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Abstract: For the CH3CHOO Criegee intermediates (ethanal-oxide) and analogous anions, we
obtain heats of formations and electron affinities at CCSDT(Q)/CBS level of theory by means of
the high-level W3-F12 thermochemical protocol. The electron affinities amount to 0.20 eV and
0.35 eV for the cis and trans isomer, respectively. Neutral cis and trans isomers are separated
by 14.1 kJmol−1, the anions are almost isoenergetic (0.4 kJmol−1 separation). Harmonic vibra-
tional frequencies are presented at CCSD(T)/aug′-cc-pVTZ level of theory. Since the synthesis
of these species in gas-phase experiments might be possible in the near future, we include a
predicted photoelectron spectrum.

Introduction

Carbonyl oxides, also known as Criegee Intermediates
(CI), are understood to be linking structures in tropo-
spheric ozonolysis reactions.1 During collisions between
unsaturated hydrocarbons and ozone in earth’s atmo-
sphere, these short-lived, zwitterionic molecules provide
a pathway to the formation of ......OH radicals through unim-
olecular decomposition.2–5 As one of the main gas-phase
oxidants in our atmosphere, it is also likely to react with
other carbonyl oxides as well as H2O, SO2, NO, NO2,
other alkenes or ozone molecules,6–10 only to name a few
examples for the rich chemistry these molecules exhibit.

It is this multitude of reactions that raises our curi-
osity towards such a rather unstable molecule, recently
fuelled even more so by the discovery of alternate meth-
ods for gas-phase synthesis for the simplest of all CIs,
the methanal-oxide (MO).7,11 In one of these reactions,

Welz and co-workers showed that CH2OO can be ob-
tained through photolysis of CH2I2 in the presence of
O2.

7 As a consequence, the behaviour of the intermedi-
ate could now be investigated utilising various spectro-
scopic methods, such as UV adsorption and gas-phase IR
experiments;12,13 yet due to its metastable nature, exper-
iments on MO are indeed rather challenging. However,
the small size of the intermediate allows for a thorough
theoretical analysis.14 For instance, Fang et al. studied
the potential energy surface of the reaction of CH2 and
O2 on the singlet and triplet surfaces using CASSCF-type
calculations.15 Nguyen et al.16 obtained the heat of form-
ation and ionisation energy of the Criegee intermediate
at the CCSD(T)/CBS level using W1 theory.17

In natural atmospheric processes, the precursors to
carbonyl oxide formation–volatile organic compounds
(VOC)–are for example generated by our forests and as
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earth’s biosphere slowly warms more VOCs can enter the
carbonyl cycle.18 The reaction of VOCs with ozone cre-
ates CIs with high internal energy, most of which imme-
diately dissociate through unimolecular rearrangements
leading to, amongst others, ......OH molecules.14 CIs stable
enough to participate in further reactions (lifetimes of a
pprox. 100ms were postulated), are often called stabil-
ised Criegee Intermediates (sCI).2,19

The main focus of current and past research lies within
the neutral CI’s chemistry. However, it is also possible
to explore the neutral CIs coming from an anionic sur-
face via anion photoelectron spectroscopy. Last year, our
group presented the first theoretical anionic structure for
the simplest of all carbonyl oxides (MO) and found that
it is stable with respect to dissociation.20 Nakajima and
Endo recently provided an experimental microwave spec-
trum of one of the ethanal-oxide isomers.21 In light of
these motivators, we discuss here the neutral and anionic
properties of the ethanal-oxide. Due to its 𝛽-carbon, it
seems more important to atmospheric processes than its
‘simpler’ counterpart.5,18

Computational Methods

The geometries and harmonic frequencies of the anion
and neutral CH3CHOO species were obtained at the
CCSD(T)/aug′-cc-pVTZ level of theory (where aug′ in-
dicates the use of aug-cc-pVTZ on O and C and cc-
pVTZ on H).22,23 All the high-level ab initio calculations
were performed using the Cfour and Molpro program
suites.24,25

The total atomisation energies at the bottom of the well
(TAE𝑒) of the CH3CHOO and CH3CHOO– species are
obtained by means of the W3-F12 procedure.26 W3-F12
theory combines F12 methods27,28 with extrapolation
techniques in order to reproduce the CCSDT(Q) basis
set limit energy. The W3-F12 protocol was successfully
tested against the W4-11 dataset which also included a
selection of molecules exhibiting multi-reference charac-
ter (i. e. singlet carbenes, radicals, and triplet systems).26

Hence, the protocol is deemed suitable to address the non-
dynamical correlation effects occurring in the carbonyl
oxides.

The CCSD(T)/CBS energy is obtained from the W2-
F12 theory and the post-CCSD(T) contributions are ob-
tained from W3.2 theory.29,30 In brief, the Hartree–
Fock component is calculated with the VQZ-F12 basis
set (V𝑛Z-F12 denotes the cc-pV𝑛Z-F12 basis sets of
Peterson et al. which were developed for explicitly cor-
related calculations).31 Note that the complementary aux-
iliary basis (CABS) singles correction is included in
the SCF energy.32,33 The valence CCSD-F12 correla-
tion energy is extrapolated from the VTZ-F12 and VQZ-
F12 basis sets, using the 𝐸(𝐿) = 𝐸∞ + 𝐴/𝐿𝛼 two-
point extrapolation formula, with 𝛼 = 5.94. In all of the
explicitly-correlated coupled cluster calculations the di-
agonal, fixed-amplitude 3C(FIX) ansatz32,34,35 and the
CCSD-F12b approximation33,36 are employed. The qua-
siperturbative triples, (T), corrections are obtained from
standard CCSD(T) calculations (i.e., without inclusion
of F12 terms) and scaled by the factor 𝑓 = 0.987 ⋅
𝐸MP2−F12/𝐸MP2. This approach has been shown to accel-
erate the basis set convergence.26,36

The higher-order connected triples, T3 − (T), valence
correlation contribution is extrapolated from the cc-
pVDZ and cc-pVTZ basis sets using the above two-
point extrapolation formula with 𝛼 = 3, and
the parenthetical connected quadruples contribution
(CCSDT(Q)−CCSDT) is calculated with the cc-pVDZ
basis set.29 The CCSD inner-shell contribution is cal-
culated with the core-valence weighted correlation-
consistent A′PWCVTZ basis set of Peterson and Dun-
ning,37 whilst the (T) inner-shell contribution is cal-
culated with the PWCVTZ(no 𝑓 ) basis set (where
A′PWCVTZ indicates the combination of the cc-pVTZ
basis set on hydrogen and the aug-cc-pwCVTZ basis
set on carbon, and PWCVTZ(no 𝑓 ) indicates the cc-
pwCVTZ basis set without the 𝑓 functions).26

The scalar relativistic contribution (in the second-
order Douglas–Kroll–Hess approximation38,39) is
obtained as the difference between non-relativistic
CCSD(T)/A′VDZ and relativistic CCSD(T)/A′VDZ-
DK calculations (where A′VDZ-DK indicates the
combination of the cc-pVDZ-DK basis set on H
and aug-cc-pVDZ-DK basis set on C and O).40 The
atomic spin-orbit coupling terms are taken from the
experimental fine structure, and the diagonal Born–
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Oppenheimer corrections (DBOC) are calculated at the
HF/cc-pVTZ level of theory. The zero-point vibrational
energies (ZPVEs) are derived from the harmonic fre-
quencies (calculated at the CCSD(T)/A′VTZ level of
theory for the CH3CHOO and CH3CHOO– species.

The total atomisation energies at 0K (TAE0) are
converted to a heats of formation at 298K using
the Active Thermochemical Tables (ATcT)41–43 atomic
heats of formation at 0K (H 216.034(1) kJmol−1, C
711.38(6) kJmol−1, and O 246.844(2) kJmol−1), and the
CODATA44 enthalpy functions, 𝐻298 − 𝐻0, for the ele-
mental reference states (H2(g) = 8.468(1) kJmol−1 and
C(𝑐𝑟,graphite) = 1.050(20) kJmol−1), while the enthalpy
functions for the CH3CHOO and CH3CHOO– species
are obtained within the ridged rotor harmonic oscillator
(RRHO) approximation from B3LYP/A′VTZ geomet-
ries and harmonic frequencies.45

Anion photoelectron spectra were simulated by de-
termining the Franck–Condon Factors (FCFs) linking
the anion and neutral CH3CHOO species vibrational
states. FCFs were calculated using the ezSpectrum 3.0
program which is made freely available by Mozhayskiy
and Krylov.46 The program produces FCFs by undertak-
ing Duschinsky rotations of the normal modes between
states. Input to the code consists of the output from the ab
initio calculations, being geometries, vibrational frequen-
cies, and vibrational normal mode vectors. The predicted
stick spectra were convoluted with a Gaussian response
function of width 0.002 eV to simulate an experimental
spectrum.

Results and Discussion

Geometries and vibrational frequencies

In Figure 1, the four ethanal-oxide structures are presen-
ted. The neutral, closed-shell equilibrium isomers, both
feature 𝐶S symmetry and, as shown in the natural bond
orbital (NBO) analysis (Table S2 of the supporting in-
formation), they both exhibit a C−−O double bond. Hence
the neutrals are labelled as cis-ethanal-oxide (EO1) and
trans-ethanal-oxide (EO2). Due to the electrostatic inter-
action between Hc and Hd atom of the methyl group with
the Ob atom, EO1 is by 14.1 kJmol−1 more stable than
EO2. A partial charge representation of a natural popula-

tion analysis is illustrated in Figure S1 of the supporting
information.

Contrary to the neutrals, the anionic structures do not
show any symmetry, which can be seen when compar-
ing the dihedral angles 𝜙1 and 𝜙2 in Figure 1. For this
reason and the fact that according to an NBO analysis
the anionic structures do not feature a ‘classic’ C−−O
double bond, the molecules are labelled as syn-ethanal-
oxide (AEO1) and anti-ethanal-oxide (AEO2), respect-
ively. It is also noticed that the AEO2 isomer is slightly
more stable (by 0.4 kJmol−1) than the AEO1 isomer. For
both anionic structures, the C−C bond is lengthened on
average by 2 pm, the C−O bond by 7 pm and the O−O
bond by 10 pm, compared to their neutral counterparts.

Both calculated neutral geometries are in good agree-
ment with the CCSD(T)-F12a/aug-cc-pVTZ structures
reported by Nakajima and Endo.21 The bond lengths re-
ported by the group in the most extreme case deviate by
12 pm (C−C bond), but on average less than 2 pm. It is
also noticed that their experimentally determined rota-
tional constants 𝐴, 𝐵 and 𝐶 agree very well with our
computed values of 𝐴 = 17 480MHz, 𝐵 = 7139MHz
and 𝐶 = 5230MHz. A B3LYP/6-31G(d,p) structure for
EO1 reported by Gutbrod and co-workers,5 also matches
the structure we report (where the largest difference is the
C−O−O angle, deviating by 1.0°).

Both, the EO1 and EO2 geometries also compare
well to the neutral form of the simplest carbonyl oxide,
methanal-oxide (MO), where the CCSD(T)/A′VQZ geo-
metry was taken from Ref. [20]), which shows very sim-
ilar bond lengths [𝑟(C−O) = 1.270Å, 𝑟(O−O) = 1.343Å
and 𝜃(C−O−O) = 117.9°].

To the best of our knowledge, the is the first pub-
lished geometry of AEO1 and AEO2. Both however
display similar structural features as the anionic form
of methanal-oxide (AMO), which exhibits bond lengths
of 𝑟(C−O) = 1.334Å and 𝑟(O−O) = 1.450Å; and
bond angles of 𝜃(C−O−O) = 111.7°, 𝜙1 = 164.8° and
𝜙2 = −17.9°.20

The NBO analysis suggests that the anionic structures
harbour the additional electron in the Cb lone-pair orbital,
which explains the change from 𝐶1 to 𝐶S symmetry when
going from the neutral to the anion. Additionally, the
Ca−Cb bond is weakened significantly as the summed oc-
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Figure 1 |Anion and neutral species of CH3CHOO. Bond lengths are given in Ångström. 𝜙1 refers to the dihedral
angle between Ca, Cb, Oa and Ob; 𝜙2 between Ha, Cb, Oa and Ob. All geometric parameters obtained from
CCSD(T)/A′VTZ calculations. The full geometric data are presented in Table S1 of the supplementary information.

.. ..
EO1: cis-ethanal-oxide (neutral) EO2: trans-ethanal-oxide (neutral)

.. ..
AEO1: syn-ethanal-oxide (anion) AEO2: anti-ethanal-oxide (anion)

cupancies of these double bonding orbitals drop from ca.
4.0 for the neutrals to ca. 3.0 in the anions. The remain-
ing electron populates a Oa lone pair orbital, which also
reveals why the Oa−Ob bond is longer for the anion. It
should be noted however that the Cb−Oa bond orbital and
the Oa lone pair orbital are almost degenerate. Compared
to the MO and AMO electronic structures, the neutrals
and anions are very similar; yet due to the methyl group,
the Cb−Oa anti-bonding orbitals in the ethanal-oxide spe-
cies display slightly higher electron density. The detailed
NBO analysis and comparison between the carbonyl ox-
ide structures can be found in Table S2 of the supporting
information.

The vibrational frequencies are presented in Table 1,
where they are sorted in accordance to the standard num-
bering scheme for the 𝐶S point group. It is possible to ap-
proximate the (anharmonic) fundamental frequencies by
means of applying a linear scaling factor to the harmonic
frequencies.47 These fundamental frequencies are presen-
ted in Table S3 of the supporting information. The idea
behind a linear scaling factor is that anharmonic frequen-
cies are in general smaller than their harmonic approx-
imates. In the present case for example the O−O stretch-
ing frequency for EO1 is reduced by ca. 33 cm−1 from
905 cm−1 to 872 cm−1 after scaling.

In the neutral structures, EO1 exhibits a weak inter-
action of the terminal oxygen Ob and the methyl hydro-
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Table 1 |Computed harmonic vibrational frequencies of the CH3CHOO anion and neutral species at the
CCSD(T)/A′VTZ level of theory. The ordering of the modes of all other species has been changed to reflect
that of EO1, for direct comparison. An approximation of the (anharmonic) fundamentals is presented in Table S3
of the supporting information.

Mode Neutral Anion Mode descriptionEO1 EO2 Sym. AEO1 AEO2 Sym.
𝜈1 3201.3 3165.7 𝑎′ 3050.8 3104.4 𝑎 Cb−Ha stretch
𝜈2 3155.4 3146.7 𝑎′ 3090.2 3015.3 𝑎 Ca−H asymmetric stretch (methyl group)
𝜈3 3025.7 3034.5 𝑎′ 2918.0 2886.1 𝑎 Ca−H symmetric stretches (methyl group)
𝜈4 1514.2 1524.5 𝑎′ 1492.5 1381.1 𝑎 asymmetric O−C/C−O stretch
𝜈5 1469.8 1461.8 𝑎′ 1401.6 1500.2 𝑎 CH2 scissor / Hb−CaCb bend
𝜈6 1397.0 1418.8 𝑎′ 1361.5 1348.4 𝑎 methyl inversion / C−O stretch
𝜈7 1305.9 1312.3 𝑎′ 1230.7 1245.2 𝑎 in-plane Cb−Ha rocking/ C−O stretch
𝜈8 1113.4 1155.2 𝑎′ 1117.9 1118.4 𝑎 methyl wagging / C−C stretch
𝜈9 973.8 942.4 𝑎′ 913.3 937.7 𝑎 C−C stretch
𝜈10 904.9 894.8 𝑎′ 786.8 784.8 𝑎 O−O stretch
𝜈11 668.8 553.3 𝑎′ 526.3 477.7 𝑎 methyl wagging / O−O−C bend
𝜈12 303.9 319.9 𝑎′ 220.6 302.3 𝑎 C−C−O−O scissor bend/deformation
𝜈13 3079.4 3097.6 𝑎″ 3018.2 3064.8 𝑎 Ca−H asymmetric stretch (methyl group)
𝜈14 1454.1 1479.9 𝑎″ 1445.9 1466.8 𝑎 CH2 twist / Ca−Hb rocking
𝜈15 1034.1 1053.5 𝑎″ 1025.6 1029.6 𝑎 methyl twisting / Cb−Ha rocking
𝜈16 723.7 843.4 𝑎″ 648.6 654.2 𝑎 Cb−Ha wagging / methyl rocking
𝜈17 442.9 247.8 𝑎″ 305.6 120.4 𝑎 C−C−O−O out-of-plane twisting
𝜈18 209.0 153.4 𝑎″ 159.0 195.5 𝑎 methyl twisting (internal rotation)

All frequencies are given in cm−1.

gen atoms Hc and Hd. Similar to a weak hydrogen bond,
this interaction stabilises the molecule by 14.1 kJmol−1,
compared to EO2. This is also the cause why all the vibra-
tions where Ob, Hc and Hd are involved are red-shifted
in EO2. The most notable case is the C−C−O−O out-
of-plane twisting (𝜈17) which shows an eigenfrequency
of 443 cm−1 in EO1 and 248 cm−1 in EO2. Another
example is the methyl wagging / O−O−C bend (𝜈11)
where the red-shift amounts to 116 cm−1. In contrast, the
Cb−Ha wagging/methyl rocking vibration (𝜈16) is blue-
shifted by 120 cm−1.

The differences in mode frequencies between the an-
ionic and neutral seem quite similar to the the differences
we encountered in the AMO. Reflecting the increased sta-
bility, the O−O stretches (𝜈10) blue-shift on average by
114 cm−1, when comparing the anion to the neutral. It
can be seen however, that the blue-shift for the asymmet-
ric O−C / C−O stretch (𝜈4) is much larger when going
from AEO2 to EO2 than when going from AEO1 to EO1.

W3-F12 components and Electron affinity

All components of theW3-F12 total atomisation energies
for the ethanal-oxide species are given in Table S4 of the
supporting information. At the W2-F12 level, the relativ-
istic, all-electron CCSD(T) contributions to TAE0 add
up to 2746.5 kJmol−1 (EO1), 2724.0 kJmol−1 (AEO1),
2747.2 kJmol−1 (EO2) and 2709.5 kJmol−1 (AEO2).
The generally good performance of the CCSD(T)/CBS
level of theory in computational thermochemistry can
typically be attributed to the large degree of cancella-
tion between higher-order triples contributions, T3 − (T),
and post-CCSDT contributions. For systems dominated
by dynamical correlation, these contributions are of sim-
ilar magnitude, however, the T3 − (T) excitations tend
to universally decrease the atomisation energies whereas
the post-CCSDT excitations tend to universally increase
the atomisation energies. An appended Table S5 provides
a number of diagnostics for the importance of nondy-
namical correlation effects, namely the percentage of the
total atomisation energy accounted for by the SCF and
(T) triples contributions from W2-F12 theory,29,30 as
well as the coupled cluster 𝑇1 and 𝐷1 diagnostics.48,49
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The CH3CHOO neutral and anion species considered in
the present study exhibit mild-to-moderate nondynam-
ical correlation effects; 64% to 66% of the atomisation
energy is accounted for at the SCF level, and 2.7% to
3.1% by the perturbative triples. The 𝑇1 diagnostics of
0.029 to 0.040 and 𝐷1 diagnostics of 0.120 to 0.181
also indicate that post-CCSD(T) excitations may have
nontrivial contributions. We therefore obtain the CCSDT
and CCSDT(Q) contributions from W3-F12 theory. The
overall post-CCSD(T) contribution to the atomisation
energy amount to 5.3 kJmol−1 and 5.7 kJmol−1 in the
neutral structures (EO1 and EO2 respectively), and to
1.6 kJmol−1 and 1.9 kJmol−1 in the anions (EO1 and
EO2 respectively). We note that the T4 − (Q), is likely to
reduce the magnitude of the connected quadruple excit-
ations, and therefore our CCSDT(Q)/CBS values should
be regarded as upper limits of the TAEs.

The heats of formation for the neutral species at 0K
amount to 51.3 kJmol−1 (EO1) and 65.4 kJmol−1 (EO2)
At 298K we report heats of formation of 37.8 kJmol−1

(EO1) and 52.6 kJmol−1 (EO2). For the anionic struc-
tures the following heats of formation were obtained:
32.2 kJmol−1 (AEO1) and 31.7 kJmol−1 (AEO2) at 0K;
as well as 20.1 kJmol−1 (AEO1) and 20.0 kJmol−1

(AEO2) at 298K.
Using the W3-F12 heats of formation for the

CH3CHOO neutral and anion species, we were able to
calculate the anion electron affinities, the components of
which are presented in Table 2. For the EO1 ← AEO1,
the electron affinity amounts to 19.1 kJmol−1 at 0K and
17.7 kJmol−1 at 298K; for the EO2 ← AEO2 transition,
we found an electron affinity of 33.6 kJmol−1 at 0K and
32.6 kJmol−1 at 298K. It is noted that the post-CCSD(T)
contributions to the electron affinity add up to as much
as 3.3 kJmol−1 and 4.1 kJmol−1 for the EO1 ← AEO1
and EO2 ← AEO2 transitions, respectively.

Predicted anion photoelectron spectra

If the anionic forms of the ethanal-oxide can be synthes-
ised, it should be possible to measure their anionic pho-
toelectron spectra. The main transitions should be the
EO1 ← AEO1 transition (T1) and the EO2 ← AEO2)
transition (T2). These spectra were simulated employ-
ing the ezSpectrum 3.0 code using the geometries, vi-

Table 2 |Component breakdown of theW3-F12 elec-
tron affinities 𝐸EA of the ethanal-oxide oxide isomers.

Property 𝐸EA(EO1 ← AEO1) 𝐸EA(EO2 ← AEO2)
SCF −17.3 −7.9
CCSD 41.7 46.8
(T) −8.4 −7.1
T3 − (T) 1.1 0.6
(Q) −4.4 −4.7
Inner-Shell −0.6 −0.5
Rel. −0.3 −0.3
DBOC −0.3 −0.2
TAE𝑒 11.5 26.6
ZPVE −7.6 −7.0
TAE0 19.1 33.6
𝛥𝐻f ,0 19.1 33.6
𝛥𝐻f ,298 17.7 32.6

All energies are given in kJmol−1.

brational frequencies, and normal mode vectors of a
CCSD(T)/A′VTZ harmonic calculation For both simula-
tions, the temperature was set to 10K, which is appropri-
ate for species entrained in a molecular beam produced
via supersonic expansion. Up to 10 quanta were allowed
in each excited state vibrational mode (i.e. the modes
of the neutral CH3CHOO species). The predicted photo-
electron spectra, applying the Duschinsky approach, are
presented in Figure 2, where the grey part of the spec-
trum marks the combination bands, whereas the red part
represents the pure progressions; together they form the
fully predicted spectrum. To provide a clearer picture of
what an experimental spectrum might look like, we the
convoluted the stick spectra with a Gaussian response
function whose full width at half maximum was set to
0.002 eV and the resulting simulated spectrum is shown
in Figure S2 of the supporting information.

During the T1 transition, the geometry only changes
slightly and most of the normal modes can be cast onto
the neutral system. The determinant of the normal modes
rotation matrix, |Det(𝑺)|, is 0.98 (𝑺 is described in the
manual of Ref. [46]). For the T2 transition, |Det(𝑺)| is
0.88, yielding much lower transition intensities (on the
order of 102 times lower).

Most of the the pure T1 transitions are due to 𝜈17, the
C−C−O−O out-of-plane twisting mode. Other main con-
tributors to the T1 spectrum are the O−O stretch mode
𝜈10, methyl twisting / Cb−Ha rocking mode 𝜈15, Cb−Ha
wagging / methyl rocking mode 𝜈16 and the methyl twist-
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Figure 2 | Predicted anion photoelectron stick spec-
tra (red marks the pure progressions) for both trans-
itions (Simulated using the Duschinsky approach).
Here, 𝐸𝑒B is the electron binding energy.
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ing mode 𝜈18. The single most important pure progres-
sion in the T2 spectrum is the methyl twisting mode 𝜈18;
this methyl group is rotated during the transition. In gen-
eral, these observations are consistent with the shifts in
vibrational frequencies and changes in geometry during
the transition.

Conclusion

In summary, we show that two different anions, a syn
and anti form, of the ethanal-oxide exist. They both have
a similar geometry and a somewhat similar vibrational
structure compared to their corresponding neutral coun-

terparts. By means of the high-level W3-F12 thermo-
chemical protocol we found the electron to be bound by
0.20 eV and 0.35 eV, for the cis- and anti-ethanal-oxide
anion, respectively. While the neutral cis and trans iso-
mers are separated by 14.1 kJmol−1 (the cis form is more
stable than the trans isomer), the anions are separated
by an negligible amount of 0.4 kJmol−1 (here the anti
form is more stable). The major geometric differences
between the anion and neutral are the increased C−O and
O−O bond lengths, as well as the change of symmetry,
from a 𝐶S point group for the neutrals to 𝐶1 in the an-
ions. Anion photoelectron spectra of transitions between
these structures were also simulated. Combined with our
IR-frequencies, these spectra provide a sound foundation
for an analysis of ethanal-oxide structures in future gas-
phase experiments.
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Supporting Information

Table S1 |CCSD(T) Optimised Geometries at from
CCSD(T)/A′VTZ calculation.

EO1: neutral cis-ethanal-oxide
𝑥 𝑦 𝑧

C −0.597 673 −0.679 246 0.000 000
H −0.958 486 −1.701 138 0.000 000
O 0.676 240 −0.604 866 0.000 000
O 1.207 071 0.655 454 0.000 000
C −1.427 923 0.537 996 0.000 000
H −2.486 964 0.288 480 0.000 000
H −1.162 820 1.145 816 0.871 687
H −1.162 820 1.145 816 −0.871 687

EO2: neutral trans-ethanal-oxide
𝑥 𝑦 𝑧

C −0.489 485 −0.428 951 0.000 000
H −0.216 911 −1.481 387 0.000 000
O 0.469 175 0.402 657 0.000 000
O 1.744 408 −0.099 797 0.000 000
C −1.879 766 0.095 051 0.000 000
H −1.873 391 1.184 336 0.000 000
H −2.415 299 −0.266 933 0.881 923
H −2.415 299 −0.266 933 −0.881 923

AEO1: anionic syn-ethanal-oxide
𝑥 𝑦 𝑧

C −0.634 608 0.682 744 −0.158 401
H −1.056 198 1.638 224 0.165 511
O 0.689 823 0.656 521 0.095 975
O 1.253 705 −0.684 530 −0.042 937
C −1.449 240 −0.560 551 0.047 675
H −2.511 168 −0.320 638 −0.089 150
H −1.159 227 −1.342 463 −0.656 091
H −1.306 578 −0.985 528 1.056 384

AEO2: anionic anti-ethanal-oxide
𝑥 𝑦 𝑧

C −0.504 603 0.462 235 −0.166 988
H −0.220 527 1.444 238 0.209 318
O 0.452 856 −0.471 095 −0.073 743
O 1.780 206 0.133 052 0.087 515
C −1.885 458 −0.077 265 0.091 903
H −2.636 575 0.695 245 −0.103 910
H −2.101 140 −0.929 797 −0.561 805
H −2.024 023 −0.428 465 1.131 854

Cartesian Coordinates in Å

Figure S1 | Partial charges sourced from a natural
population analysis calculation and projected onto
the four ethanal-oxide oxide structures.

EO1

EO2

AEO1

AEO2
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Table S2 |Orbital occupancies from NBO 6.0 calculations for the carbonyle oxide structures.

Molecule EO1 EO2 MO∗ AEO1 AEO2 AMO∗

Oa lone pair 1.9718 1.9728 1.9780 2.9504 2.9474 2.9706
Ob lone pair 5.6964 5.7164 5.8510 5.8739 5.8978 5.9699
Ca lone pair 0.0000 0.0000 0.0000 0.9277 0.9149 0.9933
Ca−Oa bonding 3.9871 3.9848 3.9959 2.9866 2.9868 2.9960
Ca−Cb bonding 1.9953 1.9855 – 1.9947 1.9860 –
Oa−Ob bonding 1.9884 1.9852 1.9913 1.9872 1.9822 1.9873
Ca−Ob anti-bonding 0.3453 0.3158 0.1316 0.1214 0.0972 0.0180
Ca−Cb anti-bonding 0.0190 0.0126 – 0.0211 0.0148 –
Oa−Ob anti-bonding 0.0188 0.0159 0.0085 0.0183 0.0152 0.0088
∗ from Ref. [20]

Table S3 |Computed scaled harmonic vibrational frequencies of the CH3CHOO anion and neutral species at
the CCSD(T)/A′VTZ level of theory The scaling factor of 0.9635 taken Kesharwani et al. is the scaling factor for
CCSD(T)/cc-pV(T+d)Z calculations (the +d only refers to 2nd row atoms which are not present here). The basis
set used in this study is more or less the same; yet we included augmented functions for C and O. This is expected
to have a small effect on the scaling factor. The ordering of the modes of all other species has been changed to
reflect that of EO1, for direct comparison.

Mode Neutral Anion Mode descriptionEO1 EO2 Sym. AEO1 AEO2 Sym.
𝜈1 3084.5 3050.2 𝑎′ 2939.4 2991.1 𝑎 Cb−Ha stretch
𝜈2 3040.2 3031.8 𝑎′ 2977.4 2905.2 𝑎 Ca−H asymmetric stretch (methyl group)
𝜈3 2915.3 2923.7 𝑎′ 2811.5 2780.8 𝑎 Ca−H symmetric stretches (methyl group)
𝜈4 1458.9 1468.9 𝑎′ 1438.0 1330.7 𝑎 asymmetric O−C/C−O stretch
𝜈5 1416.2 1408.4 𝑎′ 1350.4 1445.4 𝑎 CH2 scissor / Hb−CaCb bend
𝜈6 1346.0 1367.0 𝑎′ 1311.8 1299.2 𝑎 methyl inversion / C−O stretch
𝜈7 1258.2 1264.4 𝑎′ 1185.8 1199.8 𝑎 in-plane Cb−Ha rocking/ C−O stretch
𝜈8 1072.8 1113.0 𝑎′ 1077.1 1077.6 𝑎 methyl wagging / C−C stretch
𝜈9 938.3 908.0 𝑎′ 880.0 903.5 𝑎 C−C stretch
𝜈10 871.9 862.1 𝑎′ 758.1 756.2 𝑎 O−O stretch
𝜈11 644.4 533.1 𝑎′ 507.1 460.3 𝑎 methyl wagging / O−O−C bend
𝜈12 292.8 308.2 𝑎′ 212.5 291.3 𝑎 C−C−O−O scissor bend/deformation
𝜈13 2967.0 2984.5 𝑎″ 2908.0 2952.9 𝑎 Ca−H asymmetric stretch (methyl group)
𝜈14 1401.0 1425.9 𝑎″ 1393.1 1413.3 𝑎 CH2 twist / Ca−Hb rocking
𝜈15 996.4 1015.0 𝑎″ 988.2 992.0 𝑎 methyl twisting / Cb−Ha rocking
𝜈16 697.3 812.6 𝑎″ 624.9 630.3 𝑎 Cb−Ha wagging / methyl rocking
𝜈17 426.7 238.8 𝑎″ 294.4 116.0 𝑎 C−C−O−O out-of-plane twisting
𝜈18 201.4 147.8 𝑎″ 153.2 188.4 𝑎 methyl twisting (internal rotation)

All frequencies are given in cm−1.
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Table S4 |Component breakdown of the W3-F12 total atomisation energies and heats of formation of the
CH3CHOO neutral and anion species (in kJ/mol) as well as the percentaged (T) contribution as an indicator for
non-dynamic correlation.

Molecule AEO1 EO1 AEO2 EO2
SCF 1860.0 1877.3 1866.8 1874.8
CCSD 949.6 907.9 944.1 897.2
(T) 79.8 88.3 78.8 85.9
T3 − (T) −3.6 −4.6 −3.6 −4.2
(Q) 5.5 9.9 5.2 9.9
Inner-Shell 10.0 10.6 10.1 10.6
Scalar Relativistic −3.0 −2.6 −3.0 −2.7
Spin-Orbit −2.6 −2.6 −2.6 −2.6
DBOC 0.4 0.6 0.4 0.6
TAE𝑒 2896.2 2884.7 2896.2 2869.6
ZPVE 147.8 155.4 147.3 154.4
TAE0 2748.4 2729.3 2748.8 2715.2
𝛥𝐻f ,0 32.2 51.3 31.7 65.4
𝛥𝐻f ,298 20.1 37.8 20.0 52.6

Table S5 |Diagnostics for importance of nondynamical correlation.

Molecule AEO1 EO1 AEO2 EO2
%TAE[(T)]𝑎 2.76 3.07 2.73 3.01
%TAE[SCF]𝑎 64.37 65.33 64.6 65.6
𝑇1

𝑏 0.031 0.04 0.029 0.039
𝐷1

𝑏 0.132 0.181 0.12 0.18
𝑎 From W2-F12 theory.
𝑏 From CCSD-F12/VQZ-F12 calculations.
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Figure S2 | Predicted Gaussian convoluted anion photoelectron spectra for both transitions (full width at half
maximum is 0.002 eV).
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