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Abstract 

In this work, CH4
+ cations were formed in helium droplets and investigated with infrared 

laser spectroscopy. The observed infrared bands are assigned to the C2v isomer of the CH4
+ cation. 

The rotational structure of the bands remains unresolved indicating a factor of three or larger 

decrease in the rotational constants in helium nanodroplets. We also report on the observation of 

the spectrum of isotopically substituted 13CH3
+ cations in He droplets which shows well-resolved 

rotational structure. The rotational constant A for rotation about the C3 axis of CH3
+ in helium was 

found to be a factor of 1.17 smaller than in the gas phase. 

  



Introduction 

Methane is the simplest hydrocarbon molecule, but its cationic counterpart is rarely 

explored spectroscopically. The vertical ionization of methane forms a hypothetical CH4
+ cation 

in a triply degenerate T2 electronic state prone to T×(t2+e) Jahn-Teller distortion. 1-3 CH4
+ ions can 

undergo linear Jahn-Teller distortion to form local minimum structures such as D2d or a C3v, 

whereas the quadratic distortion leads to a C2v symmetric geometry. 1-4 There are 12 equivalent 

C2v, 8 equivalent C3v, and 6 equivalent D2d potential minima structures on the PES (Potential 

Energy Surface) of CH4
+. 5 The low-lying transition states ensure tunneling among the different 

isomers of CH4
+. 6 Theoretical calculations predict the global minimum C2v structure with two 

long CH bonds and two short CH bonds, 2, 3, 5, 7-11 along with local minimum C3v and D2d isomers. 

A variety of spectroscopic techniques such as photoelectron spectroscopy, 12, 13 PFI-ZEKE 

photoelectron spectroscopy, 14, 15 and ESR spectroscopy in cold neon matrices 16, 17 were used to 

verify the C2v geometry of CH4
+ ions as the ground state. Signorell et al. reported the rotationally 

resolved spectra of CH4
+ 14, 15 and CD2H2

+ 18 using ZEKE (Zero Kinetic Energy) spectroscopy. 

However, the results of Coulomb explosion experiments 19, 20 indicated the C2v geometry as a 

saddle point on PES and show that the cation undergoes a pseudo rotation among the equivalent 

structures.  

Lowering the temperature of a system is a proven way to investigate highly reactive 

molecules and ions. Recently, Davies et al. reported the infrared spectrum of CH4
+ cations solvated 

in small helium clusters (CH4
+-HeN; N<100) at T~5K. 21 The spectrum shows two broad infrared 

bands in the CH stretching region at 3044 cm-1 and 3149 cm-1 which the authors assigned to the 

symmetric and antisymmetric CH stretches of the short CH bonds in the C2v geometry. 21  The 



spectra in small He clusters could have some inhomogeneous broadening due to the cluster size 

distribution.  

In this work, large helium nanodroplets of about 104 atoms are used as hosts for CH4
+ 

cations. Nanodroplets have a lower temperature of about 0.4 K and are large enough to fully 

surround small cations such as CH4
+ with multiple solvation shells to create a more homogeneous 

environment than in small clusters. The large ionization potential of helium atoms and 

superfluidity at low temperatures make helium nanodroplets ideal soft matrices for molecular 

cations. 22-27   Here we report the infrared spectrum of the CH4
+ cations at better resolution 

compared with previous measurements confirming the C2v geometry of the CH4
+ cation. We also 

report on the observation of the spectrum of isotopically substituted 13CH3
+ cations, which show a 

well-resolved rotational structure. The obtained rotational constants for 13CH3
+ are similar to those 

previously reported for 12CH3
+ solvated in helium droplets. 27 The mechanism of the formation of 

cations is elucidated by measuring the dependence of infrared bands’ intensity versus the methane 

pressure in the pickup chamber. 

 

  



Experimental Methods 

The experimental setup is described in detail elsewhere.28 Superfluid helium droplets are 

produced by the pulsed expansion of helium gas into a vacuum chamber at a stagnation pressure 

of 23 bar at a temperature of 23 K. The droplets pass through a skimmer and are doped with 99.99 

% pure methane (containing nominal 1.3-1.8% 13CH4) molecules in the 44 cm long pickup 

chamber. Further downstream the droplets are ionized by electron impact (100 eV) and traverse 

through an RF octupole ion guide collision cell filled with helium gas at ~10-5 mbar. The collisions 

with helium atoms in the cell reduce the droplets’ size, which greatly increases the magnitude of 

the laser-induced signal.  The droplets interact with a pulsed laser beam while they pass through 

the ion region of the quadrupole mass spectrometer (QMS). Vibrational excitation of ions leads to 

the evaporation of He atoms from the droplet and liberation of free ions which are then mass-

filtered by a QMS. The mass-selected ions are detected by a Channeltron electron multiplier. The 

signal from the electron multiplier is amplified by an SR570 current amplifier and recorded using 

an SR250 boxcar integrator with ~3µs gate width.  

This work employed an OPO/OPA laser system by LaserVision with a nominal spectral 

linewidth of ~1 cm-1, a repetition rate of 20 Hz, and a pulse width of 7 ns. The laser is calibrated 

by recording the rovibrational spectrum of HCl, CD4, and CH4 in an optoacoustic cell. 

  



Results 

 The series of experiments started with measuring the mass spectrum of methane-doped 

helium droplets upon electron impact ionization, which is shown in Fig. 1. The ionization of doped 

droplets produces a variety of cations such as CH3
+, CH4

+, CH5
+, (CH4)2

+, etc.. The focus of this 

work is the spectroscopy of CH4
+ and 13CH3

+ cations. The spectra of CH3
+, CH5

+, and CDH4
+ 

cations are reported in ref. 27, 29. The results on the infrared spectra of other ions will be presented 

elsewhere. 

 

Figure 1: The mass spectrum of the ions liberated from neat helium droplets (black trace) and 

from the helium droplets doped with methane (red trace) at 6.0×10-6 mbar pickup pressure 

measured upon the electron impact ionization. 

 



 

Figure 2: The mass-selected infrared spectrum measured at m/z = 16 mass channel by maintaining 

the pickup pressure of methane 1.2x10-6 mbar.  

 

Figure 2 shows the infrared spectrum in the range of 3000 to 3225 cm-1 measured at mass 

channel m/z = 16 by maintaining 1.2×10-6 mbar pickup pressure of methane. The RF octupole 

collision cell was filled with 1.0×10-5 mbar of helium gas. Here and later, the pressures of gases 

reported are the nominal readings from the ion gauge controllers. The absolute pressure of gases 

could be obtained by dividing the nominal reading by 1.40 for methane and 0.18 for helium gas. 

Figure 2 shows two broad infrared bands with maxima at 3047 cm-1 and 3149 cm-1 having widths 

of 7 and 16 cm-1 (FWHM), respectively. The spectra measured at different pickup pressure of 

methane from 0.6×10-5 to 2×10-5 mbar (not included here) show the same relative intensity of the 

bands. Similar but broader (~50 cm-1) bands were previously observed for CH4
+ ions solvated in 



small He clusters, which were assigned to the stretching modes of the CH4
+ ions with C2v structure. 

21 In addition, the spectrum in Fig. 2 has a new band which appears as a triplet of narrow (FWHM 

~ 1.5 cm-1) peaks with the central peak centered at 3118.6 cm-1. This new band may have been also 

been contributing to the previous lower resolution spectrum which shows a broad shoulder 

extending in the range of 3100-3150 cm-1. 21 No other features were found in the lower frequency 

range from 2500-3000 cm-1. 

 

     

Figure 3: The methane pickup pressure dependence on the intensity of infrared bands at 3047 cm-

1 (a) and 3118.6 cm-1 (b). The data points are fitted with a Poisson distribution equation (red 

traces) as described in the text. 

  

Figure 3 shows the methane pickup pressure dependence on the intensity of the infrared 

bands at 3047 cm-1 (Figure 3a) and 3118.6 cm-1 (Figure 3b). The red trace shows the fitting with 

the Poisson equation for capturing a single methane molecule: 

𝐼(𝑃) = 𝐶 ∙ (𝑃/𝐴) ∙ 𝑒−
𝑃

𝐴    (Eq. 1) 



 Here, P is the pickup pressure. The fitting constant ‘A’ gives the pickup pressure of 

methane, at which the greatest number of droplets are doped with a single methane molecule, and 

‘C’ is the proportionality constant. Good agreement between the experimental results and the fits 

signifies that both infrared bands stem from ionizing the droplets doped with a single methane 

molecule. However, the intensity of the band at 3047 cm-1 maximizes at a higher pickup pressure 

of methane (1.3×10-6 mbar) compared to the band at 3118.6 cm-1 (0.9×10-6 mbar). Different pickup 

pressure dependence indicates that the two bands belong to different cations.  

  



 

 

Figure 4: The comparison of the infrared spectrum of 12CH3
+ cations measured at m/z=15 , and 

the zoomed-in infrared spectrum measured in this work at m/z=16 . The black traces show the 

experimentally measured spectra and the red traces show the simulated spectra for the 12CH3
+ and 

13CH3
+ cations, respectively. See the text for more details.  

 

 Figure 4 shows the infrared spectra of 12CH3
+ ions obtained in this work (solid black trace 

in lower panel) measured by maintaining 7.0×10-7 mbar pressure of methane in the pickup chamber 

and 1.0×10-5 mbar of helium in the octupole at m/z=15 mass channel. The spectrum of 12CH3
+ 

shows three sharp peaks which were assigned to the rovibrational structure similar to that in refs. 

21, 27. The solid black trace in upper panel of Fig. 4 shows the zoomed-in spectrum measured at 

m/z=16 mass channel, same as in Figure 2. The bands present in the upper panel are assigned to 

the 13CH3
+ ions as will be discussed in the following.  



Discussion 

The methane-doped droplets are ionized via electron impact. Although the ionization cross-

section of a methane molecule is bigger than that of a helium atom, there are ~104 He atoms per 

droplet, leading to an overwhelming probability for the ionization of the He atoms in the droplet. 

30, 31 Therefore electron impact first produces He+ ions which then create the molecular ions via 

charge transfer.32 

The removal of an electron from CH4 produces a triply degenerate electronic state which 

is subjective to a T×(T+e) Jahn-Teller distortion. 1, 2 The quadratic Jahn-Teller distortion 

equilibrates the cation in C2v geometry. 1, 2, 4 There are 12 equivalent C2v geometries, 8 equivalent 

C3v geometries, and 6 D2d geometries on the PES of CH4
+ present as stationary points.5 The 

calculations predict a C2v symmetric geometrical isomer as the global minimum state, which is in 

agreement with spectroscopic observations. 2, 10, 16, 17, 33, 34 The equilibrium C2v structure of CH4
+ 

has two shorter (stronger) CH bonds and two longer (weaker) CH bonds. The spectrum of CH4
+ 

solvated in small helium clusters shows two infrared bands in the CH stretching region (3044 cm-

1 and 3145 cm-1) which were assigned to the C2v structure of CH4
+. 21 Similarly, we assigned the 

band at 3149 cm-1 to the asymmetric stretching, and the band at 3047 cm-1 is assigned to the 

symmetric stretching of the stronger CH2 unit. The spectrum did not show any additional bands, 

which may indicate the absence of the other isomers of CH4
+ cations. The nominal spectral 

linewidth of the laser used in this work is ~1 cm-1. In Figure 2, the width of the band of 13CH3
+ at 

3118.6 cm-1 is ~1.5 cm-1 (FWHM) but the bands due to CH4
+ at 3047 cm-1 (δν ~ 7 cm-1) and 3149 

cm-1 (δν ~ 16 cm-1) have significantly larger widths.  

The pulse field ionization (PFI) zero kinetic energy (ZEKE) photoelectron spectrum 

measured with a resolution of ~0.7 cm-1 confirms the fluxional nature of the CH4
+ cation and its 



deuterated analogs. 35 Woerner et al. reported that the gas phase rotational constants of the C2v 

symmetric CH4
+ in the ground vibrational state to be A=6.40 cm-1, B=5.55 cm-1, C=4.03 cm-1, and 

the rotational energy levels show splitting of δ =16.4 cm-1 due to the tunneling motion of H-atoms 

between equivalent configurations.  9, 14, 15, 36 CH4
+ ions have three nuclear spin isomers with 

nuclear spin symmetries that correlate to A1 (I=2), E (I=0), and F2 (I=1) in methane molecules. In 

CH4
+ the lowest rotational states of each nuclear spin isomer are N=1, 0, and 1, respectively. The 

population of nuclear spin isomers in He droplets in CH4 molecules is 5:9:2, respectively. 37 

Assuming that the nuclear spin does not relax within the experimental time of about ~0.5 ms, as 

previously observed in the case of many neutral molecules and ions, 24, 27, 37  the populations of 

N=0 and N=1 levels are expected to be in the ratio of 9:7. Assuming the same rotational constants 

for CH4
+ in the gas phase and the helium nanodroplets, the splitting of the rotational lines should 

be of the order of 10 cm-1.  Figure 2 shows that the symmetric band at 3047 cm-1 has an FWHM 

of δν ~ 7 cm-1 and does not show any rotational structure. Similarly, the broader (δν ~ 16 cm-1) 

asymmetric stretching band at 3149 cm-1 appears to be devoid of the rotational structure. We 

conclude that the effective rotational constants of the CH4
+ ions in He are at least a factor of three 

smaller than in the gas phase so that the rotational structure fits within the unresolved band 

contours.  In general, the rotational contour of the antisymmetric band is expected to be broader 

than that of the symmetric band due to different selection rules for the rovibrational transitions, 

which agree with the observations.  

The triplet structure of the band at 3118.6 cm-1 appears similar to that observed previously 

in the spectrum of 12CH3
+ centered at 3131.6 cm-1 where it was assigned to the rovibrational band 

associated with the perpendicular asymmetric ν3 mode.27 The new band with a triplet structure 

observed in this work centered at 3118.6 cm-1 is assigned to the 13CH3
+.  The CH3

+ (D3h) cations 



have a symmetric top structure and follow the Fermi-Dirac nuclear spin statistics due to the 

presence of H atoms. Therefore, at ultralow temperatures, the ions relax into the K=0 and K=1 

states which belong to different nuclear spin species and are expected to have equal populations in 

He droplets. The central band at 3131.6 cm-1 is assigned to the K'=1  K"=0 transitions of the ν3 

(ea1) band whereas the J-structure of the sub-band remains unresolved. 27 The low-frequency 

sub-band at 3124.7 cm-1 is assigned to the K'=0  K"=1 transitions and the higher frequency band 

at 3137.6 cm-1 belongs to the K'=2  K"=1 transitions. The central sub-band is about a factor of 

two stronger than the sidebands which have similar intensities that are in agreement with the 

expected equal population of the K=0 and K=1 states. The distance between the peaks gives the 

rotational constant ‘A’ of the CH3
+, whereas the ‘B’ constant is small and cannot be determined 

accurately. The red trace in panel (a) of Fig. 4 shows the simulated spectrum of 12CH3
+ cations 

with modified rotational constants which are listed in Table 1. The band origin of the 12CH3
+ ions 

in He was found to have a high frequency shift by ~20 cm-1 as compared to the free ions.  

The red trace in Fig. 4 (b) shows the simulated spectrum of 13CH3
+ cations with modified 

rotational constants, (see Table 1). The rotational constant ‘A’ appears to be the same for both 

isotopes in He droplets, which agrees with the rotors’ geometry.   The ʋ3 band origin for the 13CH3
+ 

ions has ~12.7 cm-1 lower frequency than that for the 12CH3
+ ions in this work. This shift is the 

same as measured for the ions in the gas phase, 38, which supports the assignment of the band in 

Fig. 4(b) to the 13CH3
+ isotopologues. 

The rotational constants for both isotopologues of CH3
+ in the gas phase were obtained to 

be  B (~4.0 cm-1) and A (~9.3 cm-1). 38 However, Table 1 shows that the rotational constants differ 

significantly for both cations in the gas phase and helium nanodroplets. 27, 38 Despite rather weak 

interaction with He atoms, the He atoms in the innermost shell bind tightly with the cations, 



causing the change of the effective rotational constants. The rotational constant A for the rotation 

about the C3 axis in He is found to be ~15% smaller than the B constant in the gas phase 38, where 

the B constant corresponds to the rotation about the C3 axis.  The rotational constant B for the 

rotation perpendicular to the C3 axis is a factor of ~102 times smaller in He droplets as compared 

with the gas phase and could not be evaluated accurately. In the gas phase, the 12CH3
+ and 13CH3

+ 

cations are oblate symmetric top, whereas the spectra in helium nanodroplets are consistent with 

the prolate symmetric top. This switching effect is assigned to the tight binding of the two He 

atoms along the C3 axis of the ions. 27 

In distinction to the spectrum of 12CH3
+ measured previously in ref. 27, the spectrum in Fig. 

4 was obtained with the He-filled collision cell. Therefore, the relative intensities of the sub-bands 

have an intensity ratio close to 1:2:1 as expected from the population ratio of the nuclear spin 

isomers in CH3
+. In comparison the measurements in ref 27 were done without the collision cell, 

hence the liberation of cations from larger droplets required an absorption of multiple photons 

causing nonlinear dependence of the signal on the absorbance. Therefore intensity of the sub-bands 

in the ref 27 appear about a factor of three smaller than that of the central feature. The comparison 

of the intensities of the central features shows that the signal of 12CH3
+ is approximately 100 times 

larger than that of 13CH3
+. This agrees with the 1.3-1.8 % concentration of 13CH4 in the CH4 gas 

cylinder. The rotational constants and their comparison with the gas phase data for both cations 

are tabulated below. 

 



 

Table 1: The comparison of rotational constants for 12CH3
+ and 13CH3

+ cations in the helium nanodroplets 

(HND) and the gas phase from ref 38.  

 12CH3
+ in the gas phase 13CH3

+ in the gas phase 12CH3
+ in HND 13CH3

+ in HND 

A 4.04* 4.09* 3.5 3.5 

B 9.3* 9.3* 0.1 0.1 

DKK 0.005 0.005 0.06 0.075 

ν 3107.9 3095.2 3127.8 3115.0 

 

* Designation of the rotational constants as A and B is switched in free ions.  

 

In both measurements in Fig 3a and 3b, the droplets were obtained at the same experimental 

conditions and should have a similar size distribution. Fig. 3 shows that the maximum of the CH4
+ 

signal is achieved at a higher pickup pressure (A = 1.3×10-6 mbar) than that for the 13CH3
+ signal 

(A = 0.9×10-6 mbar). The production of the 13CH3
+ ions upon ionization of the methane molecules 

implies dissociative ionization with H atoms leaving the droplet. One would expect that the 

probability for the hydrogen atom to leave the droplet should decrease as the size of the droplets 

increases. In the larger droplets, the H-atoms may more readily lose kinetic energy and stay within 

the droplet leading to the formation of the CH4
+ ions in addition to those produced directly via the 

ionization of the CH4 molecules. Therefore, the higher probability for the formation of CH3
+ in 

larger droplets is surprising.  It is possible that CH4
+ ions are also formed upon ionization of 

methane dimers. Small contribution from the dimers would lead to a small change in the overall 

shape of the pressure dependence curve in Fig. 3a and will mainly be manifested in the shift of the 

maximum of the curve towards higher pickup pressure.   



Conclusions 

We report infrared spectra of CH4
+ cations in helium nanodroplets. The cations are 

generated by electron impact ionization of helium droplets doped with methane molecules. The 

spectra of the CH4
+ are consistent with the C2v global minimum structure, which is in agreement 

with previous calculations and experiments. No other isomer of the CH4
+ cation could be observed 

in helium droplets.  

Additionally, this work reports the infrared spectrum of 13CH3
+ cations which have the 

same nominal m/z = 16 same as 12CH4
+ ions. The 13CH3

+ cation shows characteristics of a prolate 

symmetric top made up of two helium atoms tagged on the C3 axis of the cation. The rotational 

constants A and DKK for 13CH3
+ are found to be 3.4 cm-1 and 0.06 cm-1, respectively, the same as 

in the 12CH3
+ isotopologues. In the case of 13CH3

+ cations, the J-structure of the band could not be 

resolved indicating that the rotational constant B is smaller than ~0.1 cm-1. In comparison to CH3
+, 

the rotational structure in the spectra of the CH4
+ cations could not be resolved, indicating at least 

a factor of three decrease in the rotational constants. The origin of this effect remains to be 

understood.  
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