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Criegee intermediates are pivotal in atmospheric chemistry, yet their cationic
forms remain poorly understood. This study presents the infrared spectra of
cationic Criegee intermediates, specifically syn- and anti-CH;CHOO", using
vacuum ultraviolet photoionization coupled with IR photon dissociation
spectroscopy. Combined with quantum chemistry calculations, we explore
conformer-specific infrared spectra and identify distinct unimolecular reac-
tion pathways for each conformer. Our method reveals structural differences
between neutral and cationic CH;CHOO, including a lower isomerization
barrier in the cationic form. This approach enables the investigation of
conformer-specific IR spectroscopy for cationic species, which is challenging
using direct IR absorption methods. By exploiting these distinct reaction
pathways, we can conduct conformer-specific spectroscopic studies, advan-
cing our ability to trace specific molecular conformations in complex chemical
processes in both atmospheric and interstellar contexts.

Criegee intermediates (Cls), carbonyl oxides generated during alkene
ozonolysis!, are pivotal in atmospheric chemistry’. These highly reac-
tive species influence the oxidative capacity of the atmosphere and
contribute to hydroxyl radical® and aerosol*® formation. The success-
ful laboratory preparation of a substantial concentration of the sim-
plest CIs (CH,00)° has sparked extensive research into their
reactivity’ %, spectroscopy’" ", and atmospheric implications>'*,

Among Cls, CH;CHOO has attracted significant attention due to
its atmospheric prevalence*'® and its existence in two conformers: syn-
and anti-CH3CHOO. These conformers differ in the orientation of the
C-0-O group relative to the methyl group. Comprehensive studies
have explored the neutral forms of these species, including their
spectroscopic characteristics™*"”*8, unimolecular and bimolecular
reactions'”*?, and photodissociation dynamics***.

IR spectroscopic investigations of neutral CH;CHOO have been
conducted across various spectral regions. Fourier-transform
infrared (FTIR) spectroscopy has been used to investigate the IR
spectra of both syn- and anti-CH;CHOO conformers in the
830-1550 cm™ region®. Action spectroscopy methods have been
extensively utilized to examine other spectral regions, including the
CH stretch overtone”, combined bands (v.y+v;)”, and the CH
stretch regions®, by detecting OH products through laser-induced
fluorescence. The spectra obtained from the latter two regions have
provided valuable insights into tunneling processes. However, the IR
spectra of neutral anti-CH3CHOO in the mid-IR region remain elu-
sive. This is due to two primary factors: the weak transition intensity
of anti-CH;CHOO, which makes it unsuitable for FTIR analysis,
and its high barriers for unimolecular reaction, rendering it

'State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, China. 2University of
Chinese Academy of Sciences, Beijing, China. 3College of Chemical Engineering, Shenyang University of Chemical Technology, Shenyang, China.
“Department of Physics, School of Science, Dalian Maritime University, Dalian, Liaoning, China. °Key Laboratory of Materials Modification by Laser, lon, and
Electron Beams, Chinese Ministry of Education, School of Physics, Dalian University of Technology, Dalian, China. ®Hefei National Laboratory, Hefei, China.
’Department of Chemistry, Southern University of Science and Technology, Shenzhen, China. I e-mail: fanhj@dicp.ac.cn; wrdong@dicp.ac.cn;

xmyang@dicp.ac.cn

Nature Communications | (2025)16:2313


http://orcid.org/0000-0002-0358-8298
http://orcid.org/0000-0002-0358-8298
http://orcid.org/0000-0002-0358-8298
http://orcid.org/0000-0002-0358-8298
http://orcid.org/0000-0002-0358-8298
http://orcid.org/0000-0003-3406-6932
http://orcid.org/0000-0003-3406-6932
http://orcid.org/0000-0003-3406-6932
http://orcid.org/0000-0003-3406-6932
http://orcid.org/0000-0003-3406-6932
http://orcid.org/0000-0002-3640-1821
http://orcid.org/0000-0002-3640-1821
http://orcid.org/0000-0002-3640-1821
http://orcid.org/0000-0002-3640-1821
http://orcid.org/0000-0002-3640-1821
http://orcid.org/0000-0001-6684-9187
http://orcid.org/0000-0001-6684-9187
http://orcid.org/0000-0001-6684-9187
http://orcid.org/0000-0001-6684-9187
http://orcid.org/0000-0001-6684-9187
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57670-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57670-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57670-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57670-4&domain=pdf
mailto:fanhj@dicp.ac.cn
mailto:wrdong@dicp.ac.cn
mailto:xmyang@dicp.ac.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57670-4

inappropriate for action spectroscopy methods that rely on obser-
ving dissociation products.

While IR spectra of neutral Cls have been extensively studied,
knowledge about their cationic species remains scarce. This study
presents the IR spectra of cationic Cls, specifically focusing on syn- and
anti-CH3;CHOO". Our approach combines vacuum ultraviolet (VUV)
photoionization for cationic radical preparation with IR photon dis-
sociation spectroscopy. Quantum chemistry calculations were
employed to optimize the experimental design, particularly in select-
ing appropriate VUV wavelengths to access specific unimolecular
reaction channels for conformer-specific spectroscopic studies. These
calculations also aided in assigning observed transitions to specific
vibrational modes. This methodology enables the investigation of
conformer-specific IR spectroscopy by exploiting the distinct unim-
olecular reaction pathways of the two conformers.

This study introduces a useful method for exploring the
conformer-specific IR spectroscopy of cationic species, which is elu-
sive from using the direct IR absorption method, by selecting the
appropriate VUV wavelength for photoionization. This approach may
have far-reaching implications, particularly in the field of interstellar
chemistry, where intense mid-IR emission bands are frequently
attributed to highly vibrationally excited polycyclic aromatic hydro-
carbons (PAHSs) in their cationic states”. The conformer selectivity
afforded by our method has the potential to significantly enhance our
ability to trace the origins of these species to specific molecular con-
formations, thereby advancing our understanding of complex inter-
stellar chemical processes.

Results
VUV photoionization mass spectra of CH;CHOO
Figure 1a displays the time-of-flight (TOF) mass spectrum of CH3CHI,/
0O,/He mixture, obtained using 118 nm (10.5 eV) radiation. The spec-
trum revealed the parent ion signal of CH;CHI, at m/z = 282, along with
fragment ions at m/z =155 and 27, resulting from the photoionization
dissociation of CH;CHI*.

Upon photolysis of the mixture with a 266 nm laser, additional
mass spectral signals appeared at m/z=15, 43, 44, 60, and 127 (Fig. 1b).
The m/z=60 signal corresponds to syn- and anti-CH;CHOO

conformers, while m/z=44 signal is attributed to CH;CHO, a known
photolysis product of both conformers®. Although the precise C-I
bond dissociation energy of CH;CHI, remains undetermined, it is
estimated to be -55 kcal mol™, based on analogous molecules such as
CH,l, and C,HsI”. Consequently, 266 nm photolysis could impart up
to 52.5 kcal mol™ of internal energy to the CH5CHI radical. The sub-
sequent reaction between CH;CHI and O,, forming CH3;CHOO, has a
calculated exothermicity of 46.5 kcal mol™>°. This suggests that the
internal energy of CH3;CHOO could potentially reach 99 kcal mol™
under our experimental conditions. At such high internal energies,
CH;CHOO may undergo dissociation to form acetaldehyde and
0('D)*?". The observed appearance energy of the m/z=44 peaks
(Supplementary Fig. S1) correlate well with the established ionization
energy of the acetaldehyde (10.22 eV)¥, supporting our analysis.

The mass spectral signal observed at m/z =15 is attributed to CH;
radical, which originates from the unimolecular decomposition of
internally excited syn- and anti-CH;CHOO conformers. These con-
formers possess sufficient internal energy to surmount the transition
state (TS9 in Fig. 2a) barrier of 31kcal mol™. While these excited con-
formers can theoretically generate vinyloxy radical (m/z=43), this
species remains undetectable in our mass spectra due to its high
ionization energy (10.85 eV)*, which exceeds the energy of the 118 nm
probe photon.

The observed signal at m/z=43 is assigned to the dissociation
products of syn- and anti-CH;CHOO" from 118 nm photoionization. As
indicated in Fig. 2, assuming the ejected photoelectron carries negli-
gible kinetic energy, the internal energy of the syn- and anti-
CH;CHOO" is estimated to be 29 and 34 kcal mol™, respectively. For
the syn-CH;CHOO", this energy content is sufficient to overcome both
TS8 (18.5 kcal mol™) and TS14 (20.4 kcal mol™) barriers, leading to the
formation of CH,CHO" (m/z=43). The anti-CH;CHOO" can undergo
isomerization to syn-CH;CHOO" either through a direct pathway via
TS2 (26.5 kcalmol™) or through a sequential pathway involving TS6
(13.9 kcal mol™) followed by TS5 (17.5 kcal mol™), subsequently gen-
erating CH,CHO".

The mass spectra of the mixture exposed to the IR laser
(2867 cm™) following 266 and 118 nm laser irradiation are presented in
Fig. 1c, with an enlarged view of m/z=15, 43, 44, and 60 shown in
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Fig. 1| TOF mass spectra of 1,1-diiodoethane seeded in a 20% O,/He mixture
under various experimental conditions. a lonization with 118 nm VUV radiation.
b 266 nm photolysis along a quartz capillary tube, followed by 118 nm VUV

photoionization. ¢ 266 nm photolysis and 118 nm VUV photoionization, followed by
IR laser absorption (2867 cm™) 50 ns after VUV ionization. d Comparison of signal
intensities at m/z=15, 43, 44, and 60 under the conditions described in (a-c).
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Fig. 2 | Reaction coordinates for the isomerization and decomposition path-
ways of both neutral and cationic CH;CHOO. a Pathways for isomerization and
decomposition of neutral and cationic anti-CH;CHOO. b Pathway for decomposi-
tion of neutral and cationic syn-CH;CHOO. The energies of syn-CH;CHOO (lower
panel) and syn-CH;CHOO" (top) are set to zero for comparative purposes.

ﬂ ’
.b a (185) [ ff*(204)

9 _Vinyloxy radlcal
+OH

. 9,/ TS18
P,

/ TS14 \
. 099/ sy \
“syn-CH3CHOO+ 22407 5/ CH,CHO*
Vinyl peroxide cation '\ 2 9
\ 9P
e (-60.6)
A |
VUV cetyl cation
118 nm J» 2133
o kcal/mol 9
|
2
.b Ts13 (429)‘”(;1 (392)
j‘ 404#
)(16 4), J Ketene +H M
Y 4 05 MERCA)]

Acetyl radical

Molecular geometries were optimized using the B2PLYP-D3 functional with the cc-
PVTZ basis set. Energy calculations (in kcal mol™) were performed at the DLPNO-
CCSD(T)/aug-cc-pVTZ level of theory, based on the B2PLYP-D3/cc-pVTZ optimized
geometries. All calculations were conducted using the ORCA program package and
included zero-point energy corrections.

Fig. 1d. Notably, Fig. 1d reveals two distinct sources of CH;" (m/z =15).
The first source arises from unimolecular reactions of internally exci-
ted syn- and anti-CH3;CHOO, occurring independently of the IR laser. In
contrast, the second source involves the IR-induced dissociation of
cationic syn- and anti-CH3;CHOO. This IR dissociation pathway is
characterized by a peak at a mass-to-charge ratio slightly higher than
15, attributed to the delayed formation of CH;".

The observed delay in CH3" formation can be explained by the
initial existence of syn- and anti-CH;CHOO" until the arrival of the IR
laser, 50 ns after the 118 nm laser pulse. The greater mass of syn- and
anti-CH3CHOO" compared to CH3" results in a reduced flight velocity,
consequently delaying the arrival time of CH;" generated via IR dis-
sociation relative to those produced through direct 118 nm ionization.

Our experiments reveal that CH;CHO" (m/z=44) signal is unre-
sponsive to IR radiation. The dissociation of syn- and anti-CH;CHOO"
to CH3CHO" and O('D) or O(P) is expected to require excitation to an
electronic excited state, similar to neutral syn- and anti-CH;CHOO.

This process necessitates ~-80 kcal mol™?®, exceeding the energy
available under the current experimental conditions, thus explaining
the unresponsiveness of the CH;CHO' (m/z = 44) signal to IR radiation.

In contrast, when the IR laser is fired 50 ns after the 118 nm VUV
laser, we observe an increase in CH;* (m/z =15) and C,H3;0" (m/z=43)
signals, accompanied by a decrease in m/z =60 signals. The origin of
these cations is discussed in detail in the subsequent section.

Unimolecular reaction pathways for neutral and cationic
CH;CHOO

Figure 2 illustrates the reaction coordinates for the isomerization and
decomposition of syn- and anti-CH;CHOO conformers and their cor-
responding cations. Supplementary Table S1 presents the single-point
energies of optimized structures, including zero-point energy correc-
tions. Under the experimental conditions employed, the initially
formed syn- and anti-CH;CHOO species in the capillary tube possess
internal energies up to 99 kcalmol™. This energy is sufficient to
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Fig. 3 | Experimental and calculated IR spectra of syn- and anti-CH;CHOO", as
well as methyl dioxirane cation, in the 2700-3200 cm™ region. Spectra were
obtained by monitoring the ion signal at a m/z=15, b m/z=43, and ¢ m/z=60. For
(a, b), the spectra were obtained by subtracting the ion signals recorded without IR
radiation (266 nm and 118 nm only) from those recorded with IR radiation applied
50 ns after the 266 nm and 118 nm radiation. For the m/z= 60 channel (c), to
facilitate direct comparison, the subtraction was performed in reverse order (IR-off
minus IR-on signals). Anharmonic IR stick spectra d were calculated using B2PLYP-
D3/cc-pVTZ level of theory. Prominent transitions are indicated on the spectra.

facilitate isomerization between the syn- and anti-CH;CHOO con-
formers. Even though the formation of methyl dioxirane is feasible
from the energy point of view, as shown in Fig. 2a, previous experiment
exhibits no discernible of it from the photoionization efficiency
spectroscopy’, indicating its formation is negligible. These energized
species may subsequently decompose into various products, including
vinyloxy, acetyl, methyl, and hydroxyl radicals, along with carbon
monoxide. Alternatively, collisions within the capillary tube and during
the ensuing supersonic expansion can thermalize these species,
resulting in a typical rotational temperature of ~10 K for syn- and anti-
CH3;CHOO™". Therefore, in the ionization region of the reflectron time-
of-flight (RTOF) mass spectrometer, all species possess negligible
internal energy.

The ionization of cooled syn- and anti-CH;CHOO using a 118 nm
laser imparts excess energy of 29 and 34 kcal mol™ to the initially
formed syn- and anti-CH;CHOO cations, respectively. These energies
exceed those of the transition states TS2, TS5, and TS6, enabling iso-
merization processes. Consequently, both syn- and anti-CH;CHOO"
can interconvert and transform into methyl dioxirane cation. Our
combined computational and experimental findings indicate minimal
formation of vinyl peroxide cation through TS8 isomerization of syn-
CH5CHOO". This finding is corroborated by the absence of absorption
in our experimental IR spectra (Supplementary Fig. S2) where
B2PLYPD3/cc-pVTZ VPT2 calculations predict a strong O-H absorption
band for the vinyl peroxide cation at 350L7cm™ (intensity
351.9 km mol™).

syn-CH3;CHOO* can undergo decomposition to OH and
CH,CHO" through transition states TS8 and TS14. anti-CH;CHOO"
exhibits two distinct isomerization pathways: it can either convert to
methyl dioxirane cations via TS6 followed by isomerization to syn-
CH3CHOO cation through TS5, or directly isomerize to syn-
CH3CHOO" via TS2. Both pathways ultimately lead to decomposition
processes analogous to those observed in directly formed syn-
CH3CHOQO cations.

We introduced an IR laser scanning from 2700 to 3200 cm™
region to the ionization region with a 50 ns delay following the 118 nm
laser pulse. The resonance absorption of IR radiation by syn-/anti-
CH3CHOO cations and methyl dioxirane cations may initiate additional
unimolecular reaction channels. This absorption also enhances the
probability of OH and CH,CHO" production due to the increased total
energy of the system.

The ionization of neutral anti-CH;CHOO generates a diverse
population of cationic species, predominantly anti-CH;CHOO®, but
also including some syn-CH;CHOO® and methyl dioxirane cation
resulting from isomerization. Upon absorption of an infrared photon
near 3000cm™, these species achieve an energy level of
~42.6 kcalmol™, exceeding the TS10 barrier and facilitating the for-
mation of acetyl cation and hydroxyl radical. Subsequently, the acetyl
cation undergoes further decomposition to yield methyl cation and
carbon monoxide. In contrast, cations derived from syn-CH;CHOO
ionization reach only 37.6 kcal mol™ after similar IR absorption, barely
surpassing the TS10 barrier. Under these energetic conditions, these
species preferentially undergo decomposition through the lower-
energy transition states TS8 and TS14 to form OH and CH,CHO", rather
than proceeding along the higher-energy pathway leading to methyl
cation formation.

In summary, anti-CH;CHOO" exhibit two primary decomposition
pathways upon absorption of IR radiation. The first involves the for-
mation of acetyl cation (m/z=43) and methyl cation (m/z=15) via a
high-energy transition state (TS10), while the second leads to CH,CHO*
(m/z = 43) through multiple lower-energy transition states (TS2 (or TS6
and TSS), TS8, and TS14). Methyl dioxirane cations that isomerize from
anti-CH;CHOO" demonstrate similar reaction mechanisms upon
absorption of IR radiation. In contrast, syn-CH;CHOO cations pre-
ferentially decompose into CH,CHO" and hydroxyl radicals via two
low-energy transition states (TS8 and TS14) when exposed to IR
radiation.

Based on these findings, we postulate that the observed produc-
tion of m/z =15 species upon IR irradiation is predominantly attributed
to anti-CH3;CHOO", with potential contributions from methyl dioxirane
cation. The contribution from syn-CH;CHOO" to this product is likely
negligible. Conversely, the formation of m/z =43 species is expected
to originate from both syn- and anti-CH;CHOO®, with certain con-
tributions from methyl dioxirane cation. We applied this hypothesis to
assign the observed IR spectra in subsequent analyses, and our spec-
tral observations further corroborated this assumption.

Computed IR absorption spectra

Geometry optimizations and anharmonic vibrational frequency cal-
culations for the syn- and anti-CH;CHOO" and methyl dioxirane cation
were performed using the B2PLYP-D3 double-hybrid density func-
tional theory approach with the cc-pVTZ basis set, based on its pre-
viously demonstrated reliability’****., A comprehensive study of
various computational methods for predicting the IR spectra of anti-
CH3;CHOO' revealed that B2PLYP-D3/cc-pVTZ provides superior per-
formance among all evaluated methods, yielding a mean absolute
error (MAE) of 11.8 cm™ (Supplementary Table S2). This approach
yields high-quality geometries and frequencies comparable to
CCSD(T) results, but with significantly reduced computational
demands. All calculations, including the optimization of relevant
transition states, were performed using the Gaussian 16 software
package.

The anharmonic vibrational frequencies and associated IR inten-
sities in the CH stretch fundamental region (2700-3200cm™) for
cationic syn-/anti-CH;CHOO and methyl dioxirane cation are illu-
strated in Fig. 3d. Supplementary Tables S3-S8 provide detailed
numerical data and mode descriptions. The syn-CH;CHOO" exhibits 17
IR transitions, comprising four fundamental bands, three overtones,
and ten combination bands. In comparison, theoretical calculations
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predict 18 IR transitions for the anti-CH;CHOO", including an addi-
tional combination band. Notably, the carbonyl oxide CH stretch (v,)
of anti-CH;CHOO® demonstrates a substantial IR intensity of
10.8 km mol™, whereas the corresponding stretch in syn-CH;CHOO"
shows a significantly lower intensity of 0.11 km mol™. For the methyl
dioxirane cation, theoretical predictions indicate only four transitions
with intensity exceeding 0.5 km mol™

In our calculation of syn-/anti-CH;CHOO" and methyl dioxirane
cation, the MAE is 17.5 cm™. Some larger deviations observed for syn-
and anti-CH;CHOO" can be attributed to their unique electronic
structure, open-shell character, and inherent complexities in predict-
ing overtones and combination bands.

Experimental IR spectra and assignment

IR spectra of syn- and anti-CH;CHOO" were acquired by monitoring the
parent ion (m/z=60) and two fragment ions (m/z=15 and 43) while
scanning the IR laser (0.05cm™s™) in the 2700-3200 cm™ region
(Fig. 3). Notably, the rotational features in the IR spectra of CH;CHOO"
are unresolved, despite the use of a narrow linewidth IR laser
(0.15cm™). This observation is particularly noteworthy, considering
that the transition modes of syn-CH;CHOO in this region have been
previously resolved®. Moreover, the CH;CHOO" exhibits structural
and rotational characteristics similar to its neutral counterpart (Sup-
plementary Table S9).

Several factors contribute to these spectral distinctions. The rapid
decomposition of parent ions would lead to significant lifetime
broadening. If we assume a typical dissociation lifetime of ~200 fs. This
would result in an energy uncertainty of ~13cm™. The 118 nm laser
ionization process imparts significant internal energy (29 and
34 kcal mol™) to syn- and anti-CH;CHOO*, markedly different from
their neutral counterparts, which maintain a rotational temperature of
~10K under jet-cooled conditions?. Furthermore, our recorded IR
spectrum represents a composite of signals from both cationic syn-
and anti-conformers, and methyl dioxirane cation, whereas previously
reported neutral CH;CHOO spectra exclusively involved the syn-
conformer.

This interpretation gains support from the observed enhanced
resolution in IR spectra when monitoring CH;" (m/z =15), compared to
those observing the parent ion (m/z=60) and CH,CHO" (m/z=43), as
illustrated in Fig. 3a-c. The spectrum of m/z=15 incorporates con-
tributions from the anti-CH;CHOO* and methyl dioxirane cation,
whereas the spectra of the m/z = 60 and m/z = 43 encompass these two
species along with syn-CH;CHOO".

The IR spectra obtained by monitoring changes in the m/
z =15 signal upon IR radiation are presented in Fig. 3a. Spectral line
positions were determined through multipeak fitting procedures
employing Gaussian profiles, as elaborated in Supplementary Fig. S3
and Table S10. The spectrum reveals three prominent peaks in the
range of 2820-2875.5 cm™, which are attributed to the three strongest
transitions of anti-CH;CHOO" as depicted in Fig. 3d: v, + vs, vi3, and vs.
Additional peaks observed at 2764.8 and 2787 cm™ are assigned to the
2vsand v, + Ve transitions of anti-CH;CHOO", respectively. These peaks
exhibit greater intensity than predicted by theoretical calculations,
possibly due to uncertainties in calculated transition intensities and/or
modes involving carbonyl oxide CH in-plane wag that facilitates four-
membered ring formation. The predicted transition positions aligned
closely with the observed peaks, typically within a few wavenumbers,
with the exception of a 27 cm™ discrepancy for the peak at 2841 cm™.

In the higher frequency region of 3045-3080 cm, a distinct peak
and shoulder structure are observed, corresponding to the two strong
transitions shown in Fig. 3d: v, (3054.6 cm™) and v;3 + vi5 (3070 cm™).
The peak at 3093.4 cm™ is attributed to the v; mode of the methyl
dioxirane cation. This assignment is supported by our theoretical
calculations and the absence of significant anti-CH;CHOO" transitions
in this spectral region. In the range of 2950-3045cm™, we observe a

cluster of three peaks that likely arise from overlapping contributions
of both anti-CH;CHOO" and methyl dioxirane cation. This interpreta-
tion is based on the correlation between observed peak positions and
calculated transition intensities for both species. Detailed peak
assignments are provided in Table 1.

Our spectra (Fig. 3a) exhibit eleven distinct peaks, of which seven
are assigned to pure transitions of anti-CH;CHOO". Notably, these
assignments include five of the most intense transitions predicted by
our theoretical calculations (Fig. 3d). The remaining three theoretically
predicted modes for anti-CH;CHOO" overlap with transitions of the
methyl dioxirane cation, collectively accounting for three observed
peaks. An additional peak at 3093.4 cm is attributed to a transition of
the methyl dioxirane cation.

Among the fourteen assigned transitions (Supplementary
Table S10), twelve are associated with CH; group modes, including
both fundamental modes (e.g., the transition at 2875.5 cm™ originating
from the methyl out-of-plane symmetric CH stretch) and combination/
overtone modes (e.g., the transition at 3008.2 cm™ arising from the
combination of methyl out-of-plane symmetric CH stretch and HCCO
torsion). These observations suggest that the excitation of CH; group
vibrational modes promotes the dissociation of parent cations (anti-
CH3CHOO" and methyl dioxirane cation) to produce m/z 15 fragments.

The IR spectra obtained from the m/z =43 channel are presented
in Fig. 3b. Notably, the counter of these spectra more closely resembles
the calculated IR spectra of syn- and anti-CH;CHOO" shown in Fig. 3d,
where the IR transitions in the 2800-2950 cm™ region are substantially
stronger than those in the 2950-3100 cm™ region. This similarity likely
arises from methyl dioxirane cation contributing more significantly to
the m/z =15 channel than to the m/z =43 channel, as evidenced by a
stronger peak at 3093.4 cm™ in Fig. 3a compared to Fig. 3b.

The spectra in Fig. 3b comprise contributions from IR transitions
of syn- and anti-CH;CHOO", with minor contributions from methyl
dioxirane cation. Consequently, Fig. 3b exhibits more peaks than
Fig. 3a, although some peaks in Fig. 3b lack obvious structure due to
the presence of neighboring stronger peaks. Certain peaks observed in
both figures are attributed to IR transitions of anti-CH;CHOO" and
methyl dioxirane cation, as previously discussed.

Eight unassigned peaks in Fig. 3b originate from IR absorption of
syn- CH;CHOO". All eight IR transitions stronger than 1km mol?,
labeled in Fig. 3d, have been assigned to the observed peaks based on
calculated line positions and absorption intensities. The peak at
2803.0 cm™ is assigned to the 2vs vibrational mode, with a possible
contribution from weak transition mode v, + ve. Similarly, the peak at
2862.0 cm™ is primarily attributed to the v; transition, potentially with
a contribution from the weak transition mode v, +vy4. The compre-
hensive peak assignments are detailed in Table 1, with corresponding
stick spectra provided in Supplementary Fig. S5.

The fragmentation of the parent ion m/z=60 (CH;CHOO" and
methyl dioxirane cation) yields two principal fragments: m/z=43
(CH,CHO" and CH5CO") and m/z=15 (CH3"). The IR spectra obtained
by monitoring these fragments (Fig. 3a, b) were combined and com-
pared with the IR spectrum derived from the parent ion depletion in
Fig. 3c. The combined spectral profile of the fragments closely mat-
ches that of the parent ion in the 2700-3200 cm™ region, with a
notable exception of reduced intensity in the 2800-2870 cm™ range. A
comprehensive comparison of IR spectra obtained by observing m/
z=15, 43, 44, and 60 is provided in Supplementary Fig. S4.

It is worth noting that discrepancies between action spectra
profiles derived from parent ion observations and those from summed
fragmentation products are not uncommon®*”. These differences can
be attributed to various factors, including: (1) reduced signal-to-noise
ratios in weak signals of fragment cations, and (2) mass-dependent
detection efficiency of the MCP detector, where lighter cations typi-
cally exhibit higher detection efficiency than heavier ones. Specifically,
the contribution from the m/z = 43 fragment, which is more prominent
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Table 1| Spectral peak assignments based on experimental observations, accompanied by calculated anharmonic fre-

quencies, transition intensities, and transition types

Position (cm™) Anharmonic frequency (cm™) syn/anti or dioxirane Mode IR intensity (km mol™) Transition type®
a b c

2764.8 2745.6 anti® 2vs 0.945 0.92 0.08 0.00
2787.0 2824.9 anti Va+Vg 0.746 0.35 0.65 0.00
2803.0 2749.2 syn°® 2vs 1.35 0.96 0.04 0.00
2820.0 2826.1 anti V4t Vs 46.8 0.98 0.02 0.00
2841.0 2868.6 anti Vi 38.6 0.00 0.00 1.00
2862.0 2830.0 syn V3 74.8 07N 0.29 0.00
2875.5 2874.6 anti V3 84.8 1.00 0.00 0.00
2892.0 2841.8 syn Viz 325 0.00 0.00 1.00
2912.0 2881.6 syn V4t Vs 257 0.92 0.08 0.00
2942.3 2960.4 syn Va+Vig 6.63 0.00 0.00 1.00
2956.8 2941.2 MDOX® Vs 36.3 0.96 0.04 0.00
2963.8 29511 anti 2vy 5.00 0.94 0.06 0.00
2985.1 2982.0 syn 2vy 5.99 0.02 0.98 0.00
2991.0 2974.7 MDOX Vig 15.2 0.00 0.00 1.00
3008.2 3013.3 anti V3 +Vig 1.42 0.00 0.00 1.00
3022.6 30311 MDOX Vo 7.21 0.18 0.82 0.00
3025.0 3023.9 syn Vigt+Vig 9.69 0.89 on 0.00
3036.4 3033.0 anti vy 6.82 0.03 0.97 0.00
3046.6 3080.5 syn vy 431 0.39 0.61 0.00
3054.6 3051.5 anti Vo 10.8 0.76 0.24 0.00
3070.0 3072.0 anti Viz +Vig 15.1 0.16 0.84 0.00
3093.4 3095.4 MDOX vy 10.2 0.01 0.99 0.00

Tentative modes assignment was based on the calculated vibrational displacement vectors.

“The transition types (Type a, b, and c) are classified based on the direction of the transition dipole moment relative to the principal molecular axes (Supplementary Table S3-S5).

P“anti” denotes as anti-CHzCHOO".
°“syn” denotes syn-CH3;CHOO".
“MDOX" represents methyl dioxirane cation.

in the 2800-2870 cm™ range, may be underrepresented in the direct
summation of fragment intensities due to its lower detection efficiency
compared to m/z =15 fragments.

The spectra of the m/z = 60 channel reveal a distinctive feature at
2867 cm™!, which is notably absent in the m/z =15 and 43 channels. This
feature arises from a combination of the v; transitions of both syn- and
anti-CH;CHOO" conformers (2862 and 2875.5cm™ in Fig. 3a, b). The
observed peaks at 3025 and 3046.6 cm™ in Fig. 3b represent collective
contributions from the dissociation of syn- and anti-CH;CHOO" and
methyl dioxirane cation upon IR photon absorption, resulting in peak
positions that differ from those of the individual species.

Discussion

The syn- and anti-conformers of neutral CH;CHOO exhibit a sub-
stantial energy barrier of ~41.3 kcal mol™ for direct interconversion (via
TSI1), primarily due to the rigid C=0O double bond structure. This
rigidity arises from the T bond, which requires substantial energy for
bond rotation. However, an alternative, more energetically favorable
pathway exists, which proceeds through TS3 and TS4, with methyl
dioxirane as an intermediate. This pathway exhibits a notably lower
transition state barrier of 23.8 kcal mol™ at TS3 compared to TSI.

In the case of cationic syn- and anti-CH;CHOO, both the direct
conversion pathway (via TS2) and the methyl dioxirane-mediated
route (via TS5, methyl dioxirane cation, and TS6) become more
accessible due to significant electronic reorganization. Our computa-
tional analysis reveals that cationic syn- and anti-CH;CHOO structures
exhibit enhanced charge delocalization compared to their neutral
counterparts, resulting in a weakened C=0 bond. This effect is quan-
titatively demonstrated by the Mayer bond order calculations,

showing a value of 1.331 for the transition state (TS2), lower than the
1.748 for the neutral transition state (TS1). The structural implication of
this electronic reorganization is evident in the geometry of TS2, which
features a C-O-O angle of 137.1° and an HCOO dihedral angle of 94.7°
(Supplementary Fig. S6), indicating enhanced rotational freedom
around the C-O bond.

These electronic and structural modifications significantly impact
the energy of conformer interconversion in cationic species. The direct
interconversion barrier between syn- and anti-CH;CHOO" is reduced
to 26.5 kcal mol™, while the methyl dioxirane-mediated pathway exhi-
bits even lower barriers, with TS5 and TSé6 requiring only 17.5 and
13.9 kcal mol™, respectively.

Upon absorption of an IR photon, e.g., 2862cm’, the syn-
CH3;CHOO" possesses an internal energy of -37.2 kcal mol™, which
promotes a 1,4 H-transfer reaction, resulting in the formation of
CH,CHO" and OH radical. Conformational changes of the aldehydic H
in CH,CHO", whether directed toward the methylene carbon or away
from the aldehydic group, proceed through transition state TS16.
Although the system possesses sufficient energy to overcome the TS16
barrier, the dissociation pathway may be kinetically hindered when the
hydroxyl radical, generated from vinyl peroxide cation decomposi-
tion, retains significant internal energy. This mechanism provides a
plausible explanation for the absence of characteristic syn-CH;CHOO"
signatures in the IR spectra observed through the m/z =15 channel.

The internal energy of anti-CH3;CHOO" after absorption of an IR
photon (2875cm™) is ~42.2kcalmol™. Our computational analysis
reveals that cationic anti-CH3;CHOO follows a pathway comparable to
its neutral counterpart, as depicted in Fig. 2a. In neutral anti-
CH3CHOO, previous studies have demonstrated that the aldehydic
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hydrogen can transfer to the terminal peroxy oxygen, forming a four-
membered ring structure®®*° before dissociating into acetyl radical and
hydroxyl radicals.

Quantum chemical calculations using Gaussian 16 reveal that the
dissociation of cationic acetyl radicals (CH;CO") into CH;" and CO
requires ~74.0kcalmol™® (Fig. 2a), consistent with the previously
reported value of 70.5 kcal mol™*°. The anti-CH;CHOO" possesses an
internal energy of -42.2 kcal mol™, which exceeds the energy barrier of
transition state TS10. The subsequent decomposition yields CH3CO*
and OH with a combined energy of 101.4 kcalmol™. Under these
energetic conditions, the acetyl cation likely retains sufficient internal
energy to undergo further dissociate into CHz* and CO. This process
occurs without a reverse activation energy barrier, as even a slight
elongation of the C-C bond in CH3CO" results in its direct dissociation
into a methyl cation and neutral carbon monoxide, bypassing any
intermediate transition state. This mechanism explains the observed
dissociation of cationic anti-CH3CHOO to CH3" upon IR absorption in
our IR spectra of the m/z =15 channel.

Although acetyl cations could theoretically dissociate to form
methyl radicals, carbon monoxide cation, and hydroxyl radicals, this
process requires energy exceeding 170.5kcalmol™. As this energy
requirement falls outside the scope of our experimental conditions, we
have not included this pathway in our analysis. Figure 4 illustrates the
unimolecular decomposition pathways of syn-/anti-CH;CHOO and
methyl dioxirane cations, yielding fragment ions at m/z=43 and
m/z=15.

In summary, this study provides experimental and theoretical
insights into the infrared spectroscopy of cationic Cls, specifically syn-
and anti-CH;CHOO". Our approach, combining VUV photoionization
with IR photon dissociation spectroscopy, enables conformer-specific
investigations that were previously challenging to achieve. Our quan-
tum chemical calculations reveal structural differences between neu-
tral and cationic CH;CHOO, highlighting a lower isomerization barrier
in the cationic form due to enhanced charge delocalization. We have
also extensively studied the unimolecular reaction pathways of these
two conformers, providing a comprehensive understanding of their
behavior.

This conformer-specific IR spectroscopic technique demonstrates
broad potential for investigating various cationic species relevant to
combustion, plasma chemistry, and astrochemistry. Beyond conformer
identification, the method provides detailed structural information
through IR spectral fingerprints and enables the elucidation of
conformer-specific decomposition pathways through the combination
of spectroscopic measurements with quantum chemistry calculations.
Such capabilities are particularly valuable for understanding chemical
evolution and energy transfer processes in these complex environments.

Methods

Experimental

The experimental setup comprised a molecular beam apparatus inte-
grated with photolysis and probe lasers, a tunable IR laser, and a time-
of-flight mass spectrometer (TOF-MS). The 1,1-diiodoethane precursor
(=98%, Sigma-Aldrich) was soaked in glass paper and stored in a quartz
cartridge container within an Even-Lavie valve. This precursor was
entrained in a 20% O,/He carrier gas at a pressure of 16 atm. This gas
mixture was expanded into a quartz capillary (1.5 mm inner diameter,
2.5cm length) attached to the front flange of the valve, where the
precursor was photolyzed by a 266 nm laser (20 mJ pulse™, 10 Hz), the
fourth harmonic of a Nd: YAG laser (Beamtech SGR-20, 10 Hz), to form
the CH3CHI radical. The resulting CH3CHOO, produced from the
reaction between CH;CHI and O,, was ionized by the 118 nm VUV
laser (10 Hz).

Aloosely focused tunable IR laser (5 Hz, bandwidth 0.15 cm™) was
fired 50 ns after the VUV laser, perpendicular to the molecular beam,
exciting the cationic CH;CHOO at the center of the extraction region
of the TOF mass spectrometer. This IR laser was generated using a
potassium titanyl phosphate (KTP)/potassium titanyl arsenate (KTA)
optical parametric oscillator/amplifier system (OPO/OPA, LaserVision)
pumped by a Nd: YAG laser (Continuum Surelite EX). The typical pulse
energy of the IR laser was 8-10 m).

IR spectra were obtained by scanning the IR laser from 2700 to
3200 cm™ at a rate of 0.05 cm™s™. The cationic CH;CHOO signal, with
IR-on or IR-off, was amplified (SRS amplifier, SR445A) before being fed
into an analog-to-digital converter card (Acqiris, SA220P, 2GS/s).
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Theoretical

All species involved in the unimolecular pathways were calculated
using the B2PLYP-D3 functional with the cc-pVTZ basis set, as imple-
mented in the Gaussian 16 program suite®. The vibrational second-
order perturbation theory (VPT2) approach was employed to simulate
equilibrium geometries, rotational constants, harmonic and anhar-
monic frequencies, and IR intensities for both syn- and anti-cationic
CH3CHOO conformers.

Reaction coordinate energies were computed at the DLPNO-
CCSD(T)/aug-cc-pVTZ//B2PLYP-D3/cc-pVTZ level of theory using the
ORCA program, with zero-point energy corrections applied*. All ener-
gies are reported in kcal mol™. Mayer bond orders were calculated using
the Multifunctional Wavefunction Analyzer (Multiwfn) program®, based
on wavefunctions obtained from Gaussian 16 calculations.

Data availability

Data are provided with this paper and can be downloaded at https://
doi.org/10.6084/m9.figshare.28491056. Source data are provided with
this paper. Data supporting the findings of this manuscript are also
available from the corresponding author upon request. Source data
are provided with this paper.
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