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Abstract

We present a combined theoretical and experimental investigation on the single photoionization
and unimolecular photodissociation 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 synchrotron 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) as well as appearance energies for multiple fragments formed
through dissociative ionization of either 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 context of recent advances in the field of
astrochemistry and speculate on the potential presence and eventual fate of interstellar MKE
molecules.
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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®-8 but to 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).19 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 Cgy*
Buckyball cation,!> have now challenged our basic notions of molecular complexity in space
and the upper limits to interstellar 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 (H;C-CH=C=O; 1-Propen-1-one), called MKE in the following, is a
carbon chain molecule comprising a rigid CCO frame which is of astronomical interest, and
whose VUV laboratory data is scarce.!¢ Other prior work pertaining to MKE include e.g.
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 interstellar 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 B2.2°
In order to further contextualize this current non-detection of MKE, particularly in the light of
its homolog ketene (H,C=C=0) having been detected in the 1970’s,'5 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

3

Page 6 of 74



Page 7 of 74

86
87
88
89
90
91
92
93
%94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

Physical Chemistry Chemical Physics

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 infrared 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 multiplexed 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/mm grating. The photon flux of the
resulting beam was between 10!2 and 10'3 photons/sec and was directed into the beamline
endstation where the SAPHIRS chamber is located.*? It contains the DELICIOUS III double-
imaging photoion photoelectron coincidence (iI’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 spectrometer and the ion side a

modified Wiley McLaren time-of-flight 3D momentum imaging spectrometer. This setup
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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
approximately 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 III 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 pPBASEX algorithm.3*

To obtain the threshold photoelectron spectrum we employed the slow photoelectron
spectroscopic method (SPES) which has been detailed previously.?3 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) contains a wealth
of spectroscopic information and by investigating different “cuts” through the matrix,
properties such as photon-dependent electron kinetic energy distributions, partial
photoionization cross sections, etc. can be obtained.’® The recorded 2D-PES matrix of MKE
(m/z 56) is presented in Figure S1 in the SI.

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,,,,, 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

Page 8 of 74
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We performed the geometry optimizations (opt), in the C1 point group, of neutral and cationic
MKE and of its neutral and ionized dimer using the PBEO density functional,3® where the atoms
are described by the augmented correlation-consistent aug-cc-pVTZ (aVTZ) basis sets of
Dunning and co-workers.??40 Subsequently, we computed the harmonic 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.4!4> These electronic structure computations were done using GAUSSIAN 09
Revision E.®3 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 experimental 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 MOLPRO 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)/ cc-pwCVTZ* and (R)CCSD(T)/cc-pVTZ-DK,>8-6%61 respectively,
using the composite scheme detailed in our previous works.?” The accuracy of this composite
theoretical approach was estimated to be £10-20 meV.?> For the MKE dimer, the CV and SR
corrections are done on top of the PBE0/aVTZ computations. Although less accurate than the
(R)CCSD(T)-F12 based composite scheme computations, the PBE(0/aVTZ//+CV+SR
methodology is accurate enough for the interpretation of the experimental features measured
here.%2 Furthermore, it was checked that the wB97XD functional leads to similar results from a
geometrical and energetical point of view. Table S1 and S2 allow comparison between the
geometry and energetics obtained using these two functionals in combination with the aug-cc-
pVTZ 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 fragmentations channels. However,

the agreement between the experimental appearance energies and the calculated ones without
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considering any barrier suggest that all the considered mechanisms are barrierless, 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 complications 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 eV are
presented in Figure 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,Hg (in which case it could be an isomer

of propanediol) or C,03;H; (in which case it could be 1,2,4-trioxolane or hydroxyacetic acid).

a
200 (a) cHO' 70000 (b) C,H,0"
hv=125eV 3 4 hv=155eV o

600 -| 60000 |
w» 500 , 50000
5 H
8 400 N 8 40000
Q (CH,0), °
% 300 2 30000

] 2 ] .
o i CH,
& ¥ C,H,O0
200 ~ 20000 - CH'| CH"* s
22 / 2 4 . \
CHO
1 - + \ 32
00 (C,H,0), 10000 - \
0 ! L 1 U__
T T T T T T T T T 1 o T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 10 20 30 40 50 60 70
m/z m/z

Figure 1. Time-of-flight mass spectrum (TOF-MS): (a) of MKE, its dimer, and its trimer,
photoionized at Av=12.5eV and (b) of MKE and the different fragments formed by

photoionization at Av=15.5 eV.
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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 ligher masses include m/z 55 and 54 with low intensity and correspond to the
fragment ions resulting from the loss of atomic and molecular hydrogen to yield C;H;O" and
C3;H,07, respectively. Other notable fragment signals include C,Hy" (m/z 28), C,Hs™ (m/z 27),
and C,H," (m/z 26). The m/z 57 mass peak corresponds to a mixture of the monomer’s 13C
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

Figure 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-pVTZ-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, S4 and S5 of the SI.
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.
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241 Figure 2. Experimental (red) and theoretical (black) SPES of the MKE parent ion (m/z 56). The
242 SPES is obtained by using eKE,.x = 100 meV when diagonally projecting the 2D-PES matrix.
243 The experimental adiabatic ionization energy (AIE) is taken as the median of the 0§ band which
244 is located at 8.937 eV. The assignment of the vibrational progression is discussed in the text.
245  The calculated curve has been shifted upwards in energy by 20 meV to coincide with the
246  experimental results.

247 In their electronic ground states, both neutral MKE and its cation (Figure 3) belong to
248  the C; symmetry point group. For neutral MKE, our computed geometry is close to the one
249  calculated earlier by Bak et al® Closer inspection of the ionic and neutral equilibrium
250 geometries reveals a subtle geometrical deformation upon ionization, where the C=0 double
251  bond and the C-C single bond slightly contract while the C=C double bond extends.
252  Furthermore, the HCC bond angle of the methyl group changes from 110.91° to 113.26°. These
253  small changes are at the origin of the short vibrational progression in the ground state of MKE™.
254  Therefore, the general appearance of the SPES spectrum of Figure 2 can be attributed to the
255  similarities of the equilibrium geometries of the neutral and cationic forms of MKE. Indeed, a
256  short vibrational progression is expected upon ionization of the monomer, in accordance with

257  the FC principle. The recorded SPES typifies this expectation.
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MKE"
Figure 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.

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. Experimental transition energies are also marked by vertical
bars in Figure 2. Below 10 eV these bands are assigned to the photoionization transitions
populating the MKE™ ground state vibrational 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 eV (ve",}p =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)).

10
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Table 1. Anharmonic wavenumbers (E,upam, ¢cm™! and eV) of the fundamental bands of the

ground state of MKE* as computed at the PBEO/aug-cc-pVDZ level of theory. We also give

their assignment.

Vibrational Mode

IS S 8 8 8 8 °© S 8 8 8S 8 89S 8 8 8 '©> <
ot It ot Gt Bt ot o B B O+ P Y O T By O Ny ey

Sym. E.nharm Assignment
cm’! eV
a 3181.4  0.394  CH (sp’) stretching
a 31559  0.391  CH (sp?) stretching
a 3039.3 0.377  CH (sp?) stretching
a 2996.6  0.372  CHj sym. stretching
a 2298.1 0.285  C=O stretching
a 1470.7  0.182  CH (sp?) in-plane-bending
a 1376.3 0.171  C-C stretching
a 1159.3 0.144  C-C stretching
a 1097.6  0.136  CHj; (sp?) asym. stretching
a 856.1 0.106  CH (sp®) bending
a 621.6 0.077  C-C=C in-plane-bending
a 206.7 0.026  C=C=O0 in-plane-bending
a 14089  0.175  CH (sp?) rocking
a 1309.8  0.162  CH (sp?) in-plane-bending
a 931.9  0.116 CH;wagging
a 667.8 0.083  CH (sp?) out-of-plane-bending
a 4514  0.056 C=C=0 out-of-plane-bending
a 1193 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 (Figure 2).

Band position [eV] Experiment [cm 1] Theory [cm 1] Assignment
8.937 0.02 0.02 Adiabatic IE, 0]
9.083 1177.6 1159.3 vg"

9.214 2234.1 2298.1 vs
9.360 3411.7 3457.4 vg +vs
4616.7/4596.2/ | 2vg +vs [ 2vs /
9.484 4411.8
4555.0 ve +vg +vs

aJsed as reference.

11



Page 15 of 74

282
283
284
285
286
287
288
289
290
291
292
293
294
295
296

297
298

299
300
301
302
303

Physical Chemistry Chemical Physics

We propose that the next band in the SPES (vgh, = 2234.1 cm') corresponds to the
veh stretching mode of C=0. The other bands in the SPES can then be tentatively assigned to
combination modes of these two (vg + vg) 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 vg band (corresponding to the asymmetric C-H stretching vibration in the methyl group),

resulting in the assignment, i.e. vo" + vg" + vd .

3.2.2 Dissociative ionization of MKE

Figure 4 presents the SPES associated with the formation of two cations, namely C;H30" (m/z
55) and C,H4"(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 Figure 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.

40

AE_a AE_b

—— SPES m/z 55
—— SPES m/z 28

)

AE_a AE_b

Intensity (a.u.
T

-
o
]

9.0 9.5 10.0 10.5 11.0 11.5 12.0

Photon Energy (eV)
Figure 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.

12
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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
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.,. = 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 (cf. 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,H4" ions are
shown in Figure 5. The two experimental values of the fragment AEs we deduced from the
SPES, AE aand AE b, are in excellent agreement with the theoretically calculated appearance
energies of the two isomers shown in Figure 5 (AE . = 10.508 eV and AE,, = 11.585 eV;
cf. 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.

AE_a=10.508 eV AE_b=11.58 eV

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

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 Figure 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
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in their total ion yield curves obtained by accumulating signal at 15.5 eV (Figure S2 in the SI).
This method is less accurate than using the SPES but is nonetheless an acceptable form of
obtaining approximate fragment appearance energies.>

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 discrepancies 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.
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352  Table 3. Calculated and measured adiabatic ionization energies (AIEs) of MKE and the appearance energies (AEs) of the different fragmentation
353  pathways of the resulting cation (in eV). The most stable structures which correspond to our experimental results are presented. Details of the
354  computational results are given in Table S6 in the SI.
355
Ionization Fragments
Formula C,H,0" C,H,0" | C,H,0' | C,HO' | CH,0" | HCO" | CH, | CH, 1 co’ C,H,’ C,H,” CH,"
L{’ y »w—q’j’%gﬁ‘b{“ﬁ;&*.—@uﬂagw 'Y
2" . ¢|© ¢ ¢ ¢ ¢
Molecular
+H H, CH, CH, C,H, +CO +CO CH, H+CO H,+CO C,HO
structures
¢ _
¢ e L;\ tWH ¢ 60 HL+“L-\,+“ kj.
' C
m/z 56 55 54 41 30 29 28 28 28 27 26 15
AIE or AE
Cal 8.917 10.780 12.702 14.756 12.763 12.261 10.508 11.585 14.034 13.205 13.154 13.790
alc.
AIE or AE
Exofl 8.937+0.020|11.00 £ 0.05{12.3 + 0.1 10.50 + 0.05|11.60 + 0.05 13.1+£0.1 | 12.9+0.1
xptl.
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AE (eV)
A
/C:C:O + CH3°
H
" CH;" +
miz= 41 CO_+ CoHy m/z=15
14
+ m/z=28 H,C==0 + C,H,' .
+ [HZC—O] +CoH, + +
13 1 H2C, [ Ho=— o] HzC\\ /CH miz =26
c—C—o0| + H m/z = 30 | N /c:c__o
12 1 / +C,yH5° m/z = 28 HC\_/CH + HCO® H
H miz=29 N
11 m/z =55 —
4 m/z=27
+
10 | [HZC:CHZ] + CO
H,C=—C=—=C=—=0| + H; m/z =28
9 N +
HaC
8 1 m/z =54
H
/ m/z = 56
0 H3C
356 H

357  Figure 6. Dissociative ionziation fragmentation pathways of the MKE cation considered in the quantum-chemical calculations and relative energies

358 (ordinate) compared to the neutral MKE. The abscissa corresponds to descending m/z values of the formed cationic fragments.
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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 Figure 1a, the MKE dimer and trimer
(abbreviated MKE, and MKE3;) 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 SI). Appearance
energies of the fragments (Cs;H4O)-H" (m/z57) and (C;Hs0)-H* (m/z 58) are obtained
indicating intramolecular H transfer. Indeed, the ionization process of the dimer is accompanied
by such intramolecular isomerization and subsequent unimolecular fragmentation processes, as
already demonstrated for other organic dimers.%-¢7

Figure 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 10 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 (C3H40), + hv —» (C3H40)," + ¢ 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.

100

— SPES m/z 112

@ =]
=1 =1
| |

Intensity /a.u.
7

20 -

T T T T T T T T T i_|_| T T T T T T T T T T T T T T T T T T T T T T T T T
9.0 95 10.0 10.5 1.0 11.5 12.0 125

Photon Energy /eV
Figure 7. The SPES corresponding to MKE,; (m/z 112).
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(b): (C;H,0),"
(a): (C3H,0),

384  Figure 8. Optimized geometries of MKE,; (a) and its cation (b).

385  Table 4. Bond distances defining the equilibrium molecular structure of MKE; and of its cation
386 in their electronic ground states. These parameters are computed at the PBEO/aug-cc-pVTZ

387  level of theory. Distances are presented in A. See Figure 8 for the numbering of the atoms.

(CsH40), (C;H40),"

0:-C; 1.162 1.140
Ci-G, 1.307 1.342
Cy-C5 1.502 1.497
C,-H; 1.084 1.087
Cs-H, 1.093 1.091
Cs-H; 1.092 1.094
Cs;-Hy 1.089 1.088
0,-C4 1.162 1.140
C4-Cs 1.306 1.342
Cs-Csq 1.502 1.496
Cs-Hs 1.083 1.086
Ce-Hg 1.093 1.092
Cs-H- 1.090 1.088
Ce-Hg 1.092 1.094
C,-Cs 2.746
0O;-Hg 2.716
C4-Hy 2.926

C,-Hg 3.036

Ci-Cs 3.383

388
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To gain a complete understanding of the dimer’s VUV photostability, 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 Figure 8 as
computed at the PBEO/aug-cc-pVTZ level. All bond distances are summarized in the 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 Figure 9, were quantum-
chemically investigated. Our theoretical and experimental results are presented in Table 5 where
values of the respective AEs together with the AIE of MKE, are tabulated. Further
computational details are given in Table S7 of the SI.

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 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 (m/z 58) is expected to form around 9.62 eV.
Its elemental formula is C3HsO" 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 eV. Also m/z 55 can be formed
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422  from the dissociative photoionization of MKE,. In the following we discuss the formation of

423  these three ions.
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424  Table 5. Calculated and measured AIEs of MKE, and the AEs of the different fragmentation pathways of the resulting cation (in eV). The * labels
425  correspond to fragments that were also reported in Table 4 as potential fragments from dissociative ionization of the MKE monomer. However,
426  our computational results shown here indicate that these fragments are more likely formed from dissociative ionization of the MKE, dimer. See
427  text for details.
428
Neutral Ionization Fragments
Formula (C3H40)2 (C3H40)2+ C3H60+ C3H50+ C3H50+_1 C3H50+_2 C3H40+ C3H40+_1 C3H30+ C3H20+ C2H3+ C2H2+
‘vﬂ& LN—{ OO oo
q , ¥
Molecular ¢ ¢ ©
structure » C;H,0 C;Hs0 C;HO C;HO C;H,0
) ‘V&A
™
& LEYM N e alRaaL
© o © +CO +HCO
m/z 112 58 57 57 57 56 56 55 54* 27* 26*
AIE or
AE 7.87 9.62 8.78 10.11 11.47 10.20 11.41 10.28 12.18 13.05 13.01
Calc.
AIE or 10.10 + 10.20+
8.75+0.05 | 9.718 +0.05 <9.0 11.35+0.05 11.35+0.05 | 10.30+0.05 123+ 0.1 13.1+0.1 129+ 0.1
AE Exptl. 0.05 0.05
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Figure 9. Fragmentation pathways of the dimer cation MKE," considered for the quantum-

chemical calculations.

The SPES associated with m/z 57 and m/z 58 ions are displayed in Figure 10. As
expected, a slight contribution of the 13C isotopomer signal of the MKE monomer is observed
in the m/z 57 SPES which is presented as a dotted black line in Figure 10a. With step sizes of
10 meV in the energy scan, we can safely make 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
13C 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 Figure 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
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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. 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
offat 9.5 eV (see Figure S3 in the SI). No quantum calculations were carried out for the trimer,

so a computational verification of this awaits later work.

20 (b)

Y]
]
1

Intensity (a.u.)
Intensity (a.u.)
n

T T T T T T T T T T T T T
a0 95 100 105 1o 15 120 9.0 95 100 105 10 15 120 125

Photon Energy (eV) Photon Energy (eV)

Figure 10. SPES of the (a) m/z 57 and (b) m/z 58 fragments formed by dissociation
photoionization of the MKE dimer are presented in red. In panel (a), the m/z 57 signal which
includes both the 13C isotopomer signal of the MKE parent and the protonated MKE parent is
displayed with the dotted black line. See text for details.

Figure 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, CsHgO" 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=0O double bond. The
structure corresponds to ionized (E)-1-propenol and a likely formation mechanism might
involve the H2 and H4 atoms in Figure 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
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mechanism because the location of the carbonyl group in the upper monomer 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 in Figure 8a, the
likeliest formation mechanism would involve a ring-closing between C4 and C6 in the lower
monomer while the O2 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 monomer 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 + C;H30" reaction (see Table 3) in the calculations for the
MKE, + hv — C3Hs0 + C3H30" reaction, two isomers for the neutral fragment C;H30O 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 Figure 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 — C;H50 + C3H507, calculated to appear at AE . = 10.28 eV.

Finally, the m/z 54, 27 and 26 experimental appearance energies match the theoretical
values for the dissociative ionization 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 is also expected to result in fragments with
the same elemental formula as the monomer, i.e. C;H,O™". Indeed, when the entire m/z 56 peak
from Figure 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 Figure
11). Prior PES measurements show that the first excited state of the cation does not appear until

13.3 V.16 Our computations at the MRCI/aVTZ level verify this as they find that the first
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excited state for the MKE™ ion is located 4.6 eV above neutral MKE ground state (See Table
S8). 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 Figure S4)
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 Figure 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 (cf. black line in the upper panel
of Fig. 11). The same treatment was applied to the total ion yield (TIY) of the m/z 56 signal to
obtain the TIY curves of MKE individually and the other C;H,4O fragments (Figure S5).

0.055 | —— SPES m/z 56 total
0.050 —— SPES MKE monomer
' —— SPES MKE, fragments
0.045 —
0.040 —
e
S 0.035
= A
il
> 0.030 v o~
—
2
8 0.025 —
c AE_A AE_B
= 0.020
0.015 —
0.010 —
0.005 —
0000 . T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
9.0 9.5 10.0 10.5 11.0 1.5 12.0

Photon Energy (eV)
Figure 11. Lower panel: SPES of the entire m/z 56 mass peak (cf. Figure 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.

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;H4O*. The

results of these calculations are presented in Table S5. The calculations predict AEs of two
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isomers, namely the ionized CH,CH,CO biradical, at AE = 10.20 eV, and ionized
hydroxypropadiene (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 Figure 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 region within the Sgr B2 cloud but with relatively low
column densities, i.e. around 10!4 cm2.!% 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 astrochemical
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 (C3H¢O).”® 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 kJ/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 + 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 CsH,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
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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;H¢O isomer - either propanal or 1-propenol
(CH;CHCHOH). I-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 B2.7° 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-a 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 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. (1) 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 CsHg 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
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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 eV. 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-pVTZ-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 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
fragmentation 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
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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 C3H4O isomers in space.
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Experimental (red) and theoretical (black) SPES of the MKE parent ion (m/z 56). The SPES is obtained by
using eKEmax = 100 meV when diagonally projecting the 2D-PES matrix. The experimental adiabatic
ionization energy (AIE) is taken as the median of the 0g° 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"

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.
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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.
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Optimized structures of two isomers of CoHat calculated at the (R)CCSD(T)-F12 / cc-pVTZ-F12 level.
Theoretical AEs are indicated. See text for more details.
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Optimized geometries of MKE; (a) and its cation (b).
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Fragmentation pathways of the dimer cation MKE>* considered for the quantum-chemical calculations.
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SPES of the m/z 57 fragment formed by dissociation photoionization of the MKE dimer is presented in red.
The m/z 57 signal which includes both the 13C isotopomer signal of the MKE parent and the protonated MKE
parent is displayed with the dotted black line.
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Table S1: Optimized geometries of MKE2 and its cation MKE2* and there calculated adiabatic
ionization energies obtained at the PBEO/aug-cc-pVTZ and at the wB97XD/aug-cc-pVTZ
levels of theory.

MKE2 MKE2" Adiabatic ionization
energies
:' E 7.87
PBEO/aug-cc-pVTZ g{ i
C C
E 7.99
wB97XD/aug-cc-pVTZ - W
¢ «
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Table S2: Cartesian coordinates of neutral MKE2, ionized MKE?2 as obtained after geometry
optimizations at the PBEO/aug-cc-pVTZ and wB97XD/aug-cc-pVTZ levels of theory.

MKE2 MKE2"

1.226164 -1.021245 1.541321 0.977419 2.077796 -0.086779
1.379187 -0.885781 0.053309 1.021153 0.724703 0.550486
1.956057 0.136636 -0.519617 1.821348 -0.254862 0.100618
2.461352 1.052823 -1.025248 2.451172 -1.113366 -0.305871
1.690279 -1.942428 1.899641 -1.787814 0.252600 -0.214863
0.169945 -1.041700 1.820752 -1.009754 -0.806921 -0.483437
1.695335 -0.188396 2.064910 -1.047450 -2.059986 0.335140
0.988196 -1.640896 -0.617997 -2.405943 1.177502 0.034405
-1.942512 -0.441413 -0.411432 1.635218 2.759719 0.460718
-2.060343 0.514606 0.472061 -0.030338 2.493163 -0.023109
-1.183228 1.732987 0.504541 1.294302 2.057840 -1.127879
-1.846071 -1.294921 -1.193611 0.665659 0.575230 1.566211
-2.852930 0.377684 1.198056 -1.713330 -2.786879 -0.139565
-1.782238 2.644235 0.447799 -0.056538 -2.515626 0.371130
-0.598577 1.773249 1.426966 -1.400381 -1.883355 1.349477
-0.484213 1.740302 -0.330349 -0.605834 -0.813156 -1.492253

PBE(/aug-cc-pVTZ

1.135395 -0.548302 1.749262 0.810539 2.101735 0.004879
1.349763 -0.838812 0.286575 0.955940 0.715924 0.566040
2.003009 -0.041472 -0.515089 1.841254 -0.163186 0.065375
2.577788 0.674189 -1.225050 2.538547 -0.938106 -0.388817
1.524292 -1.357987 2.366655 -1.801915 0.155262 -0.255232
0.071651 -0.435004 1.963943 -0.919245 -0.836496 -0.457950
1.638947 0.369426 2.048213 -0.900762 -2.069501 0.401943
0.943189 -1.732277 -0.166549 -2.500392 1.029989 -0.052866
-1.965914 -0.501773 -0.353814 1.462064 2.786882 0.549741
-2.071985 0.610651 0.323039 -0.211168 2.451937 0.144753
-1.144098 1.784326 0.150224 1.064251 2.148081 -1.051178
-1.880192 -1.492262 -0.951858 0.639196 0.493495 1.578466
-2.882798 0.644186 1.037588 -1.493299 -2.854702 -0.069664
-1.702808 2.685449 -0.102847 0.117371 -2.445929 0.492121
-0.589054 1.979377 1.069117 -1.301515 -1.883443 1.395056
-0.421209 1.603702 -0.642029 -0.497017 -0.853808 -1.456159

wB97XD/aug-cc-pVTZ
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Figure S1. 2D-PES matrix of the m/z 56 mass signals.
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Figure S2. Mass selected PEPICO spectra obtained at 15.5 eV for m/z 54 (red), m/z 27 (black)

and m/z 26 (blue). The appearance energies are derived as the first point where the signal

increases

above the background. This method is less accurate than using recorded SPES and

hence we give an estimated error of 0.1 eV for the derived appearance energies.
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Table S3: Cartesian coordinates of neutral MKE, ionized MKE and its fragments as obtained
after geometry optimizations at the CCSD (T)-F12/cc-pVTZ-F12 level of theory.
C;H,O C;H,O"
C -1.6835996785 -0.3306593240 -0.0000180628 | C -1.6771932832 -0.3442653468 0.0001182243
C -0.4813060320 0.5822873294 0.0000257105 | C -0.5220531179 0.5837508947 0.0001138047
C 0.7526353148 0.1262125525 -0.0000361211 | C 0.7844428304 0.1168639687  -0.0000887145
O 1.8448718328 -0.2845982987 -0.0001070977 | O 1.8422077592 -0.2765816933 -0.0002865560
H -2.3008893352  -0.1618850329  -0.8831006750 | H -2.2949103857  -0.1216438613 -0.8769343890
H -2.3007023705 -0.1622351975 0.8832630473 | H -2.2939505177 -0.1227565128 0.8781521156
H -1.3780280750  -1.3763389699  -0.0002606010 | H -1.3866719594  -1.3908983926  -0.0006637606
C,H,0"
C -1.3415905194  -0.4160344059 0.4546761816 CH5"
C -0.3239588476 0.4688524157 0.4505025777 | C -0.6125918687 -0.0772930734 -0.0000449781
C 0.9879869372  -0.0417745839 0.4446716469 | C 0.6126722375 -0.0773587446  -0.0001313718
0 2.0333603206 -0.4481189207 0.4390378199 | H -1.6903309849 -0.0709653605 -0.0005232490
H -2.3608732403 -0.0518705411 0.4591216137 | H 1.6904116286  -0.0706727247 0.0002868030
H -1.1778296628 -1.4865868159 0.4529499665 | H -0.0001340124 1.0473079032  -0.0000032041
H -0.4130949877 1.5485328517 0.4520401936
C,H,™ 1
C;H,O"
C 0.7253572054  -0.1328836903 -0.0942607431
C 05117570972 -0.6259750498  0.0000000000 | ¢ _0.6153527566  0.0422801726  -0.0589134432
C 00021893679 0.6681399976  0.0000000000 | py 16132516684  0.4859531528  -0.0112312927
O 02023064021 ~ -1.6349797642  0.0000000000 | 12888589146  -0.8072373213  -0.1677649898
C 03875368200  1.8169295191 ~ 0.0000000000 | y  0.0587060314  -0.2295186937  1.0330641262
Ho 15977951174 -0.8459258166  0.0000000000 | j  _1,0435072340  1.0435123799  0.0504473426
H -0.7387433603 2.8298761139 0.0000000000
C,0H C,0OH"
C -0.9908396727 -0.0548506181 0.0000000000 | C -1.1153716462 -0.1226308642 0.0000000000
C 0.2402905378 -0.4825619496 0.0000000000 | C 0.2673755009  -0.4811108247 0.0000000000
O 1.2518511619  -1.0721840225 0.0000000000 | O 1.2539508361 -1.0307821896 0.0000000000
H -1.4113020268 0.9325965901 0.0000000000 | H -1.3159546907 0.9575238785 0.0000000000
HCO* CH,O*
C 0.0000000000 0.0000000000 -0.5172798898 | C -0.0000035186 -0.5313459258 -0.0000000002
O 0.0000000000 0.0000000000 0.5905155470 | O 0.0000075170 0.6626776664  -0.0000000004
H 0.0000000000 0.0000000000  -1.6108956572 | H -0.0000319992  -1.0779518700  -0.9705085941
H -0.0000319992 -1.0779518705 0.9705085942
C,H,4 CH,"
C 0.6668209247  -0.0000184102 0.0002794630 | C 0.7012972277  -0.0000206895 0.0001142941
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C  -0.6668205986  0.0000274047  0.0002816600 | C  -0.7012969173  0.0000258878  0.0001102854
H 12309854972  -0.9236495911  0.0005519684 | H 12540868174  -0.9208237665  -0.1608712191
H 12310486376 09235742781  0.0005441274 | H 12540228220  0.9206519565  0.1621335332
H  -1.2309851471 09236585929  0.0005803085 | H  -1.2540869497  0.9208345838  -0.1608408218
H  -12310483137  -0.9235652744  0.0005734728 | H  -1.2540220000  -0.9206409720  0.1621649282
co co
C  0.0000000000  0.0000000000  -0.6465754168 | C  0.0000000000  0.0000000000  -0.6380070863
O 0.0000000000  0.0000000000  0.4840774168 | O  0.0000000000  0.0000000000  0.4788530863
C2H3 C2H2+
C  -0.7105978953  -0.1520528045  -0.0001448734 | €~ 0.0000000000 0.0000000000 0.6250554878
C  0.5897028040  0.0273704924  -0.0000676627 | €~ 0-0000000000 ~0.0000000000  -0.6250554878
H  -1.5921428740  0.4693229862  0.0000263161 | 1~ 00000000000 0.0000000000  1.7037339807
H  1.0214515636  1.0279432494  0.0000225666 | 11~ 0:0000000000 0.0000000000  -1.7037339807
H 12842164018  -0.8052729235  0.0000456534
CH,'
C  0.0000000000  0.0000000000  0.6027520933
C  0.0000000000  0.0000000000  -0.6027520933
H  0.0000000000  0.0000000000  1.6658833002
H  0.0000000000  0.0000000000  -1.6658833002




Table S4: Cartesian coordinates of neutral MKE,, ionized MKE, and its fragments as obtained

Physical Chemistry Chemical Physics

after geometry optimizations at the PBEO/aug-cc-pVTZ level of theory.

(C;H,0), (GH40),"
C 1226164 -1.021245 1.541321 C 0977419 2.077796 -0.086779
C 1379187 -0.885781 0.053309 C  1.021153 0.724703 0.550486
C 1956057 0.136636 -0.519617 C  1.821348 -0.254862 0.100618
O 2461352 1.052823 -1.025248 O 2451172 -1.113366 -0.305871
H  1.690279 -1.942428 1.899641 C  -1.787814 0.252600 -0.214863
H  0.169945 -1.041700 1.820752 C  -1.009754 -0.806921 -0.483437
H  1.695335 -0.188396 2.064910 C  -1.047450 -2.059986 0.335140
H 0988196 -1.640896 -0.617997 O -2.405943 1.177502 0.034405
C  -1.942512 -0.441413 -0.411432 H  1.635218 2.759719 0.460718
C  -2.060343 0.514606 0.472061 H  -0.030338 2.493163 -0.023109
C  -1.183228 1.732987 0.504541 H  1.294302 2.057840 -1.127879
O  -1.846071 -1.294921 -1.193611 H  0.665659 0.575230 1.566211
H  -2.852930 0.377684 1.198056 H  -1.713330 -2.786879 -0.139565
H  -1.782238 2.644235 0.447799 H  -0.056538 -2.515626 0.371130
H  -0.598577 1.773249 1.426966 H  -1.400381 -1.883355 1.349477
H  -0.484213 1.740302 -0.330349 H  -0.605834 -0.813156 -1.492253
C;Hs0" C;Hs0" 1
C  0.797992 0.133284 -0.000011 C  -0.898812 0.798235 0.000000
O  1.817881 -0.313257 0.000005 C  -0.934549 -0.761771 0.000000
C  -0.521914 0.663523 -0.000002 C  0.271325 -0.016567 0.000000
C  -1.581030 -0.460909 -0.000001 O  1.516343 -0.119357 0.000000
H  -0.583664 1.308666 0.888099 H  -1.155901 1.326192 0.916000
H  -0.583680 1.308672 -0.888074 H  -1.155901 1.326192 -0.916000
H  -1.496720 -1.078661 0.891699 H  -1.215462 -1.277818 -0.916000
H -1.496770 -1.078613 -0.891737 H -1.216462 -1.277818 0.916000
H  -2.552506 0.030602 0.000058 H  1.985198 0.738722 0.000000
C;Hs0* 2 C;Hs0
C  -1.778340 0.135117 -0.000212 C  -1.867472 -0.161956 0.015726
C  -0.443592 -0.440572 0.000258 C  -0.486950 0.400861 -0.040666
C  0.729027 0.348201 0.000652 C 0613046 -0.318578 -0.015841
O  1.879659 -0.113156 -0.000377 O  1.887098 0.043628 0.100548
H  -2.333126 -0.255026 -0.866791 H  -2.410638 0218223 0.885335
H  -1.803254 1.222195 -0.000359 H  -1.844363 -1.249705 0.078969
H  -2.333521 -0.254754 0.866249 H  -2.445245 0.117654 -0.869391
H  -0.301151 -1.517590 0.000132 H  -0.372638 1.483622 -0.121101
H  0.691216 1.453947 -0.000402 H 2424361 -0.440783 -0.533509
C;H;0" C;H;0
C  1.606482 -0.382833 0.000008 C  1.699290 -0.348240 0.000002
C  0.629816 0.540848 -0.000003 C  0.578726 0.498553 0.000004
C  -0.693217 0.114470 0.000049 C  -0.696475 0.106171 0.000001
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O  -1.760653 -0.217468 -0.000025 O  -1.808365 -0.222249 -0.000004

H 2.643132 -0.064385 -0.000057 H 2.687230 0.083594 -0.000060

H 1.403453 -1.448006 -0.000018 H 1.596732 -1.422646 0.000031

H 0.780158 1.617230 -0.000049 H 0.693708 1.578147 0.000021
C;HqO C;HO"

C -1.881030 0.113698 0.000050 C 1.858067 0.123779 0.000119

C  -0.491300 -0.425176 -0.000070 C 0.509909 -0.415674 -0.000099

C 0.589636 0.341352 -0.000087 C  -0.639603 0.382096 0.000085

0O 1.851384 -0.175527 0.000065 O  -1.790249 -0.198645 0.000092

H  -2.440841 -0.220867 0.878470 H 2408912 -0.279268 0.862976

H  -2.441267 -0.221703 -0.877771 H 1.906747 1.210432 0.000741

H  -1.884942 1.205699 -0.000469 H 2.408484 -0.277785 -0.863805

H  -0.355899 -1.502765 -0.000088 H 0.355103 -1.492168 -0.000463

H 0.518926 1.426584 -0.000087 H  -0.587208 1.469293 -0.000550

H 2489115 0.538024 0.000068 H  -2.540281 0.417441 -0.000269
C;H,0O C;H,O"

C 0.910473 1.581763 0.000000 C 0.498476 -0.621087 0.000000

C 0.000000 0.629043 0.000000 C 0.000000 0.665929 0.000000

C  -0.313538 -0.622530 0.000000 O  -0.195748 -1.640484 0.000000

O  -0.774037 -1.691621 0.000000 C -0.381378 1.810136 0.000000

H 0.631735 2.632816 0.000000 H 1.590817 -0.832481 0.000000

H 1.978947 1.370499 0.000000 H  -0.727424 2.826482 0.000000
CHs* CHy'

C  -0.609103 -0.075078 -0.000001 C 0.000000 0.000000 0.627339

C 0.609114 -0.075097 0.000005 C 0.000000 0.000000 -0.627339

H  -1.688902 -0.075838 -0.000007 H 0.000000 0.000000 1.714910

H 1.688914 -0.075745 -0.000020 H 0.000000 0.000000 -1.714910

H  -0.000078 1.052636 0.000000




Table S5. Cartesian coordinates of the C;H4O" isomers, other than MKE as obtained after
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geometry optimizations at the PBEO/aug-cc-pVTZ level of theory.

9
CH,CH,CO~*

1.519231 -0.525248
0.630976 0.683200
-0.712120  0.169620
-1.709459 -0.330001
1.793271 -0.978910
1.792279 -0.979593
0.730732 1.316554

0.730872 1.316525

-0.000002

0.000039

0.000082

-0.000094

-0.941473

0.941440

0.892403

-0.892335

- T T = O a a O

«

CH,=C=CHOH"

1.923149 -0.192517 -0.000027
0.647653 0.164274 -0.010207
-0.630969 0.513486 -0.022992
-1.641188 -0.468243 0.062419
2.701527 0.514552 0.390421
2.221900 -1.213532 -0.356764
-0.911580 1.585274 -0.205512

-2.521340 -0.051804 -0.128137

10
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Table S6. Details on the calculations from Table 3 (energies in Hartree). AZPE is evaluated at the PBE0/aVTZ level using the corresponding
anharmonic frequencies.

Neutral

Ionization

Fragments
+° +° HCO+ +° +° 4o + +° +
CH,0 C,H,0 CH,0 C,H, CH, 1 co C,H, C,H, CH,
CH, C,H, +CO +CO CH, H+CO H,+CO C,HO
¢ ¢ ot : e e-C
o | . €6 | =0 | =@ : :
< [
¢ e
MKE m/z =56 m/z =55 m/z = 54 m/z =41 m/z =30 m/z =29 m/z =28 m/z =28 m/z =28 m/z=27 m/z=26 m/z=15
E(R
( )CCSD(T)' -191.6727871| -191.3444769 | -190.76708 [-190.0170729| -151.34361 |-113.978169 | -113.434236 |-78.08131501| -78.0383262 | -112.684811 |-77.46773556| -76.7976175 | -39.4166771
F12/cc-pVTZ-F12
AZPVE 0.061127 0.060027 0.05086 0.035518 0.018075 0.024017 0.016532 0.048681 0.045396 0.005307 0.034511 0.026117 0.031245
ACV -0.19848764 | -0.1980106 |-0.19794229 |-0.19788533 | -0.14831673 | -0.10090312 | -0.1009479 | -0.09619585 | -0.09632495 | -0.10023646 | -0.09667361 | -0.09612749 | -0.04761424
ASR 0.00689882 | 0.00689129 | 0.00689727 | 0.00696941 | 0.00612191 | 0.0053068 | 0.00530276 | 0.0016243 | 0.00162836 | 0.00538693 | 0.00164178 | 0.0016518 | 0.00081066
Ecorr=E g)ccspm)-
r12+ ACV+ ASR+|.191,8032489| -191.4755692 | -190.907265 |-190.1724708|-151.4677298| -114.049748 | -113.513349 |-78.12720556| -78.0876268 | -112.774353 |-77.52825639| -76.8659762 | -39.4322357
AZPE

11
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Table S7. Details on the calculations from Table 4 (energies in Hartree). AZPE is evaluated at the PBE0/aVTZ level.
Neutral Ionization Fragments
(CsH,0), (CsH,0),* CsHe0* CsH50* CsH50*_1 CsH;0"_2 CsH,0% CsH,0%_1 C;H;0* C;H,0" C.Hy* CH,*
%, \,“—{ ‘*JOL,O‘“ 90
008 "01* - . ¢ S ¢
CsH,0 CsH,0 CsHs0 CsHe0 CsHe0 CsH,0
< M\E,b*.
P (%
t ~
< < (8 ¢ ¢ ¢ o« ¢
+CO +HCO
MKE, m/Z =112 m/Z =58 m/Z =57 m/Z =57 m/Z =57 m/Z =56 m/Z =56 m/Z =55 m/Z =54 m/Z =27 m/Z =26
Pff_g(;.“zg' -383.41329 | -383.124181 | -192.590662 | -192.021935 | -191.973235 | -191.923076 | -191.362476 | -191.31812 -190.805736 -190.075952 -77.477487 -76.818604
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Figure S3. The SPES corresponding to the MKE trimer (m/z 168).
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Figure S4. Peak evolution of the m/z 56 signal with increasing photon energy.
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Table S8. Attribution of excited states of the MKE cation (m/z 56) calculated at the
MRCI/aVTZ level of theory (in eV).

Ground State 8.917
1t excited state 13.51
2nd excited state 14.21

—— Total m/z 56 signal

07-{ — MKE

o | =t Other C;H,0 isomers (x20)
0.5 —

0.4 —

0.3 —

Intensity (a.u.)

0.2

0.1

0.0 -

LI T T 11 1 1 r 1 1 17 — 1 T T T T ] — T T T | T T T 7 T T T T ]

9.0 95 10.0 10.5 1.0 15 12.0 125
Photon Energy (eV)

Figure SS. Total 1on yield (TIY) of the m/z 56 signal (black). By employing the same filtering
as was done on the m/z 56 SPES the signal can be disentangled into the contribution of the
ionized MKE monomer (red) and that of the C;H,O" fragments formed by dissociative
ionization of the MKE dimer.
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2D-PES matrix of the m/z 56 mass signals.
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—— PEPICO 54 amu
— PEPICO 27 amu

— PEPICO 26 amu

AE=13.1eV

AE=129eV

AE=123eV
N

120 125 13.0 135 140 145 15.0

Binding Energy (eV)

Mass selected PEPICO spectra obtained at 15.5 eV for m/z 54 (red), m/z 27 (black) and m/z 26 (blue). The
appearance energies are derived as the first point where the signal increases above the background. This
method is less accurate than using recorded SPES and hence we give an estimated error of 0.1 eV for the

derived appearance energies.
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The SPES corresponding to the MKE trimer (m/z 168).
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Peak evolution of the m/z 56 signal with increasing photon energy.
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Total ion yield (TIY) of the m/z 56 signal (black). By employing the same filtering as was done on the m/z
56 SPES the signal can be disentangled into the contribution of the ionized MKE monomer (red) and that of

the C3H30™ fragments formed by dissociative ionization of the MKE dimer.
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