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Supplementary Text 

1. HIRAC 

Experiments were performed in the Highly Instrumented Reactor for Atmospheric Chemistry 

(HIRAC), which has been described in detail in previous work.(40, 68) A schematic is shown in 

Figure S1. HIRAC is a cylindrical stainless steel atmospheric simulation chamber with an internal 

volume of ~2.25 m3 and surface to volume ratio of ~5.8 m-1. Four circulation fans mounted in pairs 

at each end of the chamber ensure homogeneous mixing (see Section S4).  

 

2. Determination of the CEAS total absorption path length 

The absorption path length of the CEAS system was determined by measuring the absorbance of 

known concentrations of NO2 (Sigma-Aldrich, 99.5 %) prepared manometrically. Figure S2 shows 

the measured absorbance by CEAS, determined via the Beer-Lambert law (see Section S3), and the 

total absorption path length for the CEAS measurements, determined from the measured absorbance, 

the known concentration of NO2, and reference absorption cross-sections for NO2.(42) The highly 

reflective mirrors used to generate the optical cavity have wavelength-dependent reflectivity, varying 

from ~99.2 % at ~373 nm to ~99.7 % at ~343 nm, resulting in wavelength-dependent total absorption 

path length that varies from ~228 m at ~345 nm to ~100 m at 375 nm, as shown in Figure S2. 

 

3. Determination of concentrations for species observed by absorption spectroscopy 

3.1 CEAS measurements 

Cavity enhanced absorbance spectra were determined from measured intensity data and related to the 

concentration of each species present using the Beer-Lambert law (Equation S1): 

 

𝐴𝜆,𝑡 = ln (
𝐼𝜆,0

𝐼𝜆,𝑡
) = ∑ 𝜎𝑖,𝜆𝑐𝑖,𝑡𝑙𝜆𝑖   (Equation S1) 

 

where 𝐴𝜆,𝑡 is the total absorbance at wavelength λ and time t, 𝐼𝜆,0 is the average pre-reaction light 

intensity at wavelength λ, 𝐼𝜆,𝑡 is the light intensity at wavelength λ and time t, 𝜎𝑖,𝜆 is absorption cross-

section of species i at wavelength λ, 𝑐𝑖,𝑡  is the concentration of species i at time t, and 𝑙𝜆  is the 

absorption path length at wavelength λ (see Section S2). For experiments involving ethene, intensity 

data were averaged on to 1 s timescales. For experiments involving TME, intensity data were analysed 

as recorded (i.e. on timescales of 100 to 200 ms). 

 

In order to account for the wavelength-dependent absorption path length, data were analysed in terms 

of the absorption coefficients, 𝛼𝜆,𝑡, given by the ratio 𝐴𝜆,𝑡/𝑙𝜆. Concentrations of species observed by 

broadband UV CEAS (i.e. CH2OO or (CH3)2COO and HCHO) were determined by least-squares 

fitting of reference absorption cross-sections,(21, 41, 42, 67) 𝜎𝑖,𝜆 , to the measured absorption 

coefficients, 𝛼𝜆,𝑡 , at each time point. Example fits to spectra and concentration-time profiles are 

shown in the main text (Figures 1-4), and in Figures S7 and S11 (Sections S5 and S6) with results 

obtained by numerical modelling of the reaction systems. 

 

Absorption cross-sections for CH2OO used in the fits were taken from our previous work,(41) which 

were in good agreement with measurements reported in other work (69, 70) and have an uncertainty 

of ~21 %. Cross-sections for (CH3)2COO were taken from measurements of the (CH3)2COO spectrum 

determined in flash photolysis experiments using (CH3)2CI2 (21) and scaled to the absolute cross-

section determined at 308.4 nm in photodepletion experiments,(67) which has an uncertainty of ~8 

%. Uncertainties in the cross-sections are the main source of uncertainty in the concentrations 

determined for the Criegee intermediates. 
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3.2 FT-IR measurements 

In order to account for effects of instrument resolution and pressure-broadening of spectra, reference 

FT-IR spectra were recorded by delivering known concentrations of the reference compound to 

HIRAC under the same conditions as those used in ozonolysis experiments. Concentrations of species 

observed by FT-IR spectroscopy during ozonolysis reactions were subsequently determined by fitting 

the reference spectra to the observed spectra using the Beer-Lambert law (Equation S1). Figure S3 

shows example fits to spectra. Concentration-time profiles determined by fitting to the spectra are 

given in Sections S5 and S6 with results obtained by numerical modelling of the reaction systems. 

 

3.3 Comparison of CEAS and FT-IR measurements 

Figure S4 shows a typical comparison of the HCHO concentration-time profile determined by CEAS 

to that determined by FT-IR spectroscopy. In general, there was good agreement between the two 

methods.  

 

4. Mixing effects in HIRAC 

Since the ozonolysis reactions studied were initiated by injection of the alkene into HIRAC and the 

reactions occur on relatively short timescales, understanding the mixing time is critical for extracting 

quantitative data.  

Effects of mixing in HIRAC were evaluated by delivering NO2 or HCHO to the chamber at either 

100 or 1000 mbar using the same delivery port close to the optical cavity used to deliver ethene or 

TME. 

 

Figure S5 shows the concentration-time profiles for NO2 and HCHO measured using CEAS.  At each 

pressure the concentration-time profiles for NO2 and HCHO display the same shape, indicating 

similar mixing effects for the two species. At 100 mbar the concentration in the optical cavity 

increased gradually to a constant level in ~20 s, at which point the gas mixture in the chamber was 

homogeneous. At 1000 mbar the concentration of the compound delivered to the CEAS optical cavity 

rose to a maximum value within 3 to 4 s and then decreased to a constant concentration in ~15 s, at 

which point the gas mixture in the chamber was homogeneous.  

 

The effects of mixing were described by the mechanism given below: 

  

Xdel 
kdel
→  Xinside cavity 

kmix

⇌
kmix

 Xoutside cavity 

 

Delivery of the compound to the optical cavity was approximated by a first-order process, with rate 

coefficient kdel, followed by mixing of the compound between the region probed by the optical cavity 

and the region outside the cavity until equilibrium was reached. Movement of species between the 

two regions was approximated by the first-order rate coefficient kmix. 

 

The concentration-time profiles shown in Figure S5 were fit at each pressure to find the solution to 

the rate equations for the processes shown in Scheme 1, which is given by Equation S2: 

 

[X]
t
= 

2 [X]eq
(kdel- kmix)

(2kmix-kdel)
 {exp(-kdelt)-exp(-2kmixt)}+ [X]

eq
{1-exp(-2kmixt)} Equation S2 

 

The parameters [X]eq and kdel were treated as local parameters for each concentration-time profile, 

while kmix was treated as a global parameter and shared by all the measurements carried out at a 

particular pressure. The fits gave kmix =(0.568 ± 0.053)  s-1 at 100 mbar and kmix = (0.129 ± 0.002) s-1 

at 1000 mbar, where errors are statistical uncertainties at the 1 level. 
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In all ozonolysis experiments, O3 was prepared in the chamber and mixed before the alkene was 

delivered, with chemistry initiated by the delivery of the alkene to the chamber. Numerical models 

used to describe the ozonolysis of C2H4 and TME (Sections S5 and S6) used the description of 

delivery and mixing shown in Scheme 1 for C2H4 and TME, with kdel treated as a local parameter in 

the model. For all other species in the models, kmix was used to describe the movement of species 

between the region probed by the cavity and the region outside the cavity. For all species, kmix = 

(0.568 ± 0.053) s-1 at 100 mbar and kmix = (0.129 ± 0.002) s-1 at 1000 mbar. 
 

5. Ozonolysis of ethene 

5.1 Initial conditions 

Table S1 summarises the initial conditions used in experiments to investigate the ozonolysis of 

ethene. Experiments were performed at a total pressure of 1000 mbar with ethene in excess of ozone 

for a range of relative humidities (0–20 %) in order to vary the loss rate of stabilised CH2OO whilst 

maintaining the SCI yield at a constant value. 

 

5.2 Model analysis 

The ozonolysis of ethene was investigated using a model developed in the ChemPy and SciPy 

packages in Python, with mixing in HIRAC represented in the model as described in Section S4. The 

mechanism used in the model is given in Table S2 and summarised in Figure S6.  

 

The reaction between O3 and ethene was assumed to produce HCHO with unity yield and the SCI 

CH2OO, with the rate coefficient for the reaction constrained to the current IUPAC 

recommendation.(9) Radical species produced by decomposition of the excited Criegee intermediate 

are expected to react primarily with ethene, or peroxy radicals formed through oxidation of ethene, 

and were not found to impact the modelled behaviour of the SCI. The use of excess ethene over O3 

ensured that O3 was the limiting reagent for SCI production and that additional losses of ethene 

resulting from the presence of radical species did not significantly impact the determination of the 

SCI yield. Radical species were thus excluded from the model. 

 

Rate coefficients for reactions of stabilised CH2OO with O3, ethene, HCOOH, and water monomers 

(H2O) and dimers ((H2O)2) were constrained to values reported in the literature from experiments 

using flash photolysis of CH2I2 to generate the Criegee intermediate (see Table S2). The self-reaction 

of CH2OO was included in the model, with kinetics constrained to previous measurements, but the 

reaction was not significant under the conditions employed in this work. Decomposition of stabilised 

CH2OO was not included in the model owing to the slow reaction (<< 1 s-1 at 1000 mbar and 298 

K).(71) 

 

Modelled concentrations of CH2OO, HCHO, O3, and CO were fit globally to observations made by 

CEAS, for CH2OO and HCHO, the commercial analyser, for O3, and FT-IR, for CO, for all 

experiments listed in Table S1 to investigate the SCI yield and the impact of the reaction between 

CH2OO and HCHO. The model was initialised with concentrations of ozone, ethene, and, where 

relevant, water vapour (monomers and dimers). Fits to observations of CH2OO, HCHO, O3, and CO 

from all experiments listed in Table S1 were made simultaneously, with the fit parameters treated 

globally and shared between all datasets. Observations and modelled concentrations of each species 

used in the fits were normalised by dividing by the order of magnitude of the concentration of that 

species. For example, concentrations of CH2OO, which were on the order of 109 cm-3, were divided 

by 109, and concentrations of HCHO, which were on the order of 1014 cm-3, were divided by 1014, 

such that all values used in the fit were between 0 and 10. Normalisation of the concentrations acted 

to weight the data in order to avoid potential biases in the fits owing to differences between the 

concentrations of different species of several orders of magnitude.  
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The fit results are summarised in Table S2, with example fits shown in Figure S7. The best fit to the 

observations gave an SCI yield of (0.38 ± 0.09), a rate coefficient for reaction between CH2OO and 

HCHO of (6.0 ± 1.9) × 10-12 cm3 s-1, and a regeneration yield of HCHO of (23 ± 9) % from the 

reaction between CH2OO and HCHO. Results presented in this work assume an upper limit of 23 % 

for production of HCOOH from the reaction of CH2OO + HCHO, the impact of which is discussed 

further in Section 5.4. 

 

Figure S8 shows the relative contributions of the SCI reactions in the model to the total SCI loss, 

using the results for the SCI yield and kinetics determined in this work, for an experiment in the 

absence of water vapour. The reaction between the SCI and HCHO was the dominant loss for the SCI 

in the model, representing 70 % of the total SCI loss, followed by reaction of the SCI with HCOOH, 

which represented a further 14 % of the total loss. Reactions with O3 and ethene represented 11 % 

and 5 % of the SCI loss, respectively, with SCI self-reaction representing < 1 % of the total loss. For 

the experiment performed at the highest relative humidity employed in this study, the reactions of the 

SCI with water monomers and dimers represented 4 % and 18 % of the total SCI loss, with remaining 

losses resulting from reactions with HCHO (57 %), HCOOH (11 %), O3 (7 %), C2H4 (3 %), and self-

reaction (< 1 %). 

 

5.3 SCI Yields 

Table S3 summarises previous measurements of SCI yields in the ozonolysis of ethene. Results 

obtained in this work indicate a yield of (0.38 ± 0.09), assuming that the reaction between CH2OO 

and HCHO produces HCOOH with a yield of 23 %, which is discussed further in Section 5.4. Results 

are in good agreement with the current IUPAC recommendation (9) of (0.42 ± 0.10) at 1000 mbar 

and with the value of 0.37 currently adopted in the Master Chemical Mechanism (MCM),(36) which 

is used worldwide as a benchmark for atmospheric modelling. 

 

5.4 SCI + HCHO Kinetics 

The rate coefficient for reaction between CH2OO and HCHO was determined in this work to be        

(6.0 ± 1.9) × 10-12 cm3, compared to previous measurements of (4.1  0.5) × 10-12 cm3 s-1 (45) and 

(3.50  0.35) × 10-12 cm3 s-1 (46) obtained in flash photolysis experiments.  

 

Products of CH2OO + HCHO were also investigated in one of the photolytic studies,(45) which 

indicated two main product channels at pressures between 15 and 60 Torr, leading to formation of 

formic acid (HCOOH, ~43 % yield) and CO + H2O (~57 % yield), both of which are expected to 

regenerate HCHO as a co-product. Calculations of the potential energy surface (47-49) for the 

reaction indicate that it proceeds via initial production of a secondary ozonide which is expected to 

decompose rapidly to produce HCOOH + HCHO or CO + H2O + HCHO,(47, 48) either directly or 

via production of the intermediate hydroxymethyl formate (HOCH2OCHO, HMF). The calculations 

thus also indicate regeneration of HCHO, but disagree in the relative significance of channels 

producing HCOOH + HCHO or CO + H2O + HCHO,(47, 48) and the potential sensitivity of the 

calculations to collisional energy transfer processes has been noted.(47) Evidence for production of 

HMF (32, 50-53) and for stabilisation of the secondary ozonide (27) has been reported in experiments 

performed at atmospheric pressure, although it was not possible to determine the yield.(27) 

Observations of HMF have also been reported in chamber studies at atmospheric pressure, which 

were attributed to reaction of CH2OO with HCHO,(32, 50-53) although the possibility of 

interferences in spectral assignments of HMF production  CH2OO + HCHO owing to products 

generated from the reaction of CH2OO with HCOOH in chamber studies at atmospheric pressure has 

also been discussed.(54) 

 

Results obtained in this work indicate that the yield of HCHO regenerated in the reaction between 

CH2OO and HCHO is (23  9) %. The observed HCHO regeneration yield thus indicates that there 

is significant stabilisation of an addition product formed between CH2OO and HCHO at 1000 mbar. 
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Production of HCOOH was observed via FT-IR spectroscopy, as shown in Figure S3, which was 

likely produced in the reaction channel CH2OO + HCHO → HCHO + HCOOH but it was not possible 

to determine absolute concentrations owing to overlapping spectral features and calibration 

uncertainties. Figure S7 shows the time profiles for the observed HCOOH signal and modelled 

concentrations of HCOOH normalised to the maximum values, with the agreement suggesting that 

the HCOOH observed was formed via the reaction between CH2OO and HCHO.  

 

Production of CO was also observed by FT-IR spectroscopy, and the observations could be equally 

well reproduced by the model in fits which assume production from only the initial reaction between 

O3 and ethene, those which assume production from only CH2OO + HCHO, and those which assume 

production from a combination of both reactions. It was thus not possible to assign the sources of CO 

with confidence, but differences in the method of production of CO assumed in the model did not 

impact the modelled SCI behaviour.  

 

The yield of HCOOH from the reaction between CH2OO and HCHO could thus not be assigned 

accurately, but has an upper limit of 23 %, assuming that 100 % of the co-product of the HCHO 

regenerated is HCOOH. Given the rapid reaction between CH2OO and HCOOH ((1.1-0.2
+0.3

) × 10-10 cm3 

s-1,(9, 55-57) the sensitivity of the model fits to the yield of HCOOH from CH2OO + HCHO assumed 

in the model was investigated by comparing fit results from a model in which the yield of HCOOH 

from CH2OO + HCHO was assumed to be 23 % to those from a model in which the yield was assumed 

to be zero. 

 

The fits show little sensitivity of the SCI yield and kinetics of CH2OO + HCHO to the yield of 

HCOOH assumed in the model. Compared to the model fits which used a yield of 23 % HCOOH and 

gave an SCI yield of (0.38  0.09) and rate coefficient for the reaction between CH2OO and HCHO 

of (6.0  1.9) × 10-12 cm3 s-1, model fits using a yield of HCOOH of zero gave an SCI yield of (0.39 

 0.07) and a rate coefficient for CH2OO + HCHO of (7.3  2.8) × 10-12 cm3 s-1. Results for the SCI 

yield and kinetics of CH2OO + HCHO reported in this work are given for the yield of HCOOH of 23 

%, but incorporate uncertainties associated with the model sensitivity to HCOOH. Investigation of 

product yields from the reaction between CH2OO and HCHO as a function of pressure warrants 

further investigation.  

 

5.5 CEAS observations of product formation  

Following the observed decay of CH2OO, the CEAS spectra show the growth of an unidentified 

product species that was inhibited in experiments in the presence of water vapour, and thus appeared 

to result from chemistry of the SCI occurring in competition with the reaction between the SCI and 

water. Figure S9 shows observations of the product species made in experiments performed over a 

range of relative humidities.  

 

The time dependence and suppression of the signal in the presence of water vapour suggests a link 

between the observed product species and the products of CH2OO reactions with HCHO or HCOOH, 

which dominate the chemistry in the system and impact CH2OO over longer timescales than reactions 

with other species (see Figure S8). However, the role of products formed from reactions of CH2OO 

with HCHO or HCOOH could not be distinguished owing to the production of HCOOH from CH2OO 

+ HCHO and the rapid subsequent reaction of CH2OO with HCOOH. Comparison of the observed 

product signal in the absence of water vapour and that observed in experiments at the highest RH 

investigated indicates that the formation of the observed product is more complex than a single 

reaction occurring in competition with CH2OO + H2O/(H2O)2. The decrease in the observed product 

signal of 77 % between experiments performed in the absence of water vapour and those at the highest 

relative humidities is greater than the contribution of CH2OO reactions with water vapour, which 

represented 22 % of the total loss of CH2OO in the experiments performed at the highest RH (see 

Section S5.2). The extent of the change in the observed product signal indicates that the product 
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formation involves multiple steps, several of which occur in competition with reactions involving 

water. We speculate that the absorption results from species generated from chemistry of the SOZ or 

HMF formed via CH2OO + HCHO, or oligomer formation resulting from CH2OO + HCOOH. 

Previous work has indicated that Criegee intermediates can undergo insertion reactions with 

carboxylic acids to form hydroperoxide esters, leading to formation of oligomers (72) and, ultimately, 

secondary organic aerosol, with several studies of CH2OO chemistry also demonstrating the potential 

for oligomer formation.(73-75) 

 

6. Ozonolysis of tetramethyl ethene (TME) 

6.1 Initial conditions 

Table S4 summarises the initial conditions used in experiments to investigate the ozonolysis of TME. 

Experiments were performed at total pressures of 100 and 1000 mbar, and with initial concentrations 

ranging from excess O3 to excess TME in order to provide sensitivity to pressure-dependent SCI 

yields and reaction kinetics.  

 

6.2 Model analysis 

The ozonolysis of TME was investigated using the same model framework described for the 

ozonolysis of ethene, which was developed in the ChemPy and SciPy packages in Python and 

represented mixing in HIRAC as described in Section S4. The mechanism used in the model is given 

in Table S5 and summarised in Figure S10.  

 

In contrast to the model used to describe the ozonolysis of ethene, the model did include OH radical 

chemistry in order to account for OH-initiated losses of TME which have the potential to impact the 

determination of the SCI yield for experiments in which O3 was in excess over TME. The rate 

coefficients for O3 + TME and OH + TME were constrained to current IUPAC recommendations.(42) 

Decomposition of the excited Criegee intermediate and SCI were assumed to produce OH and a 

peroxy radical, CH3C(O)CH2O2, in unity yield,(9) with HCHO produced following subsequent 

chemistry of the peroxy radical. Production of HCHO was represented as a first-order process in the 

model although it strictly results from second-order chemistry of the peroxy radical involving self-

reaction and other species. The model included production of acetone, CH3COCH3, in the initial 

ozonolysis reaction, with unity yield, and from OH + TME with a yield that was varied to fit to the 

acetone observations made by FT-IR spectroscopy. Further production from chemistry of the SCI 

was not included owing to uncertainties in reaction yields, although production from SCI chemistry 

is likely and yields of acetone resulting from OH + TME are thus likely overestimates but enable the 

model to reproduce the acetone concentrations. 

 

Modelled concentrations of (CH3)2COO, HCHO, acetone, and O3 were fit globally to observations 

made by CEAS, for (CH3)2COO and HCHO, and FT-IR, for acetone and O3, for all experiments listed 

in Table S4 to investigate SCI yields and kinetics of SCI decomposition and bimolecular reactions. 

The model was initialised with concentrations of ozone and TME. Fits to observations of (CH3)2COO, 

HCHO, acetone, and O3 from all experiments listed in Table S4 were made simultaneously, with the 

fit parameters treated globally and shared between all datasets. Observations and modelled 

concentrations were weighted in the same manner as for modelling of the ethene system (Section S5) 

in order to avoid potential biases in the fits owing to differences between the concentrations of 

different species of several orders of magnitude. 

 

The fit results are summarised in Table S5, with example fits shown in Figure S11. The best fit to the 

observations gave SCI yields of (0.45 ± 0.09) at 100 mbar and (0.61 ± 0.18) at 1000 mbar and 

pressure-independent rate coefficients for decomposition and reaction with HCHO of (156 ± 68) s-1 

and (9.7 ± 6.8) × 10-13 cm3 s-1, respectively. Potential impacts of SCI self-reaction and reactions with 

acetone, O3, and TME were also investigated, but were not found to significantly improve the fit 

quality. Further details are given in Section S6.5. 
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Figure S12 shows the relative contributions of the SCI reactions in the model to the total SCI loss, 

using the results for the SCI yield and kinetics determined in this work, for the mean initial 

concentrations of O3 and TME used at 1000 mbar. Decomposition of stabilised (CH3)2COO was the 

dominant SCI removal process in the model, representing 88 % of the total SCI loss, while reaction 

with HCHO represented 12 % of the total SCI loss. 

 

6.3 SCI Yields 

Table S6 summarises previous measurements of SCI yields in the ozonolysis of TME, which have 

indicated pressure-dependent yields but range between 0.1 and 0.65 at atmospheric pressure. Results 

obtained in this work indicate a yield of (0.45 ± 0.09) at 100 mbar and (0.61 ± 0.18) at 1000 mbar.  

 

Pressure measurements of SCI yields have typically involved the use of SCI scavengers such as SO2 

or hexafluoroacetone that are expected to react with the SCI to generate products such as H2SO4 or 

secondary ozonides that can be quantified relative to the consumption of reactants. In some cases, 

calibration of product signals is required, which can lead to significant uncertainties in SCI yields. 

Calibration uncertainties of up to 45 % have been reported for H2SO4 measurements used to determine 

the SCI yield from TME ozonolysis.(59, 76) Use of scavengers also requires that sufficient scavenger 

concentrations are used to compete effectively with other SCI reactions, with incomplete competition 

leading to determination of the minimum yield,(58) whilst potential losses of the SCI-scavenger 

product, to aerosol for example, also limit the yield determined.(38) 

 

6.4 SCI Decomposition Kinetics 

Results from this work indicate a decomposition rate coefficient of (156 ± 68) s-1, with no significant 

dependence on pressure between 100 and 1000 mbar. Table S7 summarises previous studies of 

stabilised (CH3)2COO decomposition kinetics at ~298 K. While there are significant discrepancies 

between results reported in previous work, several studies have been performed over a range of 

pressures and are in agreement that the kinetics are independent of pressure over the ranges 

investigated. The lack of pressure dependence has been attributed to the enhancement of the reaction 

rate resulting from quantum tunnelling, which dominates the overall rate and possible effects of 

pressure.(60-62) 

 

Indirect measurements, made by observations of OH produced during the ozonolysis of TME have 

been used to estimate SCI decomposition rate coefficients of (2.7 ± 0.7) s-1 at 10 Torr and (6.4 ± 0.9) 

s-1 at 100 Torr.(24) The indirect measurements (24) provided the first reports of the SCI thermal 

decomposition kinetics but are potentially impacted by losses of OH on the timescale of the 

measurements, which would limit the apparent production rate of OH used to determine the SCI 

kinetics. Relative rate measurements (25, 59, 76) made using ozonolysis of TME and observations of 

H2SO4 formation or SO2 removal resulting from the reaction of (CH3)2COO with SO2 in competition 

with decomposition are significantly higher than the indirect measurements based on observations of 

OH production. The relative rate measurements, using the current IUPAC recommended kinetics for 

(CH3)2COO + SO2,(9) and assuming no other losses of the SCI apart from decomposition or reaction 

with SO2, have led to reports of decomposition rate coefficients between (605 ± 109) s-1 (59) and (929 

± 220) s-1.(25) 

 

Absolute measurements have been made using photolytic precursors to (CH3)2COO.(21-23, 26) 

However, there are differences between studies using photolysis of 1,1-diiodopropane ((CH3)2CI2), 

which have reported rate coefficients at 298 K between (305 ± 70) s-1 (23) and (370 ± 34) s-1,(21) and 

a study using photolysis of 1-bromo-1-iodopropane ((CH3)2CIBr),(26) which reported a rate 

coefficient of (899 ± 42) s-1 at 296 K. While these studies considered potential impacts of Criegee-

Criegee and Criegee-radical chemistry, there is the possibility of secondary chemistry that leads to 

more rapid SCI removal than expected. The 1-bromo-1-iodopropane precursor has the potential to 

generate Br atoms and BrO radicals, as well as I atoms and IO radicals and other species generated 
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by the 1,1-diiodopropane precursor, and is thus potentially more susceptible to impacts of secondary 

chemistry which may explain the differences in results obtained between studies using the different 

precursors. Differences between the absolute measurements using the diiodo precursor and the 

relative rate measurements may arise owing to incomplete consideration of SCI losses, such as self-

reaction or reaction with HCHO, in the relative rate measurements could lead to overestimation of 

the decomposition kinetics. 

 

The current IUPAC recommendation (9) for the rate coefficient for decomposition of (CH3)2COO at 

298 K is (400 -148
+234) s-1, with no expected impact of pressure. The rate coefficient for decomposition 

of (156 ± 68) s-1 determined in this work is lower than previous absolute measurements and relative 

rate determinations, but is the first to be determined by direct observations of the SCI in an ozonolysis 

reaction. 

 

6.5 SCI Bimolecular Reaction Kinetics 

The kinetics for reaction of (CH3)2COO with HCHO have been determined in this work for the first 

time, giving a rate coefficient of (9.7 ± 6.8) × 10-13 cm3 s-1. Inclusion of SCI reactions with O3 and/or 

acetone did not significantly improve the fit quality and gave poorly defined rate coefficients on the 

order of 10-14-10-13 cm3 s-1 for reaction with O3 and 10-13 cm3 s-1 for reaction with acetone. Inclusion 

of a reaction between the SCI and TME resulted in significantly poorer fits to the SCI. For model 

runs which included reactions of the SCI with O3, acetone, and/or TME as well as decomposition and 

reaction with HCHO, the fraction of SCI loss to reactions other than decomposition or that with 

HCHO was negligible. 

 

A rapid self-reaction of (CH3)2COO has been indicated in laser flash photolysis studies using diiodo 

precursors, with reports of (1.6 ± 1.3) × 10-10 cm3 s-1 (77) and (6.0 ± 1.1) × 10-10 cm3 s-1.(23) However, 

the self-reaction kinetics reported in the photolytic studies are significantly higher than those 

determined for the Criegee intermediate CH2OO, which has a recommended (9) rate coefficient of 

(7.4-1.5
+1.9

) × 10-11 cm3 s-1. The photolytic studies may have been impacted by reactions of the Criegee 

intermediate (CH3)2COO with iodine atoms and/or iodine monoxide radicals, which have been shown 

to impact determinations of the self-reaction kinetics for the Criegee intermediate CH2OO. Inclusion 

of SCI self-reaction in the model did not significantly improve the fit quality. 
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Figure S1: Schematic of the Highly Instrumented Reactor for Atmospheric Chemistry 

(HIRAC). 
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Figure S2: Determination of the CEAS path length. The plots show a) the measured absorbance 

by CEAS for a known NO2 concentration of 7.1 × 1013 cm-3 in HIRAC used to determine the 

absorption path length as a function of wavelength, and b) the total absorption path length as a 

function of wavelength determined from the measured absorbance by NO2 and reference absorption 

cross-sections for NO2.(42) 
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Figure S3: Example fits to FT-IR spectra. Experiments shown were initialised with a) [C2H4] = 

4.38 × 1015 cm-3 and [O3] = 2.87 × 1014 cm-3 1000 mbar, b) [C2H4] = 4.38 × 1015 cm-3 and [O3] = 2.87 

× 1014 cm-3 at 1000 mbar, c) [C2H4] = 4.38 × 1015 cm-3 and [O3] =  2.87 × 1014 cm-3 at 1000 mbar, 

and d) [TME] = 1.45 × 1014 cm-3 and [O3] = 7.07 × 1013 cm-3at 1000 mbar. Black solid lines show the 

observations, solid coloured lines show the contributions from each species in the fit, and the dashed 

red lines show the total fits to the observations. 
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Figure S4: Comparison of HCHO concentration-time profiles determined from CEAS and FT-

IR spectroscopy. Data show measurements by CEAS (blue) and FT-IR spectroscopy (red) for 

experiments initialised with a) [C2H4] = 9.26 × 1015 cm-3 and [O3] = 1.36 × 1014 cm-3 at 1000 mbar, 

and b) [TME] = 2.32 × 1014 cm-3 and [O3] = 6.24 × 1013 cm-3 at 100 mbar. 
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Figure S5: Concentration-time profiles used to determine mixing times in HIRAC. Profiles were 

obtained by delivering NO2 (square symbols, red colours) and HCHO (circular symbols, blue colours) 

to HIRAC at 295 K and a) 100 mbar N2 and b) 1000 mbar N2. The experimental data were fit 

simultaneously at each pressure by Equation S2 (solid lines). 
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Figure S6: Mechanism used to describe the ozonolysis of ethene. 
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Figure S7: Observations and model fits for data obtained during the ozonolysis of ethene. Data 

show observed concentrations (blue) and model fits (red) for a) stabilised CH2OO, b) HCHO (CEAS 

in filled symbols, FTIR in open symbols), c) O3, d) C2H4, e) CO, and f) HCOOH (normalised to the 

maximum of the observations (blue) or modelled (red) concentration). Dashed lines show the 

modelled concentrations for each species increased or decreased by 50 %. Data shown are from an 

experiment initialised with 2.7 × 1014 cm-3 O3 and 4.4 × 1015 cm-3 ethene, in the absence of water 

vapour.  
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Figure S8: Relative cumulative contributions of the CH2OO reactions in the model to the total 

CH2OO loss. Results are shown from a simulation using the CH2OO yield and kinetics determined 

in this work with [C2H4] = 4.4 × 1014 cm-3 and [O3] = 2.7 × 1014 cm-3 in the absence of water vapour. 
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Figure S9: Time dependence of the unidentified product species observed by CEAS normalised 

to the maximum observed values. Data shown are from experiments with similar initial 

concentrations of O3 and C2H4 for a range of relative humidities.  
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Figure S10: Mechanism used to describe the ozonolysis of TME.  
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Figure S11: Observations and model fits for data obtained during the ozonolysis of TME. Data 

show observed concentrations (blue) and model fits (red) for a) stabilised (CH3)2COO, b) HCHO, c) 

O3, and d) acetone. Dashed lines show the modelled concentrations for each species increased or 

decreased by 50 %. Data shown are from an experiment at 100 mbar initialised with 2.0 × 1014 cm-3 

O3 and 1.3 × 1014 cm-3 TME. 
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Figure S12: Relative cumulative contributions of the (CH3)2COO reactions in the model to the 

total (CH3)2COO loss. Results are shown from a simulation using the (CH3)2COO yield and kinetics 

determined in this work with the mean initial concentrations of O3 and TME used at 1000 mbar. 
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[Ozone] / 1014 cm-3 [Ethene] / 1015 cm-3 [H2O] / 1016 cm-3 [(H2O)2] / cm-3 

1.49 9.3 0 0 

2.14 12.1 0 0 

2.87 4.4 0 0 

3.13 4.6 0.2 5.3 × 109 

3.18 5.0 1.4 4.2 × 1011 

2.93 5.0 4.5 4.6 × 1012 

2.99 4.8 12.7 3.7 × 1013 
 

Table S1. Summary of initial conditions used in experiments to investigate the ozonolysis of ethene. 

All experiments to investigate the ozonolysis of ethene were performed at p = 1000 mbar and                  

T = 295 K. 
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Reaction Rate coefficienta  

/ s-1 or cm3 s-1 

Reference 

C2H4 + O3 → ySCI CH2OO + yCO CO + HCHO 1.6 × 10-18 IUPAC (9) 

CH2OO + O3 → HCHO + 2 O2 3.6 × 10-13 Onel et al. (78) 

CH2OO + C2H4 → products 6.5 × 10-15 Buras et al. (79) 

CH2OO + CH2OO → 2 HCHO + O2  8.0 × 10-11 IUPAC (9) 

CH2OO + HCHO → y’CO CO + yHCOOH HCOOH + 

yHCHO HCHO + (1-yHCHO) HOCH2OCHO 

6.0 × 10-12 This work 

CH2OO + HCOOH → products  1.1 × 10-10 IUPAC (9) 

CH2OO + H2O → HOCH2OOH 2.8 × 10-16 IUPAC (9) 

CH2OO + (H2O)2 → HOCH2OOH + H2O 6.4 × 10-12 IUPAC (9) 

HCHO → loss 10-5
 This workb 

 

Table S2: Mechanism used in numerical simulations to fit to observations of CH2OO, HCHO, O3, 

and CO. The yields ySCI, yCO, y’CO, and yHCHO and the rate coefficient for reaction of CH2OO with 

HCHO were determined from fits to observations. Yields of CO were determined to be yCO = 0.19 

and y’CO = 0.16, but could not assigned independently with confidence (further details are given in 

Section S5.4). The yield yHCOOH was fixed to the reported value of 0.23 unless otherwise stated (see 

Section S5.4). The reaction between CH2OO and HCHO was assumed to produce HCOOH + HCHO, 

CO + H2O + HCHO, or HOCH2OCHO, with the yield of HOCH2OCHO (hydroxymethyl formate, 

HMF) thus given by (1-yHCHO).  a Units are cm3 s-1 for second-order reactions and s-1 for first-order 

processes, b wall loss rates for HCHO were determined in this work in separate experiments to those 

in the presence of ozone and ethene. 
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Pressure  Yield Method Reference 

700 Torr 
0.38 

HCHO, CH3CHO, CO, and SO2 

scavengers 

Su et al. (50) 

700 Torr 0.35 ± 0.05 HCHO scavenger Niki et al. (32) 

700 Torr 0.37 ± 0.02 HCHO scavenger Kan et al. (51) 

1 atm 
0.39 ± 0.05 

SO2 scavenger Hatakeyama et al. 

(80) 

10-1140 

Torra 
0.4  

SO2 scavenger Hatakeyama et al. 

(52) 

758 Torr 
0.47 ± 0.05 

Total yield product yields and HCHO 

scavenger 

Horie and Moortgat  

(53) 

730 Torr 

0.4-0.5 

Total yield product yields and 

HCOOH, CH3COOH, and CH3OH 

scavengers 

Neeb et al. (81) 

730 Torr 
0.50  

Total yield product yields and HCHO 

and    CH3CHO scavengers 

Neeb et al. (82) 

730 Torr 0.52 ± 0.06 CF3COCF3 scavenger Horie et al. (83) 

1 atm 0.39 ± 0.11 H2O and HCOOH scavengers Hasson et al. (34) 

~1 atm 0.54 ± 0.12 CO scavenger Alam et al. (54) 

1000 mbar 0.37 ± 0.04 SO2 scavenger Newland et al. (25) 

1 atm 
0.59 ± 0.17 

CH3COOH scavenger  

(dry conditions) 

Yajima et al. (33) 

1 atm 
0.55 ± 0.16 

CH3COOH scavenger  

(humid conditions, RH 23-24 %) 

Yajima et al. (33) 

1000 mbar 0.43 ± 0.02 SO2 scavenger Newland et al. (58) 

7-19 Torrb 0.214 ± 0.082 

to 0.255 ± 

0.033 

SO2 scavenger 

Yang et al. (39) 

4-19 Torr 0.23 ± 0.07 to 

0.25 ± 0.07  

Direct observation of CH2OO Campos-Pineda et al. 

(31) 

1000 mbar 0.42 ± 0.10 Data evaluation IUPAC (9) 

1000 mbar 0.38 ± 0.09 Direct observation of CH2OO This work 
 

Table S3: Summary of reported yields of stabilised CH2OO from the ozonolysis of ethene. Detailed 

summaries and discussion of previous work are given by Alam et al.(54) and Newland et al.(25)             
a

 The SCI yield of 0.4 was reported by Hatakeyama et al.(52) for the high pressure limit, experiments 

were also performed at 10 Torr which indicated a lower, but non-zero, SCI yield. b Extrapolation to 

zero pressure gave a nascent SCI yield of (0.201 ± 0.025).(39) 
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p / mbar [Ozone] / 1014 cm-3 [TME] / 1014 cm-3 

100 0.6 1.1 

100 0.6 2.3 

100 1.2 1.5 

100 1.9 1.0 

100 2.0 1.3 

100 3.0 0.8 

100 4.3 0.5 

1000 0.5 1.4 

1000 0.8 3.1 

1000 0.9 0.3 

1000 1.2 3.4 

1000 1.4 1.0 

1000 1.8 1.1 

1000 1.8 0.7 

1000 3.4 0.6 

1000 3.6 0.2 

1000 7.1 1.5 
 

Table S4. Summary of initial conditions used in experiments to investigate the ozonolysis of TME. 

All experiments to investigate the ozonolysis of TME were performed at T = 295 K. 
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Reaction Rate coefficienta  

/ s-1 or cm3 s-1 

Reference 

O3 + TME → ySCI (CH3)2COO + (1 - ySCI) OH  

+ (1 - ySCI) CH3COCH2O2 + CH3COCH3 

1.1 × 10-15 IUPAC(9) 

CH3COCH2O2 → yHCHO HCHO 7b, 45c This work 

(CH3)2COO (+O2) → CH3COCH2O2 + OH 156 This workd 

(CH3)2COO + HCHO → loss 9.7 × 10-13  This work 

OH + TME → yCH3COCH3 CH3COCH3 1.1 × 10-10 IUPAC(9) 

OH + HCHO → loss 8.5 × 10-12 IUPAC(9) 

OH + CH3COCH3 → loss  1.8 × 10-13 IUPAC(9) 

OH → loss 9b, 13c This work 

HCHO → loss 10-5
 This worke 

 

Table S5: Mechanism used in numerical simulations to fit to observations of (CH3)2COO, HCHO, 

O3 and acetone. The yields ySCI, yHCHO, and yCH3COCH3 were determined at 100 mbar and 1000 mbar 

from fits to this work. Rate coefficients for (CH3)2COO decomposition and reaction with HCHO were 

determined in this work and were independent of pressure. The rate coefficients for production of 

HCHO from RO2 and for losses of OH involving reactions other than those listed were treated as 

variables in the model. a Units are cm3 s-1 for second-order reactions and s-1 for first-order processes, 
b values determined at p = 100 mbar, c values determined at p = 1000 mbar, d The decomposition of 

(CH3)2COO produces the radical CH3COCH2, which is assumed to undergo rapid reaction with O2 

under the conditions in the chamber to produce the peroxy radical CH3COCH2O2, 
e wall loss rates for 

HCHO were determined in this work in separate experiments to those in the presence of ozone and 

TME.  
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Pressure  Yield Method Reference 

700 Torr ~0.25 HCHO and CH3CHO scavengers Niki et al. (84) 

730 Torr 0.29 ± 0.03 CF3COCF3 scavenger Horie et al. (83) 

760 Torr 0.11 ± 0.11 SO2 scavenger Rickard et al. (85) 

760 Torr 
0.1 ± 0.03 

H2O scavenger and detection of 

H2O2 

Hasson et al. (34) 

710 Torr 0.65 ± 0.2 CF3COCF3 scavenger Drozd et al. (35, 86) 

760 Torr 0.62 ± 0.28 SO2 scavenger Berndt et al. (59) 

760 Torr 0.45 ± 0.2 SO2 scavenger Berndt et al. (76) 

1000 mbar 0.32 ± 0.02 SO2 scavenger Newland et al. (25)  

50 Torr 
0.13 ± 0.06 

SO2 scavenger Hakala and Donahue 

(37) 

75 Torr 
~0.14 

SO2 scavenger Hakala and Donahue 

(37) 

375 Torr 
~0.25 

SO2 scavenger Hakala and Donahue 

(37) 

760 Torr 
0.37 ± 0.01 

SO2 scavenger Hakala and Donahue 

(37) 

900 Torr 
0.42 ± 0.02 

SO2 scavenger Hakala and Donahue 

(37) 

4-60 Torra 0.14 ± 0.06 to 

~0.3 

SO2 scavenger Campos-Pineda and 

Zhang (38) 

1000 mbar 0.31 ± 0.04 SO2 scavenger Newland et al. (58) 

1000 mbar 0.38 ± 0.10 Data evaluation IUPAC (9) 

100 mbar 0.45 ± 0.09 Direct observation of (CH3)2COO This work 

1000 mbar 0.61 ± 0.18 Direct observation of (CH3)2COO This work 
 

Table S6: Summary of reported yields of stabilised (CH3)2COO from the ozonolysis of TME. A 

detailed summary and discussion of previous work is given by Newland et al.(25) a Extrapolation to 

zero pressure gave a nascent SCI yield of (0.12 ± 0.05).(38) 
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T / K p k / s-1 Method Reference 

298 10 Torr 
2.7 ± 0.7 

Indirect, via observation of 

OH production 

Kroll et al. (24) 

298 100 Torr 
6.4 ± 0.9 

Indirect, via observation of 

OH production 

Kroll et al. (24) 

293 760 Torr 605 ± 109 a Relative rate Berndt et al. (59) 

293 760 Torr 722 ± 52 a Relative rate Berndt et al. (76) 

298 1000 mbar 929 ± 220 a Relative rate Newland et al. (25) 

298 200-500 Torr 370 ± 34 Absoluteb Huang et al. (21) 

298 100-200 Torr 361 ± 49 Absoluteb Smith et al. (22) 

298 10-100 Torr 
305 ± 70 

Absoluteb Chhantyal-Pun et al. 

(23) 

296 200 Torr 899 ± 42 Absolutec Peltola et al. (26) 

298 - 400 -148
+234

 Data evaluation IUPAC (9) 

295 100-1000 

mbar 
156 ± 68 

Absoluted This work 

 

Table S7: Summary of experimental determinations of rate coefficients for stabilised (CH3)2COO 

decomposition. a
 Results of relative rate studies have been updated to the most recent IUPAC 

recommendations (9) for kinetics of (CH3)2COO + SO2, which was used as the reference reaction.      
b Absolute measurements reported by Huang et al.,(21) Smith et al.,(22) and Chhantyal-Pun et al.(23) 

used photolysis of 1,1-diiodopropane ((CH3)2CI2) to generate (CH3)2COO. c Absolute measurements 

reported by Peltola et al.(26) used photolysis of 1-bromo-1-iodopropane ((CH3)2CIBr) to generate 

(CH3)2COO. d Absolute measurements reported in this work used O3 + TME to generate (CH3)2COO. 
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Data S1: Data used to generate the main figures presented in this study are available in the 

Supplementary Data File. 


