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Abstract

Methyl vinyl ketone (MVK) and methacrolein (MACR) are important intermediate products in
atmospheric degradation of volatile organic compounds, especially of isoprene. This work
investigates the reactions of the smallest Criegee intermediate, CH.OO, with its co-products from
isoprene ozonolysis, MVK and MACR, using multiplexed photoionization mass spectrometry
(MPIMS), with either tunable synchrotron radiation from the Advanced Light Source or Lyman-a
(10.2 eV) radiation for photoionization. CH>OO was produced via pulsed laser photolysis of CH2l»
in the presence of excess O,. Time-resolved measurements of reactant disappearance and of
product formation were performed to monitor reaction progress; first order rate coefficients were
obtained from exponential fits to the CH>OO decays. The bimolecular reaction rate coefficients
at 300 K and 4 Torr are k(CH200 + MVK) = (5.0 + 0.4) x 1013 cm® s and k(CH.00 + MACR)
= (4.4 +1.0) x 10 cm®s!, where the stated + 20 uncertainties are statistical uncertainties. Adduct
formation is observed for both reactions and is attributed to the formation of secondary ozonides
(1,2,4-trioxolanes), supported by master equation calculations of the kinetics and the agreement
between measured and calculated adiabatic ionization energies. Kinetics measurements were also
performed for a possible bimolecular CH200 + CO reaction and for the reaction of CH200 with
CF3CHCH_2 at 300 K and 4 Torr. For CH.00 + CO, no reaction is observed and an upper limit is
determined: k(CH200 + CO) < 2 x 101® cm® s. For CH200 + CF3CHCH,, an upper limit of

k(CH200 + CF3CHCHz) <2 x 10" cm® sl is obtained.



1. Introduction

Carbonyl oxides, also known as Criegee intermediates (Cls), are formed from the ozonolysis of
alkenes and play an important role in tropospheric chemistry.! Reaction of ozone (Os) with alkenes
is initiated by formation of a primary ozonide (POZ) in the 1,3-cycloaddition reaction between
ozone and alkenes.? Subsequent, rapid decomposition of the highly excited POZ (addition of ozone
is exothermic by > 50 kcal mol™)2 leads to formation of CI and a carbonyl compound (aldehyde
or ketone). The CI formed from the decomposition of the POZ contains significant internal energy
and can isomerize further or dissociate.® However, a significant fraction of nascent Cl is stabilized
in non-reactive collisions with atmospheric constituents, mainly with N». These stabilized Criegee
intermediates (SCls) are highly reactive and the understanding of their possible impact on
tropospheric chemistry* has increased since the discovery of a method to produce sCls for kinetics
studies, which employs photolysis of the corresponding gem di-iodoalkane compound in the
presence of O2.° For example, photolysis of CHzl, produces CHl radical and in presence of O
the subsequent CHl + O, — CH200 + | reaction produces the smallest sCI, CH.OO, with almost

unity yield at low (~ 4 Torr) pressure.®®

Methyl vinyl ketone (MVK, CH3C(O)CHCHy>) and methacrolein (MACR, CH>C(CH3z)CHO), see
Scheme 1, are among the main products in OH-initiated oxidation of isoprene in presence of NOx
as well as in ozonolysis of isoprene. Under high-NOy conditions the combined yield of MVK and
MACR from OH-initiated oxidation of isoprene is in the range 54-72 %,%! while under low-NOx
or NOx-free conditions the combined yield is suppressed.*? In isoprene ozonolysis the combined
yield of MVK and MACR is about 50 — 55 % and has been shown to increase under humid

conditions by approximately 13 %.131°



A secondary ozonide (SOZ) is formed in a 1,3-bipolar cycloaddition reaction of an sCl with an
aldehyde or a ketone. SOZs have 1,2,4-trioxolane structure and were first observed in liquid-phase
ozonolysis of alkenes.? %8 In liquid-phase ozonolysis SOZs are prominent partly because the cage-
effect of a liquid promotes the sCI to recombine with its carbonyl compound co-product and
produce an SOZ.2 18 In the gas-phase, where this cage effect does not exist, sCls are consequently
more likely to react with other compounds than with the conjugate carbonyl compound. However,
SOZs are also formed in the gas phase and have been observed in indirect ozonolysis
experiments®’ 8 and more recently in direct kinetics measurements'® of CH,OO with acetone and

hexafluoroacetone.

In this work we investigate kinetics of the following reactions:

CH200 + CH3C(O)CHCH, (R1)

CH200 + CH,C(CH3)CHO (R2)

and probe possible product species at 300 K and 4 Torr. In addition, upper limits are determined

for the rate coefficients of the bimolecular reactions

CH200 + CO (R3)

CH»00 + CF3CH=CH, (R4)

at 300 K and 4 Torr. The current work provides the first direct kinetics experiments on these

reactions.

2. Experiment



Experiments were performed using a time-resolved, multiplexed photoionization (time-of-flight)
mass spectrometry (MPIMS)?? apparatus employing either tunable synchrotron radiation from the
Advanced Light Source (ALS) or Lyman-a (10.2 ¢V) radiation from a hydrogen discharge lamp
for photoionization. The apparatus consists of a halocarbon-wax coated quartz reactor with an
inner diameter of 1.05 cm coupled to the MPIMS. Pulsed excimer laser photolysis (4 or 10 Hz
repetition rate, 248 nm) of CHzl> precursor generated CH2l radicals whose subsequent, rapid
reaction with Oz (k’ ~ 20000 s) produced a nearly uniform CH,OO concentration in the reactor
according to the reaction CHzl + O2 — CH200 + |. The reacting mixture was continuously
sampled through a ~ 0.65 mm diameter orifice in the sidewall of the reactor. Typical concentrations
were [MVK]max = [MACR]max ~ 2 x 10® ¢cm™3, [CH2l2] ~ 1.5 x 10 cm3, [O2] ~ 1 x 10® cm,
with helium added to a total pressure of 4 Torr. Relatively high reactant concentrations were used
in upper limit determinations for the CH.00 + CO and CH>00 + CFsCHCH> reactions ([CO]max
~ 4 x 10% cm™, [CFsCHCH2]max ~ 8 x 10% cm™). Concentrations of reactants were set by
controlling the mass flow of manometrically prepared gas mixtures. Photosensitive and potentially
reactive metal carbonyl contaminants were removed from the CO flow?? by using a commercial
chemical sorbent purifier immediately upstream of the reactor inlet. The cross-sections at 248 nm
are small enough for MVK (~ 2.5 x 10% cm?)? and MACR (~ 1.5 x 10?! cm?),? that at the
fluences employed (4 x 10 cm) less than ~ 0.01 % of the reactants absorb a photon, and the
effects of photodissociation of MVK or MACR on the removal rate for CH.OO could be neglected.

Neither CO nor CFsCHCH: absorbs significantly at 248 nm.

To characterize products formed in R1 and R2, full mass-, time-, and energy-resolved datasets,
I(m/z, t, E), were obtained by recording time-resolved mass-spectra I(m/z, t) as a function of the

photon energy E. Typically, the photon energy was scanned from 9.0 — 10.75 eV in steps of 25



meV and normalized to the ALS photon flux. Signal was background-corrected by subtracting the
average of the pre-photolysis signal. Experiments to determine bimolecular reaction rate
coefficients were carried out using ~ 10.2 eV radiation from a hydrogen discharge lamp with a

MgF2 window.

3. Computation

3.1 Adiabatic ionization energy (AIE) calculations. For the neutral molecular structures, the
lowest-energy conformers were determined using one-dimensional hindered rotor scans at the
HF/def2-TZVP level of theory. Based on these conformers, neutral and cationic molecular
structures were geometry-optimized at the B3LYP-D3BJ /def2-TZVP level of theory?® without
additional hindered rotor scans. Using the B3LYP geometries, single-point energies were
calculated at the MP2/cc-pVDZ ( /cc-pVTZ) and DLPNO-CCSD(T)/cc-pVTZ (/cc-pVQZ) levels
of theory.?* 2 The DLPNO approximation of CCSD(T) was used because exact CCSD(T)/cc-
pVQZ calculations would have been computationally prohibitively expensive for the CH>OO-
MVK/MACR adduct structures. Complete basis set (CBS) limits were calculated using the ECBS
= (43EQZ — 33ETZ)/(43 — 33) scheme®® for the DLPNO-CCSD(T) calculations and using the
CBS” scheme proposed by Kruse et al.’” for the combination of MP2 and DLPNO-CCSD(T)
calculations. All quantum-mechanical calculations were carried with the ORCA software

package.?®

Adiabatic ionization energies (AIEs) of the CHOO-MVK/MACR adduct structures were
calculated at the GFN-xTB,”° HF/def2-TZVP, B3LYP-D3BJ/def2-TZVP, DLPNO-
CCSD(T)/CBS(TZ,QZ), and CBS" levels of theory. The uncertainties associated with the

ionization energy predictions at the different levels of theory were superficially evaluated using



aset of eight reference structures: acetone,*® 2-butanone, acetaldehyde,3 propanal,®? 2-methyl-
propanal,®® 2-methyl-1-propene,® cyclopentane,® and tetrahydrofuran.®® The results (shown in
Table S1) show that the DLPNO-CCSD(T)/CBS(TZ,QZ) level of theory systematically
overestimates AIEs, and the B3LYP-D3BJ/def2-TZVP and CBS” levels of theory systematically
underestimate AIEs. Combining these three methods compensates systematic errors and gives
AIEs that are less than half as uncertain as the uncombined AIEs in terms of mean unsigned errors
(MUEs): 0.09 eV vs. 0.04 eV. The combination is linear with weights calculated from the

reciprocals of mean squared errors (MSEs):

CBS(TZ,QZ * -
IEcombined = 0.67 X IEp oo vosper + 0-28 X IEBS” + 0.05 x IESSEZTHE, (1)

The proposed combination of AIE calculations (Egn. 1) was tested for an additional set of eight
reference structures: 2-pentanone,®®  3-pentanone,®  butanal,®®*  MVK>?"  ethene®
methoxyethene,® cyclopentane,® and 2,5-dihydrofuran.® Again, the combination scheme reduces
uncertainty by about 50 % (0.09 eV vs. 0.05 eV), as can be seen in Table S2. The present training
set (8 compounds), test set (8 compounds), and the variety of ab initio methods are not large
enough to conclude that the presented combination scheme is generally applicable. For the present
purpose, however, the good extrapolation behavior from the training set to the test set, in
combination with the structural similarities between the 16 tested compounds and the 8 structures
of adduct products of CH.00 + MVK and CH200 + MACR reactions, leads to the conclusion

that this scheme is well-suited to the 8 adduct structures.

3.2 Stationary point calculations and RRKM/ME simulations. In addition to the adiabatic
ionization energy calculations, kinetics of the CH.00 + MVK and CH.00 + MACR addition

reaction were calculated using Rice-Ramsperger-Kassel-Marcus (RRKM) theory / Master



Equation (ME) simulations. For each reaction channel, the reactants CH.OO + MVK / CH>00 +
MACR, a pre-reaction van der Waals (vdW) complex, a transition state (TS) for the reaction from
the vdW complex to the adduct, and the adduct were included in the ME. Formation of the VdW
complex is assumed to be barrierless and was modeled via phase space theory,*! using the same
potential for describing relative translation for all adducts. Collisional energy transfer is modeled

using an exponential-down model*? with

(AEgoun) = 200 cm™1 x (T / 300 K)°85, o

using the weak collider helium (He) as the bath gas. The Lennard-Jones (LJ) collision frequency*?
is calculated using 6 = 2.55 A and & = 10.0 K for He.*® For the adduct structures, LJ parameters
were obtained via group additivity theory as implemented in the RMG** software package and are
listed in Table S3. The RRKM/ME simulations were carried out with the MESS* software

package.
4. Results and Discussion
4.1 Time behavior and bimolecular reaction rate coefficient determinations

Experiments were performed under pseudo-first-order conditions (i.e. contribution of CH.0O0 +
CH-0O0 reaction was negligible in comparison to CH.00 + MVK or CH200 + MACR reaction
and [CH200] << [MVK or MACRY]). Signal decays could consequently be fitted using a single
exponential function to obtain the pseudo-first-order rate coefficients k'(CH.00 + MVK or
MACR). Figures 1a and 2a show the measured CH>OO decay signals in presence of MVK and
MACR reactants. The fit to the data shown in figures 1a and 2a was convolved with an instrument

response function.> Measurements were performed over a range of MVK or MACR reactant



concentrations in order to derive bimolecular reaction rate coefficients k(CH.OO + MVK or

MACR) from
k'(CH200 + MVK) = k(CH200 + MVK)x[MVK] + Kwan 3)
and £'(CH200 + MACR) = k(CH200 + MACR)X[MACR] + kwan 4)

using linear fitting to the pseudo-first order values. The effective first order rate coefficient Kwan
captures reaction of CH.OO on the walls of the reactor as well as possible gas phase removal that
does not depend on MVK or MACR. In the present configuration this background removal
depends somewhat on the wall coating and is on the order of 100 - 200 s™. Experimental values of
k'(CH200 + MVK or MACR) versus [MVK or MACR] are plotted in Figure 3, which return the
following bimolecular reaction rate coefficients at 300 K and 4 Torr: k(CH200 + MVK) = (5.0
0.4) x 10 cm3 st and k(CH200 + MACR) = (4.4 + 1.0) x 1023 cm? s, where the stated + 20

bounds reflect the uncertainty in the fit.

Bimolecular reaction rate coefficients of CH.00 with carbonyl and alkene compounds at about
300 K from the direct kinetics measurements are compared in Table 1.1% 4647 From the comparison
it is apparent that carbonyl compounds are significantly (more than 100x) more reactive toward
CH200 than alkenes. In addition, substituting methyl groups in acetone with strongly electron
withdrawing CFs groups also significantly increases reactivity (more than 100x). The rate
coefficients for CH,OO + MVK and CH,OO + MACR reactions are similar to each other and lie

between the values for the CH>OO + acetone and CH>0O + acetaldehyde reactions.

Figure 4 shows a bimolecular plot of CH.OO decay versus [CO] from which an upper limit

k(CH200 + CO) < 2 x 106 cm3 st at 300 K temperature and 4 Torr pressure is obtained. Recent



studies*® #° that applied a complex kinetics model to Oz + ethene measurements in the EUPHORE
chamber suggested values of k(CH,00 + CO) from ~ 10 — 101% cm3 s at 300 K -- however the
upper limit obtained in this study is consistent only with the lowest range of those estimates. The
present relatively low upper limit value is consistent with a recent theoretical study*® by Vereecken
et al. where the bimolecular reaction rate coefficient of CH.OO + CO at 298 K was calculated to
be 2 x 10% cm? s, The theoretical potential energy surface is characterized by a shallow pre-
reactive complex followed by a substantial (~10 kcal mol™* above energy of the reactants) reaction

barrier, leading to a slow effective bimolecular rate coefficient.*®

4.2 Addition products of reactions R1 and R2 and formation of secondary ozonides (SOZs)

Both CH,OO + MVK (R1) and CH.OO + MACR (R2) reactions have several possible addition
products (adducts), shown in Schemes 2 and 3. The 1,3-bipolar cycloaddition reaction of an sCl
with a ketone or an aldehyde can lead to the formation of a 1,2,4-trioxolane structure (SOZ), see
Schemes 2c and 3g. Similarly to CH20O0 addition to a ketone or an aldehyde group, CH-OO can
also add to a C=C double bond via a similar 1,3-bipolar cycloaddition reaction.*® 47-50-51 product
structures from CHOO addition to a C=C double bond of MVK and MACR are shown in Schemes
2a, 2b and 3e, 3f, which, however, are not called SOZs, because they do not have 1,2,4-trioxolane
structure, but rather a 1,2-dioxolane structure. In reactions R1 and R2 formation of seven-

membered ring structure addition products is also possible, see Schemes 2d and 3h.

Figures 1b and 2b show photoionization spectra of the m/z channels whose time behavior
corresponds to formation of products of reactions R1 and R2, as shown in Figures la and 2a.
Figures S2a — S2c compare signals at m/z = 116, 101, 84, and 43 from R1 with each other showing

that all signals have the same, product-type time-behavior with respect to decay of CH.OO

10



reactant, within experimental uncertainty, suggesting they originate from reaction R1. The signal
of the CH>,O0-MVK adduct parent ion at m/z = 116 is very weak whereas signal at m/z = 101,
probably originating from a neutral methyl loss from an ionized adduct (i.e. from dissociative
ionization of the SOZ or one of its isomers),'° is relatively strong. Strongest ion signals appear at
m/z = 43, which probably originates from a dissociative ionization process, as does signal at m/z =
84. The (neutral) cofragments are not detected. Figure S3 compares signals at m/z = 116, 86, and
30 from reaction R2 with each other and again all signals have the same time-behavior, mirroring
decay of CH200 reactant. In the case of the CH.OO-MACR adduct, the parent mass signal at m/z
= 116 is fairly strong. For the analogous reaction of CH.OO with acetaldehyde, MPIMS
experiments did not detect the SOZ.%° Signals at m/z = 86 and 30 likely reflect dissociative

ionization of the adduct, where apparently either fragment may carry the charge.

To help identify the observed adducts of reactions R1 and R2, adiabatic ionization energies (AIES)
of all potential structures of addition reaction products, shown in Schemes 2 (A — D) and 3 (E —
H), were calculated. Final results of calculated AIEs of structures A — H are given in Table 2. It is
clear from the AIE data that while AIEs of structures A — C and E — G are not very far from each
other, calculated AIEs of structures D and H, 8.61 eV and 8.59 eV, are much lower than the
observed parent ion signal onsets (> 9.2 eV) shown in figures 1b and 2b. From this large
discrepancy we conclude that structures D and H are not formed in any significant yield in the
current experiments and, consequently, they are not considered further. Comparing the AIEs of
structures A — C with the energy-resolved signal of m/z = 116 in Figure 1b, may suggest some
preference to select structure C with a calculated AIE of 9.21 eV; however, the combined
uncertainties in the calculated and experimental ionization energies preclude an unambiguous

assignment to structure C. In the case of reaction R2, comparing the AIEs of structures E — G with

11



the energy-resolved signal of m/z = 116 in Figure 2b, best agreement is obtained with structure G
(9.45 eV), although other structures have only slightly lower calculated AIEs (F at 9.29 eV and E
at 9.25 eV). To summarize, comparison of the observed onsets in the photoionization energy-
dependent signals corresponding to the adducts with calculated AIEs of potential adduct species

is consistent with SOZ formation in both CH,O0 + MVK and CH200 + MACR reactions.

MVK has ketone and alkene functional groups while MACR has aldehyde and alkene functional
groups, see Scheme 1. As discussed above, CH>OO adds to a double bond via a 1,3-bipolar
cycloaddition reaction.*® 47 5051 However, as can be seen from Table 1, CH,OO addition to
compounds with one or two C=C double bonds (which at the same time to not have a C=0
functionality) is a slow reaction in comparison to addition to ketone or aldehyde group. Both MVK
and MACR can be considered as substituted ethenes; MVK with a moderately electron
withdrawing ketone (acetyl) group and MACR with a weakly electron donating alkyl (methyl)
group and a moderately electron withdrawing aldehyde (formyl) group. More polar C=C bonds
are expected to react faster with sCls. However, even in case of CF3CHCHz2, where the strongly
electron withdrawing CF3 group should make this double bond polar and reactive, the reaction
with CH200 is slow. Figure S3 shows a bimolecular plot of CH200 decay versus [CFsCHCH>]
from which an upper limit k(CH,00 + CFsCHCH,) < 1.75 x 10 cm® st is obtained.
Consequently, ratios k(CH.OO + CF3CHCHy) / k(CH200 + MVK) =~ k(CH2,00 + CF3CHCHy) /
k(CH200 + MACR) < 1.75 x 10 cm® s/ 4.4 x 1023 cm® s = 0.04 can be considered as an
estimate of upper limit of yield of CH>0O reaction with a double bond of MVK or MACR. This
empirical approach suggests that other reaction channels, i.e. CH200 reactions with a carbonyl

group (which lead to structures C and G) are more important.
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Table 3 shows calculated stationary point energies on the potential energy surfaces. Compounds
D and H were excluded from calculations because their calculated AIEs are in considerable
disagreement with the experiments, clearly suggesting they are not formed in any appreciable yield
as products of these reactions. Recent®® and current calculations (Table 3) show that CH,00
addition to an aldehyde is a barrierless process forming a pre-reaction van der Waals complex ~ 5
kcal mol™ or more below energy of the reactants followed by a small (< 3 kcal mol™?) submerged

barrier leading to SOZ formation with significant (=50 kcal mol™)®? internal excitation.

Reaction of CH,OO with an alkene also leads to a pre-reaction van der Waals complex with an
energy about 3 kcal mol™ or more below the energy of reactants.>* However, the barrier between
the van der Waals complex and the adduct is either above or only slightly below the energy of
reactants and therefore often much higher than in the case of CH,OO addition to an aldehyde .>*
In addition, the rate-determining transition state located on this barrier is slightly tighter than for
addition to C=0, which with other factors discussed above causes the CH>0O reaction with an
alkene being in general almost two orders of magnitude slower than the CH>0O reaction with an

aldehyde.*

The current RRKM/ME calculations of bimolecular reaction rate coefficients to form compounds
with structures C and G gives values, at 300 K and 4 Torr, of k(CH200 + MVK — SOZ) = 3.6 x
103 cm2 st and k(CH200 + MACR — SOZ) = 6.6 x 1023 cm™ s1, in reasonable agreement with
the current direct kinetics measurements. SOZs are formed with significant internal excitation,
which can facilitate further isomerization and decomposition reactions leading to bimolecular
products, especially at low pressures as in the current experiments. The reactions are calculated to
be in the fall-off region (e.g., k(CH2.00 + MVK — SOZ) is ~ 65% of the high pressure limit at 4

Torr and near 300 K), so including possible dissociation channels for the SOZ (calculation of
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which is outside the scope of the present work) could slightly increase the predicted rate
coefficients. Moreover, the calculated isomeric branching fractions support the inferred structures
of products of addition reactions under current experimental conditions (300 K, 4 Torr): for
CH200 + MVK calculated branching fractions are 0.03 (A), 0.09 (B), and (0.88) C, while for

CH200 + MACR they are 0.00 (E), 0.01 (F), and 0.99 (G).

From the arguments presented above we infer that the most likely addition reaction products
formed in both R1 and R2 are SOZs, structures C and G. Because of the high concentrations of
MVK and MACR required to measure kinetics of R1 and R2 and their relatively low ionization
energies, highest photon energies were limited to 10.75 eV to avoid extremely strong signal at m/z
= 70 from ionization of MVK and MACR damaging the detector. This prevented detection of

certain potential products with AIEs > 10.75 eV (formaldehyde, formic acid etc.).

However, the potential origin of the observed signal at m/z = 86 in reaction R2, see Figures 2b and
S2, was investigated further. In the reaction of CH20O with acetaldehyde, no signal was observed
at the parent mass, but acetic acid product was observed and attributed to dissociation of the
(neutral) SOZ.*® An analogous dissociation in the MACR reaction could lead to methacrylic acid
(mass 86). The absolute photoionization spectrum of methacrylic acid was measured in this work
(shown in Figure S4a and compared with Figure 2b signal in Figure S4b). Although there is a good
agreement between the energy onset and low energy region for the spectrum of the product at m/z
=86 and the absolute photoionization cross-section of methacrylic acid (energies below about 10.3
eV), at higher photon energies deviation is increasingly significant, precluding assignment of m/z

= 86 signal to methacrylic acid.

5. Conclusions

14



In this work bimolecular rate coefficients of CH.00 + MVK and CH.00 + MACR reactions as
well as upper limits of CH.00 + CO and CH200 + CF3CHCH: reactions were determined at 300
K and 4 Torr in direct, time-resolved experiments. Although both CH.00 + MVK and CH>00 +
MACR reactions can each lead to formation of four different adduct isomers (that is eight different
isomers altogether) by CH>OO addition to either the C=C or C=0 bonds or the terminal ends of
the conjugated C=C-C=0 system, it is inferred in this work that the adducts formed and observed
at least at the parent mass are most likely secondary ozonides formed by CH>OO addition to the
C=0 bonds. The low upper limit of bimolecular rate coefficient of CH.OO + CO suggest this

reaction is not important in the troposphere.
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Figure 1. Experimental data from CH,OO + CH3C(O)CHCH: (methyl vinyl ketone, MVK)
reaction measurements at 4 Torr and about 300 K. a) Comparison of time behaviors of CH,OO
decay (signal at m/z = 46) with the formation of CH.OO-MVK adduct observed at m/z = 101,
which is expected to originate from dissociative ionization of the adduct with parent m/z = 116. A
single-exponential fit to the CH2.OO signal decay trace is also shown. Time-resolved signals were
obtained by integration over photon energies from 9.0 — 10.75 eV. Signal intensities were
arbitrarily multiplied to facilitate comparison. Product formation signal at m/z = 101 is compared
with the weak parent signal at m/z = 116 in figure S2a. b) Comparison of energy-resolved signals
with potential origin from the CH.OO-MVK adduct. The parent mass signal at m/z = 116 is weak
and signals at m/z = 101 and m/z = 43 are suggested to originate from dissociative ionization of the
CH>00-MVK adduct. Time-resolved signals of product formation are compared in Figures S2a —

C.
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Figure 2. Experimental data from CH.OO + CH>C(CH3)CHO (methacrolein, MACR) reaction
measurements at 4 Torr and about 300 K. a) Comparison of time behaviors of CH.00 decay
(signal at m/z = 46) with the formation of the CH.00-MACR adduct with parent m/z = 116. Also
shown is a single-exponential fit to the CH>OO signal decay trace. Time-resolved signals obtained
by integration over photon energies from 9.0 — 10.75 eV. Signal intensities arbitrarily multiplied
to facilitate comparison. b) Comparison of energy-resolved signals with potential origin from the
CH>00-MACR adduct. Parent mass signal is at m/z = 116 and signal at m/z = 30 is suggested to
originate from dissociative ionization of the CH.00-MACR adduct. Time-resolved signals of

product formation are compared in Figure S3.
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Figure 3. Bimolecular plots of CH.00 + CH2C(CH3)CHO (methacrolein, MACR) and CH.0O0 +
CH3C(O)CHCH:2 (methyl vinyl ketone, MVK) reactions measured at 4 Torr and about 300 K.
Linear fits to the data return k(CH.00 + MACR) = (4.4 + 1.0) x 10 cm®s? and k(CH.00 +
MVK) = (5.0 £ 0.4) x 10 cm® s, where stated + 26 uncertainties are due to fitting uncertainties

only.
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Figure 4. Bimolecular plot of CH20O decay rate at 4 Torr and 300 K temperature versus CO
(carbon monoxide) concentration. A linear fit (solid line) to the data returns k(CH.00 + CO) = (-
3.0 £5.1) x 10" (£ 26 uncertainty) cm® s from which an upper limit k(CH,00 + CO) <2 x 101

cm?® st is obtained.
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Scheme 1. Structures of methyl vinyl ketone (MVK) and methacrolein (MACR).
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(a) [1-(1,2-d1oxolan-4-yl)ethan-1-one]: AIE =9.12 eV

(b) [1-(1,2-dioxolan-3-yl)ethan-1-one]: AIE = 9.04 eV

(d) [5-methyl-7H-1,2 4-trioxepine]: AIE = 8.61 eV

Scheme 2. Adduct structures from CH,OO + MVK reaction and their calculated adiabatic

ionization energies (AIE). The atoms which initially belonged to the CH.OO are highlighted.
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(e) [4-methyl-1.2-dioxolane-4-carbaldehyde]: AIE = 9.25 eV

() [(R)-3-methyl-1,2-dioxolane-3-carbaldehyde]: AIE = 9.29 eV

(g) [3-(prop-1-en-2-y1)-1.2 4-trioxolane]: ATIE = 9.45 eV

Scheme 3. Adduct structures from CH>OO + MACR reaction and their calculated adiabatic

ionization energies (AIE). The atoms which initially belonged to the CH.OO are highlighted.
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Table 1. Comparison of bimolecular reaction rate coefficients of CH.OO with carbonyl and alkene
compounds at about 300 K from the current and previous direct kinetics measurements.

k(CH200 + Reactant)/ ~ Total pressure

Reactant s (Torr) Reference
CF3sCOCF; (3.0 £0.3)x10 4 19
CH3CHO (9.5+0.7)x102® 4 19
CH3COCH3 (2.3 +£0.3)x1013 4 19
CH3COC,Hs (5.0 0.4)x10™ 4 This work
CHC(CH3)CHO (4.4 +1.0)x1013 4 This work
CF3CHCH; < 1.75x10™ 4 This work
CHCH; (0.7 £0.1)x10% 25 46
CH3CHCH> (1.8 £0.3)x10™° 25 46
CH2C(CH3)CHs (1.4£0.3)x10™° 25 46
CH2C(CHs)CHCH; (15+0.1)x10* 15-100 47

Table 2. Calculated adiabatic ionization (AIE) energies of the SOZ
compounds? in eV units.

Species HF®  B3LYP CC® CBS" Combined

A 8.13 8.73 9.24 8.89 9.12
B 8.65 8.61 9.43 9.04 9.04
C 7.45 8.64 931 9.07 9.21
D 8.20 8.22 8.66 8.57 8.61
E 8.40 899 937 9.01 9.25
F 8.27 8.76 9.43 9.07 9.29
G 7.34 8.87 9.64 911 9.45
H 8.27 8.17 8.64 8.3 8.59

& for full names please see Schemes 2 and 3.

bC—0 bond dissociation at the HF/def2-TZVP level of theory caused strong
deviation in the AIEs of compounds C and G (cf. italic numbers).

*DLPNO-CCSD(T)/CBS(TZ,Q2)
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Table 3. Potential energies® at 0 K relative to CH,00 + MVK/MACR (kcal mol™?).

Species vdwW TS Adduct
A -4.04 -1.08 -60.12
B -4.78 -2.23 -62.88
C -6.34 -4.06 -47.09
E - b 3.99 -57.25
F -3.08 0.40 -61.47
G -4.57 -3.63 -47.48

4DLPNO-CCSD(T)/CBS(TZ,QZ) level of theory
PReaction has no pre-reaction van der Waals complex
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