
rsc.li/pccp

PCCP
Physical Chemistry Chemical Physics

rsc.li/pccp

ISSN 1463-9076

PAPER
H.-P. Loock et al. 
Determination of the thermal, oxidative and photochemical 
degradation rates of scintillator liquid by fluorescence EEM 
spectroscopy

Volume 19
Number 1
7 January 2017
Pages 1-896

PCCP
Physical Chemistry Chemical Physics

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  P. Recio, R. Y.

Bello, G. A. Garcia, A. Zanchet, J. Gonzalez-Vazquez, L. Banares and S. Marggi Poullain, Phys. Chem.

Chem. Phys., 2024, DOI: 10.1039/D4CP01984A.

http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4cp01984a
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D4CP01984A&domain=pdf&date_stamp=2024-07-18


Dissociative photoionization of acetaldehyde in the 10.2

- 19.5 eV VUV range†

Pedro Recio,a Roger Y. Bello,b Gustavo A. García,c Alexandre Zanchet,d Jesús González-

Vázquez,e, f Luis Bañares,a,g and Sonia Marggi Poullaina,∗

The valence-shell dissociative photoionization of acetaldehyde has been investigated by means of the

photoion photoelectron coincidence technique in conjunction with tuneable synchrotron radiation.

The experimental results consist of threshold photoelectron spectra for the parent ion and for each

fragment ion in the 10.2-19.5 eV photon energy range, along with (ion,e) kinetic energy coincidence

diagrams obtained from measurements at �xed photon energies. The results are complemented by

high-level ab initio calculations of potential energy curves as a function of the C-H bond distance.

The nudged elastic band (NEB) method has been employed to connect the parent ion Franck-Condon

region to the formation of the HCO+, CH+
3 and CH+

4 ion fragments. Appearance energies have been

determined for six fragment ions with an improved accuracy, including two fragmentation channels,

which to the best of our knowledge have not been reported previously, i. e. the formation of CH2CO
+,

lying at 13.10±0.05 eV, and the formation of CH+
2 at 15.1±0.1 eV. Based on both experimental and

theoretical results, the dissociation dynamics following ionization of acetaldehyde into the di�erent

fragmentation channels are discussed.

1 Introduction

Astrophysical media, such as the interstellar medium (ISM), are
characterized by a complex photochemistry involving many stable
and reactive species. Galactic fluxes and solar vacuum ultravio-
let (VUV) radiation can induce a variety of reactions leading to
the formation of diverse species.1,2 Acetaldehyde (CH3CHO) is
one of the first molecules to have been detected in the ISM and
one of the most abundant interstellar complex organic molecules
(iCOMs), defined in astrochemistry as organic species composed
of at least six atoms.3,4 The VUV photoionization of acetalde-
hyde is therefore particularly relevant for a deeper understanding

a Departamento de Química Física, Facultad de Ciencias Químicas, Universidad Com-
plutense de Madrid, 28040 Madrid, Spain. E-mail: smarggi@ucm.es
b Departamento de Química Física Aplicada, Facultad de Ciencias, Universidad
Autónoma de Madrid, 28049 Madrid, Spain
c Synchrotron SOLEIL, L’Orme des Merisiers, St. Aubin, BP 48, 91192 Gif-sur-Yvette,
France
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Serrano, 123, 28006 Madrid, Spain
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† Electronic Supplementary Information (ESI) available: Kinetic energy release dis-
tributions for the four main fragments following photoionization at 15 eV and com-
puted geometries for relevant points. See DOI: 10.1039/cXCP00000x/

of the photochemistry in astrophysical media. In this work, we
revisit the valence-shell dissociative photoionization of acetalde-
hyde upon excitation in the 10-19.5 eV photon energy range. In
a joint experimental and theoretical investigation, two previously
unreported channels associated with the formation of CH+

2 and
CH2CO+ are described, while the results obtained for a variety
of fragment ions shed more light on the fragmentation pathways
following photoionization of acetaldehyde.

The VUV photoionization of acetaldehyde was first investigated
based on the photoelectron spectrum (PES) from HeI radiation5,6

and, more recently, based on the measurement of threshold
photoelectron spectra (TPES) using tuneable synchrotron radia-
tion.7,8 Additional multiphoton ionization studies, some involv-
ing resonance enhancement, have been reported.9,10 The verti-
cal ionization energy of acetaldehyde lies at 10.228±0.002 eV,
and also corresponds to the adiabatic ionization potential, since
the equilibrium geometries of the ground neutral and cationic
states are considerably similar which results in a well-defined
sharp peak in both PES and TPES associated with photoioniza-
tion into the ground electronic state. A small vibrational pro-
gression, presenting a rather low intensity, is observed, and it
has been assigned mainly to the combination of three vibrational
modes, ν6, ν7, and ν8, corresponding to the C–H bending, CH3 s-
deformation, and C–C stretching modes, respectively, with a weak
contribution of ν9, the CH3 rock mode.

A schematic energy diagram is depicted in Fig. 1 showing the
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Fig. 1 Schematic energy diagram showing the cationic electronic states of

acetaldehyde (left) and the di�erent fragmentation pathways. Blue arrow

represents one-photon ionization at hν=15 eV (results in Fig. 3 and the

blue square indicate the energy region of the threshold photoelectron

spectrum (TPES, Fig. 4). The two additional fragmentation pathways

reported here are shown in dashed lines.

cationic electronic states following valence shell ionization as well
as the reported fragmentations pathway. A series of broad bands
are observed in both PES and TPES between 12 and 20 eV and
have been assigned to up to six electronic excited states, labeled
Ã 2A′′, B̃ 2A′, C̃ 2A′, D̃ 2A′′, Ẽ 2A′ and F̃ 2A′ They are attributed
to photoionization from π(CO), π(CH3), σ(CC), π(CH3), σ(CO) and

C2s molecular orbitals, respectively.7 We notice that the Ã and
B̃ states slightly overlap in energy, while states C̃ and D̃ overlap
almost completely. Vibrational structures resolved in the band as-
sociated with photoionization into the Ã 2A′′ state have also been
discussed. Cvitas et al.6 found two active vibrational modes, ν4

and ν10, corresponding to the C–O stretching and C–C–O bend-
ing, respectively, the former in agreement with earlier work5 and
more recent TPES by Yencha et al.7 In contrast, Wu et al.8 pro-
posed recently vibrational excitation in the ν6, ν8, ν11, and ν13

modes, based on a comparison with Franck-Condon factors cal-
culated using the harmonic approximation. Rani et al.11 carried
out a detailed theoretical study of multi-state and multi-mode vi-
bronic dynamics in the photoionization of acetaldehyde. Their
calculations allow them to simulate the PES and the vibrational
progressions underneath. They assigned the vibronic structure
from the Ã state to contributions from ν4, ν5 (CH3 d-deformation)
and ν9, with moderate excitation of ν7 and ν10 modes. Similarly
the band from photoionization into the B̃ state was assigned to
excitation of ν5, ν7 and ν8.

Four fragment ions from the dissociative photoionization of ac-
etaldehyde, namely CH3CO+, HCO+, CH+

4 and CH+
3 , were first

reported based on synchrotron radiation experiments.12 Appear-

ance energies were provided while partially deuterated acetalde-
hyde was measured to demonstrate intramolecular hydrogen-
atom exchange in the CH+

4 and CH+
3 channels.12 More recently,

the photodisociation of acetaldehyde cations prepared by either
multiphoton ionization9,13 or single VUV photoionization14 has
been investigated. In particular, Murray and co-workers14 dis-
cussed in detail the photofragmentation dynamics associated with
the four channels. H-atom loss was proposed to occur through a
small barrier, while CH+

3 was suggested to be formed in the sec-
ondary fragmentation of CH3CO+. HCO+ and CH+

4 were found
to be produced mostly through statistical slow dissociation, al-
though a fast component was observed and could not be ex-
plained.

Recently, Wu et al.8 reported TPES associated with the four
fragment ions produced with synchrotron radiation in the 10.0-
13.7 eV photon energy range together with density functional the-
ory (DFT) calculations, carried out assuming dissociation in the
cationic ground state, in order to further investigate the fragmen-
tation into CH3CO+, HCO+ and CH+

4 . A small barrier for the H-
atom loss was indeed found while the C-C bond cleavage was sug-
gested to directly produce HCO+. In contrast, the CO-loss, which
requires an intramolecular hydrogen-atom transfer, was proposed
to occur by surpassing a 2.62 eV energy barrier into a transition
state which is 0.42 eV above the dissociation limit. To the best of
our knowledge, these DFT calculations by Wu et al.8 are the most
advanced calculations reported so far on the VUV photoionization
of acetaldehyde, besides the calculations by Rani et al.11 on the
vibronic PES, and the electronic structure fix-point calculations
carried out by Murray and co-workers.14

In the present work, the dissociative photoionization of ac-
etaldehyde is investigated by means of photoion photoelectron
coincidence (PEPICO) experiments carried out at the DESIRS
beamline of Synchrotron SOLEIL (France) following one-photon
VUV excitation in the 10.2-19.5 eV photon energy range. The
experimental results consist of (ion,electron) kinetic energy cor-
relation diagrams following ionization at a fixed photon energy
of 15.5 eV, as well as TPES measured for each fragment produced
as a function of the photon and ion kinetic energy. The experi-
mental results are complemented by high-level ab initio electronic
structure calculations including potential energy curves for the
main fragmentation pathways associated with the formation of
the CH3CO+, CH2CO+, HCO+, CH+

4 , and CH+
3 ions. The results

are consistent, in general, with statistical dissociation, mainly in
the cationic ground state, while the role of a conical intersection
located close to the Franck-Condon region associated with verti-
cal excitation from the neutral ground state is discussed. Two ad-
ditional fragmentation pathways,CH+

2 and CH2CO+, not reported
before to the best of our knowledge, are observed, and appear-
ance energies of 15.1±0.1 eV and 13.10±0.04 eV, respectively,
are provided.

2 Method

2.1 Experimental set-up

Experiments were performed at the permanent end-station
SAPHIRS,15 at the DESIRS beamline of the synchrotron SOLEIL16
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using the PEPICO spectrometer DELICIOUS III.17 Synchrotron
photons emitted from an undulator were dispersed by a 6.65 m
normal incidence monochromator. A 200 l·mm−1 grating was
used and the monochromator slits were set to provide a photon
energy resolution of ∼ 3 meV. A gas filter filled with Ar was used
both to absorb high harmonics from the undulator and provide
spectral purity and to calibrate the absolute photon energy scale
through well-known Ar absorption bands. A continuous molec-
ular beam with a rotational temperature of 58± 5 K, as inferred
from the parent ion velocity distribution extracted from the cor-
responding ion image, was generated by a supersonic expansion
of acetaldehyde (Sigma Aldrich), placed in a bubbler at -10ºC (no
carrier gas), through a 50 µm diameter nozzle and collimated by
two consecutive skimmers (Beam Dynamics, 1.0 mm diameter).

The synchrotron radiation and the molecular beam cross each
other at a right angle at the center of the DELICIOUS III spec-
trometer. The produced electrons and ions are extracted and
accelerated in opposite directions by a continuous electric field.
Electrons are detected by velocity map imaging (VMI) while a
modified Wiley–McLaren time-of-flight (TOF) imaging spectrom-
eter is used for ions. Photoelectron spectra (PES) and angular
distributions were obtained from the electron VMI image via Abel
inversion using the pBasex algorithm18, while the full ion 3D mo-
mentum distribution was extracted from the ion TOF and the 2D
arrival position onto the corresponding position-sensitive detec-
tor. The coincidence scheme yielded electron images, and thus
the PES correlated to a particular mass and ion momentum, which
in turn produced the electron and ion kinetic energy correlation
diagram. The mass resolving power (M/∆M) was sufficient to
separate the CH3CO+ fragment ion (m/z = 43) from the parent
ion CH3CHO+ (m/z = 44).

Measurements at two fixed photon energies, i.e. 14.0 eV and
15.0 eV, along with a scan between 10.2 eV and 19.5 eV were
carried out. The energy scan was performed with a 25 meV en-
ergy step and the energy scale is accurate to within 12.5 meV.
Measurements at fixed photon energies were carried out using an
extraction field of 88 V·cm−1 and thus a kinetic energy bandwidth
of 3 eV, while in order to increase particle-energy resolution, an
extraction field of 52.8 V·cm−1 was used during the scan leading
to an associated kinetic energy bandwidth of 1.8 eV. For mea-
surements at a fixed photon energy, the photoelectron and pho-
toion kinetic energy correlation diagrams (KECDs) represent the
main result, while the scan is analyzed to obtain, for each ion,
the coincident electron signal as a function of the ion and elec-
tron kinetic energy, and the photon energy. Such 3D histograms
are condensed to 2D and 1D representations by integration over
a limited bandwidth of the electron energy along constant ionic
states, reducing the electron energy distribution to TPES, as de-
tailed elsewhere.19 This allows extraction of 2D energy correla-
tion diagrams as a function of ion kinetic and cationic state, as
well as 1D TPES by integration over all ion kinetic energies.

2.2 Theoretical

The relevant potential energy curves (PECs) were calcu-
lated using the complete active space self-consistent field

(CASSCF)/XMS-CASPT2 as implemented in OpenMOLCAS20,21.
The one-electron basis set was aug-cc-pVTZ22,23. The active
space included 13 orbitals CAS(13,13), the lone pair in the O
atom, the C=O π and π∗ orbitals, and the σ and σ∗ orbitals in-
volved in the C–C, C–O and C–H bonds, which are relevant in the
dissociation process. Note that a similar active space was used in
a previous work for the neutral molecule24. For the XMS-CASPT2
calculation, an imaginary shift of ε=0.2 was used while simulta-
neously removing the ionization potential-electron-affinity shift.

In the optimization procedure, the Franck-Condon geometry
was calculated using many-body second-order perturbation the-
ory, while the remaining geometries, i.e. at the dissociation lim-
its and at the conical intersection between the first and ground
cationic state, were optimized using the XMS-CASPT2 procedure,
as implemented in the OpenMOLCAS package.20,21 While for the
dissociation limits and the equilibrium geometries a regular op-
timization is carried out, the conical intersection is optimized
by including the energy difference between the two states as a
constrain. For the description of the CH3CO++H channel, one-
dimensional PECs were calculated along the C–H bond distance
while the rest of the coordinates were relaxed following the gra-
dient of the first doublet at XMS-CASPT2 level of theory. The
CH+

3 , CH3 and the CH+
4 channels were evaluated by connecting

the Frank-Condon geometry with the different products using the
nudged elastic band (NEB) method25 using the FIRE optimizer26.
These simulations were performed with a home-made interface
between the OpenMolcas (providing the energy and the gradi-
ents) and the Atomic Simulation Environment (ASE)27. Each dis-
sociation channel was optimized using a total of 21 images and
with the XMS-CASPT2 procedure described above.

Complementary potential energy curves were computed at the
CASSCF level along the C–C bond distance while the rest of the
coordinates are kept unchanged from the equilibrium geometry.
The AVTZ basis set was used while the active space included nine
orbitals, CAS(11,9).

3 Results

3.1 Experimental results

Figure 2 shows the time-of-flight mass spectra (TOFMS) obtained
after CH3CHO photoionization at hν = 14.0 eV and 15.0 eV. The
TOFMS at 14.0 eV is dominated by the strong signal of the par-
ent ion, CH3CHO+, at m/z = 44, although peaks associated with
photofragmentation are also present. In particular, formation
of CH3CO+ (m/z = 43) and HCO+ (m/z = 29) is observed with
similar ratios along with a weak signal corresponding to CH+

4
(m/z = 16). The small structure observed at m/z = 18 is related
to the residual water present inside the experimental chamber.
Note that O+ from dissociative photoionization of residual wa-
ter cannot contribute to m/z = 16 since its appearance energy lies
around 19 eV. Contributions from the residual gas often present
an asymmetric shape due to the long interaction region along the
photon direction. Peaks from the supersonic gas are characterized
by a symmetric shape while their width reflects the ion kinetic en-
ergy content. A shoulder is observed at m/z = 30 which is consis-
tent with the fragmentation into HCO+ of acetaldehyde contain-
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Fig. 2 Time-of-�ght mass spectra (TOFMS) of CH3CHO after photoion-

ization at hν = 14.0 eV (black curve) and hν = 15.0 eV (red curve).

CH3CHO
+, CH3CO

+, CH2CO
+, HCO+, CH+

4 , and CH+
3 are visible at

m/z =44, 43, 42, 29, 16, and 15, respectively. The peak at m/z = 18
corresponds to residual water present in the chamber.

ing 13C in its natural abundance. As expected, the TOFMS mea-
sured at 15.0 eV shows a larger fragmentation pattern, increasing
the relative ratios of all fragments ions. In addition, a peak at
m/z = 15 (CH+

3 ) is clearly visible, even larger than the one as-
signed to CH+

4 . Moreover, a shoulder close to the CH3CO+ signal
is observed at m/z= 42, which is assigned to CH2CO+. Notice that
a minor signal at m/z = 42 is also present in the measurement at
14.0 eV, although it cannot be observed in Fig. 2. A detailed anal-
ysis of the small peak observed at m/z = 45 indicates that it corre-
sponds to both a proton-transfer mechanism prior to dissociation
of a small amount of dimers28 present in the molecular beam, as
well as to some contribution of the acetaldehyde containing 13C
in its natural abundance. Based on the TPES obtained for the
signal at m/z = 45 compared to the monomer signal, we can es-
timate the dimer contribution to be half of the 13C acetaldehyde.
Accounting for the natural abundance of 13C, this means that the
relative abundance of dimer would be 1% that of the monomer.
The amount of trimer is estimated to be at 4% based on a small
signal observed at m/z = 89 and only trace amounts of tetramer
are expected from the m/z = 133 peak. Sequential fragmentation
might occur but mostly by monomer evaporation28 restricting the
contribution of the clusters to the m/z 45, 89, . . . channels.

The photoelectron (eKE) and photoion (Eion) KECDs for
CH3CO+, HCO+, CH+

4 , and CH+
3 obtained upon photoionization

at 15.0 eV are depicted in Figure 3. The corresponding KECD for
the parent ion is not shown here. As a non-dissociative event,
only the photoelectron spectrum is relevant. This channel leads
to major ionization into the ground state and thus to the emis-
sion of high-kinetic energy electrons while the extractor field is
applied does not allow to fully detect those photoelectrons.

The KECD for the H-atom loss leading to CH3CO+ (Fig. 3(a))
shows two main features at eKE ∼1.75 eV and ∼1.0 eV, correlated
with photoionization into the first (Ã 2A′′) and second (B̃ 2A′) ex-

cited states, respectively. A weak signal is nevertheless observed
at higher eKE, which can suggest the formation of this fragment in
the Franck-Condon (FC) gap between the ground and first excited
states of the acetaldehyde cation. As observed in Fig. 3(b), the
two peaks at eKE ∼1.75 eV and ∼1.0 eV are similarly observed for
HCO+, reflecting that photoionization into the Ã and B̃ electronic
states leads to both C-H and C-C bond cleavage. The KECD associ-
ated with the formation of CH+

4 (Fig. 3(c)) presents a main peak
at eKE ∼1.0 eV with a shoulder at higher kinetic energy (lower
binding energy). This seems to indicate that, although the first
two excited electronic states can lead to this channel, fragmenta-
tion after photoionization into the B̃ state is more favorable. The
KECD obtained for CH+

3 depicted in Fig. 3(d) shows only a fea-
ture at low eKE (0−0.5 eV), which seems to arise from ionization
into high-lying vibrational levels of the B̃ state along with some
threshold ionization in the C̃ 2A′ state.

The photoion kinetic energy (Eion) distributions obtained for
each fragment and for all electron energies are shown in Fig. 3
as white lines. In addition, the distributions obtained for each
mass and for selected photoelectron energies corresponding to
each electronic cationic state are also included in the electronic
supplementary material (ESI). The distributions in Figure S1 are
plotted in terms of kinetic energy release (KER), which corre-
sponds to the center-of-mass kinetic energy and can be obtained
by multiplying by the Eion of a cationic fragment by the mass fac-
tor (m1+m+

2 )/m1, where m1 and m+
2 are the masses of the neutral

and cationic fragments produced in the two-body fragmentation.
All photoion kinetic energy distributions show a Boltzmann-type
shape for all channels, reflecting indirect or slow dissociation pro-
cesses following photoionization, where the available energy is
shared between translational and ro-vibrational modes. The dis-
tributions have therefore been fitted to the Boltzmann equation
from which a translational temperature is directly obtained. For
the H-atom loss channel, the Eion distribution is narrow since the
co-fragment carries most of the available kinetic energy. It is dif-
ficult to extrapolate to the center-of-mass KER distribution in this
case due to experimental factors such as ion energy resolution
and molecular beam temperature, but the fragment energy distri-
bution can be defined as a Boltzmann distribution with a transla-
tional temperature of ∼170 K, which is broader than that of the
parent ion. In contrast, for the other HCO+ and CH+

4 , the Eion

distributions show a maximum at threshold energies but extends
up to less than KER ∼ 1 eV (FWHM). For both fragment ions,
the Eion distributions are broader following photoionization into
the B̃ state. The Boltzmann-type Eion distribution obtained for
the CH+

3 extends up to KER ∼ 0.3 eV, consistent with a threshold
dissociation.

The TPES obtained for the parent and all the fragment ions
are depicted in Figure 4(a), while the corresponding molar frac-
tion as a function of the photon energy is shown in Figure 4(b).
The approximate position of each ionic electronic state is indi-
cated in Fig. 4 based on data reported by Cvitas et al.6 and
Yencha et al.7 The C̃ 2A′ and D̃ 2A′′ cationic states overlap con-
siderably in energy and cannot be properly identified. The ion
appearance energies (AEs) observed in the TPES can present con-
siderable deviations from the adiabatic values. On the one hand,
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Table 1 Experimental and theoretical appearance energies (AEs) for each fragment ion observed in this work, compared to those reported by Jochims

et al.
12, and to experimental and theoretical data from Wu et al.

8. Experimental uncertainties have been estimated based on the spectral resolution,

the scan step and the uncertainties from the TPES. All AEs are in eV units. a Values estimated from thermochemical data.29

Ion fragment This work, exp. This work, theor. Jochims et al. 12 Wu et al. 8 (exp./theor.)
CH3CHO+ 10.21±0.03 10.21 10.22 – / 10.226
CH3CO+ 10.87±0.03 10.92 10.90 10.89 / 10.96
CH2CO+ 13.10±0.04 10.79a

HCO+ 11.84±0.03 11.92 12.03 11.54 / 11.71
CH+

4 12.74±0.03 12.67 12.61 – / 12.85
CH+

3 14.09±0.03 13.49 14.08
CH+

2 15.1±0.1 14.98a

Figure 2: VS2
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Fig. 3 Electron�ion kinetic energy correlation diagrams, photoelectron

energy (eKE) vs. photoion kinetic energy (Eion), at photon energy of 15.0

eV for (a) CH3CO
+, (b) HCO+, (c) CH+

4 , and (d) CH+
3 . The color bar

on the right represents the intensity (in arb. units). The corresponding

Eion distributions are depicted as white lines.

the temperature, and hence the initial ro-vibrational distribution,
of the molecules can lead to a red shift of the observed value.
On the other hand, particularly long kinetics of the fragmenta-
tion reactions, associated often with large molecular systems, can
lead to a blue shift of the values.30 Since we employ a relatively
cold molecular beam with an estimated temperature of 58±5 K
and acetaldehyde can be considered as a small polyatomic sys-
tem, we chose here to neglect these two sources of deviations.
Nevertheless, the values provided here should still be considered
as observed values. The observed AEs for each fragment deter-
mined from Fig. 4(a) are summarized in Table 1 and compared
to earlier work. As observed, a very good agreement is found. Be-
sides the four fragment ions already reported in the literature, i.e.
CH3CO+, HCO+, CH+

4 , and CH+
3 , two supplementary fragments

have been identified in the present work: CH+
2 and CH2CO+ with

AEs of 15.1±0.1 eV and 13.10±0.04 eV, respectively. Since the
fixed-photon-energy measurement was carried out at 15 eV, close
to the observed AE for CH+

2 , its KECD could not be determined
while the corresponding KECD for CH2CO+ is not shown due to
the low signal. We note that the signal at m/z=14, assigned to
CH+

2 , cannot be due to N+ from the residual gas since its appear-
ance energy from dissociative photoionization of N2 lies around
24 eV.

Several well-defined peaks are observed in the TPES measured
for HCO+ (m/z = 29) above 15 eV. These peaks have been iden-
tified as autoionization features from residual N+

2 (m/z = 28),
showing a considerable spread in the TOF signal, which, com-
bined with the large autoionization cross-sections, makes impos-
sible to properly remove them from the measured curve.

The parent ion is exclusively formed through non-dissociative
photoionization into the cationic ground state. A sharp peak is
observed at 10.21±0.03 eV, which is consistent with the adiabatic
ionization potential of the molecule. A subsequent vibrational
progression is observed, which is attributed to a combination of
several vibrational modes5–7,11, i.e., the CH bending (ν6), the
CH3 deformation (ν7), the C–C stretching (ν8), and a weak con-
tribution attributed to CH3 rocking (ν9).

As observed in Fig. 4(b), the main fragmentation channels, i.e.
H-atom loss and C–C bond breaking forming HCO+, are the most
probable outcomes following photoionization into the Ã and B̃
states. For photon energies above ∼ 14 eV, photoionization into
C̃, D̃ and Ẽ cationic states leads to major C–C bond cleavage and
to the formation of both CH+

3 and HCO+, while the H-atom loss
leading to CH3CO+ diminishes considerably and is produced ex-
clusively from the C̃ state. The increase in CH+

3 formation occurs
indeed simultaneously to a pronounced decrease in both CH3CO+

and CH+
4 . Although theoretical results from the present work

show a possible pathway for direct formation of CH+
3 , this be-

havior could indicate a major formation of methyl cation through
sequential fragmentation from the produced CH3CO+ via a C–C
bond cleavage or from methane cations via a C-H bond break-
ing, as will be discussed in more detail below. Photoionization at
higher excitation energies between 17-19 eV, which includes the
F̃ cationic state, leads to fragmentation into CH2CO+, CH+

3 and
CH+

2 , with a similarly small probability. The low fragmentation
intensity observed following photoionization into the F̃ state can
be rationalized by the diabatic dynamics calculations carried out
by Rani et al.11, which indicate that no efficient internal conver-
sion into lower cationic states is produced.

The TPES obtained for the four main fragmentation channels,
i.e. CH3CO+, HCO+, CH+

4 , and CH+
3 , are represented as 2D en-

ergy correlation diagrams in Figure 5, showing the ion signal cor-
related to threshold photoelectrons as a function of the photoion
kinetic energy, Eion and the photon energy. The associated TPESs,
plotted as white curves in Figure 5, are obtained by integrating
the corresponding ion signal associated with Eion below 25 meV.
These plots can give complementary information on the partici-
pation of certain vibrational modes31 and on the energy sharing.
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Fig. 4 (a)Threshold photoelectron spectra (TPES) for the parent ion and for the di�erent fragment ions. The spectra for CH2CO
+ and CH+

2 were

multiplied by factors of 5 and 20, respectively, and depicted with light lines. Colored vertical bars indicate vertical excitation energies reported by

Cvitas et al.
6. The colored horizontal bands illustrate the approximate position of each band based on Refs.6 and7. The peak observed at 14.2 eV is

assigned to resonant excitation of Ar 5s present in the gas �lter. ∗ indicates autoionizing resonances from residual N2. (b) Molar fraction as a function

of the photon energy. The error bars in panel (b) are estimated by propagating the experimental error from the TPES in panel (a), which in turn are

derived assuming a Poisson distribution on the individual pixel counts of the photoelectron images. The large error bars in the 17-19 eV photon energy

range are due to the particularly large cross-section of autoionizing states of residual N2. Note that, since only events related to the production of

threshold electrons are considered, photon energy equals internal energy of the molecule.
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Figure 4: KE 
correlation 
diagrams
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Fig. 5 Ion signal correlated to threshold photoelectrons as a function

of ion kinetic energy, Eion and photon energy. The photon energy axis

corresponds to the ionization energy since only threshold electrons are

considered. The TPES obtained for CoM-KER below 25 meV is plotted

as white curves. The color bar on the right represents the intensity (in

arb. units).

As observed, in all cases, the corresponding Eion present small val-
ues reflecting indirect dissociation processes, where the available
energy is randomized between the different degrees of freedom
including vibrational and rotational modes. While interesting vi-
brational structures are observed in the TPES associated with a
Eion below 25 meV, these progressions are complicated to assign,
especially considering the large number of vibrational modes of
this molecule. Similarly, the correlation diagrams do not indicate
the formation of the fragment ions in any particular vibrational
mode.

As observed in Figures 4 and 5, the H-atom loss channel is char-
acterized by an AE within the FC gap between the ground and
first excited states of the acetaldehyde cation. A plateau, featur-
ing a detailed vibrational progression, is observed in the TPES for
CH3CO+ extending up to the first excited state at ∼ 12.5 eV. This
feature has been discussed previously by Yencha et al.7, and more
recently by Wu et al.8, who suggested the role of an autoionizing
state. Figure 6 shows an expanded view of the TPES measured
for both the parent ion and the H-atom loss channel. Based on
the vibrational assignments proposed Rani et al.11 for the ground
state parent ion, the combs depicted in Fig. 6 represent the ν6,
ν7 and ν8 vibrational modes, which seem to provide a consider-
able good agreement. The structures observed in Fig. 5(a) for
the formation of CH3CO+ following photoionization into the Ã
state could be assigned to the ν4 (CO stretching), with some con-
tribution of ν10 (CCO bending), according to previous works5–7,
although recent calculations by Wu et al.8 suggest that this vi-
brational structure could be related to the ν6ν8, ν6ν11, and ν6ν13

vibronic transitions.

3.2 Theory results
High-level ab initio electronic structure calculations have been
carried out in order to get a deeper insight into the fragmenta-
tion dynamics leading to the four main dissociative ionization

1 0 . 2 1 0 . 4 1 0 . 6 1 0 . 8 1 1 . 0 1 1 . 2 1 1 . 4 1 1 . 6 1 1 . 8 1 2 . 0

Int
en

sity
 (a

rb.
 un

itis
)

P h o t o n  e n e r g y  ( e V )

n 8

n 7

n 6

Fig. 6 Expanded view of the threshold photoelectron spectrum (TPES)

presented in Fig. 4 for the parent ion (black line) and CH3CO
+ (red line).

The combs indicate possible assignments of the vibrational structure to

the ν6, ν7 and ν8 modes in accordance with the assignments by Rani et

al.
11.

channels, i.e. those yielding CH3CO+, HCO+, CH+
4 and CH+

3 ,
following photoionization into the first four electronic states of
the cationic acetaldehyde. The calculated vertical excitation en-
ergies (VEEs) are included in Table 2. As can be seen, an excellent
agreement with the reported values is obtained. Similarly, the ap-
pearance energies from the present calculations, included in Table
1 are consistent with experimental values from this work and the
previous ones.

The potential energy curves (PECs) as a function of the C-H
bond distance are depicted in Fig. 7. The first four electronic
states of the cation have been considered in the calculations. The
H-atom loss channel takes place from the carbonyl moiety, lead-
ing to the formation of CH3CO+ + H in their respective ground
states through direct dissociation in the cationic ground state of
acetaldehyde. A small reverse barrier of 0.27 eV, consistent with
the reported Eion distribution, is observed in agreement with pre-
vious calculations.8 The dissociation is characterized by a C–C–O
nuclear motion, ending in a linear geometry. Since the PECs cal-
culated for the first excited electronic states, Ã 2A′′, B̃ 2A′ and
C̃ 2A′, do not correlate with CH3CO+ + H in their respective
ground states, and thus photoionization in those states cannot
lead to the H-atom loss channel, fragmentation must occur by in-
ternal conversion into a vibrationally hot cationic ground state
prior to statistical dissociation. Such dissociation mechanism is
characterized by a randomization of the available energy and a
large intramolecular vibrational redistribution (IVR), since the
molecule can explore the whole normal mode space before reach-
ing the dissociation limit.32

A search for stationary points has revealed the presence of a
conical intersection between the X̃ and Ã states located at ∼12.98
eV, close to the energy minimum of the Ã state. The CI cannot be
observed in the PECs (Fig. 7) nor in the rest of the theoretical
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Table 2 Vertical excitation energies (VEE) calculated in the present work, compared to experimental data from Cvitas et al.
6 and Yencha et al.

7.

Theoretical results from Murray and coworkers14 at the EOM-CC(2,3)/cc-pVTZ level, and from Rani et al.
11 at the EOMIP-CCSD/6-311++g(d,p)

level, are also indicated. All data is in eV.

State This work (theory) Chadwick et al. 5 Cvitas et al. 6 Murray et al. 14 Rani et al. 11 Yencha et al. 7

X̃ 2A′ 10.21 10.24 10.21 10.57 10.37 10.228±0.002
Ã 2A′′ 13.31 13.15 13.24 — 13.31 13.093±0.005
B̃ 2A′ 14.53 14.1 14.17 14.818 14.39 13.93±0.01
C̃ 2A′ 15.69 15.4 15.36 15.606 15.39 15.20±0.01
D̃ 2A′′ — — 15.36 16.095 15.56 15.5(estimated)
Ẽ 2A′ — 16.4 16.32 — 16.66 16.37±0.01
F̃ 2A′ — ∼19 19.52 — — 19.40±0.01

Fig. 7 Potential energy curves of cationic acetaldehyde as a function of

the C-H bond distance (in atomic units, a0) for the �rst four electronic

states, X̃ 2A′, Ã 2A′′, B̃ 2A′ and C̃ 2A′. The lower dissociation limit

corresponds to the formation of CH3CO
+ and H-atoms in their respective

ground electronic states while the second and third limit correspond to

the formation of CH3CO
+ in its �rst and second excited electronic state.

The geometries at the FC region and at the asymptotic limit are also

drawn.
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Fig. 8 Potential energy curves of cationic acetaldehyde as a function of

the C-C bond distance (in atomic units, a0) for the �rst four electronic

states, X̃ 2A′, Ã 2A′′, B̃ 2A′ and C̃ 2A′. The two �rst dissociation limits

correspond to the formation of the two fragments in their respective

ground electronic states while the third corresponds to the formation of

HCO+ in its �rst excited electronic state.

figures, as the needed geometrical modifications are related to
different coordinates. The geometry of the molecule at the CI
compared to the equilibrium one and to the one at the energy
minimum of the Ã state can be found in the ESI. Reaching the
CI requires a large decrease of the H-C-H angle characterizing
the methyl moiety, from 108◦ to 45◦. The vector associated with
the calculated non-adiabatic coupling, which allows a transfer of
population at the CI, shows activity along this bending coordinate
as well as a strong contribution along the C–C coordinate. Upon
vertical ionization, this CI can be reached easily as a result of
its proximity from the Ã state, and would be consistent with the
calculations of multi-state dynamics by Rani et al.11, which show
an ultrafast decay of the population from the Ã to the X̃ states
in just few hundreds of femtoseconds. The calculations by Rani
et al.11 focused on the diabatic dynamics following excitation to
the first seven cationic electronic states during 200 fs. However,
no information was obtained on the subsequent fragmentation
pathways.

The PECs computed as a function of the C–C bond distance are
depicted in Figure 8. The calculations were carried out in this
case in the Cs symmetry group, using a frozen FC geometry of
the molecule. The analysis of these PECs must be limited to the
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area surrounding the FC region. The fragmentation pathways as-
sociated with the C–C bond cleavage are characterized by large
geometrical modifications, i.e. a planarization of the CH3 moiety
and an eventual linearization of HCO+. The curves for the four
electronic states included show pronounced wells with consider-
able energy barriers for dissociation, with the exception of the B̃
state which shows a small reverse barrier and dissociation limit
below the vertical energy at the FC region. A degeneration point
is clearly observed between the states B̃ 2A′ and C̃ 2A′, probably
reflecting the presence of a CI, which would allow a fast transfer
of population.

Diabatic dynamics reported by Rani et al.11 show an ultrafast
and efficient transfer of population from C̃ to B̃, through an inter-
section located close in energy to the C̃ state minimum. A curve
crossing observed at larger C–C distances between B̃ 2A′ and Ã 2A′′

could lead to a CI at a non-Cs symmetry. Its energy location, re-
quiring to overcome a non-negligible energy barrier, would seem
to indicate that it does not play a prominent role in the relaxation
dynamics. Rani et al.11 reported indeed a slower internal con-
version when starting the dynamics in B̃ due to a poor coupling
between B̃ and Ã.

The corresponding PECs relaxing the geometry to lead to the
formation of either CH+

3 or HCO+ could not be computed due
to severe computational challenges arising from the strong ge-
ometrical modifications involved in the dissociation. The HCO
fragment presents indeed a bent geometry while the associated
cation is linear and the C–C bond cleavage can lead to the forma-
tion of both dissociation limits, CH+

3 + HCO and CH3 + HCO+.
The NEB method, connecting the FC region to the different dis-
sociation channels, was therefore employed providing additional
information on the fragmentation dynamics, similarly to a mini-
mum energy path.

The potential energy of the first four excited states of cationic
acetaldehyde as a function of the C–C bond distance resulting
from the NEB calculations are depicted in Figures 9 and 10 for the
optimization of CH3 + HCO+, and of CH+

3 + HCO, respectively.
The C–C bond cleavage in the ground cationic state leads to the
formation of HCO+ while dissociation in the first excited state
leads to the formation of CH+

3 .
As observed in Fig. 9, the formation of HCO+ is characterized

by a planarization of the methyl moiety and a linearization of
the HCO group. Photofragmentation from excited cationic states
into this channel, HCO+ + CH3, requires internal conversion into
the ground cation state, likely through the Ã / X̃ CI, followed
by statistical dissociation without any reverse energy barrier. In
contrast, the formation of CH+

3 from the Ã state, characterized
by a ∼1 eV energy barrier, leads to a planarization of the methyl
moiety while the HCO stays bent. Direct dissociation could occur
avoiding such energy barrier. As commented on above, the CI
found between the X̃ and Ã states allows an efficient and fast
transfer of population to the cationic ground state. As can be
seen in Fig. 10, a second CI, located at large C–C distances and in
a flat potential energy region, could allow a transfer of population
back to the Ã state.

Photoionization into the B̃ and C̃ states would allow internal
conversion into the Ã state on the good side of the barrier and

Fig. 9 Potential energy of the �rst four electronic states of CH3CHO
+,

X̃ 2A′, Ã 2A′′, B̃ 2A′ and C̃ 2A′, as a function of the C�C bond distance (in

atomic units, a0) resulting from the NEB calculations optimized for the

formation of CH3 and HCO+. Relevant geometries, i.e. at the Franck-

Condon region, at RC−C = 4.45 a0 and at the asymptotic limit, are also

drawn. The two �rst dissociation limits correspond to the formation of

the two fragments in their respective ground electronic states while the

third corresponds to the formation of HCO+ in its �rst excited electronic

state.

Fig. 10 Potential energy of the �rst four electronic states of CH3CHO
+,

X̃ 2A′, Ã 2A′′, B̃ 2A′ and C̃ 2A′, as a function of the C�C bond distance

(in atomic units, a0) resulting from the NEB calculations, optimized for

the formation of CH+
3 and HCO. Relevant geometries, i.e. at the Franck-

Condon region, at RC−C = 5.5 a0, and at the asymptotic limit, are also

drawn. The two �rst dissociation limits correspond to the formation of

the two fragments in their respective ground electronic states while the

third and the fourth correspond to the formation of HCO and HCO+, in

their respective �rst excited electronic states.
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Fig. 11 Potential energy of the �rst four electronic states of CH3CHO
+,

X̃ 2A′, Ã 2A′′, B̃ 2A′ and C̃ 2A′, as a function of the distance between the

C-atom (from the CH3 group) and the center-of-mass of the CO moiety

(in atomic units, a0), resulting from the NEB calculations, optimized for

the formation of CH+
4 and CO. Relevant geometries, i.e. at the Franck-

Condon region, at RC−CO = 6.15 a0, and at the asymptotic limit, are also

drawn. The two �rst dissociation limits correspond to the formation of

the two fragments in their respective ground electronic states while the

third and fourth correspond to the formation of CO+ in excited electronic

states.

thus to directly leading to C–C bond cleavage into CH+
3 . Note

that three-body fragmentation into CH+
3 + CO + H was also eval-

uated, but the dissociation energy lies at 14.98 eV, which is con-
siderably higher than the CH+

3 appearance energy.
Finally, the potential energy as a function of the distance be-

tween the C-atom from the CH3 group and the center-of-mass of
the CO moiety, resulting from the NEB calculations and associ-
ated with the CH+

4 + CO channel is depicted in Fig. 11. Frag-
mentation into this channels occurs in the cationic ground state
and is characterized by a direct hydrogen migration into the CH3

group while the CO group rotates away. A small stabilization of
the potential energy is found at relatively large distances, due to
the presence of the H-atom just in between the two groups. No-
tice that CH+

4 is characterized by a strongly distorted geometry
compared to the classical tetrahedral one due to the Jahn-Teller
effect. In contrast to the calculations by Wu et al.8 where a 0.42
eV reverse barrier was reported, no reverse barrier was found in
the present case. Photoionization into the Ã and B̃ states leads
to internal conversion into the cationic ground state prior to a
statistical dissociation into the CO-loss.

4 Discussion

Based on the experimental and theoretical results, some insights
on the fragmentation dynamics following valence-shell photoion-
ization of acetaldehyde can be extracted. The measured thresh-
old photoelectron spectrum (see Fig. 4) reveals in particular
two additional fragmentation pathways: the formation of CH+

2
(m/z=14) rising at 15.1 ± 0.1 eV and of CH2CO+ (m/z=14) at

13.10±0.04 eV. At photon energies between 17 and 19.5 eV, these
two fragments are the major fragmentation channels along with
the methyl cation formation.

The formation of CH+
2 can be envisaged from three possible

sources. (i) CH+
2 can be produced in the secondary dissociation of

CH+
3 leading to H-atom loss. Considering the dissociation energy

of CH+
3 , estimated to be around 3.0 eV29, and the fact that the

AE for CH+
2 lies only 1 eV above that of CH+

3 , the possibility of a
secondary dissociation seems unlikely. (ii) Methylene cation can
be formed in a three-body dissociation of cationic acetaldehyde in
correlation with HCO and H fragments. Based on thermochemical
data,29 the AE for this channel would be expected to be at around
18.7 eV, which, however, is considerably larger than the AE for
CH+

2 reported in the present work. (iii) CH+
2 can be produced in

correlation with formaldehyde (H2CO). A value of 14.98 eV29 is
estimated as the AE for this pathway, which is in good agreement
with the value obtained in this work. This pathway, which implies
an intramolecular H-atom transfer from the methyl moiety into
the carbonyl moiety seems to be the most probable one based on
the energetics.

Three fragmentation pathways can explain the formation of
CH2CO+: direct two-body dissociation of cationic acetaldehyde
into either CH2CO+ or CHCHO+ in correlation with H2 elimi-
nation, or a sequential H-atom loss from CH3CO+. AEs for the
last two options are expected to be at 14.91 eV and 15.32 eV,
respectively, based on thermochemical data29, while the first is
characterized by an expected AE of 10.79 eV. Based on the ob-
served AE of 13.10±0.05 eV, the formation of CH2CO+ observed
is therefore attributed to a two-body dissociation into CH2CO+

+ H2. The considerable difference between the estimated AE and
the experimental value may reflect the existence of a considerable
energy barrier in this fragmentation pathway. This barrier might
be visualized as the result of breaking two C–H bonds and the
formation of H2 through an intramolecular transfer.

Besides these two additional fragments, the appearance ener-
gies are determined for the four main fragmentation pathways
and additional information on the dissociation dynamics is ex-
tracted from the results. The appearance energy for the H-atom
loss leading to CH3CHO+ lies in the Franck-Condon gap between
the Ã and the X̃ cationic states in agreement with previous work.
Some signal, involving some vibrational progressions are clearly
observed in this region in both the KECD from fixed energy mea-
surements (Fig. 3) and in the TPES (Figs. 4 and 6). In previous
works,8 autoionizing states have been suggested to be respon-
sible for the H-atom loss in this energy region. However, the
presence of a Rydberg state would give rise to a single structure
at its energy position in the TPES. The vibrational progression
observed can either reflect the autoionization through a series
of vibrationally excited Rydberg states or simply, although small,
non-zero FC factors characterizing the ionization into high-lying
vibrational states of the ground cationic state. The fact that some
signal is also observed in the FC gap for measurements at fixed
photon energies (see Fig. 3(a)) as well as in the PES using HeI
reported previously6 would seem to support the last hypothesis.
However, zero FC factors were recently obtained in this energy
region,8 although the calculations were performed in the har-
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monic approximation and correspond to high vibrational levels.
Further calculations including the anharmonicity which would be
highly computationally demanding, would be needed to confirm
the presence of non-zero FC factors.

Based on the theoretical results, the H-atom loss, the HCO+

and CH+
4 formation are all produced through statistical dissocia-

tion on the ground state following internal conversion from ex-
cited electronic states. In contrast to the two last fragments, the
H-atom loss is characterized by a small reverse barrier. Internal
conversion into the cationic ground state will certainly involved
the CI reported between Ã and X̃ states while internal conver-
sion from B̃ into Ã is expected to be less efficient, in agreement
with Rani et al. calculations.11 The measured ion kinetic energy
distributions reflect in all cases Boltzmann-type distributions in
agreement with such statistical dissociation. Following internal
conversion, the molecule is in a hot ground state and can explore
the whole space before fragmentation. A complete randomization
of the available energy into the different degrees of freedom is
expected leading to an often broad Boltzmann-type contribution.
The fragment kinetic energy distributions reported here (see Fig.
3(b) and (c)) can be understood as a result of both the dynamics
at the CI and the dissociation in the ground state. The activity ob-
served in the non-adiabatic vector along the C–C bond and along
the H-C-H angle may reflect a somehow prioritized subsequent
dynamics along these coordinates. This would prevent the explo-
ration of the whole space by the molecule and thus the complete
randomization of the energy which often leads to broad Eion dis-
tributions. The larger kinetic energy obtained following ioniza-
tion into the B̃ state compared to the Ã state reflects the larger
energy available upon arrival at the CI.

While calculations for the formation of the methyl cation show
a non-negligible energy barrier preventing direct C–C bond cleav-
age in the Ã state, an alternative pathway is found through inter-
nal conversion into the ground cationic state via the aforemen-
tioned CI, followed by dissociation in the ground state. A sec-
ond CI, located at the exit channel, (see Fig. 10) could allow to
switch back into the Ã state on the good side of the barrier lead-
ing to the formation of the methyl cation. This fragmentation
pathway seems, however, unlikely taking into account the energy
barrier associated with this second CI. In addition, the measured
relatively broad fragment Eion distributions seems to point out
to a more favorable pathway. Therefore, the formation of CH+

3
likely occurs through sequential fragmentation from the CH3CO+

and CH+
4 produced in agreement with the observations from Fig.

4(b)where the molar fraction for these two last fragments de-
creases as soon as the AE for CH+

3 is reached.

5 Conclusions

The valence-shell dissociative photoionization of acetaldehyde is
revisited by means of photoion photoelectron coincidence exper-
iments in combination with tuneable synchrotron radiation. The
experimental results consist of threshold photoelectron spectra
for the parent ion and for each fragment ion measured in the pho-
ton energy range 10-19.5 eV, along with ion-electron kinetic en-
ergy coincidence diagrams obtained from measurements at fixed
photon energies.

The appearance energies for six fragment ions are determined
with improved accuracy and, in particular, for two fragmenta-
tion channels not reported before to the best of our knowledge,
i.e. the formation of CH2CO+ and CH+

2 , lying at 13.10±0.01 eV
and 15.1±0.1 eV, respectively. The former is associated with an
H2 elimination and a ∼2 eV reverse energy barrier characterizing
this pathway. The appearance energy reported for the methylene
cation CH+

2 is consistent with the thermochemical value for dis-
sociation in correlation with formaldehyde (H2CO), which would
imply an intramolecular hydrogen-atom transfer. The experimen-
tal results are consistent with slow dissociation for the four main
channels leading to the formation of CH3CO+, HCO+, CH+

4 , and
CH+

3 .

The experiments are complemented by high-level ab initio elec-
tronic structure calculations of potential energy curves. In addi-
tion, the NEB method is employed to connect the Franck-Condon
region to the formation of HCO+, CH+

4 , and CH+
3 . The H-atom

loss channel, as well as, the formation of HCO+ and CH+
4 are

found to be produced by statistical dissociation in the ground
cationic state, following internal conversion from higher ionic
states. The role of a conical intersection in the internal conver-
sion and subsequent fragmentation is discussed. A considerable
energy barrier highlights dissociation into CH+

3 . Although the
presence of two conical intersections could allow the molecule
to avoid that energy barrier upon photoionization close to the ap-
pearance energy, sequential dissociation from CH3CO+ and CH+

4
seems more plausible in agreement with the experimental results.
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