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1. Introduction

Photoionization and dissociative photoionization
of propynal in the gas phase: theory and
experimenty

Imene Derbali,” Helgi Rafn Hrodmarsson,” Zied Gouid,© Martin Schwell, (2 *¢

Marie-Claire Gazeau,® Jean-Claude Guillemin, €2 ¢ Majdi Hochlaf, () *©
Mohammad Esmal Alikhani®® and Emilie-Laure Zins (=) *?

Propynal (HCCCHO) is a complex organic compound (COM) of astrochemical and astrobiological
interest. We present a combined theoretical and experimental investigation on the single photon
ionization of gas-phase propynal, in the 10 to 15.75 eV energy range. Fragmentation pathways of the
resulting cation were investigated both theoretically and experimentally. The adiabatic ionization energy
(AIE) has been measured to be AlE,, = 10.715 + 0.005 eV using tunable VUV synchrotron radiation
coupled with a double imaging photoelectron photoion coincidence (i?PEPICO) spectrometer. In the
energy range under study, three fragments formed by dissociative photoionization were identified
experimentally: HCzO", HCO* and C,H,", and their respective appearance energies (AE) were found to
be AE = 11.26 £+ 0.03, 13.4 £ 0.3 and 11.15 + 0.03 eV, respectively. Using explicitly correlated coupled
cluster calculations and after inclusion of the zero point vibrational energy, core-valence and scalar
relativistic effects, the AIE is calculated to be AlE.,. = 10.717 €V, in excellent agreement with the experimental
finding. The appearance energies of the fragments were calculated using a similar methodological
approach. To further interpret the observed vibrational structure, anharmonic frequencies were calculated
for the fundamental electronic state of the propynal cation. Moreover, MRCI calculations were carried
out to understand the population of excited states of the cationic species. This combined experimental
and theoretical study will help to understand the presence and chemical evolution of propynal in the
external parts of interstellar clouds where it has been observed.

scientifically the numerous radio telescopes measurements,
supporting laboratory studies must be performed. They should

With the latest telescopes such as the Atacama Large Millimeter
Array (ALMA), the Northern Extended Millimeter Array (NOEMA),
the Green Bank Telescope (GBT) and others, we are witnessing an
unprecedented acceleration of our knowledge of the chemistry
of the interstellar medium (ISM). More than 205 molecules, up
to 13 atoms large, are observed today. In order to fully interpret
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cover a wide range of chemical reactions and processes that may
occur under interstellar conditions. In this context, databases
and chemical networks dedicated to the study of interstellar
physical chemistry, such as KIDA," play an important role since
they deepen our understanding of the chemical processes that
occur in the ISM.

Propynal (H,C;0), the object of our study, is a small organic
molecule containing three of the four atoms essential to life as
we know it on Earth. It was identified in the ISM, as early as
1988 in the TMC-1 molecular cloud.> Shortly after, Adams et al.’
have proposed that the H,C;0" ion could be formed by radiative
association reactions involving smaller hydrocarbon ions and
carbon monoxide. Later, propynal was also detected in Sagittarius
B2(N).*” The most recent radioastronomical study led to the
identification of propynal in different molecular clouds: TMC-1,
B1-b, 1483, Lupus-14, 1.1495B, L1521F and Serpens South 1a.° More
than a decade of laboratory astrochemistry studies on interstellar ice
analogues permitted to propose formation mechanisms for many
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molecules in the ISM. Indeed, the formation of propynal, alongside
with its isomer cyclopropenone, has been observed in the laboratory
upon irradiation of CO/C,H, ices with high energy electrons at
10 K.” On the other hand, gas phase reactions such as elementary
photoreactions and bimolecular reactions can involve molecules
after they have desorbed from ices or grains. The importance of
chemical processes occurring directly in the gas phase has
recently been highlighted by Loison et al.® With the help of
the nautilus chemical code® in combination with observations in
several interstellar objects, these authors concluded that the inter-
stellar abundances of the three members of the H,C;O isomer
family (propynal, cyclopropenone and propadienone) are controlled
by gas phase kinetics. We finally note that the presence of propynal
in comet P/Halley has also been suggested.” According to this study,
its gas phase photolysis yields C3;, CO and C,H, all observed in situ
by the VEGA space probe during its flyby in 1986.

Following the first experimental photoelectron spectrum of
Carlier et al. in 1979,'° several theoretical studies have focused
on the reactivity of neutral propynal, its photoionization and
photodissociation.'*™* In 1991, Opitz carried out a multiphoton
ionization study of the fragmentation of propynal using laser
radiation at A = 193 and 248 nm."* To our knowledge, this is the
only experimental study of the photoionization of propynal. Opitz
observed the formation of HC;0" (m/z = 53), CO" (m/z = 28), C,H,"
(m/z = 26) and C," (m/z = 24) cationic fragments. In 2009, a
theoretical study was published by Holmes et al.'® It focused on
the formation and ionization energies of a representative panel of
isomers of the empirical formulae C;H,0O and C,H,O. Fully
relevant for astrochemistry, this study allows the prediction of
the ionization thresholds of neutral isomers potentially present
in the ISM.

Propynal formed in interstellar clouds or in the vicinity of
comets can easily undergo gas phase photoionization. By sub-
sequent dissociation of the parent cation, radical cations of high
reactivity can be produced and in turn influence the ongoing
chemistry. The study of the photoionization of astrochemical
molecules in the VUV spectral domain is particularly relevant,
since the edges of molecular clouds are subject to intense VUV
radiation. These photons have energies between 6.0 and 13.6 eV.
More energetic photons are absorbed by atomic hydrogen.'®
Energetic particles and electrons can also induce dissociative
ionization processes. It is therefore highly relevant to study the
photoionization of propynal from its adiabatic ionization energy
(AIE) up to 15.75 eV in order to provide accurate data for realistic
modeling of the chemistry of interstellar clouds, and in particular
the processes of photoionization and photodissociation as well as
the identification of the fragments formed as a function of energy
and of their appearance energies (AESs).

2. Methods

2.1 Experimental methods

The experiments were carried out at the undulator-based DESIRS
beamline of the French synchrotron facility SOLEIL" in connection
with its 6.65 m normal incidence monochromator and a double
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imaging photoelectron photoion coincidence (i*PEPICO) spectro-
meter DELICIOUS3."® This spectrometer allows for full momentum
detection of the ions and velocity map imaging (VMI) of the
electrons at the same time, but in exactly opposite directions. Ions
and electrons were detected in coincidence and their collection is
perpendicular to (i) the molecular beam inlet and (ii) the VUV light
propagation direction (all 90° setup). More details on this set-up and
the experimental operating conditions can be found in ref. 18. For
our measurements, we used the 200 lines per mm grating of the
monochromator with entrance/exit slit widths of typically 100 pm/
100 pum yielding a spectral resolution (photons) of 0.72 A (about
6 meV at 10 eV). (T)PEPICO spectra were normalized by the
photon flux measured by a photodiode (AXUV, IRD) placed after
the photoionization region. For better spectral purity of the
beamline, we used a gas filter that is filled with 0.25 mbar of Ar.
This allows for effective suppression of either higher energy
stray light of the electron storage ring or higher order radiation
from the undulator. The presence of Ar absorption lines in the
spectrum arising from this filter furthermore allows for calibration
of the energy scale to an absolute accuracy of about 1 meV.
Propynal has been synthesized as reported in ref. 19. A
degassed sample can be kept for months at 7= —30 °C in a
cell under vacuum. The compound is sufficiently stable at room
temperature for measurements with DELICIOUS3.

2.2 Theoretical methods

The main aim of the present computational study is to provide
an interpretation of the experimental results. These theoretical
investigations include geometry optimizations, the determination
of the ionization energy as well as the vibrational frequencies of
neutral and ionic propynals. The fragmentations of the propynal
cation were also theoretically investigated. All the calculations were
carried out with the Gaussian09-Revision E** and MOLPRO>'
suites of programs. All calculations were carried out in the C;
point group. Theoretical calculations on the electronic excited
states of the propynal cation were also carried out, after molecular
orbital (MO) characterization.

Recently, it has been shown that AIEs may be obtained using
the explicitly correlated coupled clusters ((R)CCSD (T)-F12)
method after the inclusion of core-valence (CV), scalar relativistic
(SR) and zero point energy (ZPE) corrections.”>** Geometry optimi-
zations were first done using the (R)CCSD(T)-F12 method>* " where
the atoms were described using the aug-cc-pVIZ basis sets.”® The
CV effects are deduced as the difference between electronic energies
with only valence electrons correlated and that with both core
and valence electrons correlated at the (R)CCSD(T)/cc-pwCVTZ

level*®

of theory. The core electrons are the 1s electrons of
carbon and oxygen atoms. As an example, the calculation of the
ACV contribution for the formation of the A" + B° fragments is

given in eqn (1):
ACV = [Efy + Efu — Erai™] — [Epd + Efc — Er™] (1)
The SR energetic contributions are calculated as the difference

between electronic energies at the (R)CCSD(T)/cc-pVTZ*° level
without using the spin-free, one electron Douglas-Kroll-Hess
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(DKH)*"** Hamiltonian and at the (R)CCSD(T)/cc-pVTZ-DK**
level with the DKH Hamiltonian. eqn (2) gives an example of
the calculation of the ASR correction for the formation of the
A" + B° fragments:

A B° Neutral
ASR = [E(R+)CCSD(T)+DKH + ERyccsD(T)+DKH ~ E(Re)uC“éiSD(T)JrDKH]

A B° Neutral
- [E(R+)CCSD<T> + ER)cespir) — E(]f)%gsnm}

2)

The zero-point vibrational energy correction (ZPE) and
anharmonic frequencies were obtained at the PBEO level with
aug-cc-pVTZ basis.*®?%?*

Afterwards, theoretical AIEs and AEs were evaluated using
the following formula (eqn (3)):

E = AEgjcosp(ryri2 + ACV + ASR + AZPE (3)

where E stands for AIE or AE and A Eg)ccsp(r)r12 corresponds to
the energy difference between the neutral and corresponding
cationic species as evaluated at their equilibrium geometries
using the (R)CCSD(T)-12 approach.

The excited electronic states of the propynal cation have
been also investigated using the MOLPRO suite of programs, in
the Cs point group. We have used the state-averaged complete
active space self-consistent field CASSCF***® method followed
by the internally contracted multireference configuration inter-
action method (MRCI).>’*° The CASSCF active space was con-
structed from the HOMO—4 to the LUMO+3 molecular orbitals,
where we requested four *A’ and four *A” states. At the MRCI,
all configurations with coefficients larger than 0.05 in the CI
expansion of the CASSCF wavefunctions were used as a reference.
This results into more 12.5 x 10° uncontracted configuration state
functions to be treated per C; symmetry. Again, four *A’ and
four ?A” states were requested. We also performed electronic
excited states of some fragments when needed using a similar
methodology.

3. Results and discussion

We present a combined theoretical and experimental investigation
on the single photon ionization of the propynal molecule in the
gas-phase, in the 10 to 15.75 eV energy range. Calculations were
carried out in order to assign the observed ionization and frag-
mentation thresholds. To this end, a calibrated method of theory
was applied. Further calculations were performed with the aim to
elucidate the structure of fragment ions experimentally observed.

3.1 The photoionization mass spectrum

The time-of-flight mass spectrum obtained with a photon
energy of hv = 15 eV is presented in Fig. 1. Four ions were
identified: the parent ion C;H,0" (m/z 54), the fragment ion
corresponding to the loss of atomic hydrogen HC;0" (m/z 53),
HCO" (m/z 29), and C,H," (m/z 26) and their **C isotopologues.
As can be seen from Fig. 1, HC;0" and C,H," are very intense
ions and can be considered as the two main cationic fragments
formed by dissociative photoionization of propynal in the energy
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Fig. 1 Time-of-flight mass spectrum of propynal photoionized at hv = 15 eV.

regime under study here. HCO', in contrast, is very low in
intensity and can only be seen in the mass spectrum when
zooming in the baseline (not shown). We note the absence of
the CO" ion (m/z 28) that was observed earlier by Opitz in the
multi-photon regime, at A = 193 nm."* Note that in ref. 14 CO" is
only seen at photoexcitation at 4 = 193 nm and laser intensities
above P =5 x 10" W cm™ . At such intensities, population of
higher excited states well above 15 eV cannot be avoided. Thus,
we suggest that in their work, CO" is formed by photodissociation
of higher excited states of propynal, well above the photon energy
regime of our study.

3.2 Ionization and fragmentation thresholds

All experimental and theoretical results concerning ionization
and fragmentation thresholds are summarized in Table 1. The
experimental AIE of propynal is determined from the TPEPICO
spectrum of the ion ground state shown in Fig. 2. It is measured
to be AIEc, = 10.715 % 0.005 eV. This value corresponds to the
median of the 0§ transition from the neutral ground state to the
fundamental state of the cation, indicated by a vertical dotted
line in Fig. 2. Our AIE measurement is in good accordance with
the electron impact (EI) ionization measurement of ref. 14
(10.62 £ 0.15 eV), but more accurate by a factor of 30. It is also
in good accordance with values deduced from the early photo-
electron spectroscopic measurements (10.70 + 0.01 eV'® and
10.8 eV*%). In the work presented in ref. 40, no error bars are
given for the AIE but it is probably less precise than the AIE
from ref. 10. A most recent theoretical determination, at the
Gaussian-4 (G4) level of theory, is given in ref. 41 to be AIE ;. =
10.71 eV. The observed vibronic progression in the ground
state TPEPICO spectrum shown in Fig. 2 will be analysed in
paragraph 3.4.

In the present work, the AIE value is calculated AIE.,. =
10.717 eV at the (R)CCSD(T)-F12 level, including ACV (+0.00037 eV),
ASR (—0.0000055 eV) and AZPE (—0.001854 eV) corrections. Our
value is in excellent agreement with our experimental finding since
it falls into the precision interval (£0.005 eV) of the experimental
AIE. In addition, our calculated AIE is more accurate than the
most recent calculation from ref. 41. This is in line with recent
determinations of AIEs of medium-sized molecular systems
using similar experimental and theoretical approaches,>>**#™>

Phys. Chem. Chem. Phys., 2019, 21, 14053-14062 | 14055
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Table 1 Calculated and measured adiabatic ionization energies (AIEs) of propynal and the appearance energies (AEs) of the different fragmentation pathways of the resulting cation (in bold, in eV).
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Fig. 2 TPEPICO spectrum of the propynal parent ion (m/z 54). The
experimental adiabatic ionization energy (AIE) is taken as the median of
the 09 band (indicated by a bar and a vertical dotted line). The observed
vibrational structure is discussed in paragraph 3.4.

In order to investigate the dissociative ionization processes,
we present in Fig. 3 the threshold of formation regions of the
three observed fragment cations in the experiments: m/z 53
(Fig. 3a), m/z 26 (Fig. 3b) and m/z 29 (Fig. 3c). In order to
determine the respective AEs, we insert a blue line indicating
the noise level (false coincidences) of the baseline. The experi-
mental AEs are set at the energy where the mass signal exceeds
the noise level. The values determined in this manner are listed
in Table 1. The case of m/z 53 is special since it shows that the
baseline increases slightly with energy. This is because the m/z
53 signal is contaminated, to some minor extent, by the
neighboring strong m/z 54 signal of the parent ion. The latter
increases in the energy regime of Fig. 3a. We consider that this
small contamination is insignificant for the AE determination
of m/z 53. In Fig. 3a-c, we have added black horizontal bars in
the threshold region in order to indicate the error that is
estimated from this graphical AE determination (+0.03 eV for
m/z 53 and m/z 26). The intensity of the ion signal m/z 29 is
much lower than compared to the principal fragment ions m/z
53, 26. Furthermore, the m/z 29 ion formation onset is very
smooth. This is why the AE of this cation can only be deter-
mined with much less precision (£0.3 eV).

In order to understand the dissociative photoionization in
more detail, different fragmentation pathways were considered
in the quantum-chemical calculations. They are presented in
Fig. 4. The respective calculated AEs are summarized in Table 1.
For m/z 53, corresponding to the H loss reaction, two isomeric
ions can potentially be formed depending on which of the two
hydrogen atoms is ejected during the fragmentation. The loss
of a hydrogen atom on the aldehyde side is energetically much
more favorable than the loss of H on the alkyne side, by 5.581 eV
according to our calculations (¢f. Table 1). In this context, we
present the optimized structures of the two considered C;HO"
ions in Fig. 5. We note that the experimental AE of the ion m/z
53 (11.26 + 0.03 eV) is in excellent agreement with the theoretically
calculated energy of formation of the HCCCO'(X'Z") + H fragments
(11.225 eV). The latter is only 5 meV below the experimental finding.
We can therefore unambiguously assign m/z 53 to the linear

This journal is © the Owner Societies 2019
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Fig. 3 PEPICO spectra of the three observed propynal fragments formed by dissociative photoionization. (a) m/z 53 (b) m/z 26 and (c) m/z 29. Solid blue
lines are inserted to indicate the base line level. Appearance energies were set to the energy where the mass signal exceeds the noise level of the
baseline. Horizontal bars are inserted to indicate the estimated error of the deduced AE.
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Fig. 5 Optimized structures of two isomers of CsHO™ and of C,H,™ ions,

ionization value from ref. 14 (11.38 & 0.015 €V) is certainly too
high, most probably because of the lower sensitivity of the used
mass spectrometer which can be due to (i) a lower number of
ions formed in the source or (ii) a poor transmission efficiency
of the mass analyzer. Time-of-flight mass analyzers, such as the

at the (RICCSD(T)-F12 level using the using the aug-cc-pVTZ basis set. one used in our work, are known for their excellent ion

transmission efficiency close to 100% independent of mass. It
is well known that lower ion detection sensitivity yields in

HCCCO" + H fragmentation channel (i.e. H abstraction on general relatively higher AEs of cations formed by dissociative
the aldehyde side). We note that the earlier electron impact photoionization since reaction rates increase smoothly in the
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threshold region. It is furthermore well known that, in general,
the determination of AEs by electron impact experiments is
difficult. It is thus not surprising that the EI appearance energy
of ref. 14 is also less precise, by a factor of 5, compared to our
measurements.

The experimental AE of m/z 26 (11.15 + 0.03 eV) is also in
excellent agreement with the calculated AE value for the
HCCC(O)H — HCCH' + CO fragmentation channel (¢f. Fig. 5
for the optimized structure of HCCH'). The calculated AE falls
inside the precision interval of the experimental AE determination
for this cation. In the calculations, we also considered the
formation of a vinyl type H,CC" cation potentially to be formed.
This fragmentation channel is, however, off by +1.785 eV
according to the calculations (¢f. Table 1). We can therefore
unambiguously assign m/z 26 to an acetylene type cation. The EI
ionization value from ref. 14 (11.49 + 0.15 €V) can again be
considered as too high, for the same reasons as outlined above.

The experimental AE of m/z 29 (HCO'") is found at 13.4 £ 0.3 eV.
Considering the relatively large experimental error, this is in good
agreement with the calculations which yield AE.y. = 13.021 eV
considering the HCCC(O)H — HCO'(X 'Z%) + HC,(X *Z") channel.
The AE of a CO" fragment (m/z 28) is calculated to be AE.q =
13.80 eV. As noted above, this ion is however not observed in our
measurements. The non-observation of a HCCC(O)H — HCCH +
CO" fragmentation channel is not surprising since it corre-
sponds to the charge switch reaction of HCCC(O)H — HCCH' +
CO yielding one of the two main fragments and being much
lower in energy, by 2.68 €V, according to our calculations. The
HCCC(O)H — HCCH + CO" channel must therefore be of very
low yield, if at all present. We finally note that this behavior is in
full agreement with Stevenson’s rule known from mass spectro-
metry textbooks. The AE from ref. 14 (12.6 £+ 0.2 eV), determined
with EI ionization mass spectrometry, must therefore be erroneous.
Note that in the same paper the presented EI mass spectrum of
propynal does not exhibit a CO" signal. The CO" ion is only observed
with intense, pulsed UV laser radiation of P > 5 x 10’ W cm™ 2 as
discussed above.

In the calculations, we also considered the HCCC(O)H —
C,'("Zy) + HCO(X 'A;) and HCCC(O)H — HC,'(X 'E") and HCO(X
2A1) fragmentation channels. Their AEs are calculated to be AE . =
17.8667 eV and AE.,. = 19.104 eV, respectively. They both lie
outside the energy range of our experiments and accordingly C,"
and HC," ions are not observed in the mass spectra we recorded.

3.3 Excited states of the propynal cation

In addition to the appearance energies of the parent and
fragment cations that have been analysed above, the PEPICO
spectra of m/z 54, 53 and 26 exhibit particular structures as can
be seen in Fig. 6. First we note that the narrow lines, with
decreasing intensity, that are seen in this spectrum, are artefacts
that shall not be considered in the discussion. The feature at hv =
11.834 eV is an absorption line of Ar present in the gas filter of
the beamline. It is used for energy calibration. The observed lines
above 14 eV correspond to positions of the narrow autoionization
features of molecular oxygen, present in the residual gas in the
spectrometer chamber. They have high photoionization cross
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Fig. 6 PEPICO spectra of the propynal parent ion m/z 54 (black line) and
the two observed main fragments: m/z 53 (red line) and m/z 26 (blue line)
formed by dissociative ionization energy in the 10.4-15.75 eV energy range.
Narrow features in the spectra are artefacts (see the text for details). Bars indicate
the results from MRCI calculations of the excited states of propynal (cf. Table 3).

section and by consequence, the appearance of an intense O,"
mass peak reduces the count rate of all other ions.

The PEPICO spectrum shown in Fig. 6 includes all hot
electrons produced in the photoionization events since ion
source extraction voltages have been chosen such that all
electrons are detected by the position sensitive detector of
DELICIOUS 3. The sum of the signals thus gives a total ion
yield (TTY) spectrum that is proportional to the photoionization
cross section of the molecule (not shown). The fractions of the
m/z 53 and 26 signals represent the branching ratios of the
respective fragmentation channels following the photoioniza-
tion. Calibration of the TIY spectra to absolute photoionization
cross sections is important for astrophysical modeling applica-
tions. This will be done in future work using an appropriate
calibration gas as has been achieved earlier by some of us (see
for example. ref. 46). We note that mixing the sample with a
calibration gas, at a well-known partial pressure, is difficult
with fragile molecules such as propynal.

The observed broad bands in the PEPICO spectrum will be
analyzed in the following. In this context, we also present the
TPEPICO spectra of the three major ions in Fig. 7. This
experimental spectrum consists of two parts recorded sepa-
rately (AIE up to 13 eV and 13 eV to 15.75 eV). The intensity of
the higher energy part has been multiplied with a factor of 5 in
order to better visualize the observed structure. In total, four
large bands are observed in Fig. 7, in accordance with the
earlier photoelectron spectra.'®*® In order to understand their
origin we calculated the energy levels of excited states of the
propynal cation in the energy range of the experiments. In a
first step, an orbital analysis was carried out to identify the
outermost molecular orbitals of neutral propynal (¢f. Table 2).
The highest occupied molecular orbital, HOMO, (12a’) corre-
sponds to the lone pair of the O atom. The lowest unoccupied
molecular orbital, LUMO (3a”), is a n-type anti bounding orbital
spreading over the whole molecule. The HOMO-1 (2a"),
HOMO-2 (11a’) and HOMO-3 (1a") correspond to m-type
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Fig. 7 TPEPICO spectra of the propynal parent ion m/z 54 (black line) and
the two observed main fragments: m/z 53 (red line) and m/z 26 (blue line)
formed by dissociative ionization energy in the 10.4-15.75 eV energy
range. In the energy range E > 13 eV, the original intensity has been
multiplied by a factor of 5. Solid bars indicate the results from MRCI
calculations of the excited states of propynal (same as Fig. 6). Dotted lines
are inserted to guide the eye.

Table 2 Outermost molecular orbitals (MOs) of neutral propynal calcu-
lated using the (R)CCSD(T)-F12 method with the aug-cc-pVTZ basis set

1a” 11a’ 24" 12a’ 3a”

Q0 | o A o

orbital localised on the lone pair of O and of C=C, o-type HCO
orbital and n-bonding orbital, respectively.
The excited electronic states of the propynal cation were

computed using the MRCI method on top of state-averaged
multiconfigurational CASSCF computations. They are computed
at the equilibrium geometry of the propynal® ion (X?A’). The
results from the MRCI calculations are summarized in Table 3,
together with experimentally observed vertical energies from the
TPEPICO spectrum. Table 3 also lists their dominant electron
configurations as quoted at the propynal” ion (X*A") equilibrium.
The MRCI results are also shown in Fig. 7 as bars and vertical
dotted lines are inserted to guide the eye.

In the TPEPICO spectrum, there is a group of three broad
bands between 11.2 and 12.6 eV. They are only seen in the m/z
53 and m/z 26 spectra. We can thus deduce that even at these
energies, the parent ion is formed preferentially in the ground
state. The m/z 26 spectrum shows a first maximum at 11.41 +
0.02 eV, thus 0.69 + 0.02 eV above the ion ground state. This
experimental value compares favorably with the energy of the
1 %A” state found in the calculations at 0.65 eV (cf, Table 3 and
Fig. 7). It is obtained after the removal of one electron from the
(2a”) MO of neutral propynal. We therefore assign the TPEPICO
peak to the vertical transition to the 1 *A” state. The maximum
of the second peak in this part of the spectrum is located at
11.53 £ 0.03 eV, thus 0.81 £ 0.03 eV above the ground state. It is
found in both main fragmentation channels. We assign this
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Table 3 Dominant electron configurations and vertical excitation ener-
gies (AE, eV) of the lowest doublet electronic states of the propynal* ion.
Between parentheses, we give the weight of this configuration in the
corresponding wavefunction

AE

Theory Experiment
State Electron configuration MRCI TPEPICO
XA (0.81) {1a”* 11a’* 22" 122"} 0.00° 0.00°
127" (0.93) {1a"* 11a’* 22" 12a"%} 0.65 0.69 £ 0.02
2°A’ (0.80) {1a”* 11a’" 2a"> 12a’*} 0.76 0.81 + 0.03
2°A" (0.89) {12"* 11a’* 2a"* 12a’%} 3.65 3.74 £ 0.1
3%A" (0.80) {1a”* 112" 2a"* 12a’" 3a"'}  4.06 41401
3%A’ (0.67) {12”* 112" 22"" 122’* 32"}  4.13
4°A" (0.76) {1a”* 112’ 2a"* 12a’" 32"}  4.30
42N (0.58) {1a”* 11a’* 22" 12a’* 32""}  5.82

% Used as reference.

peak to the vertical transition to the 2 ®A’ state of the cation
found in the calculations (¢f. Table 3 and Fig. 7). It is due to the
removal of one electron from the 11a’ MO. It is remarkable that
these two close-lying electronic states obtained with the MRCI
calculations coincide very well with the measurement. They
may well interact by vibronic coupling and hence the mixing of
their respective electronic wave functions. Therefore, we expect
a prominent contribution of predissociation processes and
vibronic interaction. Predissociation seems indeed to predominate
since the population of the two states is only seen in the
fragmentation channels (¢f Fig. 7). Parent ion formation is
not observed from the 1 *A” and 2 A’ states. The vibronic
interactions between the two states probably participate to the
congestion of the bands. The experimentally observed structure
between 11.7 and 12.0 eV, on the descending flank of the TPEPICO
band at 11.53 eV, is therefore difficult to assign to a distinct
vibronic structure and by consequence we do not attempt this.

Between 13.8 and 15.75 eV, additional large bands are observed
in the TPEPICO spectrum of m/z 53 and 26. Also in this region, the
parent ion mj/z 54 is only formed in its ground state since its
TPEPICO signal is zero. The m/z 53 and 26 bands are much weaker
in intensity than the bands corresponding to the ground and the
first two excited states. We can distinguish two bands at most, the
first one peaking at about 14.45 & 0.1 eV and the second at about
14.8 £ 0.1 eV, respectively 3.74 & 0.1 €V and 4.1 £ 0.1 eV above the
ground state. In agreement with our measurements, a high
density of electronic states are found in the calculations since
four excited states are computed between 14.3 and 15.0 eV
(2 2A”; 3 2A"; 3 2A’; 4 ®A") i.e. at 3.65, 4.06, 4.13 and 4.30 above
C3H,O"(X *A"). Thus, they are probably strongly coupled, leading
again to congestion and predissociation, in agreement with
what is observed experimentally.

Finally, we observe a weak large band for m/z 53 (but not in
m/z 26) spectrum expanding from the 13 to 13.8 eV range and
peaking at about 13.4 + 0.1 eV (¢f. Fig. 7). No electronic states of
popynal” are computed in this energy range. From the analysis
of the 3-dimensional photoelectron intensity matrix (PEPICO
counts as a function of photon and electron kinetic energy),
it can also be concluded that autoionization of propynal plays
no role in the whole energy range of our study. We thus

Phys. Chem. Chem. Phys., 2019, 21, 14053-14062 | 14059



Paper

performed MRCI computations of linear HCCCO' (not shown
here) since this band might arise from the population of excited
states of HCCCO". According to these calculations they are,
however, located at >4 eV above the corresponding ground
state. Instead, we suggest strong rearrangements of the preliminary
formed linear HCCCO'" possibly leading to other isomers of this
fragment cation. This remains to be clarified in the future.

3.4 Tentative assignment of the vibrational structure of the
ground state TPEPICO spectrum

The PBEO anharmonic frequencies of the 12 vibrational modes
of the propynal® ion in its electronic ground state are listed
in Table 4. These frequencies are arranged in a descending
order under ¢’ symmetry (for the 9 in-plane vibrations) and a”
symmetry (for the 3 out-of-plane vibrations). The molecular
structures of the neutral propynal and its cation, both shown in
Fig. 8, are very close. Only small changes can be noticed leading
to short vibrational progressions for the propynal® (X *A’) + e~ «
propynal (X "A’) + v transition. This is in line to the removal of
one electron form the unbounding 12a” MO (Table 2) upon
ionization of neutral propynal.

Notably, the HCO bond angle of the aldehyde group changes
from 121.6° to 113.8° and the bond length of the C-C single
bond changes from 1.454 A to 1.391 A. Other geometrical
parameters remain almost constant. Based on these changes,
we can tentatively assign the vibrational structure observed in
the ground state TPEPICO spectrum (¢f. Fig. 2). Correspondingly,
we propose excitation of the C-H rocking mode vibration vs (up
to 3 quanta). Its anharmonic frequency E,;, is calculated to be
E.n = 1129 em ™', In parallel, we propose that excitation of the
C-H wagging mode vibration ve (Esn = 996 cm ™ '; up to
3 quanta) takes place as well. The change in the HCO bond
angle leads very likely to the excitation of the C—O stretching
mode v, (Ean = 1527 cm ™5 up to 2 quanta) and a CCO in-plane
bending mode vg that is potentially excited with up to 8 quanta
(Ean = 417 em™"). In Fig. 2, one can also recognize that the
0g band has a slight shoulder on the higher energy side. This
could be due to the excitation of the low frequency mode v,
(Ean = 144 cm™ ") corresponding to a C-C=C in-plane bending
vibration. All these modes are of @’ symmetry and thus the

Table 4 Anharmonic wavenumbers (Eznnarm. cm™) of the fundamental
bands of the CzH,O™ ion in its electronic ground state as computed at the

PBEO/aug-cc-pVDZ level of theory

Mode Symm Eanharm Tentative attribution

121 a 3258 C-H stretch(C = C-H)

Vs a 2742 C-H stretch(H-C—0)

Vs a 2179 C=C stretch

Vg a’ 1527 C—0O stretch

Vs a 1129 C-H rocking

Vs a 996 C-H wagging

vy a 742 C=C-H in-plane bend
Vg a 418 CCO in-plane bend

Vg a 144 CC=C in-plane bend

V1o a’ 875 C(O)H out-of-plane bend
V11 a’ 856 C=C-H out-of-plane bend
Via a’ 256 CC=C out-of-plane bend
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Fig. 8 Optimized geometry of neutral propynal (upper panel) and its cation
(lower panel), at the (RICCSD(T)-F12 level using the the aug-cc-pVTZ basis set.

population of these bands are allowed by single photoionization
rules. Therefore, the TPEPICO spectrum of Fig. 2 is fully assigned
by the consideration of these four vibrational progressions.

4. Conclusions

We studied the single photon ionization and dissociative
photoionization of propynal from its AIE up to 15.75 eV both
experimentally and theoretically. Experiments have been carried
out using the DELICIOUS3 spectrometer in connection with the
DESIRS beamline at SOLEIL. Mass spectra, PEPICO and TPE-
PICO spectra have been interpreted using a combination of
ab initio and DFT calculations, with a calibrated methodological
approach. This methodological approach relies on powerful com-
putations performed on the ground states of propynal and
propynal’ and on the excited states of the cationic molecule. Herein,
geometry optimizations were carried out at the (R)CCSD(T)-F12/
aVTZ level of theory. Using such a theoretical approach, the
calculation of the Eco as the sum of Egjcosper)riz and the
CV, SR and ZPE corrections gives an AIE of 10.717 eV in excellent
agreement with the experimental value of 10.715 £ 0.005 eV.
The latter value has been obtained from the 09 transition of the
TPEPICO spectrum of the parent ion ground state. It is more
precise, by a factor of 30, than a previously available electron
impact ionization measurement. Fragmentation thresholds
have been theoretically calculated. This allowed the assignment of
experimentally observed masses to the formation of HC;0'(X 'X),
C,H,"(X °II) and HCO'(X 'T*) formed by dissociative photo-
ionization reactions. The calculated appearance energies are
in excellent agreement with the experimentally determined
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formation thresholds of ions at m/z 53, 26 and 29, respectively.
The appearance energies have been measured for the first time
using photoionization. They are more accurate and precise than
previously available values from electron impact ionization. MRCI
calculations suggest the existence of seven ionic excited states in the
energy range of the measurements. This may lead to spectral
congestion and explains the absence of the vibronic structure of
the excited state bands in the observed spectra. The ground state
spectrum of the ion, however, exhibits a well resolved vibrational
structure that has been satisfactorily analyzed taking advantage
of DFT/PBEO calculations of the anharmonic frequencies of the
12 vibrational modes of the propynal cation.

Overall, our ab initio calculations are fully consistent with
the present set of experimental data. From a methodological
point view, our work confirms the good performance of the
(R)CCSD(T)-F12 + ACV + ASR + AZPE composite scheme for the
accurate derivation of the energetics of medium-sized molecules
of interest in astrophysics.*” The validation consists of a direct
comparison between the values of experimental ionization
energies and fragmentation thresholds, and energies calculated
theoretically. Moreover, our calculations allowed for an in depth
interpretation of the experiments. The present results will be useful
to interpret astrophysical observations of the propynal cation in
various objects of the interstellar medium. Photoionization cross
section data (after proper calibration of the total ion yield spectral
measurement in our work) as well as branching ratios of dissociative
photoionization reactions, all as a function of the photon energy,
should be included into astrochemical databases in the future.
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