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We present a combined theoretical and experimental investigation on the single photoionization and
dissociative photoionization of gas-phase methyl ketene (MKE) and its neutral dimer (MKE,). The
performed experiments entail the recording of photoelectron photoion coincidence (PEPICO) spectra
and slow photoelectron spectra (SPES) in the energy regime 8.7-15.5 eV using linearly polarized syn-
chrotron radiation. We observe both dimerization and trimerization of the monomer which brings about
significantly complex and abstruse dissociative ionization patterns. These require the implementation of
theoretical calculations to explore the potential energy surfaces of the monomer and dimer's neutral
and ionized geometries. To this end, explicitly correlated quantum chemical methodologies involving
the coupled cluster with single, double and perturbative triple excitations (R)CCSD(T)-F12 method, are
utilized. An improvement in the adiabatic ionization energy of MKE is presented (AIE = 8.937 + 0.020 eV)

Received 23rd July 2020, as well as appearance energies for multiple fragments formed through dissociative ionization of either

Accepted 26th August 2020 the MKE monomer or dimer. In this regard, the synergy of experiment and theory is crucial to
interpreting the obtained results. We discuss the potential astrochemical implications of this work in the

context of recent advances in the field of astrochemistry and speculate on the potential presence and
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1. Introduction

A key question in astrophysics, astrochemistry, and astrobiology
concerns the origins of molecular complexity in space.'™ At the
time of writing, well over 200 molecules have been detected in
the interstellar medium (ISM); approximately one third of them
being complex organics molecules (COMs) containing six atoms
or more.* COMs have been shown to effectively form upon VUV
photoprocessing of simple interstellar ice analogs®™® but to
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eventual fate of interstellar MKE molecules.

explain their abundance in the gas phase in cold molecular
clouds requires a VUV- (or cosmic ray) driven photodesorption
paradigm to complement thermal desorption.' Ultracold gas
phase reaction kinetics measurements have, however, shown
that chemical kinetics display significantly anti-Arrhenius
kinetics at temperatures approaching that of the interstellar
medium (ISM).”'° The recent detection of cyanobenzene in the
TMC-1 molecular cloud,'* and the assignment of several of the
diffuse interstellar bands (DIBs) to transitions within the Cgo"
Buckyball cation,'* have now challenged our basic notions of
molecular complexity in space and the upper limits to inter-
stellar molecular complexity are quickly extending.

A significant portion of the COMs that have been detected in
space are linear rigid carbon chains. These may include nitrogen
(such as cyanopolyynes'®) and oxygen (such as the HC,O
radical™* and ketene; H,C—=C=0""). A clear understanding of
the VUV photodynamics (including that of photoionization and
photofragmentation) of these species and their derivatives is
crucial for further interpretation of astronomical data and the
modelling of the chemistry of interstellar media.

Methyl ketene (HzC-CH=—C=—O; 1-propen-1l-one), called
MKE in the following, is a carbon chain molecule comprising
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a rigid CCO frame which is of astronomical interest, and whose
VUV laboratory data is scarce.'® Other prior work pertaining to
MKE include eg potential energy surface calculations'’ and
characterization of its infrared bands.'® Recently, Bermudez
et al.'® recorded its mm-wave spectrum in the 50-330 GHz range,
and those spectra were used to search for MKE in various inter-
stellar molecular inventories such as Sagittarius B2 and TMC-1 in
the Taurus Molecular Cloud, but unsuccessfully. Astronomically,
MKE is still expected to play a role as its isomer, propenal
(H,C—=CH-CHO), which is merely 2.8 kJ mol ' more stable than
MKE according to theory," has been tentatively detected in
Sagittarius B2.”° In order to further contextualize this current
non-detection of MKE, particularly in the light of its homolog
ketene (H,C—C=—O0) having been detected in the 1970s,' its VUV
photodynamics are of great relevance.

Further indications of the astronomical relevance of MKE have
been found in laboratory ice chemistry. MKE has been formed in
certain interstellar ice analogues which were inspected in order to
find a potential link to the formation of propylene oxide, the first
chiral molecule to be detected in the ISM.?° A potential paradigm
of MKE’s chemical evolution could involve formation on icy grains
and subsequently undergo further chemical reactions, and/or
thermal, chemical, or photo-induced desorption. The recent
detection of propylene oxide makes a strong case for the
detection of MKE as both species can form in such icy grains.
A problem with the determination of MKE formation in ices is
that the v, fundamental band of MKE overlaps with the infra-
red stretching vibration of CO. Hence, threshold photoelectron
spectroscopy has been suggested as a desirable method to
determine the formation of MKE in ices.*" A similar methodology
has been applied to infer the formation of MKE in the reaction
between the methylidene radical and acetaldehyde using a multi-
plexed photoionization mass spectrometer” but using a previously
recorded photoelectron spectrum of MKE' to identify it as a
product in the reaction.

Here we present a combined experimental and theoretical
study of the photoionization and photofragmentation dynamics of
MKE and its dimer, including their threshold photoionization
spectra. This continues ongoing work of dedicated and synergistic
experimental and theoretical characterizations of astrochemically/
astrobiologically relevant molecules.>*° Our results are discussed
in context of modern advances in experimental astrochemistry and
the potential presence of gaseous MKE in space.

2. Methods

2.1 Experimental

Experiments were performed at the DESIRS VUV beamline at
the SOLEIL synchrotron in Saint-Aubin, France.** Horizontally
polarized radiation in the 8.7-15.5 eV range was generated by
an undulator’® and passed through a gas filter filled with Argon
to suppress higher harmonics from the undulator by four to five
orders of magnitude. The photon beam was dispersed by a 6.65 m
normal incidence monochromator with 200 grooves per mm
grating. The photon flux of the resulting beam was between
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10" and 10" photons per second and was directed into the
beamline endstation where the SAPHIRS chamber is located.**
It contains the DELICIOUS III double-imaging photoion photo-
electron coincidence (i*PEPICO) spectrometer®® in which the
synchrotron radiation was interfaced with a molecular beam
under a right angle. The generated photoelectrons and photoions
are accelerated in opposite directions with a DC electric field of
1000 V. The electron side contains a velocity map imaging spectro-
meter and the ion side a modified Wiley McLaren time-of-flight 3D
momentum imaging spectrometer. This setup allows a PEPICO
scheme to be employed, mass-tagging the recorded electron
images and eliminating any spurious background compounds.

MKE was produced by pyrolysis at 600 °C under 0.1 mbar of
the commercially available propionic anhydride. The by-product
propanoic acid was removed by selective condensation in a first
U-tube immersed in a cold bath at —70 °C while the formed
MKE was trapped in a second U-tube immersed in a 77 K bath.
This trap was then fitted on the spectrometer and allowed to
warm to —120 °C by immersion in a cooled isopentane bath.

It is thus easily vaporized into a He gas stream that flows
through the first gas nozzle inside the differentially pumped
SAPHIRS jet chamber, using a backing pressure of approxi-
mately 500 mbar. This gas flow is then streamed through a
second 50 um pinhole nozzle leading to the ionization chamber.
The applied electric field in the ionization source of DELICIOUS IIT
induces a Stark effect which effectively decreases the ionization
energies of the compounds entering the chamber. The Stark effect
is approximately 23.5 meV and is corrected for in the energy
calibration which uses the signals of ionized background O,.
Intensity calibrations were performed using the recorded flux over
the appropriate energy range which has been measured with an
AXUV100, IRD Si photodiode. Image inversions are performed
with the pBASEX algorithm.**

To obtain the threshold photoelectron spectrum we employed
the slow photoelectron spectroscopic method (SPES) which has
been detailed previously.®® In brief, following the inversion of
mass-tagged images recorded with DELICIOUS III, the ionization
intensities can be plotted in matrix form as a function of the
electron kinetic energy (eKE) and the photon energy. This two-
dimension photoelectron spectral matrix (2D-PES matrix) con-
tains a wealth of spectroscopic information and by investigating
different “cuts” through the matrix, properties such as photon-
dependent electron kinetic energy distributions, partial photo-
ionization cross sections, etc. can be obtained.*® The recorded
2D-PES matrix of MKE (m/z 56) is presented in Fig. S1 in the ESL}

To extract the SPES from the 2D-PES matrix, the pixel intensities
are diagonally integrated along the electron signals from eKE = 0 up
to an arbitrary value, eKE,,,y, carefully chosen to find a compromise
between signal intensity and energy resolution. The total energy
resolution is a convolution of the photon resolution and the electron
bandwidth. Typical energy resolutions are approximately 20 meV for
eKE . ranging between 50 and 100 meV.>”

2.2 Theoretical

We performed the geometry optimizations (opt), in the C; point
group, of neutral and cationic MKE and of its neutral and
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1,°® where the

ionized dimer using the PBEO density functiona
atoms are described by the augmented correlation-consistent
aug-cc-pVTZ (aVTZ) basis sets of Dunning and co-workers.***
Subsequently, we computed the harmonic frequencies to assess
the minimal nature of the optimized stationary point (all
positive frequencies) and on top of that, we deduced their
anharmonic frequencies using the second-order vibrational
perturbation theory (VPT2) approach.*>*? These electronic
structure computations were done using GAUSSIAN 09 Revision
E.*® The standard options as implemented in this suite of
programs were adopted. The GAUSSIAN package was also used
to generate the photoelectron spectrum of MKE via the derivation
of the Franck Condon (FC) factors for the MKE (X) —» MKE" (X)
ionization transition.***> Indeed, the FC analysis was done by
means of the time-independent adiabatic Hessian Franck-
Condon (TI-AH|FC) model.**™*° The stick simulated vibrationally
resolved electronic spectrum was later convolved with a 20 meV
bandwidth Gaussian profile, corresponding to the present experi-
mental resolution.

These density functional theory results were used as starting
points for full re-optimization of the neutral and cationic MKE
and of the cationic fragments using the explicitly correlated
coupled cluster with single, double and perturbative triple excitations
(R)CCSD(T)-F12 method,**™* and implemented in the MOL-
PRO package.’® The atoms were described by the augmented
correlation-consistent cc-pVTZ-F12 basis set.’® Then, single
point (SP) computations were done for the inclusion of core-
valence (CV),”” and scalar relativistic®® effects at the (R)CCSD(T)/
ce-pwCVTZ>® and (R)CCSD(T)/ce-pVTZ-DK,**°*%" respectively,
using the composite scheme detailed in our previous works.””
The accuracy of this composite theoretical approach was esti-
mated to be £10-20 meV.?® For the MKE dimer, the CV and SR
corrections are done on top of the PBEO/aVIZ computations.
Although less accurate than the (R)CCSD(T)-F12 based compo-
site scheme computations, the PBE0/aVTZ//+CV+SR methodology
is accurate enough for the interpretation of the experimental
features measured here.®® Furthermore, it was checked that the
wB97XD functional leads to similar results from a geometrical
and energetical point of view. Tables S1 and S2 (ESI}) allow
comparison between the geometry and energetics obtained using
these two functionals in combination with the aug-cc-pVTZ
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basis set. For the derivation of the adiabatic ionization energies
(AIE) and appearance energies (AE), we refer to our recent
results pertaining to propynal.?” It is worth mentioning that a
barrier could be associated to some of the considered fragmenta-
tions channels. However, the agreement between the experimental
appearance energies and the calculated ones without considering
any barrier suggest that all the considered mechanisms are barrier-
less, concerted mechanisms.

3. Results & discussion

Here, we present the combined experimental and theoretical
results pertaining to the single photon ionization of MKE and
its dimer in the gas-phase from the ionization threshold to
15.5 eV. It is well documented that organic molecules can easily
form clusters in supersonic expansions,® and this is indeed the
case here for MKE. As will be shown, the experiment and theory
complement one another well to shed light on the complica-
tions associated with the effects of dissociative ionization
following the clustering of MKE monomers.

3.1 Time-of-flight mass spectra (TOF-MS)

Time-of-flight mass spectra (TOF-MS) recorded at photon energies
of 12.5 and 15.5 €V are presented in Fig. 1. At 12.5 eV the
monomer, the dimer, and the trimer are clearly visible in
descending order of intensity at m/z 56, m/z 112, and m/z 168,
respectively (Fig. 1a). Larger clusters are not observed. A signal
at m/z 70 is visible as well, corresponding to residual signals of
2-aminoproprionitrile that were used in a prior experiment and
whose results are subject to another publication. A weaker
residual signal at m/z 76 is observed as well but the identity
of its carrier is unclear. It is possible that it is an impurity from
the thermal degradation of propionic anhydride, with the
elemental formula C;0,H, (in which case it could be an isomer
of propanediol) or C,0;H, (in which case it could be 1,2,4-
trioxolane or hydroxyacetic acid).

At 15.5 eV, the dimer and trimer signals are not visible but
several masses lighter than the monomer appear in the TOF-MS
(Fig. 1b). Here, the parent ion is still the most intense mass
peak. The lighter masses include m/z 55 and 54 with low
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Fig.1 Time-of-flight mass spectrum (TOF-MS): (a) of MKE, its dimer, and its trimer, photoionized at hv = 12.5 eV and (b) of MKE and the different

fragments formed by photoionization at hv = 15.5 eV.
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intensity and correspond to the fragment ions resulting from
the loss of atomic and molecular hydrogen to yield C;H;0" and
C;H,0", respectively. Other notable fragment signals include
C,H," (m/z 28), C,H;" (m/z 27), and C,H," (m/z 26). The m/z 57
mass peak corresponds to a mixture of the monomer’s *C
isotopomer and the protonated monomer (to be discussed
below). Finally, background signals are observed due to ionized
residual water (m/z 18) and molecular oxygen (m/z 32) in the
ionization chamber. We note that autoionization bands of O,
were used to calibrate the energy scale of the scan used to
record the SPES between 7.8 and 12.5 eV.

3.2 SPES of the MKE monomer

3.2.1 Ground state. Fig. 2 presents the slow photoelectron
spectrum (SPES) of the parent ion (m/z 56). The SPES includes a
vibrational progression corresponding to the population of the
ground electronic state of MKE. The full assignment of the
ground state vibrational progression is discussed here below.

The adiabatic ionization energy (AIE) of MKE can be measured
from the SPES as the center of the first and most intense band.
Here, we deduce a value of AIE,;, = 8.937 & 0.020 eV. To verify this
value, we also performed a theoretical calculation of AIE at the
(R)CCSD(T)-F12/cc-pVTIZ-F12(opt) (+CV + SR + ZPVE) (SP) level and
obtained a value of AIE.,. = 8.917 eV, in good agreement with the
experiment. Further details of the calculation, notably geometries
of involved neutrals and cations, are presented in Tables S3-S5 of
the ESL{ The calculated AIE of MKE is also in agreement with
prior VUV photoionization experiments by Bock et al. who found a
value of 8.95 eV for the adiabatic ionization energy (no precision is
given in this earlier work).'® In this regard, our measurements
present an improvement in accuracy.

In their electronic ground states, both neutral MKE and its
cation (Fig. 3) belong to the C; symmetry point group. For
neutral MKE, our computed geometry is close to the one
calculated earlier by Bak et al.** Closer inspection of the ionic
and neutral equilibrium geometries reveals a subtle geometrical
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—— FC calculation
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Fig. 2 Experimental (red) and theoretical (black) SPES of the MKE parent
ion (m/z 56). The SPES is obtained by using eKEax = 100 meV when
diagonally projecting the 2D-PES matrix. The experimental adiabatic
ionization energy (AIE) is taken as the median of the 0§ band which is
located at 8.937 eV. The assignment of the vibrational progression is
discussed in the text. The calculated curve has been shifted upwards in
energy by 20 meV to coincide with the experimental results.
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MKE

MKE"

Fig. 3 Main geometrical parameters of the ground of neutral MKE and its
cation. Distances are given in A (right panels) and angles are given in
degrees (left panels). These geometries are computed at the (R)CCSD(T)-
F12/cc-pVTZ-F12 level.

deformation upon ionization, where the C—=0 double bond and
the C-C single bond slightly contract while the C—C double
bond extends. Furthermore, the HCC bond angle of the methyl
group changes from 110.91° to 113.26°. These small changes are
at the origin of the short vibrational progression in the ground
state of MKE'. Therefore, the general appearance of the SPES
spectrum of Fig. 2 can be attributed to the similarities of the
equilibrium geometries of the neutral and cationic forms of
MKE. Indeed, a short vibrational progression is expected upon
ionization of the monomer, in accordance with the FC principle.
The recorded SPES typifies this expectation.

The assignment of the monomer’s SPES is made possible
with quantum chemical calculations. It is guided by the anharmonic
wavenumbers calculated for the MKE" ground state at the PBEO/
aug-cc-pVTZ level of theory. Table 1 presents the anharmonic
wavenumbers of the eighteen normal modes of vibration
arranged in descending order under a’ and a” symmetry species.
The energies of the observed band maxima in our experiment
and comparison with theory are presented in Table 2. Experi-
mental transition energies are also marked by vertical bars in
Fig. 2. Below 10 eV these bands are assigned to the photo-
ionization transitions populating the MKE" ground state vibra-
tional levels.

The first and most intense band is assigned to the transition
of neutral ground state MKE to the ground state of the MKE"
cation. For the lower intensity band at 9.083 €V (e, = 1177.6 cm™ ')
we propose that it corresponds to the C-C stretching mode
between the methyl C-atom and the terminal ketene C-atom.
This value is in excellent agreement with the computed value
(vg"=1159.3 cm ™).

Phys. Chem. Chem. Phys., 2020, 22, 20394-20408 | 20397
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Table 1 Anharmonic wavenumbers (Eannarm, cM ™t and eV) of the funda-
mental bands of the ground state of MKE" as computed at the PBEO/aug-
cc-pVDZ level of theory. We also give their assignment

Vibrational Eanbam

mode Sym. cm™! ev Assignment

vt a' 3181.4 0.394 CH (sp°) stretching

vyt a' 3155.9 0.391 CH (sp’) stretching

vyt a’ 3039.3 0.377 CH (sp®) stretching

vyt a' 2996.6 0.372 CH, sym. stretching

vs a’ 2298.1 0.285 C—O stretching

ve' a' 1470.7 0.182 CH (sp?) in-plane-bending

vy a’ 1376.3 0.171 C-C stretching

vg' a’ 1159.3 0.144 C-C stretching

Vo' a 1097.6 0.136 CH; (sp’) asym. stretching
V10" a’ 856.1 0.106 CH (sp’) bending

vin” a’ 621.6 0.077 C-C—C in-plane-bending

V1" a’ 206.7 0.026 C=—C=O0 in-plane-bending
15" a' 1408.9 0.175 CH (sp®) rocking

Vgt a 1309.8 0.162 CH (sp®) in-plane-bending
Vs a' 931.9 0.116 CH; wagging

Ve a' 667.8 0.083 CH (sp®) out-of-plane-bending
V7 a' 451.4 0.056 C=—C=—0 out-of-plane-bending
Vig' a’ 119.3 0.015 CHj; torsion

Table 2 Tentative assignment of the observed vibrational progression
resolved in the SPES of the monomer in the 8.7-9.5 eV photon energy
range (Fig. 2)

Band Experiment

position [eV]  [em '] Theory [em '] Assignment
8.937 0.0% 0.0% Adiabatic IE, 0
9.083 1177.6 1159.3 vg"

9.214 2234.1 2298.1 vs"

9.360 3411.7 3457.4 v+ s

9.484 4411.8 4616.7/4596.2/4555.0  2vg" + v5'/2vs"/

Vo't g + st

% Used as reference.

We propose that the next band in the SPES (Vey, = 2234.1 cm™)
corresponds to the 5" stretching mode of C=0. The other bands
in the SPES can then be tentatively assigned to combination
modes of these two (vs" + vs') stretching modes. Comparison
between experiment and theory is quite satisfactory (differences
are within 50 cm™") except for the last band observed at 9.484 eV
where it exceeds 200 cm " (or 25 meV). Therefore, we cannot
exclude the possibility of either an overtone of the vs" stretching
mode or a contribution from the vy band (corresponding to the
asymmetric C-H stretching vibration in the methyl group),
resulting in the assignment, i.e. vo" + v + 5.

3.2.2 Dissociative ionization of MKE. Fig. 4 presents the
SPES associated with the formation of two cations, namely
C3H;0" (m/z 55) and C,H, (m/z 28) which start to appear at
around 10 eV. The two fragment ions are also visible in the
15.5 eV TOF-MS presented in Fig. 1b. Both signals are fairly
weak and diffuse. Nevertheless, they allow us to measure
dissociative ionization thresholds of MKE forming these ionic
fragments, which are indicated in Fig. 4.

The m/z 55 SPES corresponds to the loss of an H-atom. From
the theoretical calculations on ionization and fragmentation
thresholds (see Table 3), it can be inferred that the H loss is
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Fig. 4 SPES of two fragments formed by dissociative photoionization of
MKE. The m/z 55 fragment ion is shown in black and corresponds to
H-loss from the parent cation. The m/z 28 fragment ion is shown in red
and corresponds to CO loss from the parent cation. In both the m/z 55 and
m/z 28 SPES we observed respectively two appearance energies, AE_a and
AE_b, for two fragments, a and b, having the same mass. The ranges of the
four AEs are indicated as estimated by the experimental accuracy. See text
for further details.

from the methyl group since the experimental onset at AE_b =
11.00 £ 0.05 eV corresponds fairly well to the calculated value
of AE¢qc = 10.78 eV. In the SPES of m/z 55 there seems to be
some weak structure between 10.2 eV and 11.0 eV, with an
onset energy of approximately 10.2 eV (AE_a). As will be
discussed below, this structure may arise from the dissociation
of the ionized MKE dimer.

The m/z 28 SPES corresponds to the loss of neutral CO, as is
inferred from the quantum chemical calculations (¢f Table 3).
It shows two bands with origins at AE_a = 10.50 £ 0.05 eV and
AE_b =11.70 £ 0.10 eV (see Fig. 4). In this context, there are two
isomers of C,H," ions that can potentially be formed. The
optimized structures of these two considered C,H," ions are
shown in Fig. 5. The two experimental values of the fragment
AEs we deduced from the SPES, AE_a and AE_b, are in excellent
agreement with the theoretically calculated appearance energies
of the two isomers shown in Fig. 5 (AEcy.; = 10.508 eV and
AE a2 = 11.585 €V; ¢f Table 3). We can therefore assign the
observed m/z 28 thresholds to the formation of two different
isomers of C,H," by dissociative photoionization of MKE.

In order to cover the entire dissociative photoionization
potential energy surface of MKE', several other fragmentation
pathways were considered in the quantum-chemical calculations.
They are presented in Fig. 6. The respective calculated AEs
are summarized in Table 3 together with some of the results
of the calculations and the experimental AEs determined in
this work.

Other weaker dissociation channels that may be relevant
include the loss of molecular hydrogen, H,, to form the m/z 54
propadienone isomer (H,C—C=C=0"). While the m/z 54, 27,
and 26 mass signals are too weak to obtain a viable SPES, we
can attain an experimental value of the appearance energy by
using the point where the ion signals exceed the background
signals in their total ion yield curves obtained by accumulating
signal at 15.5 eV (Fig. S2 in the ESIf). This method is less
accurate than using the SPES but is nonetheless an acceptable
form of obtaining approximate fragment appearance energies.>”
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Table 3 Calculated and measured adiabatic ionization energies (AlEs) of MKE and the appearance energies (AEs) of the different fragmentation pathways
of the resulting cation (in eV). The most stable structures which correspond to our experimental results are presented. Details of the computational

results are given in Table S6 in the ESI

Ionization Fragments

Formula C;H4O C;H;0" C;H,0"  C,HO" CH,O" HCO" CH," C,H,"1 co* C,H;" C,H,"
f ‘—c—q’ "/’ gba C 4@ "‘94( w 0 6 6¢ 90 6¢ ;\

Molecular

structures H, CH; C,H, C,H; C,H, H+ CO H, + CO CZHO
¢ “e ;\, -6 H e 60 H + @ +0=@ ‘/

¢

mfz 56 55 54 41

AIE or 8.917 10.780  12.702 14.756 12.763 12.261 10.508 11.585 14.034 13.205 13.154 13.790

AE calc.

AIE or 8937+ 11.00 + 123 4+ 0.1 10.50 £ 11.60 & 13.1 £ 0.1 12,9 + 0.1

AE exptl 0.020 0.05 0.05 0.05

¢
¢ ¢
AE_a=10.508 eV AE_b=11.58 eV

Fig. 5 Optimized structures of two isomers of C,H,4* calculated at the
(R)CCSD(T)-F12/cc-pVTZ-F12 level. Theoretical AEs are indicated. See text
for more details.

For the m/z 54 signal, there is a discrepancy between theory
and experiment which lies in the AE values. Indeed, the
experimental AE value of this fragment from the monomer is
0.4 eV lower than the theoretically derived one. Since the
accuracy of the theoretical methodologies is better than
0.4 eV as established in our previous works, the question is
raised whether the fragment originates from the monomer at all
or whether it originates from dissociative photoionization of the
MKE dimer or higher multimers. This is further detailed below.

For the m/z 27 and m/z 26 fragments, the agreement between
experiment and theory is worth mentioning though these dis-
crepancies are somewhat smaller than that for the m/z 54 signal
(0.1 eV and 0.25 eV, respectively). This could suggest a second
mechanism in play in which these fragments are formed by
dissociative ionization of the dimer or higher multimers. As
with the m/z 54 signal, this is discussed below.

3.3 Slow photoelectron spectrum (SPES) of the MKE dimer

3.3.1 Ground state. At higher m/z values in the 12.5 eV TOF-MS
presented in Fig. 1a, the MKE dimer and trimer (abbreviated
MKE, and MKE;) are observed. Here we present the recorded
SPES of MKE, and discuss its dissociative ionization which
affects the monomer signals at energies above the ground state
as mentioned above.

To further understand the formation and structure of MKE,,
its structure was theoretically optimized at the PBE0/aVTZ level
of theory (see Table S4 of the ESIT). Appearance energies of the

This journal is © the Owner Societies 2020

fragments (C3H,0)-H' (m/z 57) and (C3H50)-H' (m/z 58) are
obtained indicating intramolecular H transfer. Indeed, the
ionization process of the dimer is accompanied by such intra-
molecular isomerization and subsequent unimolecular frag-
mentation processes, as already demonstrated for other organic
dimers.*>®’

Fig. 7 displays the SPES corresponding to the photoionization
of MKE, (m/z 112). The ionization processes remain mainly direct
since the energy of the electron distribution rises correspondingly
to the photon energy. The SPES comprises a single broad band
extending from 8.75 to 9.60 eV where its intensity abruptly drops.
The shape of the SPES curve reveals that the photoionization of
the dimer results in a broad distribution due to unfavorable FC
factors during the (C;H,0), + hv — (C;H,0)," + e~ photoionization
transition. This strongly suggests that the structure of the dimer is
non-covalent in nature. We also note here that possible covalent
dimers (for example 4-ethylidene-3-methyl-2-oxetanone) or other
multimers, eventually present in the sample, would certainly possess
a saturation vapor pressure that is too low at room temperature in
order to be vaporized in our experimental conditions.

To gain a complete understanding of the dimer’s VUV photo-
stability, its dissociative ionization requires the implementation
of theoretical calculations. The optimized equilibrium molecular
structures of the neutral dimer, MKE,, and its cation, MKE,", are
shown in Fig. 8 as computed at the PBEO/aug-cc-pVIZ level. All
bond distances are summarized in Table 4. As can be seen, the
structure of MKE, undergoes a significant geometry change upon
ionization. These changes are at the origin of the unfavorable FC
factors causing the shape of the broad unstructured band in the
dimer’s SPES. This is perfectly consistent with our expectations
from the FC principle.*®

3.3.2 Dissociative photoionization of MKE, - formation of
m/z 58, 57, 55, 54, 27, 26. The abrupt decrease in the SPES
signal of the dimer combined with the optimized geometries of
its neutral and cationic forms are an indication of a dissociative
ionization process. To gain a clearer understanding of the
potential products formed through dissociative ionization
of the MKE dimer, various fragmentation channels, presented
as a scheme in Fig. 9, were quantum-chemically investigated.
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Fig. 6 Dissociative ionziation fragmentation pathways of the MKE cation considered in the quantum-chemical calculations and relative energies
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Fig. 7 The SPES corresponding to MKE; (m/z 112).

(b): (Caﬂao)z+

(a): (C;H40),
Fig. 8 Optimized geometries of MKE; (a) and its cation (b).

Our theoretical and experimental results are presented in
Table 5 where values of the respective AEs together with the

20400 | Phys. Chem. Chem. Phys., 2020, 22, 20394-20408

Table 4 Bond distances defining the equilibrium molecular structure of
MKE, and of its cation in their electronic ground states. These parameters
are computed at the PBEO/aug-cc-pVTZ level of theory. Distances are
presented in A. See Fig. 8 for the numbering of the atoms

(C3H4O)2 ((:31_14())2+

0,-C; 1.162 1.140
Ci-C, 1.307 1.342
C,-Cs 1.502 1.497
C,-H, 1.084 1.087
Cs-H, 1.093 1.091
Cs-H, 1.092 1.094
C,-H, 1.089 1.088
0,-C, 1.162 1.140
C,—Cs 1.306 1.342
Cs-Cs 1.502 1.496
Ce-Hs 1.083 1.086
Cs-Hg 1.093 1.092
Cs-H; 1.090 1.088
Ce-Hg 1.092 1.094
C,-Cs 2.746
0,-H, 2.716
C,-H, 2.926

C,-Hg 3.036

C,-Cs 3.383

AIE of MKE, are tabulated. Further computational details are
given in Table S7 of the ESIL.{

There is a large discrepancy between the measured and the
calculated AIE of MKE, (about 0.9 eV), where the theoretical
value is lower than the experimental one by ~0.9 eV. This
comes from the large changes, at least, on the intermonomer
distances which shrink upon ionization. Consequently, we expect
unfavorable FC factors for population of the low vibrational
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Fig. 9 Fragmentation pathways of the dimer cation MKE," considered for the quantum-chemical calculations.

bands of the dimer cation. Indeed, upon ionization of neutral van
der Waals clusters, the ground state vibrational levels of the ionic
cluster are commonly located outside the FC-region accessible via
direct photoionization of the neutral dimer.®” The Ar," dimer has
been resolved with the SPES method®® but a prerequisite is a clear
trend in the vibrational envelope which we do not observe in MKE,
which precludes an experimental determination of the true AIE.

The calculations on the MKE, fragmentation show that a few
different products can be obtained from dissociative ionization
of the dimer. One product, corresponding formally to the
addition of two H-atoms to the MKE monomer (/z 58) is expected
to form around 9.62 eV. Its elemental formula is C;H¢O" and the
calculated structure is given in Table 5. Another product is m/z 57
and three different isomers corresponding formally to protonated
forms of MKE are expected theoretically at 8.78 eV, 10.11 eV, and
11.47 V. Also m/z 55 can be formed from the dissociative photo-
ionization of MKE,. In the following we discuss the formation of
these three ions.

The SPES associated with m/z 57 and m/z 58 ions are
displayed in Fig. 10. As expected, a slight contribution of the
3C isotopomer signal of the MKE monomer is observed in the
m/z 57 SPES which is presented as a dotted black line in Fig. 10a.
With step sizes of 10 meV in the energy scan, we can safely make

This journal is © the Owner Societies 2020

the assumption that any decipherable isotopic shift due to **C is
minimal and we can use the SPES of the monomer at m/z 56 to
subtract the *>C signal from the total m/z 57 signal, yielding the
filtered signal corresponding to the protonated parent only.
This is presented as a solid red line in Fig. 10a. This filtered
signal still exhibits some weak signals around and below
9.0 eV which may be an indicator of the formation of the m/z
57 isomer predicted with AE = 8.78 eV, namely, the propenoyl
cation (see Table 5).

In the SPES of the m/z 57 ion three bands are observed
peaking at approximately 9.7, 10.6, and 11.9 eV. The calculations
predict cyclopropanol-1-yl to appear at AE = 10.11 eV which agrees
with the SPES since this is the onset of the second broad band
that extends up to approximately 11.35 eV. Furthermore, the
calculations predict the appearance of propanal-2-yl at AE =
11.47 eV, which is also in good agreement with the recorded
SPES since this is the origin of the third broad band observed in
the SPES. The first broad band, occurring between 9.5 eV and
10.0 eV, can be explained by the following considerations: its
onset is unlikely to belong to the propanoyl radical (AE = 8.78 eV),
but we note that the first band in the filtered m/z 57 SPES is quite
similarly shaped as the second one that had been assigned to
the formation of cyclopropanol-1-yl cation above, only less intense.
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Table 5 Calculated and measured AlEs of MKE, and the AEs of the different fragmentation pathways of the resulting cation (in eV). The * labels correspond to fragments that were also reported in
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Fig. 10 SPES of the (a) m/z 57 and (b) m/z 58 fragments formed by
dissociative photoionization of the MKE dimer are presented in red. In
panel (a), the m/z 57 signal which includes both the **C isotopomer signal
of the MKE parent and the protonated MKE parent is displayed with the
dotted black line. See text for details.

It is therefore quite likely that first band peaking at 9.7 eV
corresponds to the same isomeric cation, only originating from a
larger cluster than the dimer. It is quite possible that this band
corresponds to the formation of ionized cyclopropanol-1-yl from
the dissociative ionization of the trimer, whose signal abruptly cuts
off at 9.5 eV (see Fig. S3 in the ESIt). No quantum calculations
were carried out for the trimer, so a computational verification of
this awaits later work.

Fig. 10b presents the SPES of m/z 58. There is a sharp band
peaking at 9.72 + 0.05 eV. With the help of the calculations it can
be assigned nicely to the formation of ionized (E)-1-propenol,
C3;HeO" predicted to appear at AE = 9.62 eV from the dissociative
photoionization of MKE,.

From the optimized structure of the neutral dimer and the
fragments formed by dissociative ionization we can infer a few
potential mechanisms: the optimized geometry of the m/z 58
fragment implies a mechanism akin to H, addition over the
C=O0 double bond. The structure corresponds to ionized (E)-1-
propenol and a likely formation mechanism might involve the
H2 and H4 atoms in Fig. 8a dissociating from C3 in the upper
neutral monomer and form covalent bonds with the O2 and C4
atoms in the monomer below. We suggest this mechanism
because the location of the carbonyl group in the upper mono-
mer is too far apart from the closest-located H-atoms in the
monomer below, to allow for a facile double H-atom addition.

For the three m/z 57 isomers predicted by the calculations we
observe two of them definitively in the recorded SPES. The
strongest feature in the SPES has been assigned to the formation
of the cyclopropanol-1-yl cation. From the optimized geometries
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in Fig. 8a, the likeliest formation mechanism would involve a
ring-closing between C4 and C6 in the lower monomer while the
02 atom abstracts the H2 atom from the upper monomer. The
other m/z 57 isomer we observe in the SPES, namely propanal-2-yl
cation, requires the abstraction of an H-atom by the carbonyl
C-atom. This is most likely easily facilitated in the bottom
monomer of the neutral where the C4 atom abstracts the H4
atom from the upper monomer.

The ion observed at m/z 55 that is formed from the mono-
mer MKE" by H loss reaction (see above) can also be formed by
dissociative photoionization of MKE,. Contrary to the AE
calculation for the MKE + hv — H + C3;H;0" reaction (see
Table 3) in the calculations for the MKE, + hv — C3Hs;0 +
C3;H;0" reaction, two isomers for the neutral fragment C;H;0
have to be considered giving rise to two different AE values, at
9.06 eV and 10.28 eV respectively (see Table 5). As mentioned
above and shown in Fig. 4, there was some weak structure
observed in the SPES of m/z 55, with an experimentally observed
onset found at AE_a = 10.30 £ 0.05 eV. This threshold could not
be explained by dissociative ionization of the MKE monomer.
Our calculations, however, provide us with an explanation of this
spectral feature since AE_a (m/z 55) coincides nicely with the
formation of the ionized propenoyl radical according to MKE, +
hv — C3H;0 + C3H;0", calculated to appear at AE . = 10.28 €V.

Finally, the m/z 54, 27 and 26 experimental appearance
energies match the theoretical values for the dissociative ioni-
zation and subsequent fragmentation of the MKE dimer rather
than the monomer.

3.2.3 Dissociative photoionization of the MKE dimer - m/z
56. Unimolecular dissociation of the MKE dimer cation is also
expected to result in fragments with the same elemental formula
as the monomer, ie. C;H,0O". Indeed, when the entire m/z 56
peak from Fig. 1 was treated, some curious broad unresolved
signals appeared at energies above the ground state, between 10
and 12.5 eV (labelled AE_A and AE_B, respectively in Fig. 11).

View Article Online
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Prior PES measurements show that the first excited state of the
cation does not appear until 13.3 eV.'® Our computations at the
MRCI/aVTZ level verify this as they find that the first excited state
for the MKE" ion is located 4.6 eV above neutral MKE ground
state (see Table S8, ESIt). This means that other ways had to be
found to successfully disentangle the SPES of the MKE parent ion
for photon energies in the 9.5-13.3 eV Franck-Condon gap.

The m/z 56 peak undergoes a significant broadening at
higher energies (see Fig. S4, ESIT) and hence we derived a SPES
analyzing just the center of the mass peak as well as the total mass
peak. The results of this treatment are presented in Fig. 11. We find
that the difference between the two treatments left the broad signals
(AE_A and AE_B) untouched while the SPES of the monomer
ground state was successfully filtered away (¢f black line in the
upper panel of Fig. 11). The same treatment was applied to the total
ion yield (TTY) of the m/z 56 signal to obtain the TIY curves of MKE
individually and the other C;H,O fragments (Fig. S5, ESIT).

To assign the broad bands of the difference spectrum we
performed additional quantum calculations to account for the
dissociation of the dimer back into other isomers of C;H,O". The
results of these calculations are presented in Table S5 (ESIT). The
calculations predict AEs of two isomers, namely the ionized
CH,CH,CO biradical, at AE = 10.20 eV, and ionized hydroxypropa-
diene (CH,—C—CHOH), at AE = 11.41 eV. The appearance energies
calculated for the formation of these two C;H,O" isomers coincide
very well with the origin of the broad bands of the difference
spectrum presented in Fig. 11, at approximately 10.20 eV and
11.35 eV. Again, the calculations complement the experiment very
well to account for the broad signals observed in the m/z 56 SPES.

4. Astrochemical implications

The simplest molecule to contain a CCO frame, namely ketene,
was detected in Sgr B2 with the NRAO 11-m telescope in a dense
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Fig. 11 Lower panel: SPES of the entire m/z 56 mass peak (cf. Fig. 1a; blue line). Upper panel: SPES of the center of the m/z 56 mass peak (red line).
Difference spectrum of both treatments (black line). For further explanations, see text. The pattern observed in the lower pattern could correspond to the
formation of isomers of the parent ions from the noncovalent dimer (see Table 5). Two onsets (AE_A and AE_B) are indicated. For further explanations,

see text.
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region within the Sgr B2 cloud but with relatively low column
densities, i.e. around 10'* cm™2'® Ketene is the most stable
molecular form of C,H,0 isomers and the only such isomer to
have been detected in the interstellar medium.®® In terms
of such thermochemistry considerations, recent results may
provide some insight which is complemented here by our
results. Indeed, our results may hold some significant astro-
chemical implications regarding the potential presence and
fate of MKE in the ISM.

As mentioned in the introduction, MKE’s isomer propenal
has been detected in Sagittarius B2 and TMC-1 along with
propanal (C3Hg0).”° In the case of propenal, the observations
implied a very low temperature (a few K) which precluded an
estimate for column densities. Later observations of propenal
in the galactic center, however, found abundances around 10~°
with respect to H,.”*

The most stable form of propenal is 2.8 k] mol ™" more stable
than MKE and based on this reasoning, MKE was a viable
candidate for detection in space.'® However, MKE could not be
definitely detected in various interstellar regions, but upper
limits to its column densities were obtained for dark clouds in
different evolutionary stages such as high-mass star-forming
regions or cold dark clouds. The largest value of the upper limit
of MKE abundance was found in Sgr B2 where values of
(100 4 50) x 10" cm > were inferred. This upper limit is two orders
of magnitude larger than the column density of ketene in Sgr B2.

This line of thinking, i.e. letting thermodynamic principles
guide the search for interstellar molecules has had some
successful precedence recently with C;H,O structural isomers,
however.”” Thermodynamically, the most stable form of C;H,0
is found to be propadienone (CH,CCO - also including the
same CCO frame as MKE) but it has continued to elude
observations.”>”* By utilizing quantum chemical calculations
it was found that its reaction with a H-atom is barrierless and
thus it is now predicted that propadienone undergoes subsequent
H-atom additions on grain surfaces to give rise to propenal.””
whose presence in Sgr B2 is well established.

In comparison with the non-detection of MKE, it is possible
that if H-atom addition to MKE is barrierless as well, then this
could be a contributing factor for why MKE has eluded detection
so far. Thus prior to desorption from the grain mantle, MKE may
react without barriers with two H atoms to form a C;HgO isomer -
either propanal or 1-propenol (CH;CHCHOH). 1-Propenol exists in
two different conformers, namely (E)- and (Z)-1-propenol, neither of
which has been detected in space, while the presence of propanal,
however, is well documented in Sgr B2.”® For absolute confirmation,
this awaits future work.

Our results, however, give way to another potential scenario
for why MKE has eluded detection so far. The ionization energy
of MKE is below the Lyman-o limit and hence it is possible that
ionization by interstellar VUV radiation depletes the column
densities of neutral MKE molecules in these molecular clouds
to an extent that they are too small for a definitive detection.
We find that the lowest threshold for dissociative ionization is
10.5 eV which gives rise to C,H," and CO fragments. However,
this fragmentation channel does not seem to be very intense
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and other fragmentation channels (e.g. H-loss) could only be
reached at higher photon energies. Above 12 eV a wealth of
smaller organics can be formed; many of which have already
been detected in molecular clouds, but for that reason, their
detections cannot be used as any kinds of benchmarks to infer
the presence of MKE.

In summary, we present two potentially contributing scenarios
for why MKE has not been successfully detected in the ISM. (i) It
is hydrogenated prior to desorption and accounting for an
increase in the abundance of either propanal or the potential
existence of interstellar 1-propenol. Alternatively, (ii) it is ionized
by cosmic ray induced photons to such an extent that its (perhaps
already small) abundance is further depleted.

Regarding the potential dust-grain formation of MKE, it is
widely regarded that formation of COMs in Sgr B2 mostly takes
place on dust grains and that two-body gas phase reactions are
of limited importance.”® MKE has already been detected as the
product of ice mixtures such as C3Hs and CO, which have
undergone VUV irradiation to induce ice chemistry®® but definitive
formation mechanisms still remain elusive. If solid-state MKE
formation is sufficiently efficient on dust grains in Sgr B2 (or other
interstellar regions), then one remaining question is whether its
desorption mechanism is efficient.

In the laboratory ice study where the formation of MKE was
tentatively observed, Hudson et al*® based their assignments on
prior experience with ketene formation in similar ice experiments.”®
Therein, a weak IR feature at 2113 cm™ " was observed to stay in the
spectra upon heating the ices up to 150 K. With the spectral feature
remaining during this warm-up phase might indicate that MKE may
not desorb as efficiently from interstellar ices than other organic
species in star-forming regions such as Sgr B2.

The question then remains whether the formation yields are
high enough that photodesorption of interstellar ice grains
containing MKE is sufficient to seed interstellar space with
enough MKE for a positive detection. In any case, an active
search for the MKE" cation, which is reasonably stable according
to our study, and the (E)- and (Z)-isomers of 1-propenol, could
be a worthwhile future mission to further understand the
interstellar chemistry of C;H,O isomers.

5. Conclusions

In this work, we studied the single-photon ionization of gas-
phase MKE and its dimer by means of VUV synchrotron radiation
from 8.7 up to 15.5 €V. In terms of the recorded SPES of MKE, our
results here present a significant improvement from previous
photoelectron spectra of MKE'® and can be used for purposes of
isomeric disentanglement of the products of interstellar ice
analogs.>® Furthermore, the FC calculated spectrum of MKE
reproduced the recorded SPES very well. Measured ionization
and dissociative ionization thresholds have been theoretically
reproduced using CCSD(T)-F12/cc-pVIZ-F12 calculations in
combination with the CV, SR and ZPE corrections, as suggested
in the literature. This methodology has been used earlier with
some significant success in recent years.”>>* This allowed the
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assignment of experimentally observed masses to the formation
of several products of dissociative photoionization of the MKE
monomer and dimer. Moreover, we show that photoionization of
the van-der Waals dimer MKE, gives rise to intramolecular
isomerization, H transfer and subsequent unimolecular frag-
mentation processes, as evidenced by the SPES of fragments
corresponding to the addition of one and two H-atoms to the
MKE monomer preceding dissociation of dimer. More specifically,
the non-covalent character of the dimer is confirmed as its
contribution to the formation of MKE fragments could not be
explained by solely investigating the dissociative ionization of the
monomer. This was demonstrated by theoretical calculations and
was key in unravelling the fragmentation patterns observed in our
experiment.

In summary, our work showcases the synergy of theoretical
and experimental work required to elucidate the photo-induced
behavior of MKE and particularly the complications wrought by
the dissociative ionization of its dimer. The measured mass
spectra, SPES and appearance energies of the products were
interpreted with the help of ab initio and DFT quantum chemical
calculations which highlight the important role theory can play
when interpreting experimental data.

Finally, we discuss the potential formation and eventual
fates of neutral and ionized MKE in interstellar media and
provide suggestions for future molecular targets of observation
campaigns to gain a deeper understanding of the chemistry of
C;H,0 isomers in space.
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