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Dissociative photoionization of acetaldehyde
in the 10.2-19.5 eV VUV rangef
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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 fixed 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*, CHs" and CH,4" ion fragments. Appearance energies have been determined for
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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 CH,CO™, lying at 13.10 +
0.05 eV, and the formation of CH," at 15.1 + 0.1 eV. Based on both experimental and theoretical results,
the dissociation dynamics following ionization of acetaldehyde into the different fragmentation channels
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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
ultraviolet (VUV) radiation can induce a variety of reactions
leading to the formation of diverse species."”” 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
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organic species composed of at least six atoms.>* The VUV
photoionization of acetaldehyde is therefore particularly rele-
vant for a deeper understanding of the photochemistry in
astrophysical media. In this work, we revisit the valence-shell
dissociative photoionization of acetaldehyde upon excitation in
the 10-19.5 eV photon energy range. In a joint experimental
and theoretical investigation, two previously unreported chan-
nels associated with the formation of CH," and CH,CO" 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 investi-
gated based on the photoelectron spectrum (PES) from Hel
radiation®® and, more recently, based on the measurement
of threshold photoelectron spectra (TPES) using tuneable syn-
chrotron radiation.”® Additional multiphoton ionization stu-
dies, some involving resonance enhancement, have been
reported.”'® The vertical 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 photoionization into the ground electro-
nic state. A small vibrational progression, presenting a rather
low intensity, is observed, and it has been assigned mainly to
the combination of three vibrational modes, vg, v, and vg,
corresponding to the C-H bending, CH; s-deformation, and
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C-C stretching modes, respectively, with a weak contribution of
Vo, the CH; rock mode.

A schematic energy diagram is depicted in Fig. 1 showing
the 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 A 2A”, B?A’, C?A’, D A", E*A" and F*A’. They are
attributed to photoionization from wco), Tcn,) O(cc) TcH,)
G(co) and C,s molecular orbitals, respectively.” We notice that
the A and B states slightly overlap in energy, while states C and
D overlap almost completely. Vibrational structures resolved
in the band associated with photoionization into the A A" state
have also been discussed. Cvitas et al® found two active
vibrational modes, v, and v,4, corresponding to the C-O
stretching and C-C-O bending, respectively, the former in
agreement with earlier work®> and more recent TPES by Yencha
et al” In contrast, Wu et al.® proposed recently vibrational
excitation in the vg, vg, vy, and vy; modes, based on a
comparison with Franck-Condon factors calculated using the
harmonic approximation. Rani et al.'* carried out a detailed
theoretical study of multi-state and multi-mode vibronic
dynamics in the photoionization of acetaldehyde. Their calcu-
lations allow them to simulate the PES and the vibrational
progressions underneath. They assigned the vibronic structure
from the A state to contributions from vy, vs (CH; d-deformation)
and vy, with moderate excitation of v; and v;, modes. Similarly
the band from photoionization into the B state was assigned to
excitation of vs, v, and vg.
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Fig. 1 Schematic energy diagram showing the cationic electronic states
of acetaldehyde (left) and the different fragmentation pathways. The blue
arrow represents one-photon ionization at hv = 15 eV (results in Fig. 3) and
the blue rectangle indicates the energy region of the threshold photo-
electron spectrum (TPES, Fig. 4). The two additional fragmentation
pathways reported here are shown in dashed lines.
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Four fragment ions from the dissociative photoionization of
acetaldehyde, namely CH;CO", HCO', CH," and CH;', were
first reported based on synchrotron radiation experiments.*?
Appearance energies were provided while partially deutera-
ted acetaldehyde was measured to demonstrate intra-
molecular hydrogen-atom exchange in the CH," and CH,"
channels."” More recently, the photodissociation of acetalde-
hyde cations prepared by either multiphoton ionization®"* or
single VUV photoionization* has been investigated. In parti-
cular, Murray and co-workers'* discussed in detail the photo-
fragmentation dynamics associated with the four channels.
H-atom loss was proposed to occur through a small barrier,
while CH;" was suggested to be formed in the secondary
fragmentation of CH;CO'. HCO" and CH," were found to
be produced mostly through statistical slow dissociation,
although a fast component was observed and could not be
explained.

Recently, Wu et al.® 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 func-
tional theory (DFT) calculations, carried out assuming dissocia-
tion in the cationic ground state, in order to further investigate
the fragmentation into CH;CO", HCO" and CH,". A small
barrier for the H-atom loss was indeed found while the C-C
bond cleavage was suggested 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.® are the most advanced
calculations reported so far on the VUV photoionization of
acetaldehyde, besides the calculations by Rani et al.'' on the
vibronic PES, and the electronic structure fix-point calculations
carried out by Murray and co-workers.*

In the present work, the dissociative photoionization of
acetaldehyde is investigated by means of photoion photoelec-
tron 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 correlation diagrams following ionization at a
fixed photon energy of 15.0 eV, as well as TPES measured for
each fragment produced as a function of the photon and ion
kinetic energy. The experimental 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 CH;CO", CH,CO", HCO,
CH,', and CH;" 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 vertical excitation
from the neutral ground state is discussed. Two additional
fragmentation pathways, CH," and CH,CO', 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.

This journal is © the Owner Societies 2024
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2 Method

2.1 Experimental set-up

Experiments were performed at the permanent end-station
SAPHIRS," at the DESIRS beamline of the synchrotron SOLEIL'®
using the PEPICO spectrometer DELICIOUS IIL."” Synchrotron
photons emitted from an undulator were dispersed by a 6.65 m
normal incidence monochromator. A 200 1 mm ™" 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 molecular beam
with a rotational temperature of 58 £+ 5 K, as inferred from the
parent ion velocity distribution extracted from the corresponding
ion image, was generated by a supersonic expansion of acetalde-
hyde (Sigma Aldrich), placed in a bubbler at —10 °C (no carrier gas),
through a 50 um diameter nozzle and collimated by two consecu-
tive 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
spectrometer. 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
spectrometer is used for ions. Photoelectron spectra (PES) and
angular distributions were obtained from the electron VMI
image via Abel inversion using the pBasex algorithm,"® while
the full ion 3D momentum distribution was extracted from the
ion TOF and the 2D arrival position onto the correspond-
ing position-sensitive detector. 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/AM) was sufficient to separate the
CH;CO" fragment ion (m/z = 43) from the parent ion CH;CHO"
(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
energy 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™' and thus a kinetic energy
bandwidth of 3 eV, while in order to increase particle-energy
resolution, an extraction field of 52.8 V em ™" was used during
the scan leading to an associated kinetic energy bandwidth of
1.8 eV. For measurements at a fixed photon energy, the photo-
electron and photoion 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 electron 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 detailed elsewhere."’
This allows extraction of 2D energy correlation diagrams as a

This journal is © the Owner Societies 2024
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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 calculated
using the complete active space self-consistent field (CASSCF)/
XMS-CASPT2 as implemented in OpenMOLCAS.”**" The one-
electron basis set was aug-cc-pVTZ.>>** The active space
included 13 orbitals CAS(13,13), the lone pair in the O atom,
the C—O0 & and ©n* orbitals, and the ¢ and o* orbitals involved
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 molecule.>® For the XMS-
CASPT2 calculation, an imaginary shift of ¢ = 0.2 was used while
simultaneously removing the ionization potential-electron-
affinity shift.

In the optimization procedure, the Franck-Condon geome-
try was calculated using many-body second-order perturbation
theory, while the remaining geometries, i.e. at the dissociation
limits 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.”®?!
While for the dissociation limits and the equilibrium geome-
tries a regular optimization is carried out, the conical intersec-
tion is optimized by including the energy difference between
the two states as a constrain. For the description of the
CH;CO" + H channel, one-dimensional PECs were calculated
along the C-H bond distance while the rest of the coordinates
were relaxed following the gradient of the first doublet at XMS-
CASPT? level of theory. The CH;", CH; and the CH," channels
were evaluated by connecting the Frank-Condon geometry with
the different products using the nudged elastic band (NEB)
method®® using the FIRE optimizer.>® These simulations were
performed with a home-made interface between the Open-
Molcas (providing the energy and the gradients) and the atomic
simulation environment (ASE).”” Each dissociation 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

Fig. 2 shows the time-of-flight mass spectra (TOFMS) obtained
after CH3;CHO photoionization at zv = 14.0 eV and 15.0 eV. The
TOFMS at 14.0 eV is dominated by the strong signal of the
parent ion, CH;CHO", at m/z = 44, although peaks associated
with photofragmentation are also present. In particular, for-
mation of CH;CO" (m/z = 43) and HCO' (m/z = 29) is observed
with similar ratios along with a weak signal corresponding to
CH," (m/z = 16). The small structure observed at m/z = 18 is
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Fig. 2 Time-of-fight mass spectra (TOFMS) of CHzCHO after photoioni-
zation at hv = 14.0 eV (black curve) and hv = 15.0 eV (red curve).
CHzCHO*, CH3zCO™*, CH,CO™*, HCO™", CH,", and CHz* are visible at
miz = 44, 43, 42, 29, 16, and 15, respectively. The peak at m/z = 18
corresponds to residual water present in the chamber.

related to the residual water present inside the experimental
chamber. Note that O" from dissociative photoionization of
residual water cannot contribute to m/z = 16 since its appear-
ance energy lies around 19 eV. Contributions from the residual
gas often present an asymmetric shape due to the long inter-
action region along the photon direction. Peaks from the
supersonic gas are characterized by a symmetric shape while
their width reflects the ion kinetic energy content. A shoulder is
observed at m/z = 30 which is consistent with the fragmentation
into HCO" of acetaldehyde containing **C in its natural abun-
dance. As expected, the TOFMS measured 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,") is clearly
visible, even larger than the one assigned to CH,'. Moreover, a
shoulder close to the CH;CO" signal is observed at m/z = 42,
which is assigned to CH,CO". 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 analysis
of the small peak observed at m/z = 45 indicates that it
corresponds to both a proton-transfer mechanism prior to
dissociation of a small amount of dimers*® present in the
molecular beam, as well as to some contribution of the acet-
aldehyde containing **C in its natural abundance. Based on the
TPES obtained for the signal at m/z = 45 compared to the
monomer signal, we can estimate the dimer contribution to be
half of the "*C acetaldehyde. Accounting for the natural abun-
dance of '3C, 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 evaporation®® restricting the contribution
of the clusters to the m/z = 45, 89, ... channels.
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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) CHzCO", (b) HCO", (c) CH4™, and (d) CHz*. The color bar on the
right represents the intensity (in arb. units). The corresponding Eion
distributions are depicted as white lines.

The photoelectron (eKE) and photoion (Ej,,) KECDs for
CH,CO", HCO', CH,", and CH;" obtained upon photoioniza-
tion at 15.0 eV are depicted in Fig. 3. The corresponding KECD
for the parent ion is not shown here. As a non-dissociative
event, only the photoelectron spectrum is relevant. This chan-
nel leads to major ionization into the ground state and thus
to the emission 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 CH;CO" (Fig. 3(a))
shows two main features at eKE ~ 1.75 €V and ~1.0 eV,
correlated with photoionization into the first (4 4”) and second
(B *A") excited 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 A and B electronic states leads to both C-H and C-C
bond cleavage. The KECD associated with the formation of
CH," (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, fragmentation after photoioni-
zation into the B state is more favorable. The KECD obtained
for CH;" depicted in Fig. 3(d) shows only a feature at low eKE
(0-0.5 eV), which seems to arise from ionization into high-lying
vibrational levels of the B state along with some threshold
ionization in the C *A’ state.

The photoion kinetic energy (E;on) 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 ESI¥

This journal is © the Owner Societies 2024
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The distributions in Fig. S1 (ESI) are plotted in terms of kinetic
energy release (KER), which corresponds to the center-of-mass
kinetic energy and can be obtained by multiplying by the E;,;, of
a cationic fragment by the mass factor (m, + m,")/m,, where m,
and m," 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 processes
following photoionization, where the available energy is shared
between translational and ro-vibrational modes. The distribu-
tions have therefore been fitted to the Boltzmann equation
from which a translational temperature is directly obtained. For
the H-atom loss channel, the E;,, distribution is narrow since
the co-fragment carries most of the available kinetic energy. It

View Article Online
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is difficult 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 distribution can be defined as a Boltzmann distribution
with a translational temperature of ~170 K, which is broader
than that of the parent ion. In contrast, for the other HCO" and
CH,", the Ej,, distributions show a maximum at threshold
energies but extends up to less than KER ~ 1 eV (FWHM).
For both fragment ions, the Ej,, distributions are broader
following photoionization into the B state. The Boltzmann-
type Eion distribution obtained for the CH;' 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 Fig. 4(a), while the corresponding molar
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Fig. 4 (a) Threshold photoelectron spectra (TPES) for the parent ion and for the different fragment ions. The spectra for CH,CO™ and CH,* 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.® The colored horizontal bands illustrate the approximate position of each band based on ref. 6 and 7. The peak observed at 14.2 eV is assigned to
resonant excitation of Ar 5s present in the gas filter. * indicates autoionizing resonances from residual N,. (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 N,. 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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fraction as a function of the photon energy is shown in
Fig. 4(b). The approximate position of each ionic electronic
state is indicated in Fig. 4(a) based on data reported by Cvitas
et al.® and Yencha et al.” The C *A’ and D *4” cationic states
overlap considerably in energy and cannot be properly identi-
fied. The ion appearance energies (AEs) observed in the TPES
can present considerable deviations from the adiabatic values.
On the one hand, 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 fragmentation reactions, associated often with
large molecular systems, can lead to a blue shift of the values.*
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 system, 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 determined from Fig. 4(a)
are summarized in Table 1 and compared to earlier work. As
observed, a very good agreement is found. Besides the four
fragment ions already reported in the literature, i.e. CH;CO",
HCO', CH,', and CHj;', two supplementary fragments have
been identified in the present work: CH," and CH,CO" 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 15.0 eV,
close to the observed AE for CH,", its KECD could not be
determined while the corresponding KECD for CH,CO" is not
shown due to the low signal. We note that the signal at m/z = 14,
assigned to CH,", cannot be due to N from the residual gas
since its appearance energy from dissociative photoionization
of N, lies around 24 eV.

Several well-defined peaks are observed in the TPES mea-
sured for HCO' (m/z = 29) above 15 eV. These peaks have been
identified as autoionization features from residual N," (m/z =
28), showing a considerable spread in the TOF signal, which,
combined with the large autoionization cross-sections, makes
impossible to properly remove them from the measured curve.

The parent ion is exclusively formed through non-disso-
ciative photoionization into the cationic ground state. A sharp

Table 1 Experimental and theoretical appearance energies (AEs) for each
fragment ion observed in this work, compared to those reported by
Jochims et al.'? and to experimental and theoretical data from Wu et al.®
Experimental uncertainties have been estimated based on the spectral
resolution, the scan step and the uncertainties from the TPES. All AEs are in
eV

This work, This work, Jochims Wu et al.®
Ion fragment  exp. theor. et al? (exp./theor.)
CH3CHOJr 10.21 £ 0.03 10.21 10.22 —/10.226
CH3CO+ 10.87 £+ 0.03 10.92 10.90 10.89/10.96
CH,CO" 13.10 + 0.04  10.79°
HCO" 11.84 £ 0.03 11.92 12.03 11.54/11.71
CH,* 12.74 £ 0.03  12.67 12.61 —/12.85
CH3+ 14.09 £ 0.03 13.49 14.08
CH," 15.1 + 0.1 14.98°

@ values estimated from thermochemical data.*®
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peak is observed at 10.21 + 0.03 eV, which is consistent with
the adiabatic ionization potential of the molecule. A subse-
quent vibrational progression is observed, which is attributed
to a combination of several vibrational modes,” ”"*! i.e., the CH
bending (vs), the CH; deformation (v;), the C-C stretching (vs),
and a weak contribution attributed to CH; rocking (vg).

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 4
and B states. For photon energies above ~14 eV, photoioniza-
tion into C, D and E cationic states leads to major C-C bond
cleavage and to the formation of both CH;" and HCO', while
the H-atom loss leading to CH;CO" diminishes considerably
and is produced exclusively from the C state. The increase in
CH;" formation occurs indeed simultaneously to a pronounced
decrease in both CH;CO' and CH,'. Although theoretical
results from the present work show a possible pathway for
direct formation of CH;", this behavior could indicate a major
formation of methyl cation through sequential fragmentation
from the produced CH;CO" via a C-C bond cleavage or from
methane cations via a C-H bond breaking, as will be discussed
in more detail below. Photoionization at higher excitation
energies between 17-19 eV, which includes the F cationic state,
leads to fragmentation into CH,CO", CH;" and CH,', with a
similarly small probability. The low fragmentation intensity
observed following photoionization into the F state can be
rationalized by the diabatic dynamics calculations carried out
by Rani et al."' which indicate that no efficient internal con-
version into lower cationic states is produced.

The TPES obtained for the four main fragmentation chan-
nels, i.e. CH;CO', HCO", CH,", and CH,", are represented as 2D
energy correlation diagrams in Fig. 5, showing the ion signal
correlated to threshold photoelectrons as a function of the
photoion kinetic energy, Ej,, and the photon energy. The associated

CH3(:o+ (a)

Hco™ (b)

: i SR
1" 12 13 14 15 " 12 13 14 15
Photon energy (eV) Photon energy (eV)

Fig. 5 lon signal correlated to threshold photoelectrons as a function of
jon kinetic energy, Ei,n and photon energy for (a) CHsCO™*, (b) HCO™,
(c) CH4", and (d) CHs™. The photon energy axis corresponds to the
ionization energy since only threshold electrons are considered. The TPES
obtained for Ejo, below 25 meV is plotted as white curves. The color bar on
the right represents the intensity (in arb. units).
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TPESs, plotted as white curves in Fig. 5, are obtained by
integrating the corresponding ion signal associated with Ej,,
below 25 meV. These plots can give complementary informa-
tion on the participation of certain vibrational modes®* and on
the energy sharing. As observed, in all cases, the corresponding
Eion present small values reflecting indirect dissociation pro-
cesses, where the available energy is randomized between
the different degrees of freedom including vibrational and
rotational modes. While interesting vibrational structures are
observed in the TPES associated with a Ej,, below 25 meV, these
progressions are complicated to assign, especially considering
the large number of vibrational modes of this molecule. Simi-
larly, the correlation diagrams do not indicate the formation of
the fragment ions in any particular vibrational mode.

As observed in Fig. 4 and 5, the H-atom loss channel is
characterized by an AE within the FC gap between the ground
and first excited states of the acetaldehyde cation. A plateau,
featuring a detailed vibrational progression, is observed in the
TPES for CH;CO" extending up to the first excited state at
~12.5 eV. This feature has been discussed previously by
Yencha et al.” and more recently by Wu et al.® who suggested
the role of an autoionizing state. Fig. 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.'* for the ground state parent ion, the
combs depicted in Fig. 6 represent the v, v; and vg vibrational
modes, which seem to provide a considerable good agree-
ment. The structures observed in Fig. 5(a) for the formation of
CH;CO" following photoionization into the A state could be
assigned to the v, (CO stretching), with some contribution of
v1o (CCO bending), according to previous works,”>”” although
recent calculations by Wu et al.® suggest that this vibrational
structure could be related to the vgvg, V11, and vev,3 vibronic
transitions.

Intensity (arb. units)

102 104 106 108 11.0

Photon energy (eV)

1.2 114

Fig. 6 Expanded view of the threshold photoelectron spectrum (TPES)
presented in Fig. 4 for the parent ion (black line) and CHzCO™" (red line).
The combs indicate possible assignments of the vibrational structure to
the vg, v7 and vg modes in accordance with the assignments by Rani et al. 1
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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
channels, ie. those yielding CH;CO', HCO', CH," and CH;",
following photoionization into the first four electronic states of
the cationic acetaldehyde. The calculated vertical excitation
energies (VEEs) are included in Table 2. As can be seen, an
excellent agreement with the reported values is obtained.
Similarly, the appearance energies from the present calcula-
tions, 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,
leading to the formation of CH;CO" + 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 Ej,, distribution, is observed in
agreement with previous calculations.® The dissociation is char-
acterized by a C-C-O nuclear motion, ending in a linear geometry.
Since the PECs calculated for the first excited electronic states,
A 24", B2A" and € %4, do not correlate with CH;CO" + H in their
respective ground states, and thus photoionization in those states
cannot lead to the H-atom loss channel, fragmentation must
occur by internal 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 reaching the dissociation limit.**

A search for stationary points has revealed the presence of a
conical intersection (CI) between the X and 4 states located at
~12.98 eV, close to the energy minimum of the A state. The CI
cannot be observed in the PECs (Fig. 7) nor in the rest of the
theoretical 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 A state can be found in the ESL¥
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 4 state, and
would be consistent with the calculations of multi-state
dynamics by Rani et al.'' which show an ultrafast decay of
the population from the A to the X states in just few hundreds
of femtoseconds. The calculations by Rani et al.'' focused on
the diabatic dynamics following excitation to the first seven
cationic electronic states during 200 fs. However, no informa-
tion was obtained on the subsequent fragmentation pathways.

The PECs computed as a function of the C-C bond distance
are depicted in Fig. 8. The calculations were carried out in this

Phys. Chem. Chem. Phys., 2024, 26, 21441-21452 | 21447


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp01984a

Open Access Article. Published on 18 July 2024. Downloaded on 3/22/2026 5:52:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

Table 2 Vertical excitation energies (VEE) calculated in the present work, compared to experimental data from Cvitas et al.® and Yencha et al.”
Theoretical results from Murray and coworkers'* at the EOM-CC(2,3)/cc-pVTZ level, and from Rani et al.** 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.® Cvitas et al.® Murray et al.'* Rani et al.'! Yencha et al.”
{( 2p! 10.21 10.24 10.21 10.57 10.37 10.228 + 0.002
Az 13.31 13.15 13.24 — 13.31 13.093 + 0.005
l;:zA/ 14.53 14.1 14.17 14.818 14.39 13.93 £+ 0.01
c 15.69 15.4 15.36 15.606 15.39 15.20 £ 0.01
D A" — — 15.36 16.095 15.56 15.5 (estimated)
E:‘ A — 16.4 16.32 — 16.66 16.37 £ 0.01
F2A — ~19 19.52 — — 19.40 £ 0.01
— T T3 20 ———
CH,CO"+H
i 18 CH,+HCO"
S _ —
cl s T '
> -
=) 316 —
e . g | . ]
= 1 0 CH;+HCO
= S - -
£ a = 14
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Fig. 7 Potential energy curves of cationic acetaldehyde as a function of
the C—H bond distance (in atomic units, ag) for the first four electronic
states, X A’, A A", B 2A’ and C 2A’. The lower dissociation limit corre-
sponds to the formation of CHzCO™ and H-atoms in their respective
ground electronic states while the second and third limit correspond to
the formation of CHsCO™ in its first and second excited electronic state.
The geometries at the FC region and at the asymptotic limit are also drawn.

case in the Cy symmetry group, using a frozen FC geometry of
the molecule. The analysis of these PECs must be limited to the
area surrounding the FC region. The fragmentation pathways
associated with the C-C bond cleavage are characterized by
large geometrical modifications, i.e. a planarization of the CH;
moiety and an eventual linearization of HCO'. The curves for
the four electronic states included show pronounced wells with
considerable energy barriers for dissociation, with the excep-
tion of the B 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
B?A" and C *4’, probably reflecting the presence of a CI, which
would allow a fast transfer of population.

Diabatic dynamics reported by Rani et al.’* show an ultrafast
and efficient transfer of population from C to B, through an
intersection located close in energy to the C state minimum. A
curve crossing observed at larger C-C distances between B %4’
and 4 *4” could lead to a CI at a non-Cy symmetry. Its energy
location, requiring to overcome a non-negligible energy barrier,
would seem to indicate that it does not play a prominent role in
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Fig. 8 Potential energy curves of cationic acetaldehyde as a function of
the C-C bond distance (in atomic units, ag) for the first four electronic
states, X 2A’, A 2A”, B 2A’ and C 2A’. The two first 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 first excited electronic state.

the relaxation dynamics. Rani et al.'* reported indeed a slower
internal conversion when starting the dynamics in B due to a
poor coupling between B and A.

The corresponding PECs relaxing the geometry to lead to the
formation of either CH;" or HCO" could not be computed due
to severe computational challenges arising from the strong
geometrical 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 formation of both dissociation limits, CH;" + HCO and
CH; + HCO'. The NEB method, connecting the FC region to the
different dissociation channels, was therefore employed pro-
viding additional information on the fragmentation dynamics,
similarly to a minimum 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 Fig. 9
and 10 for the optimization of CH; + HCO", and of CH;" +
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;".

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp01984a

Open Access Article. Published on 18 July 2024. Downloaded on 3/22/2026 5:52:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP
20 —
18

S L

2

316

[0]

5 A2A CH,+HCO
= 14 —
g |, , ) |
I 4 S
12| -

| CH,+HCO"]

10 1 I 1 I 1 I 1 l 1 I 1 I 1 I 1

2 3 4 5 6 7 8 9 10
Rec (@)

Fig. 9 Potential energy of the first four electronic states of CHsCHO™,
X 2A’, A2A", B2A’ and C 2A’, as a function of the C—~C bond distance (in
atomic units, ag) resulting from the NEB calculations optimized for the
formation of CHz and HCO™. Relevant geometries, ie. at the Franck—
Condon region, at Rc_c = 4.45 ap and at the asymptotic limit, are also
drawn. The two first 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 first excited electronic state.

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" + CHj, requires internal conver-
sion into the ground cation state, likely through the A/X CI,
followed by statistical dissociation without any reverse energy
barrier. In contrast, the formation of CH;* from the A state,
characterized by a ~1 eV energy barrier, leads to a planariza-
tion 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 X and 4 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 A state.

Photoionization into the B and C states would allow internal
conversion into the 4 state on the good side of the barrier and
thus to directly leading to C-C bond cleavage into CH;". Note
that three-body fragmentation into CH;" + CO + H was also
evaluated, but the dissociation energy lies at 14.98 eV, which is
considerably higher than the CH;" appearance energy.

Finally, the potential energy as a function of the distance
between the C-atom from the CH; group and the center-of-mass
of the CO moiety, resulting from the NEB calculations and
associated with the CH," + CO channel is depicted in Fig. 11.
Fragmentation into this channels occurs in the cationic ground
state and is characterized by a direct hydrogen migration into
the CH; 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. Notice that CH," is characterized by a strongly
distorted geometry compared to the classical tetrahedral one
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Fig. 10 Potential energy of the first four electronic states of CHzCHO™,
X2A7, A2A", B2A" and C 2A/, as a function of the C—C bond distance (in
atomic units, ap) resulting from the NEB calculations, optimized for the
formation of CHz* and HCO. Relevant geometries, i.e. at the Franck—
Condon region, at Rc_c = 5.5 ag, and at the asymptotic limit, are also
drawn. The two first 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 first excited electronic states.

due to the Jahn-Teller effect. In contrast to the calculations by
Wu et al.® where a 0.42 eV reverse barrier was reported, no
reverse barrier was found in the present case. Photoionization
into the A and B states leads to internal conversion into the

20 T T T T T T T T T T T T T
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-
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Fig. 11 Potential energy of the first four electronic states of CHzCHO™,
X2A" A 2A", B2A" and C 2A’, as a function of the distance between the
C-atom (from the CHsz group) and the center-of-mass of the CO moiety
(in atomic units, ao), resulting from the NEB calculations, optimized for the
formation of CH4* and CO. Relevant geometries, i.e. at the Franck—
Condon region, at Rc_co = 6.15 ag, and at the asymptotic limit, are also
drawn. The two first 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.

Phys. Chem. Chem. Phys., 2024, 26, 21441-21452 | 21449


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp01984a

Open Access Article. Published on 18 July 2024. Downloaded on 3/22/2026 5:52:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

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 photoionization of acetaldehyde can be extracted. The
measured threshold photoelectron spectrum (see Fig. 4) reveals
in particular two additional fragmentation pathways: the for-
mation of CH," (m/z = 14) rising at 15.1 & 0.1 €V and of CH,CO"
(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," can be envisaged from three possible
sources. (i) CH," can be produced in the secondary dissociation
of CH;" leading to H-atom loss. Considering the dissociation
energy of CH;", estimated to be around 3.0 eV,*® and the fact
that the AE for CH," lies only 1 eV above that of CH;", 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 frag-
ments. Based on thermochemical data,*® the AE for this chan-
nel would be expected to be at around 18.7 eV, which, however,
is considerably larger than the AE for CH," reported in the
present work. (iii) CH," can be produced in correlation with
formaldehyde (H,CO). A value of 14.98 eV (ref. 30) 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
CH,CO": direct two-body dissociation of cationic acetaldehyde
into either CH,CO" or CHCHO" in correlation with H, elimina-
tion, or a sequential H-atom loss from CH;CO". AEs for the last
two options are expected to be at 14.91 eV and 15.32 eV,
respectively, based on thermochemical data,*® while the first
is characterized by an expected AE of 10.79 eV. Based on the
observed AE of 13.10 + 0.05 eV, the formation of CH,CO"
observed is therefore attributed to a two-body dissociation into
CH,CO" + H,. The considerable difference between the esti-
mated 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 H, through an intramolecular
transfer.

Besides these two additional fragments, the appearance
energies are determined for the four main fragmentation path-
ways and additional information on the dissociation dynamics
is extracted from the results. The appearance energy for the H-
atom loss leading to CH;CHO" lies in the Franck-Condon gap
between the A and the X cationic states in agreement with
previous work. Some signal, involving some vibrational pro-
gressions are clearly observed in this region in both the KECD
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from fixed energy measurements (Fig. 3) and in the TPES (Fig. 4
and 6). In previous works,® autoionizing states have been
suggested to be responsible 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 auto-
ionization through a series of vibrationally excited Rydberg
states or simply, although small, non-zero FC factors character-
izing 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 Hel reported previously®
would seem to support the last hypothesis. However, zero FC
factors were recently obtained in this energy region,® although
the calculations were performed in the harmonic approxi-
mation and correspond to high vibrational levels. Further
calculations including the anharmonicity which would be
highly computationally demanding, would be needed to con-
firm the presence of non-zero FC factors.

Based on the theoretical results, the H-atom loss, the HCO*
and CH,'  formation are all produced through statistical dis-
sociation on the ground state following internal conversion
from excited 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 A and X states while
internal conversion from B into 4 is expected to be less efficient,
in agreement with Rani et al. calculations."" 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 differ-
ent degrees of freedom is expected leading to an often broad
Boltzmann-type contribution. The fragment kinetic energy dis-
tributions reported here (see Fig. 3(b) and (c)) can be under-
stood as a result of both the dynamics at the CI and the
dissociation in the ground state. The activity observed 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 exploration of
the whole space by the molecule and thus the complete
randomization of the energy which often leads to broad Ej,,
distributions. The larger kinetic energy obtained following
ionization into the B state compared to the A 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 cleavage in the A state, an alternative pathway is found
through internal conversion into the ground cationic state via
the aforementioned CI, followed by dissociation in the ground
state. A second CI, located at the exit channel, (see Fig. 10)
could allow to switch back into the A state on the good side of
the barrier leading to the formation of the methyl cation.
This fragmentation pathway seems, however, unlikely taking
into account the energy barrier associated with this second CI.
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In addition, the measured relatively broad fragment Ej,, dis-
tribution seems to point out to a more favorable pathway.
Therefore, the formation of CH;" likely occurs through sequen-
tial fragmentation from the CH;CO" and CH," produced in
agreement with the observations from Fig. 4(b) where the molar
fraction for these two last fragments decreases as soon as the
AE for CH," is reached.

5 Conclusions

The valence-shell dissociative photoionization of acetaldehyde
is revisited by means of photoion photoelectron coincidence
experiments in combination with tuneable synchrotron radia-
tion. The experimental results consist of threshold photoelec-
tron spectra for the parent ion and for each fragment ion
measured in the photon energy range 10.2-19.5 eV, along with
ion-electron kinetic energy coincidence diagrams obtained
from measurements at fixed photon energies.

The appearance energies for six fragment ions are deter-
mined with improved accuracy and, in particular, for two
fragmentation channels not reported before to the best of our
knowledge, ie. the formation of CH,CO" and CH,", lying at
13.10 £+ 0.01 eV and 15.1 =+ 0.1 eV, respectively. The former is
associated with an H, elimination and a ~2 eV reverse energy
barrier characterizing this pathway. The appearance energy
reported for the methylene cation CH,' is consistent with the
thermochemical value for dissociation in correlation with for-
maldehyde (H,CO), which would imply an intramolecular
hydrogen-atom transfer. The experimental results are consis-
tent with slow dissociation for the four main channels leading
to the formation of CH,CO", HCO*, CH,", and CH;".

The experiments are complemented by high-level ab initio
electronic structure calculations of potential energy curves. In
addition, the NEB method is employed to connect the Franck-
Condon region to the formation of HCO', CH,", and CH;". The
H-atom loss channel, as well as, the formation of HCO" and
CH," 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 conversion and subsequent fragmentation is dis-
cussed. A considerable energy barrier highlights dissociation
into CH;'. Although the presence of two conical intersections
could allow the molecule to avoid that energy barrier upon
photoionization close to the appearance energy, sequential
dissociation from CH;CO" and CH," seems more plausible in
agreement with the experimental results.
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