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S1. Tampere flow reactor setup10

A schematic of the borosilicate glass flow reactor setup is shown in Figure S1. All the reactant11

gas supply lines are connected to the reactor via PTFE tubing and Swagelok fittings. The gas12

flows are controlled by Alicat mass flow controllers (MFC). The mass spectrometer inlet flow13

(8.1 lpm) and the volume of the reactor (1 m length and 4.7 cm inside diameter) defines the14

residence time of the reaction mixture inside the reactor. Short residence time experiments are15

achieved by providing the precursor VOC flow via a movable injector tube within the reactor16

and adjusting the distance of the injector tip with respect to the mass spectrometer orifice. The17

deuterated water (D2O) line and the NO line were used separately only during the hydrogen to18

deuterium (H/D) exchange experiment and the oxidation experiment in presence of NO,19

respectively.20

21

Figure S1. A nitrate (NO3
–) based chemical ionization mass spectrometer coupled to ambient22

pressure flow reactor. TME = tetramethylethylene.23
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S2. Conformational sampling analysis24

The conformers are generated by varying all torsional angles of each molecular species by25

120º. Single-point quantum chemical calculations are performed on the conformers generated26

using the Spartan ’20 program at B3LYP/6-31+G* level of theory using Gaussian 16 code.27

Only those within 5 kcal/mol in relative electronic energies with respect to the minimum energy28

geometry are considered for subsequent geometry optimizations. For the H-shift transition29

states (TS), we first constrain the H atom at an approximate distance from the relevant C and30

O atoms and then optimize the structure at B3LYP/6-31+G* level of theory. The optimized31

geometry is then used as an input for an unconstrained TS calculation. Once the TS geometry32

is found, an MMFF conformer sampling was carried out using Spartan′20 with the O---H and33

H---C bond lengths constrained. The partial bonds with torsions enabled are added to these two34

crucial bonds prior to the conformer sampling. The partial bonds results in improving the35

MMFF optimization, which in turn, provides geometries that are closer to local energy minima36

during the conformer sampling. After the initial sorting of the conformers, two sets of37

optimizations are performed, the first of which is done at B3LYP/6-31+G* (low-DFT) level of38

theory and structures within 2.0 kcal/mol of the minimum are then further re-optimized at39

ωB97X-D/aug-cc-pVTZ (high-DFT) to get the global minimum geometry. Finally, we perform40

energy refinement of the global minimum structure at ROHF-ROCCSD(T)-F12a/VDZ-F1241

level of theory employing MOLPRO 2022.2. This energy refinement is done to get accurate42

and reliable energies for the estimation of the rate coefficients for some of the crucial43

autoxidation steps.44

S3. OH addition versus H-abstraction predicted by SAR45

The aromatic carbonyl OH oxidation can be initiated either by an H atom abstraction by OH46

from the substituent group of the phenyl ring or by the addition of the OH radical to the ring.47

To estimate the branching ratios between the two, we calculate the rate coefficients of the initial48

step of aromatic carbonyl OH oxidation reaction based on structure-activity relationship (SAR)49

data available in the literature.1,2 The H-abstraction rate coefficients are calculated by using the50

formula, 𝑘𝑎𝑏𝑠 = 𝑘𝑎 × 𝐹(𝑋) × 𝐹(𝑌) reported by Jenkin et al.1 and Ziemann et al.2 Here, 𝑘𝑎51

indicates the rate coefficient associated with the group (–C(O)H), –CH2–, –CH3) from which52

the H atom is being abstracted, where F(X) and F(Y) are the substituent group factors. In53

phenylacetaldehyde, for aldehydic H-abstraction, the substituent group factor F(X)54

corresponds to a –CH2– group. For a secondary H-abstraction from the –CH2–, the substituent55

group factors F(X) and F(Y) correspond to –C(O)H and –Ph groups respectively.56
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The OH addition rate coefficients are calculated by using the formula, log 𝑘𝑎𝑑𝑑 = −11.71 −57

1.34 × 𝛴𝜎+. In this approach, rate constants are calculated from a correlation between the rate58

constants and the sum of the electrophilic substituent constants Σσ+.2  In all aromatic carbonyls,59

the values of substitution constant relative to meta position σ+
meta are also used for ipso position60

as suggested by Ziemann et al.2 for substituted aromatics. In benzaldehyde, we do not find a61

σ+
ortho,para for –CHO and we take the substituent constant from that of a closest match –C(O)OH62

for OH addition to ortho and para positions. In phenylacetaldehyde, we do not find either of63

σ+
ortho,para and σ+

meta for –CH2CHO and we take the substituent constants from a closest64

functional group –CH2C(O)OCH2CH3. Similarly, in acetophenone, due to the unavailability of65

σ+
ortho,para and σ+

meta for –C(O)CH3, we take the substituent constants from –C(O)OH group.266

All the rate coefficients calculated using SAR are shown in Tables S1–3.67

Table S1. Rate coefficients (in cm3 molecule–1 s–1) of H-abstraction and OH addition reactions68

in benzaldehyde OH oxidation predicted by SAR.69

H-abstraction; BRabs = 85.52 %
Abstraction site 𝒌𝒂

† F(X)‡ 𝒌𝒂𝒃𝒔 BR (%)

–CHO 20.8 × 10−12 1 (X = –Ph) 2.08 × 10−11 85.52

OH addition; BRadd = 14.48 %
Addition site σ σ+ 𝒌𝒂𝒅𝒅 BR (%)

Ipso 1 0.36 6.42 × 10−13 2.64

Ortho 2 0.421 2 × (5.32 × 10−13) 4.37

Meta 2 0.36 2 × (6.42 × 10−13) 5.28

Para 1 0.421 5.32 × 10−13 2.19
σ = symmetry factor. BR = branching ratio. 𝑘𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 2.43 × 10−11 cm3 molecule–1 s–1.70
† Values taken from Jenkin et al.1 ‡ Values taken from Ziemann et al.271
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Table S2. Rate coefficients of H-abstraction and OH addition reactions in phenylacetaldehyde72

OH oxidation predicted by SAR.73

H-abstraction; BRabs = 62.48 %
Abstraction site 𝒌𝒂

† F(X)‡, F(Y)‡ 𝒌𝒂𝒃𝒔 BR (%)

–CHO 20.8 × 10−12 1.23 (X = –CH2–) 2.56 × 10−11 61.10

–CH2– 0.77 × 10−12 0.75 (X = –CHO)
1 (Y = –Ph)

5.78 × 10−13 1.38

OH addition; BRadd = 37.52 %
Addition site σ σ+ 𝒌𝒂𝒅𝒅 BR (%)

Ipso 1 -0.01 2.01 × 10−12 4.80

Ortho 2 -0.164 2 × (3.23 × 10−12) 15.42

Meta 2 -0.01 2 × (2.01 × 10−12) 9.59

Para 1 -0.164 3.23 × 10−12 7.71
σ = symmetry factor. BR = branching ratio. 𝑘𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 4.19 × 10−11 cm3 molecule–1 s–1.74
† Values taken from Jenkin et al.1 ‡ Values taken from Ziemann et al.275

Table S3. Rate coefficients of H-abstraction and OH addition reactions in acetophenone OH76
oxidation predicted by SAR.77

H-abstraction; BRabs = 2.53 %
Abstraction site 𝒌𝒂

† F(X)‡ 𝒌𝒂𝒃𝒔 BR (%)

–CH3 0.13 × 10−12 0.75 (X = –C(O)–) 9.75 × 10−14 2.53

OH addition; BRadd = 97.47 %
Addition site σ σ+ 𝒌𝒂𝒅𝒅 BR (%)

Ipso 1 0.322 7.22 × 10−13 18.71

Ortho 2 0.421 2 × (5.32 × 10−13) 27.57

Meta 2 0.322 2 × (7.22 × 10−13) 37.41

Para 1 0.421 5.32 × 10−13 13.78
σ = symmetry factor. BR = branching ratio. 𝑘𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 3.86 × 10−12 cm3 molecule–1 s–1.78
† Values taken from Jenkin et al.1 ‡ Values taken from Ziemann et al.279
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S4. Formation of ipso bicyclic peroxy radical (i-BPR)80

The first carbon centered radical (CxHy+1O2 in Figure S2) formed via OH addition to the studied81

aromatic carbonyls can subsequently lead to non-fragmented oxidation products. The OH82

addition can take place at different positions of the phenyl ring, all of which can lead to the83

formation of bicyclic peroxy radicals (BPR). Recently, the formation of ipso-BPR intermediate84

(initial OH addition to the carbon with a substituent group) and its subsequent ring-fragmenting85

rearrangement reaction has been found to be crucial for rapid formation of highly oxygenated86

organic molecules (HOMs) in aromatics and has been well established for toluene87

autoxidation.3 Therefore, we focus on this intermediate to find reaction routes to explain the88

observed HOMs in aromatic carbonyl OH oxidation experiments. The computed rates and89

branching ratios for the two possible ipso-BPR rearrangement reactions (see Figure 5 in the90

main manuscript) are given in Tables S4.91

92

Figure S2. An example of the formation of a bicyclic peroxy radical (BPR, CxHy+1O6) in OH93

initiated oxidation of aromatic carbonyls showing the initial addition of OH to the carbon with94

the substituent group (R: CHO/CH2CHO/COCH3), i.e., ipso position.95

Table S4. Ipso-BPR opening energetics, rates, and branching ratios.96

97
† Ipso-BPR rearrangement channels. ‡ Ring broken peroxy radical intermediates.98
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S5. CO elimination versus O2 addition99

The aldehydic H-abstractions in PhCHO and PhCH2CHO readily form benzoyl (PhCO) and100

phenylacetyl (PhCH2CO) radicals, respectively. The methyl H-abstraction in PhCOCH3 form101

an alkyl radical (PhCOCH2) followed by the formation of alkoxy radical PhCOCH2O in the102

latter steps (see Figure S3). One possible way to form the observed fragmented products (with103

Cx–1,2) can be associated with the H-abstraction channel. In PhCH2CHO and PhCOCH3, our104

calculation shows that a CO elimination (𝑘 = 3.1 × 107𝑠−1) and an alkoxy β-scission (𝑘 =105

1.2 × 109𝑠−1) reaction with HCHO loss, respectively, are likely feasible. In contrast, in106

PhCHO, the CO elimination (𝑘 = 1.4 × 10−4𝑠−1) from benzoyl radical intermediate is very107

slow. The subsequent reactions can allow the elimination of a CO2 molecule (𝑘 =108

9.6 × 108𝑠−1) from the benzoyloxy radical (PhC(O)O) intermediate (see Figure S3).109

110

Figure S3. The kinetics of the CO elimination and O2 additions in aromatic carbonyl OH111

oxidation. The peroxy-alkoxy rates (R'O2 to R'O) were assumed to lie between 10–11 and 10–13112

cm3molecule–1s–1. The rate coefficients were obtained using the M08-HX/def2-TZVP level of113

theory. No conformer sampling was performed.114
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S6. Formation of Nitrophenol from benzaldehyde oxidation in presence of NOx115

The fast aldehydic H-abstraction by oxidant OH in benzaldehyde forms a carbon centered116

benzoyl radical (PhCO). The PhCO rapidly adds an O2 molecule and forms a benzoyl peroxy117

radical (PhC(O)O2) intermediate (see Figure S4). The reaction of PhC(O)O2 with itself or with118

other reaction partners, e.g., RO2, HO2, and most importantly NO in this case, can form119

benzoyloxy radical of PhC(O)O which loses a CO2 molecule yielding a benzyl radical. The120

benzyl radical upon O2 addition followed by another bimolecular reaction, e.g., with NO, form121

the benzoxy radical (PhO). Finally, a reaction between the PhO radical and NO2 forms122

nitrophenol that involves an intramolecular H-shift from C2 (where the NO2 is attached) to the123

O atom at C1.124

125

Figure S4. Atmospheric degradation of benzaldehyde involving oxidation initiated by OH126

radical to form nitrophenol (adapted from Calvert et al.).4127

S7. Computational exploration via H-abstraction channel in benzaldehyde128

We looked at the possible isomerization reactions of PhC(O)O2 to find a gateway to HOM129

along the H-abstraction channel. The peroxy O atom of the PhC(O)O2 may attach to any of the130

double bonds in the aromatic moiety (i.e., ortho, meta, and para positions) and form carbon131

centered radicals with an additional five-to-seven-member ring. It may also undergo H-shift132

reactions with the secondary carbons at those positions in the aromatic moiety. However, our133

calculated reaction rate barriers (in kcal/mol at ωB97X-D/6-31+G* level of theory) for these134

reactions are very high (see Table S5) and suggest that these isomerization reactions are135

unlikely to happen that can follow subsequent reactions to form HOM.136
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Table S5. Reaction barriers of different isomerization reactions of PhC(O)O2.137

PhC(O)O2 isomerization Reaction barrier (kcal/mol)†

5-member Endo 25.3

6-member Endo 73.2

7-member Endo 76.4

1,5-Hshift 33.2

1,6-Hshift 113.4

1,7-Hshift 111.0

  † Calculated at ωB97X-D/6-31+G* level of theory.138

S8. D2O experiments139

In the aromatic carbonyl OH oxidation experiments in presence of D2O, a near complete H/D140

exchange was achieved which was monitored by the shift of HNO3NO3
– and (HNO3)2NO3

–141

signals by one and two mass unit, respectively on the mass spectrum (see Figure S5).142

143

Figure S5. H/D exchange in the reagent ion HNO3NO3
– converting it to DNO3NO3

– during144

different aromatic carbonyl OH oxidation reaction in presence of D2O. BZ = benzaldehyde,145

PA= phenylacetaldehyde, and ACP = acetophenone.146
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147

Figure S6. Overlaid nitrate chemical ionization mass spectra of OH initiated oxidation of148

aromatic carbonyls without (in blue) and with the presence of D2O (in black). The peak mass149

shifts during D2O addition illustrate the number of exchangeable H-atoms present in the150

product molecular structures. The accretion products are highlighted in light brown151

background. The labels in green indicate non-fragmented (Cx) products with different number152

of oxygen atoms while the labels in purple indicate fragmented (Cx-1) products. The blue labels153

(O7 and O12) in the accretion product region of benzaldehyde spectrum (top panel) indicate154

products with 13 C atoms (i.e., C7-RO2 + C6-RO2).155

S9. Mechanistic exploration for predicting molecular structures156

In this section, we show the additional mechanisms extended from Figure 5 in the main157

manuscript to predict the molecular structures of the oxidation products supported by the H/D158

exchange experiments in presence of D2O. We use the predicted structures of the oxidation159

products to calculate their volatility discussed in the main manuscript and Section S10 below.160

Although other alternative pathways are likely available, here we explore those mainly arising161

from the i-BPR and the subsequent ring-opened peroxy radical. Besides, the alternative162

autoxidation pathways that can agree with the H/D exchange experiments are likely to produce163

similar product structures with the same number of OH/OOH groups. Therefore, they will not164
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significantly alter the current volatility estimation by group additivity and volatility basis set165

based methods even though the spatial arrangements of the actual isomeric structures could be166

different.167

168

Figure S7. Potential formation pathways of CxHyO5,7, CxHy+2O5,7, CxHy+2O6,8, and CxHy+1O8169

from bicyclic peroxy radical (BPR, CxHy+1O6). The green arrows indicate chain propagation170

reactions while the red arrows indicate chain termination reactions. MR-C2 = molecular171

rearrangement via C2 channel. RM = Russell mechanism (RO2 + R'O2 → ROH + R'–HC=O +172

O2).173
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174

Figure S8. Potential formation pathways of CxHy+1O7, and CxHyO7 from bicyclic peroxy radical175

(BPR, CxHy+1O6) via bicyclic alkoxy radical CxHy+1O5. The green arrows indicate chain176

propagation reactions while the red arrows indicate chain termination reactions.177
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178

Figure S9. Potential formation pathways of CxHy+1O7,9, CxHyO6,8, and CxHy+2O6–9 from RB-C2179

(CxHy+1O6). The green arrows indicate chain propagation reactions while the red arrows180

indicate chain termination reactions. RM = Russell mechanism (RO2 + R'O2 → ROH + R'–181

HC=O + O2).182
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183

Figure S10. Potential formation pathways of CxHyO9,11, CxHy+2O9,11, CxHy+1O10,12, and184

CxHy+2O10 from O8 peroxy radical (CxHy+1O8). The green arrows indicate chain propagation185

reactions while the red arrows indicate chain termination reactions. RM = Russell mechanism186

(RO2 + R'O2 → ROH + R'–HC=O + O2). Note that the CxHy+1O12 peroxy radicals reacts also187
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with HO2 to form closed shell CxHy+2O12 (RO2 + HO2 → ROOH + O2) with one more OOH188

functional group.189

190

191

Figure S11. Potential formation pathways of CxHy+1O11, and CxHy+2O11 from O9 peroxy radical192

(CxHy+1O9, see Figure S9) in phenylacetaldehyde and acetophenone oxidation. The green193

arrows indicate chain propagation reactions while the red arrows indicate chain termination194

reactions.195
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196

Figure S12. Additional potential pathways of formation of CxHy+1O12, and CxHy+2O12 from O8197

peroxy radical (CxHy+1O8, see Figure S10) in phenylacetaldehyde and acetophenone oxidation.198

The green arrows indicate chain propagation reactions while the red arrows indicate chain199

termination reactions.200
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201

Figure S13. Potential formation pathways of Cx-1HyO6,7 from peroxy radical RB-C2202

(CxHy+1O6). The green arrows indicate chain propagation reactions while the red arrows203

indicate chain termination reactions. RM = Russel mechanism (RO2 + R'O2 → ROH + R'–204

HC=O + O2).205
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206

Figure S14. Potential formation pathways of C6H6O6,8 from peroxy radical RB-C1 (C7H7O6) in207

benzaldehyde oxidation. The green arrows indicate chain propagation reactions while the red208

arrows indicate chain termination reactions. RM = Russel mechanism (RO2 + R'O2 → ROH +209

R'–HC=O + O2).210
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211

Figure S15. Potential formation pathways of C7H8O6,8 from peroxy radical RB-C1 (C8H9O6) in212

phenylacetaldehyde oxidation. The green arrows indicate chain propagation reactions while the213

red arrows indicate chain termination reactions. RM = Russel mechanism (RO2 + R'O2 → ROH214

+ R'–HC=O + O2).215
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216

Figure S16. Potential pathways of forming accretion products (C14H14O8,10) by different217

combinations of monomeric alkyl peroxy (RO2) radicals (i.e., RO2 + R'O2 = (ROOR' + O2) in218

benzaldehyde OH oxidation.219
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220

Figure S17. Potential formation pathways of accretion products (C16H18O10,12,14) by different221

combinations of monomeric alkyl peroxy (RO2) radicals (i.e., RO2 + R'O2 = (ROOR' + O2) in222

phenylacetaldehyde OH oxidation.223
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224

Figure S18. Potential formation pathways of accretion products (C16H18O8–10) by different225

combinations of monomeric alkyl peroxy (RO2) radicals (i.e., RO2 + R'O2 = (ROOR' + O2) in226

acetophenone OH oxidation.227

S10. Volatility classification and regression analysis details228

This section provides additional details on the prediction of vapor concentration of products229

(experiments in the presence of NO) and their classification across different volatility classes230

provided in Figure 6 in the main manuscript. The oxidation products of phenylacetaldehyde,231

benzaldehyde, and acetophenone are categorized into volatility classes based on their predicted232

vapor concentrations, determined by averaging the results of six models: Nanoolal,5 EVAP,6233

Myrdal-Yalkowsky,7 SIMPOL,8 Stolzenburg,9 and Mohr.10234

The scatter plots (see Figure S19) illustrate the relationship between saturation vapor235

concentration and molar mass (MM) for the compounds, as estimated using six vapor pressure236

prediction models. The averaged values represent the average of these six predictions. Linear237
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regression analyses were performed for the whole data of the six models (dashed black line) as238

well as exclusively for the averaged values (solid black line), demonstrating a clear correlation.239

These findings highlight the different vapor pressure trends based on different models while240

also emphasizing variations among individual estimates. Figure S20 presents pie charts241

illustrating the percentage distribution of the number of oxidation products across different242

volatility classes categorized based on their saturation mass concentration, C* (µg m−3),243

including ultra-low VOC (ULVOC, C* ≤ 10–9 µg m−3), extremely-low VOC (ELVOC, 10–9 <244

C* ≤ 10−5 µg m−3), low VOC (LVOC, 10–5 < C* ≤ 10−1 µg m−3), semi VOC (SVOC, 10–1 < C*245

≤ 102 µg m−3), intermediate VOC (IVOC, 102 < C* ≤ 106 µg m−3).9246

247



23

248

249

Figure S19. The relationship between molar mass and log10C* estimated using six vapor250

pressure prediction models. Different markers represent individual models, while nitrogen-251

containing compounds (mostly organonitrates except the nitrophenol) are highlighted with252

black borders within grey columns.253
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254

Figure S20. Volatility classification of oxidation products from phenylacetaldehyde,255

benzaldehyde, and acetophenone (in the presence of NO). The classifications are based on the256

averaged vapor concentration predictions from six models: Nanoolal, EVAP, Myrdal-257

Yalkowsky, SIMPOL, Stolzenburg, and Mohr. The pie charts illustrate the percentage258

distribution of oxidation products across six volatility classes (ULVOC, ELVOC, LVOC,259

SVOC, IVOC, and VOC), determined using the averaged predictions from these models.260

The correlation of the linear regression lines for the total dataset from all six models (dashed261

black line) and the averaged dataset (solid black line), as shown in Figure S19, is presented in262

Table S6. The root mean square error (RMSE) values for both lines are calculated based on the263

entire dataset, meaning that for the solid black line derived from the averaged dataset, its RMSE264

is determined using all individual data points rather than the averaged values. Additionally,265

Table S7 reports the RMS difference for each individual model (Nanoolal, EVAP, Myrdal-266

Yalkowsky, SIMPOL, Stolzenburg, and Mohr), representing the deviation of each model’s267

predictions from the averaged linear regression line. These values quantify how much each268

model deviates from the overall trend predicted by the combined model set.269

Table S6. Linear regression equations and root mean square error (RMSE) values for vapor270

concentration predictions of oxidation products from acetophenone, benzaldehyde, and271

phenylacetaldehyde. The regression is performed using the total dataset from six models272

(dashed black line) and the averaged dataset (solid black line). RMSE values indicate the273

overall deviation of predictions from the regression line.274

Model Linear Regression Formula RMSE
(µg m–3)

Acetophenone (total dataset) log10C* = -0.0084 MM + 2.6053 3.0497
Acetophenone (averaged dataset) log10C* = -0.0395 MM + 12.1966 1.4850



25

Benzaldehyde (total dataset) log10C* = -0.0080 MM + 3.3261 2.7469
Benzaldehyde (averaged dataset) log10C* = -0.0340 MM + 10.6084 1.2990
Phenylacetaldehyde (total dataset) log10C* = -0.0101 MM + 2.2131 3.8112
Phenylacetaldehyde (averaged dataset) log10C* = -0.0465 MM + 14.0257 1.5165
† MM = molar mass.

Table S7. Root mean square (RMS) difference (µg m–3) between individual model predictions275

(Nanoolal, EVAP, Myrdal-Yalkowsky, SIMPOL, Stolzenburg, and Mohr) and the averaged276

linear regression line for acetophenone, benzaldehyde, and phenylacetaldehyde. These values277

represent the extent to which each model deviates from the mean behavior across all models.278

Model Acetophenone Benzaldehyde Phenylacetaldehyde
Nanoolal 3.3433 2.7554 3.8556
EVAP 2.1908 2.2599 2.2300
Myrdal-Yalkowsky 2.7918 2.5636 3.4101
SIMPOL 1.4839 1.3361 1.4573
Stolzenburg 1.6269 1.3242 1.7134
Mohr 1.4483 1.7116 1.2121

S11. Kinetic simulation279

S11.1 Simulations without and with NO280

Chemical kinetic simulations are carried out using Kinetiscope Program11,12 to estimate the281

concentrations of oxidant OH and primary RO2 radicals in different aromatic carbonyl282

oxidation reactions without (reaction steps 1–3 below) and with the presence of NO (reaction283

steps 1–12 below). We use an experimental rate coefficient of 1.2 ×  10−11 cm3 molecule–1 s–284
1 for benzaldehyde (BZ) + OH reaction.13 For the reactions of phenylacetaldehyde (PA) + OH285

and acetophenone (ACP) + OH, we do not find experimental rate coefficients in the literature286

and hence use SAR predicted rate coefficients of 4.19 × 10−11 and 3.86 ×  10−12 cm3287

molecule–1 s–1, respectively for these reactions (see Tables S2–3 in Section S3). In our flow288

reactor setup, we produce OH radicals in situ by the ozonolysis reaction of tetramethyl ethylene289

(TME). The produced OH radicals react with TME as well as with the aromatic carbonyl in the290

flow reactor. In the simulations, we use reaction rate coefficients 𝑘𝑇𝑀𝐸−𝑂3 of 1.5 × 10−15 and291

𝑘𝑇𝑀𝐸−𝑂𝐻 of 1.0 × 10−10 cm3 molecule–1 s–1 accounting for the corresponding reactions.14 As292

initial precursor concentrations, 1 ppm (2.46 × 1013 molecules cm–3) of VOC, 52–109 ppb293

(1.28–2.68 × 1012 molecules cm–3) of TME, and 263–318 ppb (6.47–7.82 ×  1012 molecules294

cm–3) of ozone, identical to the experimental conditions, are used (see Table 1 of the main295

manuscript for details). In the flow reactor experiments, high VOC concentrations were used296
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to scavenge OH, especially as TME reacts so fast with it. Following the reaction of aromatic297

carbonyl with OH, the initially formed carbon centered radical readily undergoes a pseudo298

unimolecular reaction with O2 to form a primary RO2 radical. For simplification, we show the299

formation of different RO2 radicals directly from the reactions of aromatic carbonyl with OH,300

and TME with OH. Here, TME produced RO2 and aromatic carbonyl produced RO2 are301

separated by the expressions RO2_T and RO2_C respectively.302

With the addition of NO in the reaction system, it is expected to influence the concentrations303

of OH radicals and primary RO2 radicals. Therefore, to simulate the experiments with NO, we304

include the bimolecular reaction rate coefficients of 𝑘𝑁𝑂−𝑂𝐻 = 3.3 × 10−11, 𝑘𝐻𝑂𝑁𝑂−𝑂𝐻 =305

6.0 ×  10−12, 𝑘𝑁𝑂−𝑂3 = 1.8 ×  10−14, and 𝑘𝑁𝑂2−𝑂𝐻 = 4.1 ×  10−11 cm3 molecule–1 s–1,15 with306

respect to their corresponding reactions in the simulation. Besides, bimolecular rate coefficients307

for RO2 + RO2 and RO2 + NO reactions are set to the generic values of 3.2 ×  10−11 and308

9.0 ×  10−12 cm3 molecule–1 s–1, respectively16,17 to account for sinks of RO2 radicals. The309

influences of NO + HO2 and RO2 + NO2 reactions on OH and RO2_C radical concentrations310

are examined separately and discussed in the section below. An example of the reaction steps311

used in the current simulation is as follows. The results are shown in Figure S21 and Table S8.312

1. TME + O3 => OH (𝑘𝑇𝑀𝐸−𝑂3 = 1.5 ×  10−15 cm3 molecule–1 s–1)313

2. TME + OH => RO2_T (𝑘𝑇𝑀𝐸−𝑂𝐻 = 1.0 ×  10−10 cm3 molecule–1 s–1)314

3. PA + OH => RO2_C (𝑘𝑃𝐴−𝑂𝐻 = 4.24 × 10−11 cm3 molecule–1 s–1)315

4. NO + OH => HONO (𝑘𝑁𝑂−𝑂𝐻 = 3.3 ×  10−11 cm3 molecule–1 s–1)316

5. HONO + OH => H2O + NO2 (𝑘𝐻𝑂𝑁𝑂−𝑂𝐻 = 6.0 × 10−12 cm3 molecule–1 s–1)317

6. NO + O3 => NO2 + O2 (𝑘𝑁𝑂−𝑂3 = 1.8 × 10−14 cm3 molecule–1 s–1)318

7. NO2 + OH => HNO3 (𝑘𝑁𝑂2−𝑂𝐻 = 4.1 ×  10−11 cm3 molecule–1 s–1)319

8. 2 RO2_T => Sink_a (𝑘𝑅𝑂2−𝑅𝑂2 = 3.2 ×  10−11 cm3 molecule–1 s–1)320

9. 2 RO2_C => Sink_b (𝑘𝑅𝑂2−𝑅𝑂2 = 3.2 ×  10−11 cm3 molecule–1 s–1)321

10. RO2_T + RO2_C => Sink_ab (𝑘𝑅𝑂2−𝑅𝑂2 = 3.2 × 10−11 cm3 molecule–1 s–1)322

11. RO2_T + NO => RONO2 (𝑘𝑅𝑂2−𝑁𝑂 = 9.0 ×  10−12 cm3 molecule–1 s–1)323

12. RO2_C + NO => RONO2 (𝑘𝑅𝑂2−𝑁𝑂 = 9.0 × 10−12 cm3 molecule–1 s–1)324
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325

Figure S21. Concentration profiles of OH and primary RO2_C radicals produced in aromatic326

carbonyl oxidation derived by chemical kinetic simulations under laboratory flow reactor327

experimental condition without NO (a) and with NO (b–c). Panel (b) shows results from328

phenylacetaldehyde. In panel (c), average concentrations of OH and RO2_C during 14 s329

reaction time are presented. PA = phenylacetaldehyde, ACP = acetophenone, and BZ =330

benzaldehyde.331

Figure S21a and Table S8 imply that the average concentrations of oxidant OH and primary332

RO2_C radicals in the flow reactor are comparable in different aromatic carbonyl oxidation333

experiments. In the experiments without NO, the simulation produced average concentrations334

of OH radicals are 2.75 × 107, 1.77 ×  107, and 6.26 × 107 molecules cm–3 for the335

experiments with BZ, PA, and ACP, respectively.336

Table S8. Average concentrations of OH and RO2 radicals produced in different aromatic337

carbonyl oxidation experiments derived from chemical simulations under laboratory338

conditions.339
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Expt. type
(VOC)

Model input Model output
[VOC]
ppmv

[TME]
ppbv

[O3]
ppbv

[NO]
ppbv

[OH]
#/cm3

[RO2_C]
#/cm3

Simulation without NO
BZ 1 52.4 263 – 2.75 × 107 5.61 × 1010

PA 1 104.8 263 – 1.77 × 107 1.28 × 1011

ACP 1 52.4 318 – 6.26 × 107 4.15 × 1010

In the presence of NO

BZ 1 52.4 263

50 2.35 × 107 1.25 × 109

100 2.00 × 107 4.79 × 108

500 8.11 × 106 2.68 × 107

1000 4.99 × 106 7.33 × 106

PA 1 104.8 263

50 1.62 × 107 3.29 × 109

100 1.47 × 107 1.29 × 109

500 7.99 × 106 9.23 × 107

1000 5.86 × 106 3.04 × 107

ACP 1 52.4 263

50 4.12 × 107 7.24 × 108

100 3.28 × 107 2.58 × 108

500 1.07 × 107 1.15 × 107

1000 5.90 × 106 2.83 × 106

The corresponding RO2_C radical concentrations are 5.61 × 1010, 1.28 × 1011, and340

4.15 × 1010 molecules cm–3, respectively. While the OH concentrations for BZ and PA341

experiments are closer to each other, it is higher for the ACP experiment by a factor of 2 to 3.342

This can be attributed to the slower OH reactivity with ACP compared to BZ and PA (see343

Section S3 above). It is also reflected in the concentrations of primary RO2_C radical in the344

three studied systems, with PA yielding the highest RO2_C concentration as it has the highest345

reactivity with OH of the three molecules. In the presence of NO, Figure S21b shows how the346

concentration profiles of OH and RO2_C radicals evolve in time with PA oxidation experiment347

as an example. In all the aromatic carbonyl systems studied, the primary RO2_C radical348

concentration steadily increases with time under 50 ppb and 100 ppb NO conditions. However,349

at 500 ppb and 1000 ppb NO conditions, the concentrations of RO2_C radicals decrease with350

time soon after achieving their initial peak values. In the case of OH radicals, the concentrations351

show a general decreasing trend with time while at higher NO conditions, we observe a faster352

decreasing tendency in concentrations as expected. It is also interesting to see that the higher353

OH reactivity of PA compared to the other two aromatic carbonyls is reflected even under high354

NO conditions in terms of the PA-derived primary RO2_C radical concentration being higher355

than that of BZ and ACP (see Figure S21c and Table S8).356
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S2.2 Impact of HO2 and PAN on OH and RO2357

In the gas-phase oxidation process of volatile organic compounds (VOCs), it is usual to produce358

hydroperoxy radicals (HO2) alongside the production of alkyl peroxy radicals (RO2). In the359

presence of NO, the HO2 radicals react with NO to recycle OH and NO2 radicals in the reaction360

system (see reaction step 13).15361

13. HO2 + NO => OH + NO2 (𝑘𝐻𝑂2−𝑁𝑂 = 8.91 × 10−12 cm3 molecule–1 s–1)362

In the flow reactor system, we presume that the production of HO2 radicals is about 30% of363

total primary RO2 radicals (RO2_T + RO2_C). Therefore, to examine the influence of the HO2364

reaction with NO on the concentrations of OH and RO2_C radicals, we run a separate set of365

simulations on Kinetiscope including the reaction step 13. An initial HO2 concentration of 30%366

of total RO2 (e.g., 4.78 × 108 molecules cm–3 of HO2 in PA oxidation at 100 ppb NO) obtained367

from the previous simulation without HO2 is used in the subsequent simulation. Figure S22a368

shows the results of PA oxidation process without and with involving the reaction step 13. In369

all aromatic carbonyl simulations, the reaction step 13 does not seem to alter the average370

concentrations of OH and RO2_C radicals given that the reaction scheme (reaction steps 1–13)371

is lacking a constant source of 30% HO2.372

373

Figure S22. Average concentrations of OH and primary RO2_C radicals produced in374

phenylacetaldehyde oxidation derived by chemical kinetic simulations under laboratory375

conditions with varying NO (a). In panel (a), simulations that include the reaction step HO2 +376

NO → OH + NO2 are presented in black, while simulations without this reaction step are377

presented in grey. Panel (b) shows the time series of RO2_C radicals, and maximum possible378

peroxyacyl nitrate (PAN) concentrations formed in different aromatic carbonyl OH oxidation379
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reactions. PA = phenylacetaldehyde (black), ACP = acetophenone (blue), and BZ =380

benzaldehyde (red).381

The aromatic carbonyl produced RO2_C reacts with NO2 also that is produced in situ in the382

flow reactor oxidation system according to reaction steps 5 and 6. Here, the reaction of RO2_C383

with NO2 acts as a sink of RO2_C producing organic nitrates including peroxyacyl nitrates384

(PAN). We estimate a maximum possible PAN formation by including the reaction step 13' in385

another separate set of simulations. The idea is to observe to what extent the NO2 reaction drops386

the average concentration of RO2_C limiting its potential to oxidize further to form HOM.387

Alkyl and acyl peroxy radicals react with NO2 with rate coefficients of 9.0 × 10−12 and388

1.1 ×  10−11 cm3 molecule–1 s–1, respectively.17 Because we cannot differentiate between the389

two peroxy radicals in a pool of total RO2_C, an average rate coefficient 𝑘𝑅𝑂2−𝑁𝑂2 of390

1.0 ×  10−11 cm3 molecule–1 s–1 is used in the simulation.391

13'. RO2_C + NO2 => PAN (𝑘𝑅𝑂2−𝑁𝑂2 = 1.0 × 10−11 cm3 molecule–1 s–1)392

The simulation results are presented in Table S9, and the time series of RO2_C and PAN are393

shown in Figure S22b. With the inclusion of reaction step 13', we observe the drop of RO2_C394

concentrations only by a factor of up to 2 in different aromatic carbonyl oxidation simulations.395

Figure S22b shows that at 100 ppb NO condition, the average concentrations RO2_C are396

2.60 × 108, 6.83 ×  108, and 1.41 ×  108 cm3 molecule–1 s–1 for BZ, PA, and ACP oxidation,397

respectively. On the other hand, the average concentrations of PAN (maximum) are398

1.02 × 1010, 2.71 ×  1010, and 5.47 × 109 cm3 molecule–1 s–1 for BZ, PA, and ACP399

oxidation, respectively, at 100 ppb NO condition. Because the primary source of acyl peroxy400

radical is the aldehydic H abstraction by OH in BZ and PA but not in ACP (see branching ratios401

in Tables S1–3, Section S3), the actual PAN concentrations formed via reaction step 13' are402

less than values reported here. This implies that despite the formation of PAN, the403

concentrations of peroxy radicals produced in the studied systems are significant enough to404

follow further oxidation and form HOMs as observed experimentally. Note that in the405

simulation model the influence of NO is reflected as the suppression of peroxy radicals RO2_C406

as expected and hence the experimental observation of its enhancing effect on HOM likely407

involves alkoxy (RO) mediated chemistry that is not included in the model. Incorporating the408

RO mediated complex chemistry in the model will require extensive molecular level quantum409

chemical calculations which are unfeasible. It is also important to mention that the410



31

concentrations of oxidant OH and primary RO2_C radicals reported here are at their upper411

limits as the loss of the radicals to the reactor wall is not accounted.412

Table S9. Average concentrations of OH, RO2 radicals, and PAN produced in different413

aromatic carbonyl oxidation experiments derived from chemical simulations including the414

reaction step RO2_C + NO2 → PAN under laboratory conditions.415

Expt. [NO]
ppbv

[OH]
#/cm3

[RO2_C]
#/cm3

[PAN]
#/cm3

BZ

50 2.35 × 107 6.19 × 108 1.33 × 1010

100 2.00 × 107 2.60 × 108 1.02 × 1010

500 8.11 × 106 2.14 × 107 1.83 × 109

1000 4.99 × 106 6.60 × 106 3.55 × 108

PA

50 1.62 × 107 1.57 × 109 3.38 × 1010

100 1.46 × 107 6.83 × 108 2.71 × 1010

500 7.98 × 106 7.38 × 107 6.31 × 109

1000 5.86 × 106 2.74 × 107 1.47 × 109

ACP

50 4.11 × 107 3.56 × 108 7.63 × 109

100 3.29 × 107 1.41 × 108 5.47 × 109

500 1.07 × 107 9.19 × 106 7.87 × 108

1000 5.90 × 106 2.55 × 106 1.36 × 108

Therefore, in our flow reactor experiments, the concentrations of the reactive radical species416

are very close to the expected concentrations in the ambient air, and we believe they are well417

representative.418

S11.3 From laboratory conditions to urban atmospheric conditions419

We observe rapid formation of HOM from aromatic carbonyl OH oxidation reactions in as low420

as sub-second timescale for PA, conducted in the laboratory flow reactor setup. To inspect the421

feasibility of HOM formation from OH initiated oxidation of aromatic carbonyls (BZ, PA, and422

ACP) in the ambient air, we simulate the oxidation reactions under atmospherically relevant423

conditions of the studied VOCs and reactive partners. The ambient concentrations of these424

aromatic carbonyls are less than 1 ppb.18,19 However, in indoor air, the concentrations can be425

significantly higher emitting from heated electronics, and consumer products. For example, in426

products like detergents, lotions, and perfumes, the concentrations of acetophenone can range427

from several tens to hundreds of ppm.20 In our simulation, considering a polluted urban428

atmosphere, the initial concentration aromatic carbonyl is given 1ppb (2.46 ×  1010 molecules429

cm–3). A generic concentration of oxidant [OH] = 1.0 × 107 molecules cm–3 is used. Two430

different concentrations of NO (0.1 and 1 ppb, i.e., 2.46 × 109, and 2.46 × 1010 molecules431
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cm–3) are used to mimic moderately clean to polluted NOx conditions. Considering a lower432

limit of atmospheric RO2 as 1.0 ×  107 molecules cm–3 in VOC limited condition and a higher433

limit of atmospheric RO2 as 1.5 ×  109 molecules cm–3 in NOx limited condition, we use a434

generic value of [RO2] = 5.0 × 108 molecules cm–3 in the simulation. We also consider that435

the carbon centered radical intermediates can readily add an oxygen molecule forming alkyl436

(or acyl) peroxy radicals (RO2 or RC(O)O2) via fast pseudo-unimolecular reactions and hence437

we skip the reaction step for simplification as explained earlier. In a first set of simulations, we438

run reaction steps 1–6 (see below) and estimate the average concentrations of primary peroxy439

radicals RO2_C. Knowing the branching ratios of OH addition to the ipso position of different440

aromatic carbonyls which are 2.64, 4.80, and 18.71 % respectively for BZ, PA, and ACP (see441

Section S3 above), we consider that roughly 1 % of RO2_C goes to ipso bicyclic peroxy radical442

(ipso-BPR) intermediate in BZ and PA oxidation, and 10 % of RO2_C goes to ipso-BPR in443

ACP oxidation processes. Accordingly, in a second set of simulations, we give relevant initial444

concentration of BPR and run the whole reaction scheme (steps 1–10 below) to estimate the445

production of O8 HOM from PA and ACP. The ipso-BPR molecular rearrangement reaction446

rates 𝑘𝐵𝑃𝑅−𝑀𝑅−𝐶2 of 5.0 ×  10−3, 0.6, and 5.3 ×  10−3 s–1 are used for BZ, PA, and ACP,447

respectively, obtained from our quantum chemical computations. The subsequent 1,6 H-shift448

rate coefficient 𝑘1,6 𝐻−𝑠ℎ𝑖𝑓𝑡were computed for PA and ACP to compare the speediness of their449

overall autoxidation rates.  These rates explain the difference in the influence of NO between450

the two aromatic carbonyls observed experimentally.  The HOM_O8 (reaction step 10 below)451

is shown to produce directly after the 1,6 H-shift reaction of BPR_C2. Here, a pseudo-452

unimolecular O2 addition reaction (converting O6 to O8) is embedded in that reaction step. We453

did not compute the 1,6 H-shift rate coefficient after the BPR rearrangement for BZ. Therefore,454

in the case of BZ, we run the simulation with reaction steps 1– 9. One example of the reaction455

steps is as follows:456

1. PA + OH => RO2_C (𝑘𝑃𝐴−𝑂𝐻 = 4.24 × 10−11 cm3 molecule–1 s–1)457

2. NO + OH => HONO (𝑘𝑁𝑂−𝑂𝐻 = 3.3 ×  10−11 cm3 molecule–1 s–1)458

3. HONO + OH => H2O + NO2 (𝑘𝐻𝑂𝑁𝑂−𝑂𝐻 = 6.0 × 10−12 cm3 molecule–1 s–1)459

4. NO2 + OH => HNO3 (𝑘𝑁𝑂2−𝑂𝐻 = 4.1 ×  10−11 cm3 molecule–1 s–1)460

5. RO2_C + RO2 => Sink_a (𝑘𝑅𝑂2−𝑅𝑂2 = 3.2 × 10−11 cm3 molecule–1 s–1)461

6. RO2_C + NO => RONO2 (𝑘𝑅𝑂2−𝑁𝑂 = 9.0 × 10−12 cm3 molecule–1 s–1)462

7. BPR => BPR_C2 (𝑘𝐵𝑃𝑅−𝑀𝑅−𝐶2 = 0.6 s–1)463

8. BPR + RO2 => Sink_b (𝑘𝑅𝑂2−𝑅𝑂2 = 3.2 ×  10−11 cm3 molecule–1 s–1)464
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9. BPR + NO => BPR_NO (𝑘𝑅𝑂2−𝑁𝑂 = 9.0 × 10−12 cm3 molecule–1 s–1)465

10. BPR_C2 => HOM_O8 (𝑘1,6 𝐻−𝑠ℎ𝑖𝑓𝑡 = 0.6 s–1)466

467

Figure S23. Time series of primary peroxy radicals (RO2_C) and HOMs produced in aromatic468

carbonyl OH oxidation reaction simulated under atmospheric conditions (a–c). Reactant469

concentrations: aromatic carbonyl = 1ppb (2.46 ×  1010 molecules cm–3), OH = 1.0 ×  107470

molecules cm–3, NO = 0.1, 1 ppb (2.46 ×  109, 2.46 × 1010 molecules cm–3), and RO2 =471

5.0 ×  108 molecules cm–3. The black dashed line indicating a reference concentration of472

3.0 ×  103 molecules cm–3 intersects the product curves at different reaction times. In panel473

(a), the O8 HOM reaches the reference concentration before 1 s. In panels (b) and (c), the O8474

HOM and RB-C2 (O6 HOM), respectively, reach the reference concentration in varying475

reaction times.476

In the case of PA, Figure S23a shows that in reference to a concentration of 3.0 ×  103477

molecules cm–3, O8 HOM appears in sub-second reaction time in both 0.1 and 1 ppb NO478

conditions. This observation is completely in line with the experimental observation of HOMs479

within 0.9 s from PA oxidation initiated by OH. For acetophenone in Figure S23b, the O8 HOM480

with a concentration of 3.0 ×  103 molecules cm–3 is formed around 3 s reaction time at 0.1481
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ppb NO condition, still in close agreement with the experimental observation of HOMs within482

2.7s. On the other hand, the production of ring-opened O6 HOM in BZ oxidation (Figure S23c)483

seems to be rather slow compared to the experimental observation of HOMs.  This is important484

to note that HOM concentrations in Figure S23 are the lower limits of individual HOM485

production based on the contribution of only ipso-BPR. If there is a possibility of forming486

HOM from other BPR channels, the actual concentration of these products will be more than487

what is seen here. In the case of OH initiated oxidation of BZ, the simulation results488

(concentration of RO2_C vs O6 HOM) also indicate that the reaction channel involving the489

aldehydic H abstraction by OH may contribute to especially Cx-1 HOM and hence any yet490

undiscovered pathway along this channel can be of importance. The experimental results491

shown in Figure 1 (short reaction time experiments) of the main manuscript were conducted492

without NO addition. However, these simulations that include the reactions of NO with other493

radical species have only the suppression effect as discussed before. Therefore, it is important494

to remember the reaction conditions while making a direct comparison between the experiment495

and simulation. Nevertheless, the fast formation of HOMs in aromatic carbonyl oxidation with496

OH in the laboratory flow reactor system is very well reflected in the simulation model operated497

under atmospheric conditions.498
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