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Abstract 1 

The yields of stabilized Criegee intermediates (sCIs), both CH2OO and CH3CHOO, produced from 2 

ozonolysis of propene at low pressures (7-16 Torr) were measured indirectly using cavity 3 

ringdown spectroscopy (CRDS) and chemical titration with an excess amount of sulfur dioxide 4 

(SO2). The method of monitoring the consumption of SO2 as a scavenger and the production of 5 

secondary formaldehyde (HCHO) allows characterization of the total sCI and the stabilized 6 

CH2OO yields at low pressure and in short residence time. Both the total sCI and the stabilized 7 

CH2OO yields in the propene ozonolysis were found to decrease with decreasing pressure. By 8 

extrapolating the 7-16 Torr measurements to zero-pressure limit, the nascent yield of the total sCIs 9 

was determined to be 25 ± 2%. The ranges of nascent yields of stabilized CH2OO and stabilized 10 

CH3CHOO were estimated to be 20-25% and 0-5%, respectively. The branching ratios of the 11 

stabilized and high-energy CH2OO* and CH3CHOO* were also determined. 12 

  13 
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Introduction  1 

As one of the major oxidation pathways of unsaturated volatile organic carbons (VOCs) in 2 

Earth’s troposphere, ozonolysis plays an critical role in the formation of hydroxyl radical (OH) 3 

and the production of secondary organic aerosol (SOA).1-4 The first step in the mechanism of 4 

ozonolysis involves the addition of ozone (O3) to the olefinic bond of alkene, which produces a 5 

chemically activated five-membered ring called primary ozonide (POZ). POZ then undergoes a 6 

prompt decomposition, through cleavage of an O−O and a C−C bond, into a carbonyl compound 7 

and a carbonyl oxide known as Criegee intermediate (CI).5 A small fraction of POZ may isomerize 8 

into ketohydroperoxide (KHP) and decompose into dialdehyde, OH radicals and other products.6-9 

9 With multiple resonance structures (zwitterion structures and biradical electronic configurations), 10 

CI has a rich reactivity and is the least stable among all its isomers.10, 11 As ozonolysis reaction is 11 

highly exothermic, CIs are produced with broad internal energy distributions.12 High-energy CIs 12 

born with enough internal energy to surmount the isomerization or dissociation barriers can 13 

transform rapidly into dioxirane or vinyl hydroperoxide, and then decompose into OH radical, 14 

organic radicals, and other products on nanosecond timescales.13 While stabilized Criegee 15 

intermediates (sCIs) are born with less energy, and have a longer lifetime to get involved in 16 

bimolecular reactions with atmospheric species or to undergo thermal decomposition.14 The 17 

branching ratio of the high-energy CIs and sCIs depends both on the internal energy distributions 18 

and the heights of the dissociation or isomerization energy barriers of the CIs.  19 

CIs have transient lifetimes in the troposphere because the rate coefficients for ozonolysis are 20 

small, while the unimolecular and bimolecular consumption reactions of CIs are rapid.11 Owing to 21 

the low steady-state concentrations of CIs produced from ozonolysis, decades’ efforts have proven 22 

the difficulty in detecting CIs directly in gas phase. In 2012, Welz and co-workers developed a 23 
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new method to synthesize high-concentration sCIs in gas phase by using photolysis of 1 

diiodo-alkane in an excess amount of oxygen.15 Since then, direct laboratory measurements on the 2 

unimolecular and bimolecular kinetics of sCIs have been reported.16-22 However, the yields of the 3 

high-energy CIs and sCIs in ozonolysis of alkenes, which are related to the energy distributions of 4 

CIs and the branching ratio of various pathways in the reaction network of CIs, can only be 5 

measured in actual ozonolysis reactions. To measure the yield of sCIs in ozonolysis, chemical 6 

titration methods have been developed by using a scavenger to selectively and effectively react 7 

with all the sCIs produced from ozonolysis. Among the various molecules that have been studied 8 

and utilized as the sCI scavenger previously (such as hexafluoroacetone (HFA), formic acid 9 

(HCOOH), methanol (CH3OH), formaldehyde (HCHO), water (H2O) and carbon monoxide 10 

(CO)),23, 24 sulfur dioxide (SO2) is a commonly used scavenger in recent studies because of the 11 

characterizable spectral features of SO2 or the end products (sulfuric acid (H2SO4)
25-28 or 12 

carbonyls29) as well as the rapid reaction between SO2 and sCIs (for example, IUPAC 13 

recommended k (SO2 + CH2OO) = 3.7 × 10−11 cm3 molecule−1 s−1),30 which allows SO2 to capture 14 

all the sCIs before the thermal decomposition or other biomolecular reaction of sCIs. The total 15 

amount of sCIs is then determined by measuring either the amount of end products or the 16 

consumption of the scavenger (Δ[SO2]).
31-34  17 

The production of sCIs can be from the direct dissociation of POZ, or from the collisional 18 

stabilization of the high-energy CIs. For example, as shown in the reaction network of propene 19 

ozonolysis in Scheme 1, the stabilized CH2OO and CH3CHOO (blue) come from the 20 

decomposition reaction of POZ as well as the thermalization of high-energy CH2OO* and 21 

CH3CHOO* after their deactivation collisions with other molecules (purple). As such, the yield of 22 

sCIs in ozonolysis of acyclic alkenes are dependent on pressure. Measuring the nascent yield of 23 
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sCIs at zero-pressure limit is important for understanding the original energy profile of the 1 

ozonolysis of alkenes and the nascent energy distribution of CIs, which has attracted significant 2 

theoretical interest.6, 35 However, even though the nascent yield of sCIs is an important benchmark 3 

for the reaction dynamics calculations and kinetics studies of CIs, most research on sCIs to date 4 

have focused on the atmospheric-pressure region,28, 29, 36 considering the difficulty and relatively 5 

larger uncertainty in determining sCI yields at low pressure. The sCI yields at the atmospheric 6 

pressure are attributed to a combination of factors, including the direct decomposition of POZ and 7 

the collisional stabilization of high-energy CIs. As a result, how the specific branching ratio of the 8 

different CIs evolve in this process remains a challenging topic.  9 

In this work, we present a systematic study on the nascent and low-pressure yields of stabilized 10 

 

 Scheme 1. Simplified reaction network of propene ozonolysis with an excess amount of SO2 scavenger. 
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CH2OO and CH3CHOO produced from the ozonolysis of propene. Cavity ringdown spectroscopy 1 

(CRDS) in the near-UV region was used to quantify sCIs by monitoring the consumption of the 2 

added titrant SO2 and the production of secondary HCHO. Spectral features of SO2, O3, and HCHO 3 

were fitted with their reference cross sections to obtain the number densities. The yields of sCIs in 4 

the ozonolysis of propene were measured at different low pressures from 7-16 Torr, and then the 5 

nascent yields of stabilized CH2OO and CH3CHOO were determined by extrapolation to the zero 6 

pressure. The branching ratio of the stabilized and high-energy CH2OO* and CH3CHOO* were 7 

also determined from the experiment.  8 

 9 

Experimental methods 10 

The average concentration of the targeted species was determined based on the following 11 

equation (1).  12 

𝛼 = ∑ 𝜎𝑖(𝜆)𝑁𝑖

𝑖

+ 𝑓(𝜆) =
𝐿

𝑐𝑙𝑠
(

1

𝜏
−

1

𝜏0
) (1) 13 

which involves the following parameters: the absorption coefficient (𝛼), the absorption cross-14 

section of each species at different wavelengths (𝜎𝑖(𝜆)), the number density of each absorber (𝑁𝑖), 15 

the distance between the two mirrors (𝐿 = 100 cm), the speed of light (𝑐), the sample length (𝑙𝑠 = 16 

57 cm), the ringdown time when absorber species are in the cavity (𝜏),  the ringdown time in empty 17 

cavity (𝜏0), and parameter 𝑓(𝜆) which accounts for the unidentified broad extinction contribution 18 

at different wavelengths. As shown in Figure S1 in Electronic Supplementary Information (ESI), 19 

ozonolysis reactions were carried out in a cylindrical quartz flow cell with a sample length of 57 20 

cm and diameter of 2.54 cm, which was used as a fast flow reactor. A mixture of propene and N2 21 

dilution gas was introduced into the reactor and combined with O3 (~1% in O2) generated by an 22 
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ozone generator. In cases where the confirmation of sCI identity or sCI yield measurements were 1 

required, SO2 (~4% in N2) was mixed with propene prior to the introduction of O3 to scavenge 2 

sCIs. To generate 10 Hz laser pulses in the range of 647-651 nm, a Lambda-Physik dye laser using 3 

DCM dye in methanol was pumped by a Continuum Surelite II Nd:YAG laser at 532 nm. The 4 

second harmonic was produced by an Inrad Autotracker Ⅲ in the range of 323.5-325.5 nm. A pair 5 

of highly reflective mirrors centered at 330 nm (>99.9%, Layertec GmbH) was used to establish a 6 

baseline ringdown time (𝜏0) of approximately 5 μs. With the long effective optical path and high 7 

sensitivity (𝛼𝑚𝑖𝑛 ~ 3×10-8 cm-1), CRDS was capable of measuring signals from low-concentration 8 

species. The flow parameters of the reactor are listed in Table S1 in ESI, which shows that the 9 

radial diffusion in the flow cell can be ignored under our experimental conditions and the flow 10 

reactor can be reasonably modelled as a plug flow reactor (PFR) using the Kintecus software 11 

package37. 12 

As shown in Figure 1 and Figure S2, the UV spectra (black lines) of the ozonolysis reaction 13 

(propene + O3) at 323.5-325.2 nm were analyzed by fitting the spectral features of O3 and HCHO 14 

(red lines) to determine the final concentration of O3 ([O3]f) and the initial concentration of primary 15 

HCHO ([HCHO]i). While in the titration reaction (propene + O3 + SO2), the spectral signatures of 16 

O3, HCHO, and SO2 can also be isolated from some broad background contributions of secondary 17 

reactions (Figure 1 and Figure S3), enabling the determination of the final concentrations of SO2 18 

and HCHO ([SO2]f and [HCHO]f (from both primary and secondary HCHO), and the O3 19 

concentration ([O3]f) remained unchanged with or without SO2). The initial O3 and SO2 20 

concentrations ([O3]i and [SO2]i) were measured by using nitrogen (N2) to replace the 21 

corresponding reactants (alkene or O3) under the same flow conditions. To ensure the accuracy of 22 

the measurement, reference cross sections of O3, SO2, and HCHO were carefully selected from the 23 
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MPI Mainz UV/vis Spectral Atlas38 based on the appropriate wavelength ranges and spectral 1 

resolution. These reference cross sections were then fitted to our experimental spectra, allowing 2 

for the creation of custom references that effectively minimized any differences in measurement 3 

sensitivities. This approach was particularly important for HCHO, as its rovibronic features could 4 
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Figure 1. Representative near-UV CRDS spectra (black) in ozonolysis of propene (propene + O3) and the 

titration reaction with SO2 (propene + O3 + SO2), along with the fitted spectra using the corresponding 

reference cross sections (red). Concentrations of the reactants and products in this example (unit: 

molecules cm−3): [O3]i = 1.59 × 1014, [propene]i = 9.97 × 1016, [O3]f = 9.00 × 1013, [SO2]i = 3.66 × 1014, 

[SO2]f = 3.45 × 1014, [HCHO]i (the sharp features in propene + O3) = 4.2 × 1013, [HCHO]f (in propene + 

O3 + SO2) = 5.7 × 1013. The total pressure was 10 Torr. The residence time inside the flow reactor was 

0.92 s. All experiments were carried out at room temperature. 
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be influenced by various energy distributions during ozonolysis reaction and potentially shifted in 1 

the experimental spectra. 2 

As the reaction rate coefficient k (OH + propene) ranges from 2.5-2.9×10-11 cm3 molecule-1 s-1 3 

at 7-760 Torr and 298K, the large excess amount of propene present in the reaction mixture 4 

(approximately 1.0×1017 molecules cm-3) can rapidly react with the OH radicals produced by 5 

ozonolysis and completely deplete them. In the meantime, sCIs were scavenged by SO2 with fast 6 

reaction rate coefficients, for example, k (CH2OO + SO2) = 3.7×10-11 cm3 molecule-1 s-1, k (syn-7 

CH3CHOO + SO2) = 2.6×10-11 cm3 molecule-1 s-1 and k (anti-CH3CHOO + SO2) = 1.4×10-10 cm3 8 

molecule-1 s-1. When the amount of SO2 present in the reaction mixture was in a large excess 9 

compared to the total amount of sCIs (for example, in this work [SO2]i ~3.5×1014 molecules cm-10 

3), all sCIs produced in ozonolysis can be captured by SO2, and the amount of consumed SO2 was 11 

equal to the amount of sCIs. Therefore, the total yield of sCIs can be determined by the following 12 

equation (2). 13 

 14 

Yield of sCI =  
Δ[SO2]

Δ[O3]
(2) 15 

 16 
where the amount of consumed SO2 is Δ[SO2] = [SO2]i-[SO2]f and the amount of consumed O3 is 17 

∆[O3] = [O3]i-[O3]f.  18 

At the same time, HCHO and SO3 were produced in the reaction between CH2OO and SO2 as 19 

the major pathway, while the reaction between CH3CHOO and SO2 produced CH3CHO and SO3 20 

after the decomposition of the chemically-activated secondary ozonide (SOZ) at low pressure.21, 21 

39-41 The amount of secondary HCHO produced after adding SO2, Δ[HCHO] = [HCHO]f-[HCHO]i, 22 

is thus related to the amount of stabilized CH2OO. Therefore, the yield of stabilized CH2OO can 23 

be determined by the following equation (3), and the yield of stabilized CH3CHOO is equal to the 24 
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difference of the total yield of sCIs and the yield of stabilized CH2OO. Since bimolecular reactions 1 

of CH2OO might also produce HCHO before SO2 was added, the Δ[HCHO]/Δ[O3] measured with 2 

this method should be considered as a lower limit of the stabilized CH2OO yield.  3 

 4 

 Yield of stabilized CH2OO  
Δ[HCHO]

Δ[O3]
(3) 5 

 6 

As shown in Scheme 1, the production of the total amount of CH2OO and CH3CHOO 7 

intermediates from initial decomposition of POZ in propene ozonolysis are equal to that of the 8 

corresponding primary carbonyl products, CH3CHO and HCHO, respectively. Thus, the total yield 9 

of CH3CHOO (including syn/anti-conformers in the full internal energy profile) is equal to the 10 

yield of the primary HCHO, and can be determined by calculating the ratio of the amount of HCHO 11 

produced in ozonolysis ([HCHO]𝑖) and the consumed O3 (Δ[O3]), as shown in equation (4). Note 12 

that in propene ozonolysis at the atmospheric pressure, the total yields of carbonyls were measured 13 

to be in the range of 100% to 110%,36, 42 with CH2OO, CH3CHOO, or KHP possibly producing a 14 

small amount of secondary HCHO; thus in this system, the measured [HCHO]𝑖  should be 15 

considered as the upper limit for the primary HCHO. Our kinetic model estimates the extent of 16 

this overestimation, as discussed in ESI (see Table S2-S5).   17 

 Yield of CH3CHOO ≤  
[HCHO]𝑖

Δ[O3]
(4) 18 

Theoretical calculations showed that 12% of POZ produced in ethene ozonolysis can isomerize 19 

into KHP,6 yet there is no reported study on propene ozonolysis to date. Assuming the KHP 20 

branching in propene ozonolysis also up to 12%, the total yield of CH2OO (including both 21 

stabilized CH2OO and high-energy CH2OO*) can be obtained by subtracting the yield of primary 22 

HCHO (the total yield of CH3CHOO) from the total CI yield of 88-100%. Thus, using the 23 
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equations listed above and the relationships indicated in Scheme 1, the yields of stabilized CH2OO, 1 

high-energy CH2OO*, stabilized CH3CHOO, and high-energy CH3CHOO* can all be obtained 2 

using the near-UV CRDS and the SO2 titration method.  3 

Equation 2 is valid when the concentration of SO2 is high enough to completely react 4 

with/scavenge all the sCIs produced from the ozonolysis reaction, before the sCIs can undergo any 5 

further unimolecular or bimolecular reactions with other species such as the O3, alkene, or HCHO 6 

in the system. However, it should be noted that using too much SO2 may also cause saturation of 7 

the absorption spectra and limit the accuracy of the measurements. This is because CRDS has a 8 

limited dynamic range in measurement, typically 2 orders of magnitude. Therefore, exceeding the 9 

upper limit of the dynamic range would result in a rapid increase of the ringdown decay rate, 10 

leading to signal saturation and noisy measurements. To avoid using an excessively high 11 

concentration of SO2, which could also lead to the formation of secondary products and an increase 12 

in the broad background in the absorption spectra, a titration curve was measured as shown in 13 

Figure 2, which allowed for the determination of the minimum amount of SO2 required to 14 

completely consume all the sCIs. The titration curve was obtained by measuring the change in the 15 

ratio of consumed SO2 to consumed O3 (Δ[SO2]/[O3]) as the initial concentration of SO2 was 16 

varied under identical conditions of pressure, residence time, and initial propene and O3 17 

concentrations. This approach ensured that the optimal amount of SO2 was used to titrate the sCIs 18 

while avoiding any unnecessary excess. Since O3 was the limiting reagent in the ozonolysis 19 

reaction studied in this experiment (with the propene concentration being approximately three 20 

orders of magnitude higher than the O3 concentration), the ratio of the initial concentrations of SO2 21 

and O3 was plotted on the horizontal axis. As the initial SO2 concentration increased, the ratio of 22 

Δ[SO2]/[O3] increased and eventually levelled off. At this plateau, Δ[SO2]/[O3] approached a 23 
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constant value, indicating the maximum consumption of SO2 and completion of the titration of 1 

sCIs. This plateau was observed at an initial [SO2]/[O3] ratio higher than 1.5, corresponding to SO2 2 

concentration higher than 2.3×1014 molecules cm−3. Based on the consumed O3 being about 40-3 

50% of its initial concentration and the typical yield of sCIs in ozonolysis being less than 40%, the 4 

amount of SO2 needed to reach the plateau in the titration curve was more than 10 times higher 5 

than the total amount of sCIs produced in ozonolysis. In the sCI measurement experiments under 6 
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Figure 2. The titration curve showing the variation in the consumption of SO2 in propene ozonolysis as 

the initial SO2 concentration was varied at a total pressure of 10 Torr. The horizontal axis represents the 

ratio of the initial SO2 concentration to the initial O3 concentration, which reflects the excess extent of the 

SO2 titrant. The initial O3 concentration was kept constant at approximately 1.5×1014 molecules cm−3 

throughout the titration curve. The vertical axis is the ratio of the consumed amounts of SO2 and O3. The 

curve reached a maximum of approximately 27% when concentration of the added SO2 was high enough 

to fully titrate all the sCIs produced during propene ozonolysis. The trend line was calculated using kinetic 

modelling. Error bars represent one standard deviation in repeated measurements at each SO2 

concentration. 
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different pressures, high initial concentrations of SO2 were used with the [SO2]/[O3] ratio being 1 

approximately 2.3. This allowed for the efficient scavenging of sCIs via the SO2 + sCI reactions, 2 

which have a large rate constant (e.g., k (SO2 + CH2OO) = 3.7×10−11 cm3 molecule−1 s−1) and 3 

ensured that the SO2 + sCI scavenging reaction was the dominant pathway for the sCI removal, 4 

outcompeting all other reaction pathways of sCI. The titration curve was further supported by the 5 

results of kinetic modelling built for the titration reaction using the Kintecus software package,37 6 

as presented in Table S2 in ESI. The trend line of Δ[SO2]/[O3] calculated from the kinetic 7 

modelling (dashed line in Figure 2) was found to be in good agreement with our experimental 8 

measurements, except for the initial part of the titration curve where the SO2 concentration was 9 

not high enough to dominate over other reaction pathways involving CH2OO and CH3CHOO. In 10 

the initial rising part of the curve where all reaction pathways of CH2OO compete and are involved, 11 

the reaction kinetics is complex and harder to model accurately; whereas it becomes easier to 12 

model the plateau where SO2 is sufficient to dominate other pathways and the kinetics becomes 13 

“simple”. While the initial gap indicates that there is room to improve our kinetic model, the 14 

agreement between the kinetic model and experimental results in the plateau region helps validate 15 

the endpoint of titration (the main focus of this work). The experimental measurements on 16 

Δ[SO2]/[O3] in this study were subject to noticeable error bars, representing one standard 17 

deviation of repeated measurements. The extent of the reactions in the short residence time 18 

(approximately 0.9 s) was limited by the relatively slow reaction between propene and O3 (k 19 

(propene + O3) = 1.05×10−17 cm3 molecule−1 s−1). Despite the relatively large error bars, it was 20 

crucial to maintain a short residence time of less than 1 second to prevent accumulation of 21 

secondary products such as formic acids, carbonyls, and SOA. These byproducts can not only 22 

contribute to a broad UV absorption background and decrease detection sensitivity but also 23 
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compete with SO2 in the reaction with sCIs, as observed in our experiments and confirmed by 1 

kinetic modelling calculations. 2 

 3 

 4 

Results and discussion 5 

As propene is an asymmetric alkene, its ozonolysis produces formaldehyde oxide (CH2OO) and 6 

syn/anti conformers of acetaldehyde oxide (syn/anti-CH3CHOO). Figure 3 shows the total yield 7 

of sCIs and the yield of stabilized CH2OO produced from ozonolysis of propene in the pressure 8 

range of 7-16 Torr. The initial [SO2]i/[O3]i ratio was kept at 2.3-2.5 to ensure that sCIs can be 9 

scavenged completely at all the pressures. The linear fit of the trend shows that the total sCI yield 10 

decreases slightly from 28% to 26% when the pressure decreases from 16 to 7 Torr. The nascent 11 

yield of total sCIs in propene ozonolysis is determined to be 25 ± 2% after extrapolation to the 12 

zero-pressure limit. The yield of secondary HCHO after adding SO2 (the lower limit of the 13 

stabilized CH2OO) also showed a small decrease with decreasing pressure in the 7-16 Torr region, 14 

and the lower limit of the nascent yield of stabilized CH2OO is 20 ± 2% at zero pressure. The 15 

uncertainty of the nascent yields was estimated from the standard error of the weighted linear fit 16 

using the least-squares method and corrected with the critical value in 95% confidence t-test (more 17 

details in the description of Table S6 and Table S7 in ESI). The yield of HCHO in ozonolysis of 18 

propene was measured to be 62 ± 5%, which contains both primary HCHO yield and small 19 

secondary HCHO yield produced from other pathways. According to our kinetic modelling, the 20 

yield of secondary HCHO produced from the CH2OO bimolecular reactions is  5% and there 21 

could be ~3% additional HCHO from the KHP decomposition (see Table S3). Thus, the total yield 22 

of syn/anti conformers of CH3CHOO determined from the primary yield of HCHO from equation 23 
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(4) is estimated to be in a range of 54-62%, and the total yield of CH2OO is 29-43% (assuming 0-1 

12% of KHP yield from the POZ decomposition).6 From these results, the nascent yields of 2 

stabilized CH2OO and stabilized CH3CHOO are calculated to be 20-25% and 0-5%, while the 3 

nascent yield of the high-energy CH2OO* and high-energy CH3CHOO* are 9-18% and 53-57%, 4 

respectively. The specific values of the CI yields under different assumptions are listed in Table 5 

S3.  6 

The yield of HCHO in ozonolysis reported here, 62 ± 5%, is consistent with the previous studies 7 

of 60-65% yield at the atmospheric pressure,29, 36, 42-44 which indicates that pressure may not have 8 
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Figure 3. Low-pressure yield of sCIs (stabilized CH2OO and CH3CHOO) produced in ozonolysis of 

propene measured below 16 Torr. Total sCI yield (black) was determined from the consumption of SO2, 

while the yield of stabilized CH2OO (red) was calculated from the production of secondary HCHO after 

adding SO2. The dashed lines represent the weighted linear fit of the experimental data points and are 

extrapolated to the zero-pressure limit. Error bars represent one standard deviation in repeated 

measurements at each pressure.  
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a large impact on the branching ratio of the total CH2OO and CH3CHOO produced from 1 

decomposition of POZ in propene ozonolysis. However, the energy distribution of CIs and the 2 

total sCI yield are dependent on the pressure. In the previous studies at the atmospheric pressure, 3 

the total yield of sCIs in propene ozonolysis has been determined to be 44%, 25 ± 2% and 34 ± 4 

1% by Horie et al.,36 Hatakeyama et al.28 and Newland et al,29 respectively. Among these studies, 5 

Hatakeyama et al.28 and Newland et al.29 used SO2 as the scavenger and quantified either the 6 

associated product H2SO4 or the consumed SO2, respectively, while Horie et al.36 added HCHO as 7 

the scavenger and measured the adduct between sCIs and HCHO. Our experimental value of the 8 

total nascent sCI yield at the zero pressure, 25 ± 2%, is about 9% lower than the 34 ± 1 % 9 

atmospheric sCI yield in propene ozonolysis reported by Newland et al.29, who used the same 10 

scavenger and quantification method (Δ[SO2] for total sCIs) with this work. Newland et al.29 also 11 

reported the yield of stabilized CH2OO in propene ozonolysis being 23% at the atmospheric 12 

pressure, measured from the increase of secondary HCHO after adding SO2 as in the current work. 13 

The nascent yield of stabilized CH2OO measured in this work is about 3% lower than the 14 

atmospheric yield, yet both of them should be considered as lower limits because secondary HCHO 15 

were already produced from bimolecular reactions of CH2OO prior to adding SO2. 16 

From the ratio between the nascent yield of stabilized CH2OO (20-25%) and the total yield of 17 

CH2OO (29-43%), the nascent stabilization factor of CH2OO is determined to be 52-74%. The 18 

specific values of the CI stabilization factors under different assumptions are listed in Table S3. 19 

Newland et al.29 reported the stabilization factor of CH2OO to be 60% at atmospheric pressure, 20 

calculated from the ratio between the lower limit of stabilized CH2OO yield (23%) and the initial 21 

CH3CHO yield of 38%. Thus, if taking the same method, the nascent stabilization factor of CH2OO 22 

at low pressure in this work is ~8% lower than that at atmospheric pressure. Similarly, the nascent 23 



17 

stabilization factor of CH3CHOO can be estimated to be 0-9% at the zero pressure limit, and it is 1 

about 9-30% lower than that at the atmospheric pressure.29 This observation agrees with the 2 

relatively low nascent yield of stabilized CH3CHOO of 0-5% measured in ozonolysis of trans-2-3 

butene and cis-2-butene.32, 33 Compared to CH3CHOO, CH2OO has a much higher stabilization 4 

factor because of its high isomerization barriers to form dioxirane and hydroperoxide (reported to 5 

be 18.2−19.1 and 30.8−31.8 kcal/mol, respectively),12, 35 while the syn-conformers of the larger 6 

sCIs can undergo a lower barrier pathway through the 1,4-hydrogen migration to form alkenyl 7 

hydroperoxide, and this process is enhanced by tunnelling (barrier of syn-CH3CHOO to form vinyl 8 

hydroperoxide is 17.05 kcal/mol).11, 12, 45  9 

Compared to the 20% nascent yield of sCIs in ethene ozonolysis,34 the total nascent sCI yield in 10 

propene ozonolysis is about 5% higher. Although the nascent stabilized CH2OO yield is about the 11 

same in propene and ethene ozonolysis (~ 20%), considering that the branching ratio of the CH2OO 12 

pathway from POZ is only ~29-43% in propene ozonolysis (while it is 88-100% in ethene 13 

ozonolysis), the nascent stabilization factor of CH2OO is 29-54% higher in propene ozonolysis 14 

compared to that in ethene ozonolysis. Assuming the internal energy is distributed evenly on POZ, 15 

after the cleavage of POZ, energy taken away by the carbonyl coproduct would increase with the 16 

increase of its size. The acetaldehyde (CH3CHO) coproduct of CH2OO in propene ozonolysis can 17 

take away more internal energy than the HCHO coproduct of CH2OO in ethene ozonolysis, and 18 

thus the mean internal energy of CH2OO in propene ozonolysis is lower than that in ethene 19 

ozonolysis.  20 
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Figure 4. The total sCI yield in propene ozonolysis measured by experimental works compared to the sCI 2 

yields reported by experimental and theoretical works for the ethene ozonolysis.6, 25, 29, 34, 35  3 

 4 

Previous theoretical calculations suggest that the collisional stabilization of POZ in ozonolysis 5 

of alkene is negligible,35 and that the pressure-dependent behavior of sCI yields is due to collisional 6 

stabilization of high-energy CIs with buffer gases. In Figure 4, the low-pressure sCI yields 7 

measured by this work is compared to the sCI yields measured by Newland et al.29 at atmospheric 8 

pressure and the increasing trend of sCI yields reported by experimental and theoretical works for 9 

ethene ozonolysis at 1-1000 Torr.6, 25, 34, 35 Although the alkenes are different, the general trends 10 

are similar to those by theoretical predictions with respect to the logarithmic pressure.6, 35 The sCI 11 

yields calculated by Nguyen et al.35 were based on statistical energy partitioning, while those by 12 

Pfeifle et al.6 were from trajectory models (non-statistical theories). A few other theoretical works 13 

on ozonolysis support the nonergodic and nonstatistical behaviors of energy partitioning in the 14 
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ozonolysis reactions of propene and vinyl ethers.46, 47 Compared to the previous experimental 1 

studies on ethene ozonolysis,25, 34 the increase of sCI yield is smaller in propene ozonolysis at 7-2 

760 Torr, which might suggest a smaller collisional stabilization effect of CH3CHOO than CH2OO. 3 

By comparing the predictions from the theoretical models with the experimental results, future 4 

researchers can assess the accuracy and reliability of their models and potentially refine them to 5 

better describe the behavior of CIs.  6 

 7 

 8 

Conclusions 9 

The yields of the total sCIs, the stabilized CH2OO, and the stabilized CH3CHOO produced in 10 

ozonolysis of propene were determined at low pressures from 7 to 16 Torr by monitoring the 11 

consumption of SO2 scavenger as well as the production of secondary HCHO using the near-UV 12 

CRDS. Nascent yields of these sCIs were obtained from extrapolation to the zero-pressure limit, 13 

and the branching ratio of the stabilized and high-energy CH2OO* and CH3CHOO* were also 14 

determined. CH2OO has a higher nascent stabilization factor than CH3CHOO due to its relatively 15 

higher energy barrier for isomerization and dissociation. The nascent stabilization factor of 16 

CH2OO is higher in propene ozonolysis than in ethene ozonolysis, because the larger size of the 17 

carbonyl co-product in propene ozonolysis can take away more energy. The branching ratio 18 

obtained from the current study can be used as benchmarks for future theoretical calculations.  19 

 20 
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The Supplementary Information is available free of charge. The Supplementary Information 23 

provides more experimental and modelling details. Figures S1−S4 present the experimental setup, 24 
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the broad absorption background 𝑓(𝜆) in the spectra, and the comparison between modelling and 1 

experimental sCI yields in propene ozonolysis. Tables S1−S8 list flow parameters of the reactor, 2 

kinetic modelling, summarized nascent CI/carbonyl yields based on different assumptions, and sCI 3 

yields measurements at each pressure.  4 
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