations. We demonstrated
that the ions could be produced via protonation of CH4 molecules in He droplets, a technique that
enables the reduction of the intensity of spectral bands resulting from the fragmentation of larger
ions. The infrared spectra of CHs" show two partially resolved bands (3v ~ 50 cm™") separated by
&v ~ 50 cm™. The spectrum of CH4D* shows a sharp band (8v ~ 2 cm™') along with a broader band
in the same range as observed for CHs". This shows that the replacement of a hydrogen atom by

deuterium partially quenches the exchange, leading to the narrowing of the spectrum.

Previous calculations of the spectra of the CHs" and CH4D" % 10 21:27.:43. 44 ipy the C-H
stretching range yielded a much larger number of bands of comparable intensity. It is not
immediately clear that the spectra calculated as the weighted average of the spectra for the
stationary point structures* or obtained from the classical molecular dynamics calculations® is a
fair approximation for the fluxional CHs" (CH4D") where atoms partake in quantum mechanical

tunneling motion, > 10-21.27.43. 44
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The discrepancy between the measured and calculated spectra calls for more work toward
the understanding of the spectra involving vibrational- rotational-tunneling transitions in the CHs"
and its isotopologues. Future work could be extended toward the measurement of the infrared
spectra of the rest of the isotopically substituted cations such as CH3D,", CH,Ds", CHD4", and

CDs", as well as towards the broader spectral range.

Supporting Information:
SI 1: Mass spectrum of methane-doped He droplets upon electron impact.
SI 2: Comparison of the infrared spectra of CHs" and (CHa)2".

SI 3: The dependence of laser-induced intensity recorded at m/z=17 on methane pickup pressure

atv =2936.90 cm™'.
SI 4: Laser-induced mass spectrum measured at v=2936.90 cm!.

Supporting Information section also contains the following references: *, 3* and .

This work was supported by the NSF under Grants No. CHE-2102318 and CHE-2404883. The
research stay of Sofia H. Allison at USC was supported by the NSF REU under grant number CHE 1757942
to the chemistry department of USC.

17



'G. A. Olah, Angewandte Chemie International Edition in English, Carbocations and Electrophilic

Reactions. 12, (3), 173, (1973). https://doi.org/10.1002/anie. 197301731

2X. Huang, L. M. Johnson, J. M. Bowman, and A. B. McCoy, The Journal of American Chemical
Society, Deuteration Effects on the Structure and Infrared Spectrum of CHs". 128, (11), 3478,

(2006). https://doi.org/10.1021/ja0575140

3P. K. P, and D. Marx, Physical Chemistry Chemical Physics, Understanding hydrogen scrambling
and infrared spectrum of bare CHs" based on ab initio simulations. 8, (5), 573, (2005).

https://doi.org/10.1039/B513089C

4X. Huang, A. B. McCoy, J. M. Bowman, L. M. Johnson, C. Savage, F. Dong, and D. J. Nesbitt,
Science, Quantum Deconstruction of the Infrared Spectrum of CHs". 311, (5757), 60, (2006).

https://www.science.ore/doi/10.1126/science.1121166

>C. E. Hinkle, A. B. McCoy, X. Huang, and J. M. Bowman, The Journal of Physical Chemistry A,
Comment on “Nature of the Chemical Bond in Protonated Methane”. 111, (10), 2033, (2007).

https://doi.org/10.1021/jp067486b

® A. Brown, A. B. McCoy, B. J. Braams, Z. Jin, and J. M. Bowman, The Journal of Chemical
Physics, Quantum and classical studies of vibrational motion of CHs" on a global potential energy
surface obtained from a novel ab initio direct dynamics approach. 121, (9), 4105, (2004).

https://doi.oreg/10.1063/1.1775767

’S. X. Tian, and J. Yang, The Journal of Physical Chemistry Letters, Driving Energies of Hydrogen

Scrambling Motions in CHs". 111, (3), 415, (2007). https://doi.org/10.1021/jp067450j

8 C. E. Hinkle, and A. B. McCoy, The Journal of Physical Chemistry A, Characterizing Excited
States of CHs" with Diffusion Monte Carlo. 112, (10), 2058, (2008).

https://doi.org/10.1021/jp709828v

18


https://doi.org/10.1002/anie.197301731
https://doi.org/10.1021/ja057514o
https://doi.org/10.1039/B513089C
https://www.science.org/doi/10.1126/science.1121166
https://doi.org/10.1021/jp067486b
https://doi.org/10.1063/1.1775767
https://doi.org/10.1021/jp067450j
https://doi.org/10.1021/jp709828v

?C. E. Hinkle, and A. B. McCoy, The Journal of Physical Chemistry A, Theoretical Investigations
of Mode Mixing in Vibrationally Excited States of CHs". 113, (6), 4587, (2009).

https://doi.org/10.1021/jp8112733

19C._E. Hinkle, A. S. Petit, and A. B. McCoy, Journal of Molecular Spectroscopy, Diffusion Monte
Carlo studies of low energy ro-vibrational states of CHs" and its deuterated isotopologues. 268,

(1-2), 189, (2011). https://doi.org/10.1016/1.jms.2011.04.024

"M. D. Sefcik, J. M. S. Henis, and P. P. Gaspar, The Journal of Chemical Physics, The methanium
ion, CHs", Evidence for the structure of a nonclassical ion from reaction studies by ion cyclotron

resonance spectroscopy. 61, (10), 4321, (1974). https://doi.org/10.1063/1.1681738

2R. D. Smith, and J. H. Futrell, Chemical Physics Letters, On the structure of CHs"; A study of
hydron transfer reactions from CHsH" and CDsH' tandem-ICR. 36, (4), 545, (1975).

https://doi.org/10.1016/0009-2614(75)80300-9

B3P.v. R. Schleyer, and J. W. D. M. Carneiro, The Journal of Computational Chemistry, Does CHs"

prefer a Coy rather than a C; structure? 13, (8), 997, (1992). https://doi.org/10.1002/jcc.540130810

4P R. Schreiner, S.-J. Kim, H. F. Schaefer III, and P. V. R. Schleyer, The Journal of Chemical
Physics, CHs": The never-ending story or the final word? 99, (5), 3716, (1993).

https://doi.org/10.1063/1.466147

5D. W. Boo, and Y. T. Lee, The Journal of Chemical Physics, Infrared spectroscopy of the
molecular hydrogen solvated carbonium ions, CHs'(H2)a (n=1-6). 103, (2), 520, (1995).

https://doi.org/10.1063/1.470138

1D. W. Boo, Z. F. Liu, A. G. Suits, J. S. Tse, and Y. T. Lee, Science, Dynamics of Carbonium Ions
Solvated by Molecular Hydrogen: CHs'(Ha)n (n = 1, 2, 3). 269, (5220), 57, (1995).

https://www.science.org/doi/10.1126/science.269.5220.57

19


https://doi.org/10.1021/jp8112733
https://doi.org/10.1016/j.jms.2011.04.024
https://doi.org/10.1063/1.1681738
https://doi.org/10.1016/0009-2614(75)80300-9
https://doi.org/10.1002/jcc.540130810
https://doi.org/10.1063/1.466147
https://doi.org/10.1063/1.470138
https://www.science.org/doi/10.1126/science.269.5220.57

7D. W. Boo, and Y. T. Lee, International Journal of Mass Spectrometry and lon Processes,
Vibrational spectroscopy and dynamics of ionic complexes of CHs', CHs"(A)x(B)y (A, B =Ar, N»,

CHg; x,y = 0-5). 159, (1-3), 209, (1996). https:/doi.org/10.1016/S0168-1176(96)04447-3

¥ H. Muller, W. Kutzelnigg, J. Noga, and W. Klopper, The Journal of Chemical Physics, CHs":
The story goes on. An explicitly correlated coupled-cluster study. 106, (5), 1863, (1997).

https://doi.org/10.1063/1.473340

YE. T. White, J. Tang, and T. Oka, Science, CHs": The Infrared Spectrum Observed. 284, (5411),

135, (1999). https://www.science.org/doi/10.1126/science.284.5411.135

20°0. Asvany, P. K. P, B. Redlich, 1. Hegemann, S. Schlemmer, and D. Marx, Science,
Understanding the Infrared Spectrum of Bare CHs'. 309, (5738), 1219, (2005).

https://www.science.org/doi/10.1126/science.1113729

21'S. D. Ivanov, A. Witt, and D. Marx, Physical Chemistry Chemical Physics, Theoretical
spectroscopy using molecular dynamics: theory and application to CHs" and its isotopologues. 15,

(25), 10270, (2013). https://doi.org/10.1039/C3CP44523B

22 M. A. Matin, J. Jang, and S. M. Park, Bulletin of Korean Chemical Society, Theoretical
Calculations of Infrared Bands of CHs" and CHs'. 34, (7), 2051, (2013).

https://doi.oreg/10.5012/bkcs.2013.34.7.2051

23 A. Witt, S. D. Ivanov, and D. Marx, Physical Review Letters, Microsolvation—Induced Quantum
Localization in  Protonated  Methane. 110, (8), 083003(1), (2013).

https://doi.org/10.1103/PhysRevLett.110.083003

240. Asvany, K. M. T. Yamada, S. Brueken, A. Potapov, and S. Schlemmer, Science, Experimental
ground-state  combination differences of CHs'. 347, (6228), 1346, (2015).

https://www.science.org/doi/10.1126/science.aaa3304

20


https://doi.org/10.1016/S0168-1176(96)04447-3
https://doi.org/10.1063/1.473340
https://www.science.org/doi/10.1126/science.284.5411.135
https://www.science.org/doi/10.1126/science.1113729
https://doi.org/10.1039/C3CP44523B
https://doi.org/10.5012/bkcs.2013.34.7.2051
https://doi.org/10.1103/PhysRevLett.110.083003
https://www.science.org/doi/10.1126/science.aaa3304

25 T. Oka, Science, Taming CHs", the “enfant terrible” of chemical structures. 347, (6228), 1313,

(2015). https://www.science.org/doi/10.1126/science.aaa6935

26 C. Savage, F. Dong, and D. J. Nesbitt, AIP Conference Proceedings, High-resolution
spectroscopy  of  jet-cooled CHs":  Progress. 1642, (), 332, (2015).

https://doi.org/10.1063/1.4906686

27S. D. Ivanov, O. Asvany, A. Witt, E. Hugo, G. Mathias, B. Redlich, D. Marx, and S. Schlemmer,
Nature Chemistry, Quantum-induced symmetry breaking explains infrared spectra of CHs"

isotopologues. 2, (4), 298, (2010). https://doi.org/10.1038/nchem.574

28 A. Esser, H. Forbert, and D. Marx, Chemical Science, Tagging effects on the mid-infrared
spectrum  of microsolvated protonated methane. 9, (6), 1560, (2017).

https://doi.org/10.1039/C7SC04040G

22J. A. Davies, S. Yang, and A. M. Ellis, Physical Chemistry Chemical Physics, Infrared spectra
of carbocations and CHs" in  helium. 23, (48), 27449, (2021).

https://doi.ore/10.1039/D1CP03138D

30J. A. Davies, C. Schran, F. Brieuc, D. Marx, and A. M. Ellis, Physical Review Letters, Onset of
rotational decoupling for a molecular ion solvated in helium: From tags to rings and shells. 130,

(8), 083001, (2023). https://doi.org/10.1103/PhysRevLett.130.083001

3L A. Singh, S. Bergmeister, A. A. Azhagesan, P. Scheier, and A. F. Vilesov, Rev Sci Instrum,
Infrared spectroscopy of cations in helium nanodroplets. 94, (9), 093002, (2023).

https://doi.oreg/10.1063/5.0163390

32 A. Iguchi, A. Singh, S. Bergmeister, A. A. Azhagesan, K. Mizuse, A. Fujii, H. Tanuma, A.
Toshiyuki, P. Scheier, S. Kuma, and A. F. Vilesov, The Journal of Physical Chemistry Letters,

Isolation and Infrared Spectroscopic Characterization of Hemibonded Water Dimer Cation in

21


https://www.science.org/doi/10.1126/science.aaa6935
https://doi.org/10.1063/1.4906686
https://doi.org/10.1038/nchem.574
https://doi.org/10.1039/C7SC04040G
https://doi.org/10.1039/D1CP03138D
https://doi.org/10.1103/PhysRevLett.130.083001
https://doi.org/10.1063/5.0163390

Superfluid Helium Nanodroplets. 14, (36), 8199, (2023).

https://doi.org/10.1021/acs.jpclett.3¢02150

33S. Erukala, D. Verma, and A. F. Vilesov, The Journal of Physical Chemistry Letters, Rotation of
CH3" cations in helium droplets. 12, (21), 5105, (2021).

https://pubs.acs.org/doi/10.1021/acs.ipclett. 101274

34S. Erukala, A. J. Feinberg, A. Singh, and A. F. Vilesov, The Journal of Chemical Physics, Infrared
spectroscopy of carbocations upon electron ionization of ethylene in helium nanodroplets. 155,

(8), 084306, (2021). https://doi.org/10.1063/5.0062171

35A. I. Feinberg, S. Erukala, C. J. Moon, A. Singh, M. Y. Choi, and A. F. Vilesov, Chemical Physics
Letters, Isolation and spectroscopy of CoH™ ions in helium droplets. 833, 140909, (2023).

https://doi.org/10.1016/j.cplett.2023.140909

36C. J. Moon, S. Erukala, A. J. Feinberg, A. Singh, M. Y. Choi, and A. F. Vilesov, The Journal of
Chemical Physics, Formation of the C4H," (n = 2-5) ions upon ionization of acetylene clusters in

helium droplets. 158, (22), 2244307, (2023). https://doi.org/10.1063/5.0150700

37 A. Singh, A. Feinberg, C. J. Moon, S. Erukala, P. Kumar, M. Y. Choi, S. Venkataramani, and A.
F. Vilesov, The Journal of Chemical Physics, Infrared spectroscopy of isomers of C3Hs™ in

superfluid helium droplets. 160, (21), 214306, (2024). https://doi.org/10.1063/5.0206412

38 M. M. Schaufer, S. R. Jafferts, S. E. Barlow, and G. H. Dunn, The Journal of Chemical Physics,
Reactions of H, with He" at temperatures below 40 K. 91, (8), 4593, (1989).

https://doi.org/10.1063/1.456748

3D. Verma, R. M. P. Tanyag, S. M. O. O'Connell, and A. F. Vilesov, Advances in Physics-X,
Infrared spectroscopy in superfluid helium droplets. 4, (1), 1553569, (2018).

https://doi.org/10.1080/23746149.2018.1553569

22


https://doi.org/10.1021/acs.jpclett.3c02150
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01274
https://doi.org/10.1063/5.0062171
https://doi.org/10.1016/j.cplett.2023.140909
https://doi.org/10.1063/5.0150700
https://doi.org/10.1063/5.0206412
https://doi.org/10.1063/1.456748
https://doi.org/10.1080/23746149.2018.1553569

40'S. Erukala, A. J. Feinberg, C. J. Moon, M. Y. Choi, and A. F. Vilesov, The Journal of Chemical
Physics, Infrared spectroscopy of ions and ionic clusters upon ionization of ethane in helium

droplets. 156, (20), 204306, (2022). https://doi.org/10.1063/5.0091819

41Z. Jin, B. J. Braams, and J. M. Bowman, The Journal of Physical Chemistry A, An ab Initio
Based Global Potential Energy Surface Describing CHs* — CHs"™ + Ho. 110, (4), 1569, (2006).

https://doi.org/10.1021/jp0538480

2 A. S. Petit, J. E. Ford, and A. B. McCoy, The Journal of Physical Chemistry A, Simultaneous
Evaluation of Multiple Rotationally Excited States of H3", H3O", and CHs" Using Diffusion Monte

Carlo. 118, (35), 7206, (2014). https://doi.org/10.1021/jp408821a

L. M. Johnson, and A. B. McCoy, The Journal of Physical Chemistry A, Evolution of Structure

in CHs" and Its Deuterated Analogues. 110, (26), 8213, (2006). https://doi.org/10.1021/jp061675¢

#T. Kwan, and M. Jordon, Chemical Physics Letters, The proton affinity of methane and its

isotopologues: A test for theory. 708, 216, (2018). https://doi.org/10.1016/j.cplett.2018.08.031

23


https://doi.org/10.1063/5.0091819
https://doi.org/10.1021/jp053848o
https://doi.org/10.1021/jp408821a
https://doi.org/10.1021/jp061675c
https://doi.org/10.1016/j.cplett.2018.08.031

