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 Supplementary Note 1: Peroxy radical chemistry and HOM 

The autoxidation process is governed by the formation of peroxy radicals (RO2), which undergo multiple steps of H-

shift and O2 addition to form more highly oxygenated molecules. These sequential oxidation steps are favorable when 

the peroxy radicals contain certain functional groups such as carbonyl, alcohol, and tertiary C-Hs, or when the reaction 

temperature is high enough to favor the H-shift reactions 1,2. The general scheme of the autoxidation process is shown 

in Supplementary Scheme 1. This process has been observed during the atmospheric autoxidation of biogenic VOC 

initiated by OH and O3 3,4 and anthropogenic VOC such as aromatics 5, as well as in combustion autoxidation of 

hydrocarbons and oxygenated fuels 6.  

 
 

Supplementary Scheme 1. The general reaction scheme of peroxy radical autoxidation chemistry. 

Under atmospheric conditions, oxidation of alkanes is initiated via H-atom abstraction by OH radicals, forming RO2 

radicals after O2 addition. Past research has shown that bimolecular reactions with HO2, NO, or other RO2, are 

dominant reaction pathways for the peroxy radicals 7. The general scheme for these bimolecular reactions is shown 

below, which has radicals in black and closed shell species in gray. The rate constant for these reactions is given using 

the peroxy radical from n-hexane as an example 8. Corresponding reactions and rate constants for a substituted RO2 

radical are given in Scheme 2. The rate constant for the formation of ROOR accretion products is not known, and will 

likely depend strongly on the reaction partner structure 9.   

𝑹𝑶𝟐 + 𝑵𝑶 → 𝑹𝑶 + 𝑵𝑶𝟐 （8×10-12 cm3/molecule/s） 

→ 𝑹𝑶𝑵𝑶𝟐（7×10-13 cm3/molecule/s） 

 𝑹𝑶𝟐 + 𝑯𝑶𝟐 → 𝑹𝑶𝑶𝑯 + 𝑶𝟐 (1.8×10-11 cm3/molecule/s) 

 
𝑹𝑶𝟐 + 𝑹𝑶𝟐 → 𝑹𝑶 + 𝑹𝑶 + 𝑶𝟐 (7.8×10-13 cm3/molecule/s) 

→ 𝑹𝑶𝑯 + 𝑹(𝑶) + 𝑶𝟐 (2.6×10-13 cm3/molecule/s) 
→ 𝑹𝑶𝑶𝑹 (?) 

 

In a recent review, Bianchi et al. 10 recommended that the term HOM, standing for highly oxygenated organic 

molecules, be used to denote a specific subset of atmospheric oxidation products. By their definition, HOM are 

molecules formed by autoxidation involving RO2, under atmospherically relevant conditions. In addition, they should 

typically contain 6 or more O-atoms. Therefore, many of the important products identified in this work cannot be 

classified as HOM, since they were either formed at elevated temperatures and/or the final products included less than 

6 O-atoms.  
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Supplementary Note 2: Alkoxy radical chemistry 

 

The alkoxy radical (RO) is an important intermediate during alkane oxidation 
11-13. In the following section, the 

reaction pathways of RO radicals from different precursor VOC structures are discussed. 

(1) Linear and branched alkanes 

As an example, we discuss the possible fates of the RO radical where the alkoxy group is located on the terminal 

carbon in the n-hexyl chain. The possible reactions of this RO radical are shown in Supplementary Scheme 2. The rate 

constants for important reactions are from the MCM 8 and/or literature review 14. The unit is s-1 for unimolecular 

reactions and cm3/molecule/s for bimolecular reactions. The radicals are in black and closed shell species are in gray. 

This RO radical can i) undergo β-C-C scission to form an aldehyde and an alkyl radical, ii) react with O2 to form a 

carbonyl and HO2, or iii) undergo an H-shift followed by O2 addition to form a RO2 with an –OH substitution (OH-

ROO). The OH-ROO radical can then undergo bimolecular reactions with HO2, NO and RO2, leading to the closed 

shell products and a new RO radical with an –OH substitution (OH-RO). The dominant reaction for this RO radical is 

isomerization followed by loss of HO2 to form the closed shell product OH-R=O. 

In the case of a branched alkane, the reaction mechanisms are similar, with the exception that the branching can 

facilitate H-abstractions from the tertiary C, as well as increasing the likelihood of the scission reaction of the RO. 

 
 

Supplementary Scheme 2. The reaction scheme of an RO radical from n-hexane. The unit is s-1 for unimolecular 

reactions and cm3/molecule/s for bimolecular reactions. The radicals are in black and closed shell species in gray. The 

rate constant of alkoxy radicals with O2 was estimated using an O2 concentration of 0.2 atm and a value of 1.4×10-14 

cm3/molecule/s for the O2 reaction with the alkoxy radical  (refers to n-propoxy 14).  

(2) Cycloalkanes 

Cyclohexane is used here to illustrate the general RO reaction mechanisms for cycloalkanes (Supplementary Scheme 

3), with rate constants from the MCM 8. The radicals are in black and closed shell species in gray. This RO radical 

can react with O2 to form a carbonyl, but the dominant pathway is the β-C-C scission to form a carbon-centered radical 

with an aldehyde functionality, followed by O2 addition to form an RO2. This O=C-ROO radical can then undergo 
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bimolecular reactions with HO2, NO and RO2, leading to closed shell products or another RO radical (O=C-RO). The 

RO radical can undergo an internal H-shift followed by O2 addition, leading to a new RO2 (O=C-ROO-OH), with 

similar available reaction pathways as the O=C-ROO radical.  

 

 
 

Supplementary Scheme 3. The reaction scheme of an RO radical from cyclohexane. The unit is s-1 for unimolecular 

reactions and cm3/molecule/s for bimolecular reactions. The radicals are in black and closed shell species in gray. The 

rate constant of alkoxy radicals with O2 was estimated using an O2 concentration of 0.2 atm and a value of 9×10-15 

cm3/molecule/s for the O2 reaction with the alkoxy radical.  

(3) Aldehydes 

 

In the case of aldehydes, due to their weak C-H bond in the carbonyl group, only the H-abstraction reaction from the 

HC=O site is considered in the MCM mechanism 8. When peroxy radicals derived from an aldehyde undergo 

bimolecular reaction, the formed RO radical is an acyloxy radical. The dominant consumption pathway for acyloxy 

radicals is dissociation into CO2 and an alkyl radical (Supplementary Scheme 4). The rate constant is estimated from 

the decarboxylation reaction of CH2CO2 radical 15. The alkyl radical then reacts with O2 and forms a peroxy radical, 

whose reaction scheme is similar to the ones described above for n-hexane.  
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Supplementary Scheme 4. The reaction scheme of an RO radical from pentanal. The unit is s-1 for unimolecular 

reactions. The radicals are in black and closed shell species in gray. 

In our work, we observed a large number of oxidation products with the same carbon number as the precursor 

aldehydes, indicating that the H-atom abstraction by OH from other carbon sites is also possible. A more detailed 

discussion on aldehyde oxidation pathways are given in Supplementary Note 5.  

(4) Alcohol 

 

In the case of alcohols, H-atom abstraction of the C-H adjacent (alpha) to the –OH group is favored due to the low 

bond dissociation energy. The alpha-hydroxyalkyl radical can react with O2 to form an aldehyde and HO2. An H-atom 

abstraction from any other position along the carbon chain will form RO2 radicals. The formed RO2 can again undergo 

bimolecular reactions with HO2, NO and RO2. These reactions produce closed shell products or a RO radical with an 

–OH substitution (OH-RO). The reactions of OH-RO from n-butanol oxidation is shown in Supplementary Scheme 5. 

The rate constants are from the MCM 8. The OH-RO radical can undergo dissociation to an aldehyde and an alcohol 

radical, or react with O2 to form a hydroxycarbonyl compound. 

 
 

Supplementary Scheme 5. The reaction scheme of an RO radical from n-butanol. The unit is s-1 for unimolecular 

reactions and cm3/molecule/s for bimolecular reactions. The radicals are in black and closed shell species in gray. The 

rate constant of alkoxy radicals with O2 was estimated using an O2 concentration of 0.2 atm and a value of 9×10-15 

cm3/molecule/s for the O2 reaction with the alkoxy radical. 
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Supplementary Note 3: Combustion autoxidation  

 

 

 
 

Supplementary Figure 1. Schematic of the system to study VOC combustion autoxidation. 
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In combustion autoxidation, the first step of the reaction is the bimolecular reaction of hydrocarbon with O2, i.e., O2 

is able to abstract H-atoms and initiates the autoxidation of decanal at 520 K. Although this initiation reaction is very 

slow, it often produces an OH radical in the process, which can initiate further oxidation of hydrocarbons. Thus, the 

oxidation of the fuel/VOC is driven by both O2 and OH; the contribution of OH initiation is much higher than the O2 

initiation 16,17. The mass spectra measured during the autoxidation of n-decane, 2,7-dimethyloctane, n-

butylcyclohexane, and 2-decanone are shown in Supplementary Figure 2. The mass peaks corresponding to the third 

and fourth O2 addition reactions were detected. 

 

 
 

Supplementary Figure 2. Mass spectra measured during the autoxidation of n-decane (a), 2,7-dimethyloctane (b), n-

butylcyclohexane (c), and 2-decanone (d).  

Specifically, Supplementary Figure 3a presents the mass peaks in the range of 220 and 310 from decanal autoxidation 

investigated by SVUV-PIMS 6. Apart from the mass peak corresponding to C10H18O6, no other peak from further O2 

addition was detected. The mass peak at 278 Th is a background signal. In the autoxidation experiment of decanal by 

CI-APi-TOF, the mass peak of C10H18O6 was also observed. This further confirmed previous observations of third O2 
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addition reaction pathways. In addition, the mass peaks of C10H18O8 and C10H18O10 were observed, as shown in 

Supplementary Figure 3b. The detection of these two oxygenated intermediates indicates the fourth and fifth O2 

addition reactions.  

 
 

Supplementary Figure 3. Mass spectra measured during the autoxidation of decanal at 520 K. (a) SVUV-PIMS result 

6 , (b) CI-APi-TOF result, the mass in (b) was subtracted by 62 (the mass of NO3
-) for a better comparison.  
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Supplementary Note 4: Transition from combustion autoxidation to atmospheric autoxidation 

 

 

 
 

Supplementary Figure 4. Schematic of the system to study the transition from combustion autoxidation to 

atmospheric autoxidation. The OH radical was generated by the reaction of TME + O3. 
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The observation of C10H18O6, C10H18O8 and C10H18O10 in this work, combined with measurements of C10H18O2, 

C10H18O4, and C10H18O6 by SVUV-PIMS in previous work 6, shows that the autoxidation of decanal under combustion 

related conditions involves up to five steps of internal H-shifts followed by O2 additions. The relevant peroxy radicals 

in this scheme are C10H19O3,5,7,9,11 (Supplementary Scheme 6).  

 
 

Supplementary Scheme 6. Autoxidation scheme of decanal under combustion conditions. The species labeled in blue 

are the generalized radical formulas, while the species labeled in red are closed shell products. 

With a decrease in temperature, the results in Fig. 2 of the main text show a transition of the “pure” RO2 H-shift 

chemistry towards a combination of RO2 and RO chemistry. Supplementary Figure 5 shows decanal autoxidation data 

under different OH concentration in the Helsinki flow reactor at 300 K. The monomers of C10HxOy and ROOR 

accretion products of C13HxOy and C20HxOy are presented. The possible structure and formation mechanism for these 

products are discussed at the end of this section.  

 
 

Supplementary Figure 5. Mass spectra of decanal autoxidation in the Helsinki flow reactor at 300 K under different 

OH concentrations, varied by adding different amounts of TME, measured by the CI-APi-TOF. The left hand panels 

depict monomers and the middle and right hand panels the accretion product ranges for the same experiments. The 

accretion products in the middle panels are produced from the bimolecular reactions of the C3H5O3 peroxy radical 

from TME ozonolysis with the peroxy radicals from decanal autoxidation. The accretion products on the right are 

produced from the cross reactions of peroxy radicals from decanal. 

As presented in the discussion above on aldehydes, H-atom abstraction of the C-H at the carbonyl group is the most 
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favorable pathway. However, the discussion in Supplementary Note 2 based on conventional knowledge shows that 

the peroxy radical formed from this radical leads to an acyloxy radical, which decomposes into CO2 and the smaller 

alkyl radical. However, this conventional pathway could not explain our observations of HOM intermediates with the 

same carbon skeleton of decanal, such as the RO2 radicals in Fig. 2d, C10H19O6, C10H19O7, and C10H19O8. To gain more 

insight into a possible formation pathway, we added D2O to the reaction system. As shown in Supplementary Figure 

6, the mass peak of C10H19O6 is primarily shifted by 2 Dalton, indicating that two H-atoms have been replaced by D-

atoms. This suggests that C10H19O6 has two labile H atoms, meaning that two H were bound to O atoms 18. Other 

isomers may be present, exchanging more or less H-atoms, but due to the presence of C10H18O6 and C10H20O6, we 

cannot draw further conclusions on these. For the C10H19O7 and C10H19O8 radicals, the identification of a mass shift 

was not possible due to very weak signal intensities.  

 
 

Supplementary Figure 6. Mass spectra of decanal autoxidation without (a) and with D2O addition (b), highlighting 

the C10H19O6 radical. The shift of the highest peak from 297 to 299 suggests that at least the main isomer of this radical 

has two labile H atoms. 

Based on the information above on detected molecules, and the amount of labile H-atoms, we have some indications 

of how the molecules and radicals may look, and can draw up a potential reaction scheme. Firstly, we propose that the 

HOM formation is initiated by H-atom abstraction from one of the secondary carbon atoms. Once the first RO2 

(C10H19O3) radical is formed, it can undergo one of two kinds of reactions: an H-shift and subsequent O2 addition, or 

a bimolecular reaction with another peroxy radical. If this latter reaction forms an RO radical with a carbonyl group 

(C10H19O2), it can also undergo an H-shift and O2 addition to reform an RO2 (C10H19O4). This reaction pattern of 

reforming new radicals, via H-shifts of either RO or RO2 radicals, can continue, leading to increasingly more 

oxygenated species. However, at every step, both the bimolecular reactions and the H-shifts (especially when 

abstracting from an already oxygenated C-atom) may lead to radical termination. This is the main challenge, to avoid 

all the potential termination reactions, when trying to construct an explicit mechanism by which up to 7 O-atoms can 

be added to the C10 backbone. Supplementary Scheme 7 gives some example pathways leading to the observed radical 

species, with a structure for C10H19O6 that has two labile H-atoms. However, even though this scheme matches our 

observations, it is unlikely that exactly this pathway would be able to produce HOM with a yield of a few percent. 

The exact autoxidation progression thus remains largely an open question. 

 



13 

 

 

Supplementary Scheme 7. One possible reaction network of decanal autoxidation, which could form the C10H19O6 

and C10H19O7 radicals observed in Fig. 2d. The C10H19O8 radical may form from an additional RO2 H-shift, or may 

require an additional RO isomerization step. While this scheme matches our experimental observations, we 

acknowledge that there are several competing pathways for almost all reaction steps, and the theoretical understanding 

of how to reach such high oxygen content in the decanal + OH system requires further explorations.  

While the mechanistic understanding is lacking, the mass spectra are still internally consistent. For example, in Fig. 

2d, the mass peak corresponding to C13H24O7 is observed. With increasing OH concentration, another two mass peak 

of C13H24O8 and C13H24O9 became evident, as shown in Supplementary Figure 5d. These three accretion products 

could be produced from the bimolecular reaction of the C3H5O3 radical (CH3C(O)CH2O2) with the C10H19O6, C10H19O7, 

and C10H19O8 radicals. The largest peak is from C13H24O7, which is consistent with the largest radical C10H19O6, in the 

monomer range (remembering that ROOR formation includes the concurrent formation of O2). The observation of 

these ROOR accretion products is thus further evidence for the formation of C10H19O6, C10H19O7, and C10H19O8 

radicals.  

C10H19O6 + C3H5O3 = C13H24O7 + O2 

C10H19O7 + C3H5O3 = C13H24O8 + O2 

C10H19O8 + C3H5O3 = C13H24O9 + O2 

 

Furthermore, the ROOR accretion products of C20H38O7, C20H38O8, C20H38O9, C20H38O10, C20H38O11 and C20H38O12 
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were also observed in Supplementary Figure 5d. They could be produced from one of the following pathways: 

C10H19O3 + C10H19O6 = C20H38O7 + O2 

C10H19O3 + C10H19O7 = C20H38O8 + O2 

C10H19O5 + C10H19O5 = C20H38O8 + O2 

C10H19O3 + C10H19O8 = C20H38O9 + O2 

C10H19O5 + C10H19O6 = C20H38O9 + O2 

C10H19O5 + C10H19O7 = C20H38O10 + O2 

C10H19O6 + C10H19O6 = C20H38O10 + O2 

C10H19O5 + C10H19O8 = C20H38O11 + O2 

C10H19O6 + C10H19O7 = C20H38O11 + O2 

C10H19O6 + C10H19O8 = C20H38O12 + O2 

C10H19O7 + C10H19O7 = C20H38O12 + O2 

 

As evident, the C20 ROOR accretion products are more complicated to interpret than the C13 ROOR, but the 

observation of these accretion products hints the formation of C10H19O3, C10H19O5, C10H19O6, C10H19O7 and C10H19O8 

radicals. 
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Supplementary Note 5: Atmospheric autoxidation initiated by TME+O3 

 

 

 
 

Supplementary Figure 7. Schematic of the Helsinki flow reactor system to study the VOC autoxidation at ~298 K. 

OH radicals were generated by the reaction of TME + O3. 
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Beside decanal, the HOM monomers and ROOR accretion products were also observed during the autoxidation of 

methylcyclohexane, n-butylcyclohexane，cis-decalin, trans-decalin, heptanal., and 1-decanol. The corresponding 

mass spectra are shown in Supplementary Figure 8-12. In the case of the n-decane and 2,7-dimethyloctane, no HOM 

monomer and ROOR accretion products were measured (Supplementary Figure 13).  

 
 

Supplementary Figure 8. Mass spectra of methylcyclohexane autoxidation in Helsinki flow reactor under different 

OH concentrations measured by the CI-APi-TOF. The left hand panels depict monomers and the middle and right 

hand panels the ROOR accretion products range for the same experiments. The TME + O3 reaction is used to produce 

OH. The ROOR accretion products in the middle are produced from the bimolecular reactions of C3H5O3 peroxy 

radical with the peroxy radicals from methylcyclohexane autoxidation. The ROOR accretion products on the right are 

produced from the bimolecular reactions of the peroxy radicals from methylcyclohexane autoxidation. 
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Supplementary Figure 9. Mass spectra of n-butylcyclohexane autoxidation in Helsinki flow reactor under different 

OH concentrations measured by the CI-APi-TOF. The left hand panels depict monomers and the middle and right 

hand panels the ROOR accretion products range for the same experiments. The TME + O3 reaction is used to produce 

OH. The ROOR accretion products in the middle are produced from the bimolecular reactions of C3H5O3 peroxy 

radical with the peroxy radicals from n-butylcyclohexane autoxidation. The ROOR accretion products on the right are 

produced from the bimolecular reactions of the peroxy radicals from n-butylcyclohexane autoxidation. 
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Supplementary Figure 10. Mass spectra of cis-decalin autoxidation in Helsinki flow reactor under different OH 

concentrations measured by the CI-APi-TOF. The left hand panels depict monomers and the middle and right hand 

panels the ROOR accretion products range for the same experiments. The TME + O3 reaction is used to produce OH. 

The ROOR accretion products in the middle are produced from the bimolecular reactions of C3H5O3 peroxy radical 

with the peroxy radicals from cis-decalin autoxidation. The ROOR accretion products on the right are produced from 

the bimolecular reactions of the peroxy radicals from cis-decalin autoxidation. 
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Supplementary Figure 11. Mass spectra of heptanal autoxidation in Helsinki flow reactor under different OH 

concentrations measured by the CI-APi-TOF. The left hand panels depict monomers and the middle and right hand 

panels the ROOR accretion products range for the same experiments. The TME + O3 reaction is used to produce OH. 

The ROOR accretion products in the middle are produced from the bimolecular reactions of C3H5O3 peroxy radical 

with the peroxy radicals from heptanal autoxidation. The ROOR accretion products on the right are produced from 

the bimolecular reactions of the peroxy radicals from heptanal autoxidation. 
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Supplementary Figure 12. Mass spectra of 1-decanol autoxidation in Helsinki flow reactor under different OH 

concentrations measured by the CI-APi-TOF. The left hand panels depict monomers and the middle and right hand 

panels the ROOR accretion products range for the same experiments. The TME + O3 reaction is used to produce OH. 

The ROOR accretion products in the middle are produced from the bimolecular reactions of C3H5O3 peroxy radical 

with the peroxy radicals from 1-decanol autoxidation. The ROOR accretion products on the right are produced from 

the bimolecular reactions of the peroxy radicals from 1-decanol autoxidation. 
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Supplementary Figure 13. Mass spectra of n-decane (left) and 2,7-dimethyloctane (right) autoxidation in Helsinki 

flow reactor under different OH concentrations measured by the CI-APi-TOF. The TME + O3 reaction is used to 

produce OH. 
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Supplementary Note 6: Estimation of HOM yield in Helsinki flow reactor data 

 

The quantification of the HOM yield used the measured [HOM] by CI-APi-TOF, measured O3 concentration, and 

calculated starting mixing ratio of TME and VOC. Lacking good calibration standards for HOM, the CI-APi-TOF 

was only indirectly calibrated via the comparison to HOM measured in the α-pinene ozonolysis system. We assumed 

a 5% molar yield of HOM from this system, similar to the method of Riva et al. 19, based on earlier reports from this 

system 3,7. The sensitivity of the CI-APi-TOF was then scaled to produce a 5 % HOM yield from this system. It is 

clear that this approach brings a large uncertainty range to the quantification of the results, estimated as at least -

50%/+100%. However, this uncertainty in the absolute concentrations does not have a large impact on the conclusions 

of this work, as the relative uncertainty in the concentrations between different VOC is expected to be much lower, 

on the order of 10%. In order to obtain the HOM yields for the measurements with different VOC types and TME 

concentrations, we iteratively modelled the evolution of TME, O3, OH, VOC and HOM concentration as a function 

of residence time in the flow reactor. The time step of the iteration was 0.0001 s and the model ran for 3 s, i.e. the 

residence time in the flow reactor before the sample reached CI-APi-TOF. We adjusted the HOM yield in the model 

until the modelled HOM concentration at t = 3 s matched the measured concentration. HOM concentration in time 

point t was calculated using the following equation: 

𝐻𝑂𝑀𝑡 = 𝐻𝑂𝑀𝑡−1 + 𝑠𝑡𝑒𝑝 × (𝛾𝐻𝑂𝑀𝑘𝑂𝐻𝑉𝑂𝐶𝑡−1𝑂𝐻𝑡−1 − 𝑘𝑤𝑎𝑙𝑙𝐻𝑂𝑀𝑡−1) 

where HOMt-1 is the HOM concentration in the previous time step, kOH is the reaction rate coefficient at 298 K (see 

Supplementary Table 1), VOC t-1 and OH t-1 is the VOC and OH concentrations in the previous time step, respectively, 

and kwall is the wall loss rate coefficient, estimated to be 0.2 s-1 for non-volatile vapors in our flow reactor. The OH 

concentration in the model was calculated from the TME+O3 reaction using kO3+TME= 1.0×10-15 and kOH+TME = 1.0×10-

10  cm3/molecule/s. The equations for other reactions are: 

𝑉𝑂𝐶𝑡 = 𝑉𝑂𝐶𝑡−1 + 𝑠𝑡𝑒𝑝 × (−𝑉𝑂𝐶𝑡−1𝑘𝑂𝐻+𝑉𝑂𝐶𝑂𝐻𝑡−1) 

 

𝑇𝑀𝐸𝑡 = 𝑇𝑀𝐸𝑡−1 + 𝑠𝑡𝑒𝑝 × (−𝑇𝑀𝐸𝑡−1𝑘𝑂3+𝑇𝑀𝐸𝑂3𝑡−1 − 𝑇𝑀𝐸𝑡−1𝑘𝑂𝐻+𝑇𝑀𝐸𝑂𝐻𝑡−1) 
 

𝑂3𝑡 = 𝑂3𝑡−1 + 𝑠𝑡𝑒𝑝 × (−𝑇𝑀𝐸𝑡−1𝑘𝑂3+𝑇𝑀𝐸𝑂3𝑡−1) 

𝑂𝐻𝑡 = 𝑂𝐻𝑡−1 + 𝑠𝑡𝑒𝑝 × (𝑇𝑀𝐸𝑡−1𝑘𝑂3+𝑇𝑀𝐸𝑂3𝑡−1 − 𝑇𝑀𝐸𝑡−1𝑘𝑂𝐻+𝑇𝑀𝐸𝑂𝐻𝑡−1 − 𝑉𝑂𝐶𝑡−1𝑘𝑂𝐻+𝑉𝑂𝐶𝑂𝐻𝑡−1) 

 

 

Supplementary Table 1. Rate constant of selected VOC with OH at 298 K. 

 

Name Formula structure k(cm3/molecule/s) Reference 

methylcyclohexane C7H14 
 

1.1×10-11 20 

n-butylcyclohexane C10H20 
 

1.47×10-11 21 

cis-decalin C10H18 
 

2.01×10-11 22 

trans-decalin C10H18 
 

2.06×10-11 22 

heptanal C7H14O  3.0×10-11 23 

decanal C10H20O  3.0×10-11 est from heptanal 

1-decanol C10H22O  1.5×10-11 est 
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Supplementary Note 7: Kinetic modelling of decanal and decalin oxidation in flow reactors 

 

The short residence times (3 s in Helsinki, 7.9 s in Leipzig) and fairly low amounts of reacted VOC in the flow reactors 

will impact the observed products. As the oxidation rates increase, the concentration of RO2 radicals increase, which 

leads to an increase in RO2 cross reactions in a non-linear fashion. For example, products requiring several bimolecular 

reactions are expected to increase more rapidly at higher oxidation rates compared to products requiring only one, or 

none at all. For interpreting different patterns and slopes in the data, even very simple kinetic models can provide 

useful information. In this work, two separate models were used: a “lumped” model for modeling decanal and decalin 

in the Helsinki flow reactor, and an “explicit” model for decalin in the Leipzig experiments. Details of each model 

and the results are discussed below. 

“Lumped” model for Helsinki experiments 

The combination of short residence time and low [OH] (in the range 105 – 107 molecules cm-3) in the Helsinki flow 

reactor meant that multi-generation OH oxidation was negligible. Therefore, the explanation for the steeply rising 

yields of cycloalkanes as a function of reacted VOC needed to be sought elsewhere. To explore this, we built a simple 

model for constraining the reaction kinetics able to produce the general trends observed in Fig. 3. We included only 

the most basic VOC-OH and RO2 reaction pathways. 

We allowed the initial (“primary”) peroxy radical, R′O2, to form R′O via bimolecular reaction with other RO2. The 

R′O could then further isomerize to a secondary R′′O2. Upon reaction with RO2, the R′′O2 could form R′′O, which 

would isomerize to a tertiary R′′′O2. The reaction schemes for all included compounds formed in the flow reactor are 

listed below. The reactions of compounds without a source in the reactor, namely TME, VOC, and O3, are excluded 

from the list, though their loss terms are found in the reactions below as source terms for other products. 𝑅𝑇𝑜𝑡𝑂2 is 

the sum of all RO2 radicals in the flow reactor. 

𝑑𝑂𝐻

𝑑𝑡
= 𝑘𝑂3+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂3 − 𝑘𝑂𝐻+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂𝐻 − 𝑘𝑂𝐻+𝑉𝑂𝐶 ⋅ 𝑉𝑂𝐶 ⋅ 𝑂𝐻 

𝑑𝑅𝑇𝑀𝐸𝑂2

𝑑𝑡
= 𝑘𝑂3+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂3 − 𝑘𝑅𝑂2+𝑅𝑂2

⋅ 𝑅𝑇𝑀𝐸𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑤𝑎𝑙𝑙𝑅𝑇𝑀𝐸𝑂2 

𝑑𝑅′𝑂2

𝑑𝑡
= 𝑘𝑂𝐻+𝑉𝑂𝐶 ⋅ 𝑉𝑂𝐶 ⋅ 𝑂𝐻 − 𝑘𝑅𝑂2+𝑅𝑂2

⋅ 𝑅′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑤𝑎𝑙𝑙𝑅′𝑂2 

𝑑𝑅′′𝑂2

𝑑𝑡
= 𝛾𝑠𝑒𝑐 ⋅ 𝑘𝑅𝑂2+𝑅𝑂2

⋅ 𝑅′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑅𝑂2+𝑅𝑂2
⋅ 𝑅′′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑤𝑎𝑙𝑙𝑅′′𝑂2 

𝑑𝑅′′′𝑂2

𝑑𝑡
= 𝛾𝑡𝑟𝑖 ⋅ 𝑘𝑅𝑂2+𝑅𝑂2

⋅ 𝑅′′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑅𝑂2+𝑅𝑂2
⋅ 𝑅′′′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑤𝑎𝑙𝑙𝑅′′′𝑂2 

𝑑𝑃𝑟𝑜𝑑1

𝑑𝑡
= (1 − 𝛾𝑠𝑒𝑐) ⋅ 𝑘𝑅𝑂2+𝑅𝑂2

⋅ 𝑅′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑤𝑎𝑙𝑙 ⋅ 𝑃𝑟𝑜𝑑1 

𝑑𝑃𝑟𝑜𝑑2

𝑑𝑡
= (1 − 𝛾𝑡𝑟𝑖) ⋅ 𝑘𝑅𝑂2+𝑅𝑂2

⋅ 𝑅′′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑤𝑎𝑙𝑙 ⋅ 𝑃𝑟𝑜𝑑2 

𝑑𝑃𝑟𝑜𝑑3

𝑑𝑡
= 𝑘𝑅𝑂2+𝑅𝑂2

⋅ 𝑅′′′𝑂2 ⋅ 𝑅𝑇𝑜𝑡𝑂2 − 𝑘𝑤𝑎𝑙𝑙 ⋅ 𝑃𝑟𝑜𝑑3 

 

In the reactions, focus was on the kinetics of RO2+RO2 reactions. No autoxidation was included in the model, and this 

implicitly means that e.g. R′O2 signifies a “lumped” group of many radicals with different levels of oxidation. The 

fractions of each radical group (R′O2, R′′O2 and R′′′O2) that have undergone autoxidation to form HOM products 
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(Prod1, Prod2 and Prod3) are free parameters in the model (see below). The common denominator for all radicals in 

a specific group is they have undergone the same amount of RO isomerization steps (0 for R′O2, 1 for R′′O2, and 2 for 

R′′′O2). An overview of the main reactions is given in Supplementary Figure 14a. 

The free parameters in the model were thus  

- The yields (y_sec and y_tri) giving the branching ratios of reformed RO2 after RO isomerization following 

an RO2+RO2 reaction. In our runs, these values were kept at 60% as a typical RO yield from RO2+RO2 

reactions. 

- The reaction rate coefficient kRO2+RO2. In our runs it was kept at 2×10-11 cm3 s-1 in all cases except when the 

primary, non-functionalized R′O2 from decalin + OH was a reaction partner. In those cases the rate was ten 

times slower. These rates are loosely based on rates given by Berndt et al. 9. 

- The fraction of each group of closed shell products (Prod1-3) that counted as HOM. This signifies the 

fraction that underwent sufficient autoxidation to obtain a high enough oxygen content. These values are not 

included in the reactions above, since they were only scaling parameters applied after the model had been 

run. 

- The fraction of different generation RO2 that are detectable. 

 

With this very simple model, and with reasonable values for the selected free parameters, we were able to match the 

trends observed in Fig. 3 for the test cases of decanal and decalin (Supplementary Figure 14b & 14c). We also 

emphasize that the simplicity of the model also means that it is relatively well constrained, and thus cannot be tuned 

to match any arbitrary trends. Decanal showed a fairly constant yield as a function of reacted VOC (Fig. 3), and this 

is captured by the model if we assume that 15% of R′′O2 and 15% of Products2 (see Supplementary Figure 14a) are 

detected as HOM. In other words, all the observed HOM in our model have undergone one RO isomerization step. In 

addition to matching the observed yields, the model result also matches the data in the sense that at the lower reaction 

rates, the signal of R′′O2 is the largest contributor in the model, as is the case in the experiments (see Supplementary 

Figure 5), while at higher reaction rates the closed shell products become more important.  

In the case of decalin, the strongly increasing trend in Fig. 3 could also be matched (Supplementary Figure 14c), 

though with quite different parameters. The model result assumed that 13% of the R′′′O2 and 13% of the Products3 

(see Supplementary Figure 14a) were detected as HOM. Thus, HOM formation from decalin can be explained by 

requiring two RO isomerization steps in order to produce HOM, thereby producing a much steeper trend than e.g. 

decanal in Fig. 3.  
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Supplementary Figure 14. a) Main reaction pathways used in the “lumped” kinetic model used for the Helsinki flow 

reactor. b & c) Modeled vs measured HOM concentrations during decanal (b) and decalin (c) oxidation in the Helsinki 

flow reactor. The dashed lines show the 1% and 5 % HOM yields. See text for details on parameters used in the model. 

Note, this plot shows HOM concentration rather than the HOM yields in Fig. 3. 

 

“Explicit” model for Leipzig experiments 

Here we attempted to model the Leipzig experiments where the autoxidation of decalin was initiated by OH from 

TME+O3. Ozone was produced by passing 2 L min-1 (STP) air through two ozone generators (UVP OG-2) working 

in parallel and blended with additional air to a total flow of 5 L min-1 (STP) taken as the feed for the inner tube. All 

gas flows were set by means of calibrated gas flow controllers (MKS 1259/1179). Ozone concentrations were 

measured at the outflow of the reactor by a gas monitor (Thermo Environmental Instruments 49C). A proton transfer 

reaction - mass spectrometer (PTR-MS; HS PTR-QMS 500, Ionicon) served as an on-line monitor for organic 

compounds. 

The initial decalin concentration was 5×1012 molecules/cm3 and TME 1×1011 molecules/cm3. The O3 was varied in 

the range of (6.7-200)×1010 molecules/cm3 to get different OH radical concentrations. The residence time of the 

reaction is 7.9 s. The rate constant of kO3+TME is 1×10-15 cm3/molecule/s, kOH+decalin is 2×10-11 cm3/molecule/s, and the 

wall loss rate was assumed negligible (kwall is 0 s-1).  

The observed peroxy radicals, as a function of reacted decalin, are shown as markers in Supplementary Figure 15. 

C10H17O2 is the primarily formed RO2 radical from decalin + OH, and showed a linear increase with rising decalin 
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conversion. The signals of the C10H17O3, C10H17O5 and C10H17O7 radicals show slopes of about 2, indicating the 

reaction of C10H17O2 with any RO2 as the rate-limiting step for their production. C10H17O3 is most likely an aldehyde-

containing secondary peroxy radical formed after ring-opening (C-C scission) of the RO radical arising from the 

C10H17O2 reaction with RO2. C10H17O5 and C10H17O7 can be formed following one and two H-shifts and subsequent 

O2 additions, respectively. Finally, C10H17O6, C10H17O8, and C10H17O9 are also formed at low concentrations, showing 

steeper slopes than the other peroxy radicals, pointing to one or more RO isomerization steps.  

 

 
 

Supplementary Figure 15. Experiment measurement (symbols) and model simulation (lines) of peroxy radicals in 

decalin autoxidation. The OH radical is formed through the TME + O3 reaction. The measured concentration of 

C10H17O2 was multiplied by 600, assuming its concentration is underestimated. This value is estimated from the 

reacted decalin, since under the experiment condition, all the decalin is converted into C10H17O2.  

Based on these observations, we built a kinetic model for decalin, where each RO2 and its reactions are included 

separately. The reactions in the model are shown below. For each peroxy radical, the bimolecular reactions are 

dominated by the “primary” RO2 from the decalin + OH reaction and the CH3C(O)CH2O2 radical from TME + O3. 

Thus, only the bimolecular reactions with these two radicals, and itself were included in the model. The branching 

ratio of RO2+RO2 to form ROs was assumed to be 0.6. In the scheme, the notation ROX refers to the peroxy radical 

C10H17OX. RO3 and RO4 are formed via alkoxy steps, while the more oxygenated ROX in the model are formed by 

(multistep) peroxy radical H-shifts from RO3 and RO4.  

𝑑𝑂𝐻

𝑑𝑡
= 𝑘𝑂3+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂3 − 𝑘𝑂𝐻+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂𝐻 − 𝑘𝑂𝐻+𝑉𝑂𝐶 ⋅ 𝑉𝑂𝐶 ⋅ 𝑂𝐻 

 
𝑑𝑇𝑀𝐸

𝑑𝑡
= −𝑘𝑂3+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂3 − 𝑘𝑂𝐻+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂𝐻 

 
𝑑𝐶3𝐻5𝑂3

𝑑𝑡
= 𝑘𝑂3+𝑇𝑀𝐸 ⋅ 𝑇𝑀𝐸 ⋅ 𝑂3 − 2 ⋅ 𝑘𝐶3𝐻5𝑂3+𝐶3𝐻5𝑂3 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙 ⋅ 𝐶3𝐻5𝑂3 

𝑑𝑉𝑂𝐶

𝑑𝑡
= −𝑘𝑂𝐻+𝑉𝑂𝐶 ⋅ 𝑉𝑂𝐶 ⋅ 𝑂𝐻 
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𝑑𝑅𝑂2

𝑑𝑡
= 𝑘𝑂𝐻+𝑉𝑂𝐶 ⋅ 𝑉𝑂𝐶 ⋅ 𝑂𝐻 − 2 ⋅ 𝑘𝑅𝑂2+𝑅𝑂2 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂2 − 𝑘𝑅𝑂2+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂2 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙 ⋅ 𝑅𝑂2 

 
𝑑𝑅𝑂3

𝑑𝑡
= 0.6 ⋅ 2 ⋅ 𝑘𝑅𝑂2+𝑅𝑂2 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂2 + 0.6 ⋅ 𝑘𝑅𝑂2+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂2 ⋅ 𝐶3𝐻5𝑂3 − 2 ⋅ 𝑘𝑅𝑂3+𝑅𝑂3 ⋅ 𝑅𝑂3 ⋅ 𝑅𝑂3

− 𝑘𝑅𝑂2+𝑅𝑂3 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂3 − 𝑘𝑅𝑂3+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂3 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙 ⋅ 𝑅𝑂3 

 
𝑑𝑅𝑂4

𝑑𝑡
= 0.6 ⋅ 2 ⋅ 𝑘𝑅𝑂3+𝑅𝑂3 ⋅ 𝑅𝑂3 ⋅ 𝑅𝑂3 + 0.6 ⋅ 𝑘𝑅𝑂2+𝑅𝑂3 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂3 + 0.6 ⋅ 𝑘𝑅𝑂2+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂2 ⋅ 𝐶3𝐻5𝑂3

− 2 ⋅ 𝑘𝑅𝑂4+𝑅𝑂4 ⋅ 𝑅𝑂4 ⋅ 𝑅𝑂4 − 𝑘𝑅𝑂2+𝑅𝑂4 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂4 − 𝑘𝑅𝑂4+𝑅𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂4 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙

⋅ 𝑅𝑂4 

 
𝑑𝑅𝑂5

𝑑𝑡
= 𝑘𝑅𝑂3 ⋅ 𝑅𝑂3 − 2 ⋅ 𝑘𝑅𝑂5+𝑅𝑂5 ⋅ 𝑅𝑂5 ⋅ 𝑅𝑂5 − 𝑘𝑅𝑂2+𝑅𝑂5 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂5 − 𝑘𝑅𝑂5+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂5 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙

⋅ 𝑅𝑂5 

 
𝑑𝑅𝑂6

𝑑𝑡
= 𝑘𝑅𝑂4 ⋅ 𝑅𝑂4 − 2 ⋅ 𝑘𝑅𝑂6+𝑅𝑂6 ⋅ 𝑅𝑂6 ⋅ 𝑅𝑂6 − 𝑘𝑅𝑂2+𝑅𝑂6 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂6 − 𝑘𝑅𝑂6+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂6 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙

⋅ 𝑅𝑂6 

 
𝑑𝑅𝑂7

𝑑𝑡
= 𝑘𝑅𝑂5 ⋅ 𝑅𝑂5 − 2 ⋅ 𝑘𝑅𝑂7+𝑅𝑂7 ⋅ 𝑅𝑂7 ⋅ 𝑅𝑂7 − 𝑘𝑅𝑂2+𝑅𝑂7 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂7 − 𝑘𝑅𝑂7+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂7 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙

⋅ 𝑅𝑂7 
 

𝑑𝑅𝑂8

𝑑𝑡
= 𝑘𝑅𝑂6 ⋅ 𝑅𝑂6 − 2 ⋅ 𝑘𝑅𝑂8+𝑅𝑂8 ⋅ 𝑅𝑂8 ⋅ 𝑅𝑂8 − 𝑘𝑅𝑂2+𝑅𝑂8 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂8 − 𝑘𝑅𝑂8+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂8 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙

⋅ 𝑅𝑂8 

 
𝑑𝑅𝑂9

𝑑𝑡
= 𝑘𝑅𝑂7 ⋅ 𝑅𝑂7 − 2 ⋅ 𝑘𝑅𝑂9+𝑅𝑂9 ⋅ 𝑅𝑂9 ⋅ 𝑅𝑂9 − 𝑘𝑅𝑂2+𝑅𝑂9 ⋅ 𝑅𝑂2 ⋅ 𝑅𝑂9 − 𝑘𝑅𝑂9+𝐶3𝐻5𝑂3 ⋅ 𝑅𝑂9 ⋅ 𝐶3𝐻5𝑂3 − 𝑘𝑤𝑎𝑙𝑙

⋅ 𝑅𝑂9 

 

The rate constant for the related reactions were estimated, and given below.  

(1) kRO3 = 0.4 s-1; kRO4 = 0.5 s-1; kRO5 = 0.05 s-1; kRO6 = 0.25 s-1; kRO7 = 0.04 s-1. 

(2) kRO2+RO2 = 2.5×10-12 cm3/molecule/s; kRO3+RO3 = 2×10-11 cm3/molecule/s; kRO4+RO4 = 2×10-11 cm3/molecule/s; 

kRO5+RO5 = 2×10-11 cm3/molecule/s; kRO6+RO6 = 2×10-11 cm3/molecule/s; kRO7+RO7 = 2×10-11 cm3/molecule/s; kRO8+RO8 = 

2×10-11 cm3/molecule/s. 

(3) kRO2+RO3 = 2×10-11 cm3/molecule/s; kRO2+RO4 = 2×10-11 cm3/molecule/s; kRO2+RO5 = 2×10-11 cm3/molecule/s; kRO2+RO6 

= 2×10-11 cm3/molecule/s; kRO2+RO7 = 2×10-11 cm3/molecule/s; kRO2+RO8 = 2×10-11 cm3/molecule/s; kRO2+RO9 = 2×10-11 

cm3/molecule/s. 

(4) kC3H5O3+C3H5O3 = 2.5×10-12 cm3/molecule/s; kC3H5O3+RO2 = 2.5×10-12 cm3/molecule/s; kC3H5O3+RO3 = 2×10-11 

cm3/molecule/s; kC3H5O3+RO4 = 2×10-11 cm3/molecule/s; kC3H5O3+RO5 = 2×10-11 cm3/molecule/s; kC3H5O3+RO6 = 2×10-11 

cm3/molecule/s; kC3H5O3+RO7 = 2×10-11 cm3/molecule/s; kC3H5O3+RO8 = 2×10-11 cm3/molecule/s; kC3H5O3+RO9 = 2×10-11 

cm3/molecule/s.  
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Supplementary Note 8: Autoxidation of decalin, cyclohexane, and n-decane in the presence of NO conducted 

in the Leipzig flow reactor 

 

In the Leipzig flow reactor, the autoxidation of decalin, cyclohexane and n-decane was studied. OH radicals were 

formed through the photolysis of isopropyl nitrite with an initial nitrite concentration of 2.7×1011 molecules/cm3. In 

this experiment, the flow system was surrounded by 8 NARVA 36W Blacklight Blue lamps, emitting in the range 350 

- 400 nm for homogeneous illumination of the whole reaction zone. Synthesis and purification of isopropyl nitrite was 

carried out as described elsewhere 24. Isopropyl nitrite photolysis generates i-C3H7O and NO with subsequent reaction 

of i-C3H7O with O2 forming HO2 radicals and acetone. Finally, NO reacts with HO2 forming OH radicals and NO2.  

Compared to the conditions of the TME + O3 reaction, the photolysis experiments with isopropyl nitrite generated 

higher OH radical levels. NO was added to the reaction system with concentrations up to 2.4×1011 molecules/cm3. 

The sharp increase of all products at the lowest added NO steps is primarily due to an increased OH concentration, 

following an enhanced NO + HO2  NO2 + OH reaction. The lower limit concentration of RO2 radicals, carbonyls, 

and organic nitrates as a function of NO are shown in Supplementary Figure 16-18. The corresponding mass spectra 

at the highest NO concentration of 2.4×1011 molecules/cm3 are presented in Fig. 4.  
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Supplementary Figure 16. Lower limit concentration of RO2 radicals, carbonyls, and organic nitrates as a function 

of NO observed from decalin autoxidation. The residence time is 7.9 s, temperature of the reactor is 293 K, and the 

relative humidity is <0.1%. OH radicals have been formed through the photolysis of isopropyl nitrite with an initial 

nitrite concentration of 2.7×1011 molecules/cm3. The initial concentration of decalin is 2×1012 molecules/cm3. The 

integer mass of each molecule is written next to its chemical formula. The number in brackets is the mass of the 

molecule with the reagent ion (C2H5NH3
+, m/z 46). 
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Supplementary Figure 17. Lower limit concentration of RO2 radicals, carbonyls, and organic nitrates as a function 

of NO observed from cyclohexane autoxidation. The residence time is 7.9 s, temperature of the reactor is 293 K, and 

the relative humidity is < 0.1%. OH radicals have been formed through the photolysis of isopropyl nitrite with an 

initial nitrite concentration of 2.7×1011 molecules/cm3. The initial concentration of cyclohexane is 1.5×1013 

molecules/cm3. The integer mass of each molecule is written next to its chemical formula. The number in brackets is 

the mass of the molecule with the reagent ion (C2H5NH3
+, m/z 46). 
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Supplementary Figure 18. Lower limit concentration of RO2 radicals, carbonyls, and organic nitrates as a function 

of NO observed from n-decane autoxidation. The residence time is 7.9 s, temperature of the reactor is 298 K, and the 

relative humidity is < 0.1%. OH radicals have been formed through the photolysis of isopropyl nitrite with an initial 

nitrite concentration of 2.7×1011 molecules/cm3. The initial concentration of n-decane is 3.5×1012 molecules/cm3. The 

integer mass of each molecule is written next to its chemical formula. The number in brackets is the mass of the 

molecule with the reagent ion (C2H5NH3
+, m/z 46). 
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