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Abstract:  38 

Criegee intermediates are reactive intermediates that are implicated in transforming the 39 

composition of Earth’s troposphere and in the formation of secondary organic aerosol, impacting 40 

Earth’s radiation balance, air quality and human health. Yet, direct identification of their 41 

signatures in the field remains elusive. From particulate and gas-phase mass spectrometric 42 

measurements in the Amazon rainforest, we identify sequences of masses that are consistent with 43 

expected signatures of oligomerization of the CH2OO Criegee intermediate, a process implicated 44 

in ozonolysis-driven aerosol formation. We assess the potential contributions of oligomerization 45 

through laboratory ozonolysis experiments, direct kinetic studies of Criegee intermediate 46 

reactions, and high-level theoretical calculations. Global atmospheric models built on these 47 

kinetics results indicate that Criegee intermediate chemistry may play a larger role in altering the 48 

composition of Earth’s troposphere than is captured in current atmospheric models, especially in 49 

areas of high humidity. However, the models still capture only a relatively small fraction of the 50 

observed signatures, suggesting considerable underestimates of Criegee intermediate 51 

concentrations and reactivity and/or the dominance of other, presently uncharacterized, oxidation 52 

mechanisms. Resolving remaining uncertainties in emission inventories and the effects of 53 

atmospheric water vapor on key chemical reactions will be required to definitively assess the role 54 

of Criegee intermediate oligomerization reactions. 55 

Main Text:  56 

Alkenes are a major class of chemical species emitted into Earth’s troposphere from both 57 

anthropogenic and biogenic sources. For example, isoprene (2-methyl-1,3-butadiene) is the most 58 

abundant non-methane hydrocarbon in the troposphere globally. It is estimated that isoprene is 59 

released by vegetation at ~600 Tg/year 1,2 and is the largest component of biogenic alkenes in 60 
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tropical forests3. A significant removal process for alkenes in the troposphere (e.g., ~10% of 61 

isoprene 4) is reaction with ozone, which leads to scission of an unsaturated C=C double bond to 62 

form two oxygenated reaction products: a stable carbonyl species and a Criegee intermediate 63 

(CI),5 which can be quenched to form stabilized CI (sCI). In the case of isoprene, ozonolysis 64 

leads to the formation of three Criegee intermediates: CH2OO (~58 %), methyl vinyl ketone 65 

oxide (~23 %), and methacrolein oxide (~19 %).4 66 

Criegee intermediates are important contributors to the oxidizing capacity of the troposphere. 67 

Through unimolecular decomposition, they are a major daytime source and the dominant night-68 

time source of the hydroxyl radical (OH) 6-10, the primary tropospheric oxidant that initiates the 69 

processing of most atmospheric pollutant species. Following the development of methods to 70 

directly study sCI chemistry 11, research has increasingly quantified their role in transforming 71 

tropospheric composition. For example, following direct studies of the reaction kinetics of sCIs 72 

with SO2, these reactions are now thought to be a regionally critical pathway for the tropospheric 73 

oxidation of SO2 to SO3 – a key step in sulphate aerosol formation.12 Moreover, measurements of 74 

have shown that the rate coefficients for sCI reactions with organic acids approach the collision 75 

limit.13-15 Such reactions are significant tropospheric removal pathways for organic acids, 76 

especially over regions with large biogenic alkene emissions such as the Amazon rainforest. 77 

Despite their apparent impacts, both sCIs and definitive signatures of sCI-specific reaction 78 

products have eluded in situ detection in the troposphere. In this work, we examine evidence of 79 

signatures of a representative CH2OO oligomerization reaction sequence in the Amazonian 80 

troposphere, which we observe by in situ detection in the field. We corroborate the 81 

oligomerization mechanism through a combination of direct kinetics measurements, ozonolysis 82 
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experiments, and high-level theory, and employ the results in an atmospheric model to develop a 83 

lower limit prediction for tropospheric concentration of the oligomerization products.  84 

The products from sCI + organic acid reactions are promising candidates for detection of sCI 85 

signatures in the field due to their characteristic reaction mechanism; rapid insertion of the sCI 86 

into the organic acid leads to lower volatility, highly oxygenated reaction products, which are 87 

themselves susceptible to reaction with sCIs .13-16 Field evidence of these sCI oligomerization 88 

reactions would be especially compelling because these reaction sequences have been linked to 89 

the production of highly oxygenated compounds and secondary organic aerosol (SOA) formation 90 

in laboratory experiments 16-19. SOA is a class of particulate matter (PM) produced from the 91 

oxidation of volatile organic compounds (VOCs) and subsequent condensation of the highly 92 

oxygenated and low volatility products. 20 SOA constitutes up to 80% of organic particulate 93 

mass, which itself accounts for up to 90% of total fine PM mass in the atmosphere 21, yet the 94 

pathways leading to SOA formation are not fully understood.  95 

Sakamoto et al.16 identified sequences of mass 46 amu (=CH2O2) additions in laboratory mass 96 

spectrometric investigations of ethene ozonolysis and proposed successive insertion into 97 

hydroperoxides by the simplest sCI, CH2OO; these reactions form a new hydroperoxide as a 98 

product, which can react with another CH2OO molecule. Rousso et al. 22 recently identified 99 

multiple sequences of CH2OO additions in laboratory studies of ethene ozonolysis using a jet-100 

stirred reactor (JSR). Recently, various aspects of these sCI oligomerization processes have also 101 

been examined theoretically.23,24  102 

The reaction sequence proposed by Sakamoto et al. 16 for highly oxygenated compound and 103 

SOA formation may be expected to be most prominent in areas of high alkene emission, such as 104 

tropical forests like the Amazon region. Ozonolysis of isoprene and other biogenic alkenes (e.g., 105 
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monoterpenes and sesquiterpenes) leads to the formation of the simplest sCI, CH2OO, as well as 106 

unsaturated larger sCIs. In this study, a suite of online measurement techniques was deployed in 107 

Central Amazonia. A high-resolution chemical ionization time-of-flight mass spectrometer 108 

(TOF-CIMS, masses fitted to < 1ppm) coupled with the filter inlet for gases and aerosol 109 

(FIGAERO), hereafter FIGAERO-CIMS, enabled the characterization of oxygenated species in 110 

both the gas and particle phases (see SI). We use this technique to identify a series of species that 111 

are consistent with multiple, sequential insertions of CH2OO into formic acid. We have chosen 112 

this sequence as a test case because the initial reaction is extremely rapid, its insertion product 113 

has been characterized, and the precursor is readily analyzed in the field. Although the TOF-114 

CIMS technique, with its high mass accuracy and sensitivity, is the best available method for 115 

detection and identification of these species in the Amazon, the lack of structural information 116 

and calibration standards introduces uncertainty into the analysis. Moreover, a multiplicity of 117 

oxidation reactions occurs in the Amazon and the complexity of gas- and particle-phase chemical 118 

processes in the measurement region inherently limits the certainty of attribution to any 119 

particular sequence, especially for larger masses.  120 

In humid regions such as the Amazon, removal of CH2OO via the reaction with water dimer 121 

reduces its lifetime and hence its steady-state concentration; however, other reactions of CH2OO 122 

are also enhanced by water vapor  which can increase the effectiveness of CH2OO as an oxidant 123 

25-28. The measurements and modelling presented herein, employing advanced theoretical and 124 

experimental kinetics, suggest that in areas of high alkene concentrations, Criegee intermediate 125 

chemistry persists even in areas of high humidity, and may help drive tropospheric composition 126 

changes including contribution to SOA mass. However, the observed concentrations in the 127 

putative oxidation sequence remain far larger than the model predictions. Although additional 128 
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uncertainties in the rate coefficients for Criegee intermediate reactions (including the effect of 129 

water vapor) and in the alkene inventory may significantly increase the predicted concentrations 130 

for molecules in the oligomerization sequence, the comparison may instead imply that the field 131 

concentrations are conditioned by other, presently uncharacterized, oxidation processes. 132 

 133 

Evidence for tropospheric observation of sCI sequences 134 

Gas-phase FIGAERO-CIMS measurements reveal a series of species with chemical formulae 135 

corresponding to the exact masses HC(O)O(CH2OO)nH for n=1-6. This result is consistent with 136 

multiple, sequential insertions of CH2OO into formic acid (see SI) as observed in chamber 137 

experiments by Sakamoto et al. 16 – but not previously observed in the field.  Direct calibration 138 

for the insertion products is not possible, so the sensitivity must be estimated assuming this 139 

reaction to be collision limited. No particle phase calibrations were available, and ROOH species 140 

may undergo fragmentation in the the data from the particle phase is qualitative.29 141 

The correlated diurnal profiles (Figure 1A) of each proposed insertion product from n=2-6 142 

support the postulate of cognate origin; correlation with the isoprene, ozone, and formic acid 143 

diurnal profiles (see Figure 1B and SI) is direct evidence that even in humid environments, 144 

bimolecular reactions of CH2OO persist in the troposphere (A high background signal on the 145 

n=1insertion product mass precludes robust analysis of this species, see SI for the time profile). 146 

A gas phase diurnal profile that shows a maximum in the early afternoon and a minimum in the 147 

early morning hours is a widely accepted marker of a photochemical oxidation product. 30,31  148 

The relative gas-phase abundances of each sequential insertion product are found to decrease, 149 

(see Fig 1 and SI). Successive insertions of CH2OO into the organic hydroperoxide will result in 150 

decreased vapor pressure 32 (see SI), leading to increased partitioning from the gas to the aerosol 151 
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phase. This mechanism is further evidenced by the observation of the insertion sequence in the 152 

aerosol phase via online high-resolution FIGAERO-CIMS desorption thermogram measurements 153 

(see SI). Species with exact masses consistent with n=3-5 are observed in the aerosol phase. In 154 

the sequential formation pathway, the abundance of products will decrease with increasing n.  155 

 156 

Fig. 1 Evidence of sCI sequences in the Amazon. (A) Gas-phase diurnal profiles of formic acid 157 

and insertion sequence products from n=2-6 in the gas phase, measured by the gas-phase I--158 

detection FIGAERO-CIMS experiment. Shaded bar is the 25%- 75% values from the diurnal 159 

formic acid concentration. Note that the formic acid signal amplitude is scaled down by a factor 160 

of 100 to enable ease of comparison with the n=2-6 species. Data presented are the mean profiles 161 

throughout the entire campaign. (B) Measured gas phase diurnal profiles of the insertion 162 

sequence precursors: isoprene (green), ozone (blue) and formic acid (black). Lines represent the 163 
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average measured concentrations; shaded bars are the 25%- 75% values. Data presented are the 164 

mean profiles throughout the entire campaign.  165 

 166 

After each insertion, only a fraction of the resultant products will undergo further reaction with 167 

sCIs due to competing removal pathways (e.g., photolysis, reaction with OH). Thus, for each 168 

step of the insertion sequence the concentration of the insertion product will generally decrease. 169 

Furthermore, for higher n, where the product volatility is sufficiently low, partitioning into the 170 

particle phase will compete with further gas-phase reactions, thereby terminating the sequence. 171 

The gas-phase and aerosol-phase field observations are consistent with this: in the gas-phase, the 172 

insertion product concentration generally decreases with n (Figure 1A), and insertion products 173 

are observed in the aerosol-phase, for n=3-5 (see SI) with decreasing volatility.  174 

These field data provide evidence for the persistence of bimolecular sCI chemistry in the 175 

troposphere even in humid environments, and they suggest a potential role for sequential sCI 176 

insertion in the formation and growth of highly oxygenated compounds, 33 and SOA mass in the 177 

Amazon region. To verify and interpret our field measurements, we have used laboratory 178 

experiments to confirm the oligomerization sequence and directly measure representative rate 179 

coefficients, and employed accurate theoretical kinetics for experimentally inaccessible reactions 180 

to build a detailed picture of the oligomerization process.  181 

Laboratory and theoretical sequence verification 182 

The sequential reactions of CH2OO were confirmed by laboratory studies of ethene ozonolysis in 183 

a JSR (300 K, 700 Torr) coupled to tuneable vacuum ultraviolet radiation (VUV) photoionization 184 

(PI) mass spectrometric detection (see SI). At a given mass peak, the PI spectra are used to 185 
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chemically identify the species by comparison with known experimental spectra and computed 186 

ionization energies (IE). Under the steady-state conditions of the JSR experiment, the sCI is 187 

constantly replenished through the reaction of ozone with ethene, enabling subsequent reactions 188 

of CH2OO with primary ozonolysis reaction products. 189 

We detect species at the exact masses consistent with formic acid (m/z = 46.005) and the n=1 and 190 

2 (m/z = 92.011 and m/z = 138.016) CH2OO insertion products (Figure 2A), in accord with the 191 

Amazon field observations, supporting ozonolysis chemistry as the source of the sequence. 192 

Comparison of the PI spectra in the present experiment with reference spectra confirms the 193 

identity of formic acid and hydroperoxyl methylformate (CH(O)OCH2OOH, HPMF, Figure 194 

2B)34. Because no reference PI spectra for the n=2 insertion product exists, the reaction product 195 

is identified through high-level theoretical kinetics (discussed later). The calculated IE of the 196 

dominant n=2 product (SOZ) determined via theoretical kinetics is consistent with the 197 

experimental observations (Figure 2B). 198 

In addition to the formic acid derived sequence, we find evidence of sequential insertion of 199 

CH2OO in the simplest hydroperoxide, hydrogen peroxide (HOOH, H2O2), that is formed from 200 

the ozonolysis of ethene 22,35, evidence of a general sCI oligomerization mechanism with 201 

hydroperoxide functional groups. 202 

Understanding the role that these sequences have in the formation of highly oxygenated, 203 

extremely low volatility compounds and SOA in the Amazon requires knowledge of the rate 204 

coefficients and products of key sCI + ROOH reactions. Few of these reactions are directly 205 

accessible experimentally, including those proposed to result in the observed sequence in the 206 

field data. We compare experimental measurements and theoretical predictions for reactions of 207 
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CH2OO with representative ROOH species. We then utilize a closely related theoretical 208 

approach for key reactions inferred from the field data.    209 

The reactions of CH2OO with H2O2 and (CH3)3COOH were investigated using the photolytic 210 

method of Welz et al. 11 for the direct production of CH2OO. Direct kinetics and product 211 

measurements were obtained using multiplexed photoionization mass spectrometry (MPIMS), 212 

using the same tuneable-VUV detection technique as the JSR experiments (see SI). The MPIMS 213 

experiments are time-resolved, thus enabling reactants, intermediates, and products to be 214 

simultaneously detected.  215 

Rate coefficients of (2.2 ± 0.9) and (1.2
 – 0.6

 +1.2
) × 10-13 cm3 s-1 were measured for the reactions of 216 

CH2OO with H2O2 (at 40 Torr) and (CH3)3COOH (at 10 Torr), respectively. Our experimental 217 

values for the H2O2 reaction compare well to theoretical predictions in the literature (3 × 10-13 218 

cm3 s-1) 36 and in the present work (2.9 × 10-13 cm3 s-1, 40 Torr He, 300 K). The present 219 

theoretical prediction for the (CH3)3COOH reaction (7.4 × 10-13 cm3 s-1, 10 Torr He, 300 K) is 220 

within a factor of three of the experimental upper limit. This agreement supports the reliability of 221 

computational methods in more complex analogous reactions in the generalized sequence for 222 

which direct experimental studies are not feasible. Reaction products at the exact masses of 223 

CH2OO + H2O2 (= C2H4O4), CH2OO + (CH3)3COOH (= C5H12O4), and plausible daughter ion 224 

species were observed in our direct experimental studies. The growth kinetics of the products 225 

and CH2OO loss kinetics are consistent (Figure 2C), corroborating primary production from 226 

CH2OO reactions.  227 
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 228 

Fig. 2. Laboratory investigations of sCI + ROOH sequences. (A)  Mass spectra of the 229 

insertion sequence products observed in the JSR O3 + ethene study. m/z 92 and m/z 138 signal 230 

amplitudes are multiplied by factors of 5 and 10, respectively, for visualization. Gaussian multi-231 

peak fits (black solid and grey dot-dash lines) to the data return exact masses consistent with the 232 

proposed products along the CH2OO insertion sequence. (labelled, dashed lines). (B) Measured 233 

PI spectra for the m/z 46, 92 and 138 reaction products in the O3 + ethene JSR study (symbols) 234 

compared with calculated IEs (bars) and reference PI spectra 34,35,37 (solid and dashed lines) for 235 

species along the sequence of CH2OO insertion into formic acid (scaled for visualization). A 236 

possible contribution from dihydroxymethyl formate (DHMF) as well as HPMF is observed at 237 

m/z 92 at higher photoionization energies. (C) Temporal profiles (open symbols) of CH2OO and 238 
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the insertion product (C5H12O4) and daughter ion, D.I. (C4H9O4) from the direct study of CH2OO 239 

+ (CH3)3COOH using MPIMS (scaled for visualization). Fitting (solid lines) of the kinetic time 240 

profiles returns first order rates of 226 ± 12 s-1 (m/z 46), 188 ± 44 s-1 (m/z 121) and 161 ± 31 s-1 241 

(m/z 136), consistent with the direct production of the C5H12O4 insertion product (plus C4H9O4
+ 242 

and C5H12O4
+

 D.I.s) from the CH2OO + (CH3)3COOH reaction. (D) Consistent PI spectra of 243 

CH4O4
+ resulting from the reaction of CH2OO + H2O2 (MPIMS, light green line) and O3 + 244 

ethene (JSR, dark green line). The onset of signal is consistent with the calculated IE of 245 

dihydroperoxymethane (DHPM, HOOCH2OOH, green bar).  246 

PI spectra of the CH4O4 reaction products from the time-resolved, direct experiment of CH2OO 247 

with H2O2 and the steady-state, ethene ozonolysis experiment are compared in Figure 2D 22,35. 248 

The similarity of the PI spectra obtained in the direct and ozonolysis studies suggests identical 249 

isomeric structure, and theoretical IE calculations identify it as HOOCH2OOH, confirming that 250 

both experiments probe the same chemistry. Nowhere previously has the spectroscopy of the 251 

reaction products for these oligomerization processes been compared between direct, time-252 

resolved and steady-state ozonolysis experiments. It is the comparison of these spectra that 253 

confirm that Criegee intermediates are indeed responsible for the proposed oligomerization 254 

products observed in the steady-state experiments. High level quantum chemical calculations to 255 

investigate the mechanism of the n=2 CH2OO insertion substantiate a rapid reaction between 256 

HPMF and CH2OO (3.2 × 10-12 cm3 s-1 at 300 K, 1 atm), which primarily generates a reaction 257 

product that preserves the -OOH functional group (Figures 3A and 3B). Our predicted rate 258 

coefficient for this reaction step lies between two recent density functional theory based 259 

theoretical predictions (2.3 × 10-13 and 2.7 × 10-11 cm3 s-1)23,24 and differ in product predictions. 260 

We find that an initial reaction complex between CH2OO and HPMF yields a hydroperoxyl 261 
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secondary ozonide (SOZ) structure, formed from CH2OO addition over the carbonyl group of 262 

HPMF – a mechanism observed in the reactions of CH2OO with aldehyde and ketone species 263 

38,39. Under atmospherically pertinent conditions (300 K, 1 atm), master equation calculations 264 

predict 62% branching to SOZ and reveal the important role of the pre-reactive van der Waals 265 

complex in influencing the product branching fractions (see SI). Calculations reveal that the 266 

subsequent reaction of the SOZ with CH2OO (n=3 in the sequence), proceeds via a submerged 267 

transition state to products with a rate coefficient of (2 ×10-13 cm3 s-1). The dominant product 268 

channel (91%) leads to the formation of SOZCH2OO via CH2OO insertion into the O-H bond 269 

(Figures 3A and C). Crucially, this maintains the -OOH functional group for further, sequential 270 

CH2OO insertions.  271 

 272 

Fig. 3. Theoretical verification of CH2OO + formic acid sequence.  (A) Major pathway for 273 

n=1-3 sequential insertions of CH2OO into formic acid with branching fractions () calculated 274 
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by high-level theoretical kinetics. (B) Potential energy surface (PES) for the n=2 insertion 275 

reaction of CH2OO into HPMF (zero-point corrected energies in kcal/mol). (C) PES for the n=3 276 

insertion reaction of CH2OO into SOZ. See SI for further details.  277 

 278 

The theoretically determined sequence of CH2OO insertion into formic acid matches the findings 279 

of the JSR laboratory experiments, the field observations in both the gas and aerosol phases, and 280 

it is supported by the general reaction mechanism whereby CH2OO inserts into ROOH, observed 281 

in the direct kinetics studies. Coupling the laboratory and theoretical determinations, we have 282 

added these CH2OO-driven reaction sequences to atmospheric chemical models. Comparison of 283 

these model results to the field measurements provides a benchmark for the steady-state 284 

concentrations of the simplest sCI CH2OO (denoted [CH2OO]ss) and the initial oligomerization 285 

products. For many of the most important atmospheric reactive species, sensitive detection 286 

techniques have been developed to measure their steady-state concentrations in the field. 287 

However, unambiguous field measurements of sCIs have not yet been realized: recently, 288 

atmospheric scientists have made efforts to estimate sCI concentrations using background in 289 

laser-induced-fluorescence measurements of OH 40 or by measuring the formation of H2SO4 290 

generated by sCI-initiated oxidation of SO2 
41-44. But these methods do not unambiguously 291 

quantify or speciate sCI. Thus, we are heavily reliant on modelling for our understanding of the 292 

tropospheric impacts of sCIs and their chemistry.  293 

 294 

Atmospheric implications 295 

Robust modelling of chemistry over the Amazon region is impeded by incomplete model 296 

inventories of alkenes. Therefore, to provide a lower limit on the expected oligomerization signal 297 
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in the Amazon, we have expanded the alkene inventory in our previous models 45,46 to include 298 

sesquiterpenes and more reactive monoterpenes identified by the MEGAN model ,47,48 that will 299 

produce CH2OO and other sCI – bringing our evaluation towards a more accurate representation 300 

of Amazon carbon flux.  A complete model alkene inventory is also a critical step towards 301 

understanding the impacts of sCI chemistry globally. Using the more representative alkene 302 

inventory results in modelled [CH2OO]ss (Figure 4A) 49-51and total sCI concentrations that are 303 

within the bounds of the estimated sCI concentrations reported by Novelli et al.40 (see SI). Using 304 

this more representative alkene inventory also increases the reactive loss of modelled OH 305 

relative to previous models from 24.4 s-1 to 32.6 s-1 during dry season and from 20.4 s-1 to 306 

23.8 s-1 during the wet season in the Amazon area (see Figure 4B for the annual OH loss), whilst 307 

not having a significant impact on predicted HOx, NOx or SOx concentrations (See SI). These 308 

modelled OH loss rates are more consistent with, but still below, the measured total OH loss (OH 309 

reactivity) of up to 60 s-1 reported by Nölscher et al. 52 and Ferracci et al. 53.  310 

This more accurate alkene budget has increased the predicted sCI yield by about a factor of 40 311 

above previous models, but the model still strongly underpredicts the formation of the n=2 312 

insertion product (SOZ) compared with that implied by the field measurements (~factor of 2,500, 313 

compare Figure 4C and Figure 1A). It is unclear why there is such a significant discrepancy, 314 

although there is uncertainty in the measured concentration of insertion products because of the 315 

lack of direct calibration. The signatures of sCI chemistry reported herein highlight a need for 316 

further development of inventories and kinetic models. There is currently little or no data on the 317 

speciated flux measurements of biogenic volatile organic compounds (BVOCs, including 318 

monoterpenes, sesquiterpenes) in the Amazon. 54,55. Future laboratory and theoretical kinetic 319 

investigations on the reactions of more complex, functionalized sCI and ROOH species, that are 320 
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especially prominent over the Amazonian troposphere, is an important next step for realizing the 321 

impact of this broader class of reactions on tropospheric composition. Detailed kinetic 322 

investigations of water-vapor enhament of oligomerization reactions, and incorporation of 323 

further insertion steps of sCI into ROOH (e.g., oligomerization) in atmospheric models will 324 

clarify the role that ozonolysis-driven chemistry has in SOA formation in the Amazon region and 325 

globally.  326 

 327 

 328 

Fig. 4. Modelled impacts of sCI + ROOH oligomerization reactions after including the 329 

modified alkene emission inventory. (A) Modelled CH2OO concentration. (B) Modelled OH 330 
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loss rates. (C) Modelled annual mixing ratios of SOZ, resulting from formed from the n=2 331 

insertions reaction of CH2OO into formic acid. The seasonal variation is shown in the SI.  332 
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