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The combination of a 4 K 22-pole ion trap instrument, FELion, with the widely tunable free
electron lasers at the FELIX Laboratory is described in detail. It allows for wide-range
infrared vibrational spectroscopy of molecular ions. In this study, the apparatus is used
for infrared vibrational predissociation (IR-PD) measurements of the simple alcohol
cations of methanol and ethanol as well as their protonated forms. Spectra are taken by
tagging the cold molecular ions with He atoms. The infrared spectrum of protonated
methanol is recorded for the ﬁrst time, and the wavelength coverage for all other species
is substantially extended. The bands of all spectra are analysed by comparison to ab initio
calculation results at diﬀerent levels of theory. Vibrational bands of diﬀerent isomers and
conformers (rotamers) are discussed and identiﬁed in the experimental spectra. Besides
the measurement of IR-PD spectra, the method of infrared multiple photon dissociation
IR-MPD is applied for some cases. Spectral narrowing due to the cold environment is
observed and rotational band contours are simulated. This will help in identifying more
complex species using the IR-MPD method in future measurements. Overall the IR-PD
spectra reveal more bands than are observed for the IR-MPD spectra. In particular, many
new bands are observed in the ﬁngerprint region. Depletion saturation of the ﬁnite
number of trapped ions is observed for the IR-PD spectra of the ethanol cation and the
presence of only one isomeric species is concluded. This special feature of ion trapping
spectroscopy may be used in future studies for addressing speciﬁc isomers or cleaning
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the ion cloud from speciﬁc isomers or conformers. In addition, the results of this study can
be used as a basis to obtain high-resolution infrared vibrational and THz rotational spectra
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of alcohol ions in order to detect them in space.

1 Introduction
Since the pioneering work of Y. T. Lee and collaborators on the infrared predissociation (IR-PD) of hydrogen cluster ions performed some 30 years ago1 infrared
action spectroscopy of molecular ions has been developing into a rather mature
technique to determine the spectra and structures of many molecular ions. In
contrast to ordinary absorption spectroscopy, action spectroscopy uses changes of
the mass-to-charge ratio of the investigated ions as a result of photon absorption.
For the study of vibrational spectra, in the infrared, the use of widely tunable IR
OPO systems allows us to cover not only the X–H stretching (X ¼ C, N, O) regime
around 3 microns but to access the ngerprint region where characteristic modes
can be addressed.2–6 These capabilities are exceeded by free electron lasers, like
the Free Electron Laser for Infrared eXperiments (FELIX) in the Netherlands7 and
the Centre Laser Infrarouge Orsay (CLIO) in France,8 which cover even wider
spectral ranges at once and with much higher intensities than available in table
top laser experiments. The use of these highly intense pulsed FEL sources allowed
for the establishment of infrared multiple photon dissociation (IR-MPD), which
by now is one of the standard techniques to unravel the structures of molecular
ions by the analysis of their vibrational bands.9–13
Many groups use radio frequency guides and ion traps to mass select and store
the ions of interest, thus becoming molecule specic and allowing for long
exposure times, which increases the sensitivity tremendously compared to the
beam methods of earlier years. Even commercial trap apparatus are modied to
turn them into action spectroscopy instruments.14–17
Buﬀer gas cooling is a standard way to simplify the spectra by narrowing the
Doppler widths and most importantly by lowering the partitioning of the internal
energy of the stored ion. This feature is particularly interesting for larger molecules where the number of diﬀerent isomers and conformers (rotamers) as well as
the number of hot bands should be reduced to unravel the vibrational structure of
the ion of interest. Cooling the ions to the extent that these species can be tagged
with atoms or molecules which in a second step can be pre-dissociated by just one
infrared photon made action spectroscopy even more attractive. However,
substantial band shis had to be taken into consideration when interpreting the
observed spectra to obtain information about the bare molecule. This limitation
was largely overcome when it became possible to attach He atoms to the stored
ion ensemble because the spectral shis are oen negligible compared to the
spectral resolution. In trap experiments this was rst demonstrated by Asmis and
coworkers18 and later adapted by other groups.15,19 The development of these
techniques is summarized in a recent review by Dieter Gerlich.20
In this work, we describe a unique 22-pole ion trap experiment, named FELion,
which is coupled to the high intensity IR free electron laser beam line at the FELIX
Laboratory{. The capability to reach low enough temperatures to attach He is now
{ http://www.ru.nl/felix/
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a quality criterion of the respective trap instrument, and predissociation of Hecomplexes of simple ions derived from primary alcohols formed in the FELion
cryogenic ion trap is used in the work presented here to infer the vibrational
bands for these ions which are also relevant in an astrophysical context.
Of the 200+ molecules now identied to occur in interstellar environments,
methanol (CH3OH) was among the rst, detected at an early stage of astrochemical research. In 1970, just a few years aer the discovery of astrophysical
maser emission from OH, maser emission from methanol was observed at a large
number of pure rotational transitions.21 This emission is even observed from
galaxies at high redshi and has for instance recently been used to investigate
possible dris in the proton-to-electron mass ratio over time.22–24 Also, methanol
plays a key role in many interstellar reaction networks modeling the abundances
of small organic molecules in astrophysical environments. Although the radical
cation of methanol also occurs in these networks, it has thus far not been detected
in the ISM, because microwave spectra are missing. Further laboratory characterization of the microwave and IR spectra of CH3OH+ is therefore of interest.
Of particular interest in the study of cationic methanol is its existence as two
isomeric forms, being the canonical CH3OH+ form and the alternative methyleneoxonium CH2OH2+ form. Interestingly, methylene-oxonium is signicantly lower
in energy than the methanol cation. Duncan and coworkers reported vibrational
IR spectra of the two isomeric forms of the cation in the hydrogen stretching
frequency range.25 In their ion source, the canonical form of the cation was
exclusively formed when methanol was used as the precursor and the methyleneoxonium ion was formed when using ethylene glycol (ethane-1,2-diol).
As mentioned above, the Ar tag used in the messenger spectroscopy method
from Duncan and coworkers25 causes signicant frequency shis of specic IR
bands; in particular, binding of the Ar tag to the hydroxyl proton induces
a redshi of the OH stretch of several hundreds of wavenumbers. Fujii and
coworkers reported IR spectra for the radical cations of the series of alcohols from
ethanol to butanol using a VUV-IR scheme.26 The OH stretch band in these
untagged systems is observed as a strong feature in their spectra between 3500
and 3600 cm1. Here we present the rst experimental vibrational spectrum of the
methanol radical cation tagged with a He atom over the entire IR frequency range
from 400 to 4000 cm1. The vibrational bands will be compared to results of ab
initio calculations. In the same series of experiments spectra of the ethanol cation
as well as the protonated forms of methanol and ethanol are studied.
Once the vibrational bands are obtained, ro-vibrational and even rotational
lines can be recorded at high resolution, as has been demonstrated in previous
studies.27–32 Recording the vibrational bands of the simple alcohol molecules
described here will be the rst step in also identifying the alcohol cations or their
protonated versions in space via their rotational transitions using the most
sensitive radio telescopes available.
In this paper we rst give a detailed description of the cryogenic 22-pole ion
trap instrument FELion interfaced to the free electron lasers (FELs) at the FELIX
Laboratory (Section 2), and the action spectroscopic methods that can be
employed (Section 3). The instrument has been developed and built in Cologne in
collaboration with the FELIX team and is by now available as a user station at
FELIX. To demonstrate the capabilities of this unique combination of a cryogenic
ion trap with the ultrabright and widely tunable radiation of the FELIX FELs, we
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recorded IR spectra of the primary alcohols methanol and ethanol, and their
protonated variants, and interpreted the results with the help of quantumchemical calculations (Section 4). Several aspects of the employed methodology
are discussed in Section 5 before conclusions are drawn (Section 6).

2 Experimental setup: FELion beam line at the
FELIX Laboratory
2.1 Cryogenic radio-frequency 22-pole ion trap machine FELion
A schematic view of the cryogenic radio-frequency (RF) linear 22-pole ion trap
instrument FELion can be seen in Fig. 1. This instrument is similar to the COLTRAP instrument described in detail by Asvany et al.33 It oﬀers the key advantages
of storing and cooling mass-selected molecular ions and good optical access for
their characterisation using action spectroscopic techniques. The instrument has
been used in the past for rotational studies of cold molecular ions,30,34,35 and since
its installation at the FELIX Laboratory in 2014 for several vibrational spectroscopic studies on a variety of ionic systems.29,36–39 In the following we will describe
the FELion instrument in more detail, focusing on its three main operational
units: ion preparation, storage, and analysis.
2.1.1 Ion preparation. The ion source used for the experiments presented in
this work is an RF storage ion source, described in detail by Gerlich.40 This type of
source employs RF trapping elds in the region where ions are produced via
electron impact ionisation of a suitable precursor gas (electron energy on the
order of tens of eV, typical source pressures of 106–105 mbar). In this way, ions
can be thermalised and accumulated in the source for the duration of an

Fig. 1 Schematic drawing of the FELion ion trap setup. The ions are produced in the
storage ion source (SIS, yellow), mass selected in a ﬁrst quadrupole mass ﬁlter (1. QP), and
injected into the 22 pole trap after a 90 electrostatic bender. The trap is mounted on
a cold head (Tmin < 4 K, red) and equipped with cw and pulsed gas input ports. After
a predeﬁned trapping time (in the order of seconds) the ions are mass-selected in a second
mass ﬁlter (2. QP) and counted in the detector (blue). Various radiation sources can be
interfaced to the instrument.
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 217, 172–202 | 175
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experimental cycle (typically 1 s). At the beginning of each cycle the ions are pulseextracted from the source (typically 1–100 ms long pulses) and the mass of interest
is selected by a custom-made quadrupole mass lter with an inscribed radius of
r0 ¼ 4.3 mm driven by a home-built push–pull type RF generator operating at 1.5
MHz.41 The source region of the setup has an independent pumping system in
order to prevent precursor gases leaking into the main UHV chamber containing
the 22-pole trap.
2.1.2 Cryogenic 22-pole trap. Aer passing a quadrupole bender, several
thousand mass-selected ions are guided to the heart of the instrument, a 22-pole
ion trap, described in detail by Asvany et al.42 The copper housing of the trap is
mounted directly onto a cold head (Sumitomo RDK-408E2) allowing it to cool to
a minimum temperature of slightly below 4 K. The temperature is monitored
using an attached Si diode (Lakeshore DT-470-CU-13). The ions are kinetically and
internally cooled by collisions with He buﬀer gas, which is admitted directly into
the trap region at high number densities (1014–1015 cm3) via a pulsed piezo
valve. Apart from the short (a few ms) pulse operation described by Asvany et al.,33
the valve can also be used for gated longer pulses (typically around 10–100 ms) by
driving it with a sinusoidal excitation voltage (a few tens of Volts in amplitude) at
its resonance frequency (1.8 kHz) provided by a home-built FPGA-based signal
generator. The temperature of the trap can be varied between 4 and 30 K through
a resistively heated kapton thermostrip (providing up to 40 W heating power)
mounted on the cold head. In the following text, temperature refers to the
nominal temperature of the trap housing, although previous studies43–46 have
shown that the actual ion temperature (internal and kinetic) in 22-pole traps is
generally higher than the nominal trap temperature, and possible heating
mechanisms have been discussed in the literature.47,48
A second pulsed piezo valve and a gas line for a continuous gas supply are
connected to the trap housing such that the temperature of the injected gas is
close to the wall temperature. The 22-pole trap RF is generated using the amplied (10 W amplier) output from a commercial DDS (direct digital synthesizer)
and is operated at the trap resonance frequency of around 17 MHz with typical
amplitudes of only a few tens of Volts to keep the RF heating eﬀects at
a minimum.
2.1.3 Ion analysis. Aer a certain storage time (typically 1–5 s), during which
radiation can be coupled axially into the trap region for action spectroscopic
measurements, the ions are extracted from the trap and either the parent or
possible product ions are mass-selected with a second quadrupole mass-lter.
This quadrupole has a rod diameter of 18 mm (inscribed diameter of 2r0 ¼
15.678 mm), driven by a Pfeiﬀer QMH 410-3 (1.44 MHz) RF power supply, allowing
analysis of ions up to a mass of 130 u.k The ions are detected with either a Daly
detector49 for positive ions, or a multi-channel-plate (MCP) detector for negative
ions. The pulses generated by the detector are amplied and discriminated
(Phillips Scientic model 6906, 300 MHz), and counted with a gated 100 MHz
counter (Ortec model 996).

k In the meantime the second quadrupole mass-lter has been exchanged for a system with an 8 mm rod
diameter (r0 ¼ 3.5 mm inscribed radius) driven by a Pfeiﬀer QMH 410-2 (1.3 MHz) RF power supply,
extending the mass range to 2000 u.
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2.2 Radiation sources
The ion trap machine FELion is interfaced to the FELIX-1 and FELIX-2 free
electron lasers of the FELIX Laboratory via an evacuated beamline. Free-electron
lasers operating in the MIR and FIR region of the electromagnetic spectrum oﬀer
the advantage of a very wide tunability and high pulse power, enabling the
recording of unbiased vibrational overview spectra for molecular science.
Therefore, cryogenic ion trap machines have been applied for many years in
combination with free electron lasers,18,50–52 in particular with FELIX.7
2.2.1 FELIX. FELIX delivers pulsed infrared radiation continuously tunable
from 100–2000 cm1, and in the 3rd harmonic operation mode even beyond
2000 cm1. Tuning of the laser wavelength can be controlled by the user
through adjusting the undulator gap. The wavelength setting can be calibrated
online using a spectrum analyzer contained in the FELIX beamline. The repetition rate of the macropulses is maximum 10 Hz, and the pulses have a typical
length of 7 ms, with a 1 GHz microstructure originating from electron-bunching
in the linear accelerator. The macropulses have an energy content of up to 50 mJ
as measured at the user station, giving a cw power on the order of 500 mW. The
bandwidth of the radiation is Fourier-transform limited and on the order of
0.5% FWHM, i.e. the typical bandwidth in our experiment is Dv ¼ 5 cm1
(FWHM) at 1000 cm1.
At the user station, the IR radiation is coupled and focused into FELion via two
mirrors and a vacuum window. The region between the two evacuated systems
(FELIX beamline and FELion) is ushed with nitrogen to avoid absorption of IR
radiation. At the moment, we use a KRS-5 vacuum window (75% transmission),
which permits experiments down to about 250 cm1. The laser pulses of FELIX
and the ion pulses of FELion are synchronized (by synchronizing the FELion cycle
to the mains power), guaranteeing a constant phase of the FELIX pulses in relation to the trapping period. The number N of laser pulses typically used is between
6 and 36 for spectroscopic scans, and can be extended up to several hundred for
saturation depletion measurements (see Section 5.2).
2.2.2 Infrared parametric oscillator/amplier. For accessing the important
C–H and O–H stretching regions in the range 2900–3700 cm1, a table-top
LaserVision pulsed optical parametric oscillator/amplier (OPO/OPA) system
has been used, provided by the FELIX facility.53 The OPO/OPA system is pumped
with a 1064 nm Nd:YAG laser operating at 10 Hz. This system has a bandwidth of
3.5 cm1 (unseeded) and pulse energies of up to 17 mJ. The IR laser wavelength
is calibrated with a wavemeter.

3 Methods
3.1 Experimental: action spectroscopy techniques
As the number density of ions in the trap (105 cm3) is too low for traditional
absorption or emission spectroscopy, action spectroscopic techniques are applied
to record the vibrational spectra. These methods rely on a change of the chemical
composition of ions (and thus the change of mass composition) upon the
absorption of a photon, and spectra can be recorded by counting the number of
parent or product ions as a function of excitation frequency. In the experiments
presented here, the methods of infrared pre-dissociation (IR-PD or “rare-gas
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 217, 172–202 | 177
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tagging”) and multiple-photon dissociation (IR-MPD) were used and will be
described in more detail in the following.
3.1.1 Infrared pre-dissociation spectroscopy IR-PD (“rare-gas tagging”). The
absorption of a single IR photon (on a vibrational resonance) is not suﬃcient to
break covalent bonds in a molecule. However, the situation changes in the case of
weak bonds, e.g. in van der Waals complexes with typical binding energies on the
order of only a few 100 cm1, where even a far IR photon possesses suﬃcient
energy to dissociate the complex. Attaching rare gas atoms or small molecules, i.e.
tags, to the ion of interest is thus usable as an action spectroscopic scheme, as
rst demonstrated by Lee and coworkers,1 and adopted and further developed by
many groups worldwide.2,3,54 One of the most recent developments is the use of
cryogenic ion traps operating at close to or below 4 K, allowing in situ tagging of
molecular ions with He via ternary association reactions.4,18,33,55,56 Using He as
a tagging agent has the advantage of inducing only a small shi of the vibrational
band positions compared to the bare ion, due to its low polarizability and,
therefore, inuence on the structure and bond strengths of the tagged ion.
The typical experimental time sequence used in the FELion instrument in the
present experiments is depicted in Fig. 2 (upper panel). The injection of the massselected primary ions into the 22-pole ion trap is always accompanied by an
intense He gas pulse through the piezo valve in order to increase the trapping
eﬃciency. Since high numbers of He-ion clusters are required for pre-dissociation
experiments, the He pulse is deliberately prolonged to tens of ms, leading to
eﬃcient in situ formation of He-ion complexes in the trap via three-body attachment processes. The resulting composition of ions aer such a long initial He
pulse (70 ms, nHe ¼ 5  1014 cm3) in the trap can be seen in Fig. 2 (lower panel)
for the case of protonated methanol, where around 1/3 of primary ions are converted to He-ion clusters, and, moreover, around 1/9 are converted to doubly Hetagged clusters. Aer the He atoms are pumped out of the trapping volume (which
takes several tens of ms at 4 K), photon absorption and subsequent predissociation are used to measure an IR action spectrum.

Time sequence of a single measurement (upper panel). Upon injection aided by the
high He number density inside the trap, ions are irradiated with subsequent laser shots
(here at 10 Hz), prior to extraction. Lower panel: number of ions in the trap (values in
parentheses) produced from protonated methanol and a strong initial He pulse at 4 K.

Fig. 2
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For the actual spectrum acquisition, the number of He-ion clusters is recorded
as a function of infrared excitation frequency. When the laser is in resonance with
a vibrational band of the He-ion complex, a decrease of the number of complexes
is observed.
For all spectra shown in this work the intensity (I) is given in units of a relative
cross section, i.e. we plot the logarithm of the ratio of the measured number of
clusters (S) over the baseline counts (B), normalised to the total deposited power
E$N, with E being the energy in a single pulse (in mJ) and N being the number of
IR laser pulses during the storage time,
I ¼

lnðS=BÞ
:
E$N

(1)

Using this denition, the intensity is always a positive quantity. The baseline
signal B is obtained from a spline interpolation of the recorded ion counts in
regions where no absorption occurs. In this way, we correct for uctuations in
the ion counts over a spectral scan, e.g. due to variations in He number density
or ion production dris. With this procedure, spectra taken under varying
experimental conditions (e.g. laser power, storage time, absolute number of
clusters) can easily be averaged and compared to each other. A comparison to
calculated infrared intensities should be taken with care as the photon
absorption is only the initial step in a sequence of mechanisms leading to the
measured IR-PD signal.
3.1.2 Infrared multiple-photon dissociation IR-MPD. With the advent of
intense, widely tunable free electron lasers operating in the IR domain, the
method of infrared multiple-photon dissociation (IR-MPD) spectroscopy has
become one of the dominant tools for vibrational spectroscopy and structural
characterization of gas-phase molecular ions. Applications include biomolecular
structure determination, and spectroscopy of organometallic and proton-bound
systems, and of astronomically relevant polycyclic aromatic hydrocarbon (PAH)
ions.5,9–12,50 IR-MPD relies on the resonant non-coherent absorption of multiple
photons to deliver enough energy to the molecule to dissociate a covalent bond. It
generally works best for large molecules with high enough density of states for
eﬃcient intra-molecular vibrational redistribution (IVR).
In order to record IR-MPD spectra in the FELion instrument, the experimental
conditions are slightly varied compared to those used for IR-PD. Mass-selected
ions are again thermalized with a He pulse when entering the trap, but the He
pulse's density is reduced to avoid complex formation. It is apparent that high
photon densities (pulsed operation, 10 Hz) and a tight focusing of the laser beam
are required for IR-MPD to work. We used 1500 mm focusing mirrors in combination with FELIX (and a pulsed OPO), resulting in a laser focus better than d ¼
1 mm in the trap region translating to a photon ux of up to roughly 1019 s1
mm2 at 1000 cm1.
The IR-MPD data are processed in a similar way as the pre-dissociation signal,
with the only exception that in addition to recording the depletion of the parent
ion, we can alternatively also count the number of a specic fragment ion Sfrac as
a function of wavelength. We generally present the fragmentation yield (Sfrac/P,
with P being the number of parent ions) normalized to laser pulse energy and
number of applied pulses, as signal intensity in the corresponding gures.
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 217, 172–202 | 179
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Since the IR-MPD technique is not limited to low ion temperatures as in the
case of IR-PD, we could record spectra of the ethanol radical cation as a function
of temperature from room temperature down to 4 K (see Section 5 and Fig. 12), by
either using the built-in heater to keep a xed temperature, or by switching oﬀ the
cold-head at the desired trap temperature, which leads to a temperature change of
typically less than 5 K over the time of spectra acquisition (15 min).

3.2 Quantum chemical calculations
Several previous quantum-chemical studies of ionized and protonated methanol
and ethanol can be found in the literature (CH3OH+/CH2OH+;25,57–60 CH3OH2+;61–63
C2H5OH+;26,64,65 C2H5OH2+ (gauche/anti forms)66–68). Complementary calculations
(at common theoretical levels) to support analysis of the present study were
performed using density functional theory (DFT) with the B3LYP functional69,70
and coupled-cluster theory in its variant CCSD(T).71 All calculations were performed using the Gaussian72 and CFOUR73,74 programs.
Structural parameters and harmonic vibrational frequencies of a total of seven
bare ions as well as eight of their He-tagged variants (Fig. 3) were calculated using
B3LYP (opt ¼ tight, int ¼ ultrane) in combination with the aug-cc-pVTZ basis
set.75 As dispersion interactions are not treated adequately in standard DFT, the
B3LYP/aug-cc-pVTZ calculations were performed also using GD3BJ as implemented in Gaussian (Grimme D3 dispersion with Becke–Johnson damping).76
Only complexes with Helium attached to hydrogen atoms of hydroxyl-/oxonium
groups were studied explicitly (Fig. 3) as those were shown earlier to be energetically favored for Ar-, Ne- and N2-complexes.25,68 As can be seen from Fig. 3, all
singly He tagged oxonium species are structurally equivalent except for the gauche form of C2H5OH2+ where the two binding sites to –OH2+ are diﬀerent. Detailed
results of the calculations (energies, structural parameters, vibrational frequencies also including anharmonic values calculated for a subset of the species
considered here) are given as part of the ESI.†
At the CCSD(T) level, molecular structures of all bare ions as well as force elds
of selected species were calculated using the ANO1 basis,77 as this level of theory
has been shown to provide accurate vibrational frequencies.78 For the radical
cations (CH3OH+, CH2OH, C2H5OH+) unrestricted Hartree–Fock (UHF) reference
wave functions were used. Owing to computational cost, CCSD(T)/ANO1 anharmonic force elds were calculated for two of the simpler species only, i.e., the
methanol derivatives CH2OH2+ and CH3OH2+. Calculation of the CCSD(T)
anharmonic force eld of the CH3OH+ radical cation was impractical due the
problems of second-order vibrational perturbation theory (VPT2) with large
amplitude motions occuring in this ion. All relevant results obtained using
CCSD(T) are given in the ESI.†
The interactions of He atoms and ions are rather weak. Without explicit
consideration of dispersion interactions, B3LYP binding energies calculated here
are on the order of 50 to 150 cm1 only, with dispersion increasing these values to
120 to 225 cm1. Consequently, He tagging does not change the fundamental
vibrational frequencies of the bare ions by very much, typically on the order of
a few cm1, except for the OH stretching bands and several other bands involving
inversion modes (some 10–40 cm1, see Section 1 and 2.2 of the ESI† for details).
Calculations of CH3OH2+ and its He-cluster at the CCSD(T)/aug-cc-pVTZ level were
180 | Faraday Discuss., 2019, 217, 172–202 This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Calculated structures of the primary alcohol ions complexed with a He atom
observed in this study. Complex structures 1a and 3b have Cs symmetry, all others C1. The
full structural parameters are given in the ESI.†

used to derive a coupled cluster-value for the He-binding energy. The value of
150 cm1 compares favorably with the corresponding B3LYP-GD3BJ value
(175 cm1).
As is common practice, in the following, for discussion and assignment of
vibrational frequencies, the B3LYP/aug-cc-pVTZ harmonic frequencies of Hetagged clusters (scaled by a common factor of 0.966) were used. As can be seen
from a comparison for protonated methanol (Section 3 of the ESI†) diﬀerences
between the various sets of calculated vibrational frequencies (untagged, Hetagged, scaled harmonic and anharmonic frequencies) are generally rather
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small. Finally, it should be noted that the mechanisms underlying conventional
absorption and action spectroscopies are diﬀerent as pointed out in the discussion of eqn (1), thus making infrared band intensities not necessarily instrumental in the analysis of intensities in action spectra. As a consequence, the
calculated infrared intensities in Tables 1 to 6 and in the ESI† are given for the
sake of completeness but need to be viewed with caution in the evaluation of the
experimental action spectra presented.

4 Measurements and results: spectroscopy of
simple alcohol radical ions and protonated
alcohols
In order to demonstrate the capabilities of the FELion instrument coupled to
FELIX’ FEL-2, we used the He IR-PD technique at 4 K in the frequency range 300–
1800 cm1 to record the spectra of four primary alcohol ions: methanol and
ethanol, in their radical ion and protonated forms. Additional data were taken
using the pulsed OPO system in the 2850–3600 cm1 range. The experimental
spectra are summarized in Fig. 4 and compared to results of quantum chemical
calculations (cf. Section 3.2). Experimental and calculated vibrational band
positions are summarized in Tables 1–6.
For the experiments, commercial methanol and ethanol samples (HPLC grade
>99.9%, and technical grade 99%, resp.) were puried with several freeze–thaw
cycles at 195  C and leaked directly into the ion source as precursor gas for the
respective ionic species (source pressure of the order 105 mbar). Radical methanol and ethanol ions were produced by electron impact ionization with electron
energies in the range 20–40 eV. Both alcohols possess high proton aﬃnities (754
and 776 kJ mol1 for methanol and ethanol, resp.), eﬀectively producing
protonated forms through ion molecule reactions with water, or even more likely
with another neutral molecule of the same alcohol in the storage ion source. For
all ions multiple spectra over the frequency range were taken, and then normalized, averaged and concatenated to produce the nal spectra displayed in Fig. 4.
4.1 Methanol cation vs. methylene-oxonium – m ¼ 32 u
The mass 32 u ion with the nominal formula [CH4O]+ produced from electron
impact ionization of methanol (CH3OH) has two stable isomers, with methyleneoxonium (CH2OH2+, structure 1b in Fig. 3) being the most stable structure, and
the methanol cation (CH3OH+) lying 6.9 kcal mol1 higher in energy (structure 1a
in Fig. 3, see also Sections 1.1–1.2 and 2 in the ESI†). In a recent IR-PD spectroscopic study of the CH– and OH–stretching band region using Ar tagging, Mosley
et al.25 predominantly observed features belonging to the methanol cation, which
they explained with a high isomerization barrier (30.8 kcal mol1) between the
lowest energy methylene-oxonium isomer and the methanol cation, with the
latter being produced as the primary ionization product in their molecular beam
discharge source.
Based on a comparison of the experimental [CH4O]+–He spectrum and the
predicted theoretical spectra of both isomers (Fig. 4, top panel) we can also clearly
attribute the majority of strong bands to the less stable CH3OH+. In Table 1 we list
the theoretically predicted band positions from the highest to lowest frequency as
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Fig. 4 Comparison between theoretical and experimental IR-PD spectra using Hetagging at 4 K. Harmonic vibrational frequencies were calculated for the He-ion
complexes at the B3LYP/aug-cc-pVTZ level and scaled with a global factor of 0.966. From
top to bottom: methanol cation 1a (calculations: red stick spectrum) and methylene
oxonium 1b (yellow stick spectrum); protonated methanol 2 ((n) denotes an experimental
artefact); ethanol cation C1 3a (magenta stick spectrum) and Cs 3b (green stick spectrum)
forms; protonated ethanol in its gauche 4a (blue stick spectrum) and anti 4b (cyan stick
spectrum) structures. Structural numbering refers to Fig. 3.

well as the experimental bands when they could be associated and assigned to the
theoretical bands. The additional unassigned band progressions to the blue of the
main features in the 900–1400 cm1 region are likely due to combination bands
with the He stretching and bending modes, which have predicted fundamental
frequencies in the range 50–150 cm1. This conclusion is supported by the
spectra shown in Fig. 5, where H2 was used as a tagging agent instead of He, and
the position of the main bands but also the structure of the progression bands
signicantly changes.
However, we also clearly see a feature at 1635 cm1 at the predicted band
position of the diagnostic OH2 scissor mode of CH2OH2+ (1b), where naturally no
vibrational feature of CH3OH+ (1a) is predicted. Additionally, we attribute the
observed band at 3480 cm1 to one of the two OH stretching bands of methyleneoxonium (the other one might overlap with the OH band of CH3OH+ as indicated
by the vertical lines of the theoretical predictions), whereas the assignment of the
OH2 inversion bands around 630 cm1 remains ambiguous (see Table 2). The fact
that we can rather eﬃciently produce both isomers in our experiment can be
attributed to isomer quenching in our storage ion source, where primary ions
created via electron impact ionization undergo many collisions (and possibly
reactions) within the storage time (of up to several seconds) and are thus precooled to the temperature of the storage ion source (400 K). This behaviour
has been observed previously in the case of hydrocarbon ions.79
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Meas. He IR-PD

Calc. B3LYP

Mode

Pos.

Int.

Pos.

Int.

v1(a0 )
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11(a00 )
v12
v13
v14
v15

3388
3079
2477

7.48
0.64
1.88

1247
1200
991
877

0.89*
1.85*
2.09
4.29

2442
1200
939

3.61
1.85*
0.97

3392
3071
2655
1431
1234
1194
1017
906
153
52
2550
1179
944
327
78

482
14
229
18
26
113
146
123
7
6
113
14
6
279
1

a
Scaling factor 0.966. Intensities in km mol1 (calc.) and mJ1 (meas.), see text. * denotes
multiply assigned bands.

4.1.1 Inuence of tagging agent and comparison to earlier work. Additional
He IR-PD spectra were recorded for the m ¼ 32 u ions in this work in the 2300–
2800 cm1 region using the 3rd harmonic mode of FEL-2. These data (together
with the OPO data already shown in Fig. 4) are presented in Fig. 6 and compared
with the recent work of Mosley et al.25 using Ar and Ne as tagging agents. As can be
seen for the OH stretching band of the CH3OH+ ion at 3400 cm1, the use of Ne

Fig. 5 Comparison of infrared pre-dissociation spectra of the methanol ion (m ¼ 32 u)
using tagging with a single He atom at 4 K (upper panel) or H2 at 10 K (lower panel).
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Meas. He IR-PD

Calc. B3LYP

Mode

Pos.

Int.

Pos.

Int.

v1
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11
v12
v13
v14
v15

3478
3478

1.44*
1.44*

3037
1635
1363
1247
905

0.34
0.88
0.68
0.89*
1.48

599

0.84

3533
3446
3225
3054
1622
1380
1241
903
900
639
624
290
167
102
57

414
376
23
9
122
4
11
44
7
85
270
45
13
2
4

a
Scaling factor 0.966. Intensities in km mol1 (calc.) and mJ1 (meas.), see text. * denotes
multiply assigned bands.

only induces a small redshi of 15 cm1 with respect to the He IR-PD spectrum,
whereas the redshi of the Ar tagged species is substantial (232 cm1), demonstrating the relative “innocence” of the He tag, i.e. its small inuence on the
observed band positions (see also Table 3). Our calculations (Section 1.1 in the
ESI†, anharmonic B3LYP/aug-cc-pVTZ) predict a redshi of only 10 cm1 for
this band upon attachment of a He atom to the bare ion. However, the true shi
due to the attached He and thus the quality of the calculated band positions can
only be found by comparison to a spectrum of the bare ion.
Interestingly, Mosley et al.25 observed a pronounced substructure in the region
from 2400–2900 cm1 adjacent to the totally symmetric and anti-symmetric CH

Fig. 6 Observed IR-PD spectra of the methanol ion (m ¼ 32 u) in the CH– and OH–
stretching region, tagged with He (blue, this work) in the cold ion trap, as well as with Ne
(magenta) and Ar (red) in a supersonic expansion and consequent mass selection (data
digitized from Mosley et al.25). The intensities are arbitrarily scaled for best comparability.
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stretching bands (see red trace in Fig. 6), which they attributed to combination
bands of the CH stretching modes with the low-lying torsional bands and an
overtone of the HOC bending mode. This substructure is not observed in our He
IR-PD spectrum, however, we see a clear doublet structure with peaks at
2442 cm1 and 2477 cm1, which we assign to the totally symmetric and antisymmetric CH stretching bands. However, judged from the relative intensity of
the two bands, and in light of the large anharmonicities and interactions with the
torsion, the absolute assignment remains ambiguous.
4.2 Protonated methanol – m ¼ 33 u
Protonated methanol (CH3OH2+) is the only stable isomer with the [CH5O]+
composition (m ¼ 33 u).61 It was long discussed to be involved in the formation of
the ubiquitous methanol molecule in the interstellar medium (via dissociative
recombination with electrons), triggering several kinetic studies.81–83 In addition,
collisions of the dominant molecular ion H3+ with methanol will lead to the
formation of CH3OH2+. However, no previous spectroscopic investigations of this
fundamental ion have been reported to date. Here we present the rst vibrational
spectrum of protonated methanol, recorded via He IR-PD and displayed in Fig. 4
(second panel). The comparison with quantum-chemical calculations allows
a clear assignment of all strong experimental features above 700 cm1 to
fundamental bands (see Table 4), with the dominant peaks belonging to the CO
stretching band (800 cm1, v13), the three overlapping modes involving the CH3
group (1447 cm1, v7–9), the HOH scissor mode (1636 cm1, v6), and the
symmetric and antisymmetric OH stretching bands (3504 and 3507 cm1, v1 and
v2). The observed bandwidth (43 cm1) for the HOH scissor mode is considerably
larger than those observed for the other bands, and larger than the intrinsic FEL
bandwidth of around 0.5–1%, see Section 4 in the ESI† for a comparison of tted
bandwidths. This we attribute to a fast predissociation process of the order 0.1 ps
upon excitation of this mode. This seems likely since the attached He is located at
one of the equivalent hydrogens of the HOH group (see Fig. 3 and Section 1.3 in
the ESI† and also the discussion in Section 4.2.1).
In the region below 700 cm1 the assignment is not so clear. The scaled
harmonic B3LYP band position of the strong OH2 inversion mode lies at
678 cm1, well above the strong observed feature at 540 cm1. However,
anharmonic corrections for this mode are signicant, predicted from DFT and
CCSD(T) calculations (see Section 1.3 in the ESI†), shiing the band to 580 cm1
for the He-ion complex, as is shown in Section 3 of the ESI.† We, therefore,
tentatively assign this strong band accordingly and attribute the observed

Comparison to previous experiments (frequencies in cm1)

Table 3

Methanol+
+

Ethanol

Protonated ethanol

He IR-PD, this work

Ar IR-PD

Ne IR-PD

2442
3387
2947
3479
3499
3576

2473 25
3156 25

3373 25

VUV-IR

VUV-IR

2900 80
3470 80

2933 26
3457 26

3377(25) 68
3547(22) 68

186 | Faraday Discuss., 2019, 217, 172–202 This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper
Table 4

Faraday Discussions
Vibrational wavenumbers of CH3OH2+–He (2) (in cm1)a

Published on 07 May 2019. Downloaded by Radboud University Nijmegen on 10/28/2019 3:19:45 PM.

Meas. He IR-PD

Calc. CCSD(T)

Mode

Pos.

Int.

Pos.

Int.

v1
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11
v12
v13
v14
v15
v16
v17
v18

3571
3504
3100
3100
3002
1636

15.1
12.3
1.21*
1.21*
1.1
13.2

1447

15.6

1165
922
802

1.5
3.1
21.2

3570
3492
3106
3101
2985
1623
1433
1429
1417
1238
1127
906
774
678
252
148
77
49

364
279
5
3
0.4
100
18
20
1
1
5
6
35
281
46
10
6
3

a
Scaling factor 0.966. Intensities in km mol1 (calc.) and mJ1 (meas.), see text. * denotes
multiply assigned bands.

progression of features to the blue as combination bands of the OH2 inversion
mode with the bending and stretching modes involving the attached He, whose
scaled harmonic frequencies are at 49 cm1, 77 cm1 and 148 cm1, but likely
aﬀected by large anharmonicity eﬀects.
In order to verify this reasoning, we also recorded spectra of the same spectral
region with two He atoms attached to protonated methanol. A comparison of both
spectra is shown in Fig. 7. Apart from a general shi of the bands, the observed
substructure in the progression clearly starts to collapse. This might be expected
upon the addition of a second He atom to the HOH moiety as vibrational modes
of the two He atoms and the core ion will lead to even lower frequency vibrations.
Estimates from the CCSD(T)/ANO1 anharmonic force eld predict the lowlying torsional mode and its rst two overtones at 203, 367 and 490 cm1. If
the observed feature near 540 cm1 corresponded to the second overtone we also
should have clearly detected the rst overtone, which lies well above the calculated dissociation energy of D0 ¼ 106–177 cm1 (depending on the level of theory,
see Section 2 in the ESI†). Therefore, the interpretation of the bands being
associated with modes involving the attached He seems more likely.
4.2.1 Pre-dissociation and the lifetime. The pre-dissociation lifetime of the He
tag does not lead to a signicant broadening of the observed bands, except for the
signicantly broadened HOH scissor mode discussed above. The experimental
bandwidth on the order of cm1, determined using the LaserVision OPO and
FELIX, corresponds to lifetimes on the order of ps. However, the eﬀect of lifetime
broadening can dominate the observed linewidth when using cw lasers of small
intrinsic bandwidths.55,56 In an additional study on the protonated methanol ion we
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Fig. 7 Pre-dissociation spectra of protonated methanol using He tagging at 4 K. Upper
panel – singly tagged ion. Lower panel – doubly tagged ion.

have used a continuous-wave (cw) OPO (Aculight Argos), with a line width of
a couple of MHz, coupled to a similar ion trap instrument33,84 with the aim of
recording high-resolution ro-vibrational spectra of the CH3OH2+–He cluster.
In Fig. 8, the results using the high-resolution cw and pulsed OPOs are
compared. In both cases the relative depletion yield, i.e. the number of ions with
radiation relative to the number of ions in the trap without the laser present, is
plotted. The observed widths of the predissociation bands are nearly identical,
a clear indication that the linewidth is dominated by the pre-dissociation lifetime
(of the order of 2 ps). This prevents a ro-vibrational study of this He-ion complex
with IR-PD. Furthermore, we were also unsuccessful in recording the infrared rovibrational spectrum of the bare ion using the techniques of Laser Induced
Inhibition of Complex Growth (LIICG).27,33,55,85 Therefore, other techniques of
action spectroscopy need to be explored to unravel the rotational spectrum of
protonated methanol.

4.3 Ethanol cation – m ¼ 46 u
The third panel in Fig. 4 shows the experimental He IR-PD spectrum of the ethanol
radical cation together with a theoretical prediction. As in earlier studies,26,86 our
calculations predict the C1 structure of this ion to be more stable than the Cs form
by 2.5 kcal mol1 (see Section 2 in the ESI†), and the corresponding predicted
vibrational bands of both isomeric structures tagged with He on the OH+ group (see
Fig. 3, structures 3a and 3b, resp.) are displayed for comparison. As expected, we
observe a good match of our experimental spectrum with the lower lying isomeric
structure (3a). The two earlier reported vibrational spectroscopic studies of the
ethanol cation were performed in the 2400–7100 cm1 region covering the CH and
OH fundamental and overtone stretching bands by VUV-IR double resonance
schemes.26,80 Our observed CH and OH stretching band positions using He tagging
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Fig. 8 Pre-dissociation spectrum of CH3OH2+–He. The magenta line represents data

recorded with a pulsed OPO (s ¼ 2 cm1), while the yellow points represent data recorded
using a narrow line width cw OPO (s < MHz). The data is shown as the relative depletion of
complexes.

are slightly blueshied compared to the VUV-IR measurements, see Table 3. This is
surprising, since the attached He atom is expected to induce a red-shi of the
vibrational band (of 15 cm1, see Section 1.4 in the ESI†). However, the VUV-IR
double resonance method relies on either preparing the cation in a highly
excited Rydberg state prior to IR excitation or in an IR multiple photon process to
induce the observed dissociation of the ion.87 Both processes might lead to a red
shi of the vibrational bands.
In the present study we record and assign all fundamental vibrational transitions down to 900 cm1, see Table 5. The formation of only one, the most stable
isomeric C1 structure, upon electron impact ionization of ethanol is corroborated
not only by the close match of the observed and calculated spectra (and the
absence of an additional OH stretching band belonging to the second isomer),
but also by saturation depletion measurements as described in detail in Section
5.2. The two unassigned observed vibrational features at 610 and 680 cm1 are
likely combination bands involving the strong OH torsional motion (v19) and
lower lying bands involving the CH3 torsion (v20,21).
4.4 Protonated ethanol – m ¼ 47 u
Protonated ethanol features two distinct rotamers with the gauche form being
more stable than the anti form by about 0.3 kcal mol1 (see also Sections 1.6 and
1.7 in the ESI†). The calculated vibrational band positions of both isomers
complexed with He are shown as stick diagrams in Fig. 4 (bottom panel), together
with our observed He IR-PD spectrum of protonated ethanol (m ¼ 47 u). Where in
the anti rotamer the two preferred binding sites of the He ligand (on the OH
groups) are equivalent (structure 4b in Fig. 3), they are diﬀerent in the gauche
rotamer (4a and 4a0 ), leading to slightly diﬀerent induced band shis (of the order
of <5 cm1). Based on the nearly identical predicted spectra, i.e. the absence of
a diagnostic band only present in one of the isomeric forms, we cannot unambiguously assign the observed spectrum to either one or the other rotamer. In
general, however, the predictions for both isomers (and both He binding sites)
agree well with the observed spectrum, and an assignment of the vibrational
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Meas. He IR-PD

Calc. B3LYP

Mode

Pos.

Int.

Pos.

Int.

v1
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11
v12
v13
v14
v15
v16
v17
v18
v19
v20
v21
v22
v23
v24

3476
3096
3073
3011
2947
2947

2.9
0.23
0.46
0.46
1.0*
1.0*

1407
1375
1336
1259
1233
1105
1087
920

0.79
0.7
1.33
2.1
0.92
3.7
2.15
3.48

3494
3112
3084
3044
2956
2939
1453
1397
1366
1319
1258
1219
1091
1066
908
823
805
469
393
273
207
119
41
33

399
9
11
12
15
14
1
8
11
37
38
38
89
15
37
2
0.5
16
121
11
2
4
4
2

a

Scaling factor 0.966. Intensities in km mol1 (calc.) and mJ1 (meas.), see text.

bands is summarized in Table 3. One rather intense observed band at 520 cm1
cannot be accounted for by the calculated fundamental bands. At the moment we
can only speculate that this is a combination band involving the CH3 torsional
mode (v24), predicted with high intensity. The band position of this mode is in fact
strongly inuenced by the attachment of the He atom (predicted blue-shi of
40 cm1, see Section 1.6–1.7 in the ESI†). It would certainly be interesting to
extend the measurements to lower wavenumber regions covering the fundamental CH3 torsional mode in future studies.
In an earlier study, Solcà and Dopfer68 reported vibrational spectra of
protonated ethanol in the OH stretching region, using Ar and N2 IR-PD. As expected, the use of those more strongly bound ligands introduces a signicant redshi of the observed bands (see Table 3). Compared to our He-tagged spectra in
this region, the shi is signicantly more pronounced for the lower lying
symmetric bands (122/341 cm1 for Ar/N2, resp.) than for the antisymmetric (29/
25 cm1 for Ar/N2) OH stretching band.

5 Discussion
5.1 Comparison of He IR-PD to IR-MPD
In addition to the He IR-PD measurements presented in Section 4, we also
recorded IR-MPD spectra of the ethanol radical cation and protonated ethanol, in
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Meas. He IR-PD

(4a)

(4b)

Mode

Pos.

Int.

Pos.

Int.

Pos.

Int.

v1
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11
v12
v13
v14
v15
v16
v17
v18
v19
v20
v21
v22
v23
v24
v25
v26
v27

3576
3499
3069
3033
2977
2977
2949
1605
1465

1.8
1.5
0.1
0.1
0.2*
0.2*
0.1
4.38
1.2

1441
1389

1.7
4.7

1157
1129
949
904
808
665
617
369

1.8
1.6
8.98
2.0
2.1
31.5
19.2
2.0

3582
3501
3074
3023
3002
2991
2936
1602
1454
1445
1426
1373
1353
1244
1159
1102
922
892
796
682
618
357
249
215
128
40
37

309
239
0.3
1
2
2
7
120
7
4
11
26
12
3
8
15
27
8
1
183
113
2
6
48
5
3
4

3583
3504
3077
3012
3012
2991
2933
1612
1452
1442
1429
1374
1334
1270
1182
1079
916
890
770
695
621
355
253
201
129
43
39

300
213
0.5
1
1
2
8
97
10
1
14
16
14
4
3
19
31
0
5
178
175
9
0.4
58
7
2
2

Scaling factor 0.966. Intensities in km mol1 (calc.) and mJ1 (meas.), see text. * denotes
multiply assigned bands.
a

order to compare these two methods under otherwise identical conditions (e.g.
ion production, laser power and linewidth, and ion kinetic and internal
temperature, which was close to 4 K in both cases). In general, IR-MPD does not
work for small molecules because the necessary IVR process for the absorption of
more than one photon of the same energy is too slow. Therefore, IR-MPD is
a standard method to characterize molecules more complex than ethanol and in
fact attempts to record such spectra for the methanol species failed.
The IR-MPD process can lead to the production of several fragments, the
dominant ones (showing higher S/N ratio) being the dehydrogenated form (m ¼
45 u) for the ethanol radical cation and H3O+ (m ¼ 19 u) for protonated ethanol,
and these were used to record the IR-MPD spectra shown in the lower panels of
Fig. 9 and 10, respectively. The upper panel in each gure displays the corresponding He IR-PD spectrum.
As is directly evident from these gures, there are major diﬀerences in the
observed spectra with respect to the number of bands, band intensities and line
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widths. Most striking is the absence of clear bands in the low energy region of the
spectrum; the bands below 1000 cm1 are missing in the IR-MPD spectrum since
even with the brilliant FEL radiation not enough photons can be absorbed during
one laser pulse to cause dissociation. However, other vibrational bands are strongly
enhanced in the IR-MPD spectrum, e.g., the observed band of protonated ethanol at
around 3100 cm1, which might correspond to the CH stretching fundamental
bands, but is more likely the overtone of the HOH scissor mode, which is observed
as a very broad and intense feature in the IR-MPD spectrum at 1650 cm1.
In general, the width of the measured vibrational bands is signicantly higher
for IR-MPD than for He IR-PD, e.g., we observe a FWHM of 22 and 14 cm1,
respectively, for the 3480 cm1 OH stretching band of protonated ethanol at the
same ion temperature of 4 K, a behaviour that is inherent to the multiple photon
process.12,88,89 The reduced band width and the very small shi associated with the
attached He atom in the case of the IR-PD method turns this method into a nice
tool for unraveling the structure of molecules with many more close lying bands.
Also, the access to lower lying bands as illustrated in Fig. 9 and 10 gives IR-PD
a higher diagnostic value than IR-MPD.
An even more detailed view of the diﬀerences between IR-PD and IR-MPD band
structures and positions is given in Fig. 11, in the example of the cold (4 K) OH
stretching band of the ethanol radical cation. The band recorded via IR-MPD in
two diﬀerent fragmentation channels shows a signicantly larger bandwidth
(intrinsic OPO FWHM 3 cm1, calibration accuracy 1–2 cm1) compared to that
in the He IR-PD spectrum, whereas the He tag introduces a small red-shi in band
position (by 2–3 cm1). This is even smaller than predicted from our calculations
(see Section 1.4 in the ESI†). However, the IR-MPD process is also known to
introduce red-shis due to anharmonicity,88 although the extent of this eﬀect has
been discussed in only a few studies.5,90

Fig. 9 Comparison between the observed IR-PD (He tagging, upper panel) and IR-MPD
(lower panel, monitoring the hydrogen loss channel, m ¼ 45 u) spectra for the ethanol
radical ion, performed at T ¼ 4 K.
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Fig. 10 Comparison between the observed IR-PD (He tagging, upper panel) and IR-MPD
(lower panel, monitoring the H3O+ loss channel, m ¼ 19 u) spectra for protonated ethanol,
performed at T ¼ 4 K.

Since the IR-MPD technique is not limited to low ion temperatures as is the
case of IR-PD, we recorded spectra of the ethanol radical cation as a function of
temperature from close to room temperature (245 K) down to 4 K, revealing the
eﬃcient cooling of the rotational level population via an observed substantial
narrowing of the band prole. In Fig. 12 we present the corresponding IR-MPD
spectra in the CH3 (upper panel, m ¼ 31 u) and hydrogen (middle panel, m ¼
45 u) neutral loss channels. The rst thing to notice is the change in absolute and
more importantly relative band intensities for the two fragmentation channels
with temperature. The rotational band contour visible in the spectra at the
highest temperatures, revealing the characteristic P, Q and R-substructure, is seen
to collapse in the spectra taken at the lowest temperatures, as is qualitatively
expected. To address this quantitatively, the lower panel shows a simulation of
the rotational band contour, based on rotational constants of the ethanol cation–
He complex and transition moments calculated from anharmonic force elds.
The calculated stick spectrum was convoluted with the OPO linewidth (FWHM
3.5 cm1), which is clearly dominating the observed linewidth of the 4 K band.
Fig. 12 thereby demonstrates the advantages of a low temperature ion trap for IRMPD spectroscopy compared to room temperature experiments, in particular for
small molecular ions, eﬀectively reducing the band width by a large factor while
increasing the intensity in the band center, provided the spectral brightness
allows for the IR-MPD process. In this respect the decreasing intensity at the
lowest trap temperatures in the case of the energetically less favoured CH3
abstraction channel (18.6 vs. 10.7 kcal mol1 for CH3 vs. hydrogen loss, resp.86)
might be an indicator that even with the brilliant FELIX light source the cold,
“small” ethanol cation cannot be heated as eﬃciently as the warm one, which
already stores many times k$T in all its vibrational modes.
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Ethanol radical cation: IR-MPD spectral linewidths and positions compared with
those from IR-PD (all performed at T ¼ 4 K). IR-MPD: red – H loss channel, black – CH3
loss channel. IR-PD – blue. v0 represents the center frequency from the least square ﬁt of
a Gaussian band shape (dashed lines).
Fig. 11

5.2 Saturation depletion measurements – distinguishing isomers
In the FELion instrument, the ions undergoing spectroscopic interrogation have
a well dened mass to charge ratio (due to selection in a quadrupole mass lter).
Furthermore, the charge of the ion can be assessed using He (or any other ligand)
attachment. Attachment of He to the singly charged ion leads to the appearance of
ions at +4 u from the bare ion mass, whereas for doubly charged ions it leads to
appearance of +2 u in the mass spectrum. This phenomena allows us to safely
assume that only singly charged ions contribute to the vibrational spectra presented in this study.
Nevertheless, as shown for the spectra of the methanol cation and methylene
oxonium (both m ¼ 32 u) the question on the isomeric structure of the stored ion
remains. In Fig. 13 we show an example of a so-called saturation depletion
measurement recorded for the ethanol radical cation. In these experiments the
relative peak depletion signal, D ¼ 1  S/B, is recorded as a function of deposited
energy E$N at a wavelength coincident with the band center of a specic vibrational band. Here S denotes the ion counts at a resonant frequency and B denotes
the counts at an oﬀ-resonance frequency for the same storing time and laser
power, to account for the eﬀects of ion losses from the trap by non-radiative
processes. The energy can be varied by changing the irradiation time (equivalent to the storage time in the trap, which can be extended to tens of seconds) and/
or the light intensity. As can be seen, the depletion shows a saturation trend
towards a maximum convergence value at high energies. This value, under certain
conditions, may reveal the ratio of “active”, i.e. absorbing, ions at this wavelength,
see also Jašı́k et al.91 for a description of a similar method.
If we assume the presence of two isomers, one of which is active (absorbing) at
the specic wavelength and contributing an ion signal Sa, and another one which
is not active with an ion signal Sn ¼ S  Sa, then the observed depletion signal will
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Observed IR-MPD spectra of the OH stretching band of the ethanol cation performed at diﬀerent temperatures. For better comparability we plot the fragmentation yield
(fragment ions over parent ions) normalized to laser power for the two fragmentation
channels producing mass 31 u (upper panel, CH3 loss channel) and 45 u (middle panel,
hydrogen loss channel). The lower panel shows a simulation of the expected rotational
band contour for T ¼ 245 and 4 K, convoluted with the intrinsic OPO laser linewidth
(FWHM) of 3.5 cm1.
Fig. 12

Sa0
ð1  expðkE$NÞÞ. Here Sa0 and Sn0 indiSa0 þ Sn0
cate the initial ion–He complex number of active and non-active isomers, and k
reects the eﬃciency for the IR-MPD process of the specic band. From a t of
this function to the observed depletion signal, we directly obtain the fraction
Sa0
of the active isomer. This is demonstrated in the case of He IR-PD in the
Sa0 þ Sn0
upper panel of Fig. 13 for the OH stretching band of the ethanol radical cation at
3476 cm1. From the tted fraction (0.96(6), i.e. full depletion) we can infer that
only one isomer is present, i.e. in this case isomeric structure 3a (see Fig. 3),
produced upon electron impact ionization of ethanol in our storage ion source.
However, this method can obviously not be applied to systems where multiple
isomers are all active at the chosen wavelength. In the case presented here, our
calculations predict the corresponding band of the higher-lying Cs isomer
(structure 3b) to be red-shied by more than 50 cm1 relative to the assigned C1
form, i.e. the two bands are clearly resolvable with the OPO laser linewidth used.
The observation of full depletion described above also veries that we are able
to address all ions stored in the ion trap. Even if the laser beam (diameter of 1
follow the function DðE$NÞ ¼
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Fig. 13 Relative depletion D of the ethanol cation irradiated at 3476 cm1 (OH stretching
band position) as a function of deposited energy E$N for He IR-PD (upper panel) and IRMPD monitoring the loss of the parent ions (lower panel). Full line – exponential ﬁt with
saturation (dashed line, saturation value).

mm) is signicantly smaller than the cross section of the ion cloud (diameter of
up to 6 mm), the large eld free area of the 22-pole ion trap allows the ions to
freely move in and out of the laser beam on microsecond timescales, which is
much smaller than the typical experimental timescale of several seconds.
In the case of IR-MPD, where several branching ratios into diﬀerent dissociation product channels are possible, we focus on the sum of these branching
channels, and the corresponding depletion signal monitoring the loss of the
parent ion is shown in the lower panel of Fig. 13. Obviously, the IR-MPD method
does not lead to full depletion of the ion signal as observed for He IR-PD. We can
exclude varying source conditions leading to the formation of diﬀerent isomeric
ratios, and account for all fragmentation channels by monitoring the depletion of
the parent ions. Therefore, if we indeed have only one isomer of the ethanol
cation produced and stored in the trap, this discrepancy needs to be explained via
intrinsic processes pertaining to the diﬀerent methods applied. Due to the
addition of considerable energy during the multiple photon process prior to
dissociation, ions may undergo isomerisation, suddenly becoming not active at
the set wavelength. In the present case of the ethanol cation, this might be the
isomerization from the energetically lower lying C1 structure (3a in Fig. 3) to the Cs
form of the ion (structure 3b), lying 2.15–2.5 kcal mol1 higher in energy with an
isomerization barrier of only 3 kcal mol1, i.e. less than the photon energy of
a single IR photon at 3476 cm1.86 The energy needed to be stored in the ion prior
to the observed dissociation is signicantly larger than this (10.7 (18.6) kcal mol1
for hydrogen (CH3) loss, resp.86). The OH stretching band is shied by >50 cm1 to
the red in the Cs isomer, well out of the exciting OPO linewidth.
In general, this observed eﬀect may lead to situations where full depletion
(recorded via the sum of all channels, or via depletion of the parent ion) is not
achievable, even in cases where only one isomer is present. As a consequence, not
achieving full depletion when using IR-MPD cannot be related to the presence of
multiple isomers. However, this observation opens up the possibility of investigating the isomerization process itself via dedicated two-colour experiments,
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where one isomer is pumped via a specic vibrational excitation and another one
is probed via IR-MPD on a corresponding vibrational transition. Further studies
to investigate this eﬀect are needed.

6 Conclusion
With the combination of the low temperature ion trap instrument FELion and the
widely tunable FELIX free electron laser facility a very versatile tool for the
determination of the structure and reactivity of molecular ions has been developed and is described in detail in this work. In particular, we demonstrate that
cooling to temperatures of 4 K and below allows the tagging of molecular ions
with one or more He atoms. These complexes can be easily destroyed by a single
infrared photon thus leading to spectra mimicking the fundamental bands of the
bare parent ion. In fact, these bands are perturbed only very little by the He
attachment, i.e., only very small band shis are observed and most importantly
the bands are rather narrow due to the low temperatures and due to the single
photon absorption event. Therefore, these spectra can be used to unravel the
structures of molecular ions, which are hard to obtain otherwise.
In the present study, corresponding spectra have been obtained for the ionized
and protonated variants of the astrophysically relevant molecules methanol and
ethanol. In fact, this work presents the rst vibrational spectra for protonated
methanol. The measured spectra have been compared to results from high-level
ab initio calculations and very good agreement is found over a wide range of
infrared energies. Therefore, diﬀerent isomeric forms can be safely distinguished
and identied in the experiment. Moreover, the method of depletion saturation
has been applied to determine the isomeric composition of the ion cloud in the
trap. This can be turned into a tool to study the process of photon induced isomerisation via a two color scheme with a He attachment step in between. A
candidate for such an isomeric change has been identied for the ethanol cation.
Examples of isomeric switching with an associated change in reactivity can be of
wider chemical relevance.
IR-PD in combination with the wide frequency range of FELIX revealed interesting vibrational features at low frequencies (<800 cm1), which are not always
associated with fundamental band positions. This opens up the range of low energy
internal motions associated with conformational degrees of freedom. These bands
can act like a ngerprint for molecules with various isomeric and conformational
forms and thus be used as a diagnostic tool. They might also shed more light on the
interplay between structure and reactivity. In that respect the use of the FLARE laser
at FELIX will address even lower frequency bands (6–100 cm1).
Another aspect of this work was a detailed comparison of IR-PD and the
standard IR-MPD method. The benet of low temperature trapping for IR-MPD
was clearly demonstrated by showing how the rotational contours of vibrational
bands led to rather narrow bands. This shall be exploited in further experiments
on larger species with richer vibrational spectra as compared to the comparatively
small molecules in this study.
One limitation of predissociation spectroscopy lies in lifetime broadening. For
the analysis of the vibrational bands shown here this does not lead to signicant
restrictions since the resolution is limited by the pulsed nature of the free electron
laser. However, for high-resolution studies where the rotational structure shown
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for the ethanol radical cation or any other example should be fully resolved,
lifetime broadening can be a severe limitation as shown for the case of protonated
methanol. This hints at a limitation of IR-PD which has been observed before
when only Ar, N2, Ne or other more strongly bound tags could be used in
photodissociation studies. However, broadened lines and thus very short lived
states can also be helpful in identifying states close to the dissociation limit and
thus experimentally determining the dissociation energy.
Overall it is important to realize that there is a whole suite of methods available
for action spectroscopy, where IR-PD and IR-MPD are only two choices. In both
cases a uni-molecular process is employed as a way to obtain a spectrum of
a molecular ion. However, bimolecular or even higher order processes can also be
used as tools. In fact, laser induced bimolecular reactions are a perfect tool to
obtain spectra of unperturbed molecular ions, even without the shis or broadening eﬀects of an attached He. This has been demonstrated already 20 years
ago92 for rotationally resolved N2+ spectra and later on a large number of other
ions. These methods have been extended by double-resonance techniques to
obtain even ro-vibrational and rotational spectra of molecular ions31,32,46 and also
by using the state-dependence of the three-body association process with He to
record the pure rotational spectrum of C3H+ 30 and other molecules.32,34,35
In summary, FELion, its sibling Coltrap33 and other cryogenic ion trap instruments6,15,18 are extremely exible and versatile tools to unravel the structure of
molecular ions, whether it be extremely rich spectra because of chemical complexity
or due to large amplitude motions like those for He tagged species55 or whether it be
simple molecules with simple spectra. The versatility is even increased by the use of
diﬀerent color schemes of excitation, addressing diﬀerent degrees of freedom in
UV-IR,93 IR-IR,91 FIR-NIR94 or FIR-IR46,56 double resonance setups, all demonstrated
in recent years in diﬀerent laboratories. In any case, the future of FELion is bright
especially in combination with the highly intense light of FELIX.
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J. Jašı́k, J. Žabka, J. Roithová and D. Gerlich, Int. J. Mass Spectrom., 2013, 354–
355, 204–210.
J. Zhen, D. M. Paardekooper, A. Candian, H. Linnartz and A. G. G. M. Tielens,
Chem. Phys. Lett., 2014, 592, 211–216.
J. Martens, G. Berden, C. R. Gebhardt and J. Oomens, Rev. Sci. Instrum., 2016,
87, 103108.
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56 M. Töpfer, T. Salomon, H. Kohguchi, O. Dopfer, K. M. T. Yamada,
S. Schlemmer and O. Asvany, Phys. Rev. Lett., 2018, 121, 143001.
57 W. J. Bouma, R. H. Nobes and L. Radom, J. Am. Chem. Soc., 1982, 104, 2929–
2930.
58 O. Wiest, J. Mol. Struct.: THEOCHEM, 1996, 368, 39–48.
59 J. W. Gauld, M. N. Glukhovtsev and L. Radom, Chem. Phys. Lett., 1996, 262,
187–193.
60 J. P. Wagner, M. A. Bartlett, W. D. Allen and M. A. Duncan, ACS Earth Space
Chem., 2017, 1, 361–367.
61 R. Nobes and L. Radom, Org. Mass Spectrom., 1982, 17, 340–344.
62 M. Masamura, J. Comput. Chem., 2001, 22, 125–131.
63 R. S. Bhatta, A. Gao and D. S. Perry, J. Mol. Struct.: THEOCHEM, 2010, 941, 22–
29.
64 W. J. Bouma, R. H. Nobes and L. Radom, J. Am. Chem. Soc., 1983, 105, 1743–
1746.
65 J. W. Gauld and L. Radom, Chem. Phys. Lett., 1997, 275, 28–34.
66 G. Bouchoux and Y. Hoppilliard, J. Am. Chem. Soc., 1990, 112, 9110–9115.
67 D. J. Swanton, D. C. J. Marsden and L. Radom, Org. Mass Spectrom., 1991, 26,
227–234.
68 N. Solcà and O. Dopfer, J. Phys. Chem. A, 2005, 109, 6174–6186.
69 A. D. Becke, J. Chem. Phys., 1993, 98, 5648–5652.
70 P. J. Stephens, F. J. Devlin, C. F. Chabalowski and M. J. Frisch, J. Phys. Chem.,
1994, 98, 11623–11627.
71 K. Raghavachari, G. W. Trucks, J. A. Pople and M. Head-Gordon, Chem. Phys.
Lett., 1989, 157, 479–483.
72 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson,
H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino,
G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
T. Vreven, J. A. Montgomery Jr, J. E. Peralta, F. Ogliaro, M. Bearpark,
J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz,
J. Cioslowski and D. J. Fox, Gaussian 09, Revision E.01, Gaussian, Inc.,
Wallingford CT, 2013.
This journal is © The Royal Society of Chemistry 2019 Faraday Discuss., 2019, 217, 172–202 | 201

View Article Online

Published on 07 May 2019. Downloaded by Radboud University Nijmegen on 10/28/2019 3:19:45 PM.

Faraday Discussions

Paper

73 CFOUR, a quantum chemical program package written by J. F. Stanton, J. Gauss,
M. E. Harding, P. G. Szalay with contributions from A. A. Auer, R. J. Bartlett,
U. Benedikt, C. Berger, D. E. Bernholdt, Y. J. Bomble, L. Cheng,
O. Christiansen, M. Heckert, O. Heun, C. Huber, T.-C. Jagau, D. Jonsson,
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