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Section S1. The free-jet flow-tube experiments. 

To minimize wall effects within the flow-tube, achieving laminar flow is essential. However, effective investigation 

of chemical reactions also requires thorough mixing of oxidants and reactants. Therefore, it is critical to select the 

total flow rate based on the length and inner diameter of the flow-tube, and to determine the injector flow rate 10 

according to the nozzle inner diameter. We adopted the flow-tube and injector design from a well-established free-

jet flow system developed by Berndt et al. (2015b, a, 2016), including the same flow rates: 95 L min-1 for the main 

flow and 5 L min-1 for the injector. To help the main flow to be laminar before mixing with the injector stream, two 

stainless-steel meshes were installed to two stainless-steel rings: one near the large flange (fixed) and another 

supporting (and moving with) the injector (Fig. 1). 15 

Computational fluid dynamics (CFD) simulations were performed using COMSOL Multiphysics (COMSOL, Inc.), 

including ozonolysis of 2,3-dimethyl-2-butene (TME). The results closely matched those reported by Berndt et al. 

(2015b): the central flow velocity increases to approximately 15 m s-1 at the nozzle and then rapidly decreases. 

Based on the ozone (O3) concentration without chemical conversion, the complete mixing along the centerline is 

achieved around 0.3–0.4 m downstream the nozzle.  20 

Due to the challenges in accurately modeling turbulent mixing, we conducted laminarity tests using smoke to 

visually assess the flow behavior under experimental conditions (videos are available as archived in Zenodo: 

https://doi.org/10.5281/zenodo.17250833; Zhang et al., 2025). Smoke was generated using a fluid smoke machine 

(OPTI MIST, Le Maitre Ltd) and blown at 23 L min-1 to mix with 72 L min-1 of zero air as the main flow. The tests 

show that after a thorough turbulent mixing, the flow became laminar approximately 40–50 cm downstream the 25 

nozzle. 

Based on the smoke tests, we determined that the shortest reaction distance to be used was 50 cm. The effective 

reaction time was then experimentally determined from a reaction distance from 50 to 110 cm, using ozonolysis of 

TME (Berndt et al., 2015b). In the presence of excess of TME relative to O3 ([O3]max = 9.5 × 1011 cm-3, [TME] = 

(0.2 – 1.44) × 1014 cm-3), the effective reaction time, t, was calculated using the expression: 30 

[𝑂!]"#$
[𝑂!]%

= 	𝑒𝑥𝑝)−[𝑇𝑀𝐸] ⋅ 𝑘"#$&'! ⋅ 𝑡1 (𝑆1) 

assuming constant [TME] and using a rate coefficient of kTME+O3 = 1 × 1011 cm3 molecule-1 s-1 (Witter et al., 2002). 

The decay of O3 was monitored by a photometric O3 analyzer. After correcting for a 3 s residence time in the 

sampling line and O3 analyzer, the effective reaction times at different distances were determined (Fig. S1): 2.5 s 

(50 cm), 4.6 s (70 cm), 6.4 s (90 cm), and 8.3 s (110 cm). 35 
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Compressed air supplied to the zero-air generator (ZA-737-250, Tisch Environmental) was filtered to remove 

particles and water vapors. After passing through the zero-air generator and mass flow controllers (MKS, Inc.), the 

main flow was further purified using adsorber containers (IAH-336A, Infiltec GmbH) filled with molecular sieves 

(9Å, IAC-510B, Infiltec GmbH), followed by HEPA filters (Whatman plc) to ensure particle-free conditions. 

During our experiments, throughout the flow-tube reaction distance, concentrations of O3, NO2, and monoterpenes 40 

(MTs) remained nearly constant, with conversion ratio generally below 1%, based on box model simulations (see 

Fig. S2 for example). Consequently, there was no particle present in our experiments, as the feed gas was particle-

free and particle formation did not occur due to the low reactant conversion and short reaction time. This is 

consistent with earlier flow-tube experiments under similar conditions (Berndt et al., 2018). 
  45 
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Section S2 Instrumentation and quantification 

The chemical ionization mass spectrometer (CIMS, Tofwerk AG/Aerodyne Research, Inc.) was coupled with an 

Eisele-type inlet (Eisele and Tanner, 1993). The sample flow is drawn in through a ¾-inch stainless steel tube at 

10 L min-1. A sheath flow is introduced at 20 L min-1 to minimize wall losses, and it carries either diethylamine 

(DEA) or isotopically labeled nitric acid (H15NO3) across an X-ray source, generating either diethylammonium 50 

(C4H12N+) or nitrate (15NO3
-) ions. Nitrogen flows over DEA and H15NO3 samples were at 10 ml min-1 and 50 ml 

min-1 respectively. In an electric field, the primary ion (or reagent ion) is guided towards the 10 L min-1 sample 

flow, where ionization occurs via clustering with sampled molecules. The resulting charged clusters are directed 

through a critical orifice into an atmospheric pressure interface time-of-flight mass spectrometer (APi-TOF), where 

they are detected based on mass-to-charge ratios (m/z) (Junninen et al., 2010). For quantification of CIMS data, the 55 

concentration of the molecule X is defined as 

[𝑋] = 𝐶 ×
𝑋	𝑖𝑜𝑛	𝑠𝑖𝑔𝑛𝑎𝑙𝑠

𝑟𝑒𝑎𝑔𝑒𝑛𝑡	𝑖𝑜𝑛	𝑠𝑖𝑔𝑛𝑎𝑙𝑠
(𝑆2) 

In the case of H15NO3 and DEA, the equations are shown as follows 
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[𝑋] = 𝐶 ×
𝑋 ⋅ 𝐶0𝐻)/𝑁&

𝐶0𝐻)/𝑁& + 𝐶0𝐻))𝑁 ⋅ 𝐶0𝐻)/𝑁& (𝑆4) 60 

The numerators in equations S3 and S4 are the measured signal intensities of the molecule X clustered by primary 

ions. In nitrate mode, we saw monomer (e.g., 15NO3
–) or dimer (e.g., H15NO3·15NO3

–) charged clusters, while in 

DEA mode, we mostly saw monomer (i.e., C4H12N+) charged ones. Note that in nitrate mode, we also observed 

adduct products with 14N nitrates, which were also included in equation S3. This occurred because the NO2 cylinder 

also produced HNO3 into our setup. Nevertheless, the 15N-labeled reagent ions consistently dominated the 65 

ionization pathways for the detected products in all experiments. The denominator in both equations (S3 and S4) 

corresponds to the total signal intensity of reagent ions. A calibration factor (C) is required to convert normalized 

signals to concentrations. Due to lack of an independent synthesis route for generation of RO2 radicals and closed-

shell products, a calibration factor of 7.3 × 109 cm-3 (at least ± 50%) was estimated from the sulfuric acid calibration 

experiments (He et al., 2023; Kürten et al., 2012). This approach has also been applied and validated in previous 70 

studies (Berndt et al., 2018, 2025), but possible differences in mass transmission of the instruments can cause 

additional uncertainties for larger organic molecules.  
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The Vocus proton-transfer-reaction time-of-flight mass spectrometer (Vocus PTR-TOF, Tofwerk AG) consists of 

two main components: the Vocus chemical ionization source and a standard time-of-flight mass spectrometer 

(HTOF). The Vocus consists of a discharge reagent-ion source and a focusing ion-molecule reactor (FIMR), for 75 

use in PTR-TOF measurements of volatile organic compounds (VOCs) (Krechmer et al., 2018). The reagent-ion 

source uses a low-pressure discharge to produce hydronium ions (H3O+), which are directed into the FIMR. Sample 

air enters the FIMR through a short (10 mm) PEEK tube with an internal diameter of 0.18 mm, acting as a pressure 

restriction similar to a critical orifice. VOCs in the sample air are ionized via proton-transfer-reactions and then 

detected by the HTOF. Further instrumental details are available in Krechmer et al. (2018). Calibration was 80 

performed using a gas-phase standard from a calibration cylinder (Apel-Riemer Environmental, Inc.) containing 

19 VOC components, including α-pinene (AP). The sensitivity of AP was approximately 781 cps ppb-1. Note that 

the Vocus PTR was only used during test experiments in Feb 2025 and was absent for actual experiments in July 

2025 due to its unavailability. During test experiments, when the syringe pump system was set to deliver 80 ppb of 

AP, the Vocus PTR-TOF measured 84 ppb, confirming the accuracy of the syringe pump system. Since the proton-85 

transfer rate constants between hydronium ions and different monoterpenes are quite similar (Zhao and Zhang, 

2004), we expect the initial MT concentrations to have an uncertainty of no more than about 20%. This syringe 

pump system was also used to inject other four MTs and TME at specific rates, based on the density and molecular 

mass of each compound and the target concentrations. 

The concentrations of NO2 and O3 were measured by gas monitors. A photometric O3 analyzer (model 400, 90 

Teledyne API) was used to detect O3 in the free-jet flow-tube. The amount of O3 determines how much of a 254 

nm UV light signal is absorbed in the sample cell. The absorption difference between the intact sample air and the 

O3-removed air, achieved by a switching valve periodically, enables the determination of the stable O3 

concentrations. NO2 was measured using an NO–NO2 analyzer (model T200UP, Teledyne API). With a high-

efficiency photolytic converter, NO2 is transformed to NO with minimal interference from other gases. Using the 95 

chemiluminescence detection principle, NO is measured by reacting with O3, yielding light in direct proportion to 

the amount of NO (Archer et al., 1995). In this way, both sampled NO and total NOx can be measured, without and 

with using the photolytic converter, respectively. This enables the determination of the NO2 concentration in the 

sample by subtraction. 
100 
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Figure S1. Determination of the reaction time for different reaction distances between the nozzle and the sampling port (50 – 110 
cm) by measuring the decay of O3 from its reaction with excessive TME: 2.5 s (50 cm), 4.6 s (70 cm), 6.4 s (90 cm), and 8.3 s (110 cm). 
Details see Section S1. 

  105 



7 
 

 
Figure S2. Time series of modeled compounds in the experiment with initial concentrations (in 100 L min-1) of AP, O3, and NO2 at 
20, 12, and 50 ppb (stage 6 in Fig. 2). In the pre-reactor (total flow: 1 L min-1), initial concentrations of O3, and NO2 are 1200 and 
5000 ppb. The reaction times are: 42 s (pre-reactor), 1.086 s (injector), and 8.8 s (flow-tube including the sampling inlet). 
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 110 
Figure S3. Timeseries of major products from Δ-3-carene + NO3 experiments measured using both DEA (panel A) and nitrate (panel 
B) modes. Concentrations (in cm-3) of radicals, closed-shell monomers, and closed-shell dimers are shown as dash-dot lines, solid 
lines, and solid lines with markers, respectively. Products are color-coded by origin: expected NO3 oxidation products (radicals, 
closed-shell monomers, and dimers) are shown in blue, yellow-orange, and green colors, respectively, while expected O3/OH 
oxidation products are shown in pink. Grey shaded areas represent background stages. Initial precursor concentrations (in ppb) 115 
shown at the top of each subplot correspond to values present in the total flow of 100 L min-1, without any chemical conversion. The 
effective reaction time is 8.8 s.  
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Figure S4. Timeseries of major products from limonene + NO3 experiments measured using both DEA (panel A) and nitrate (panel 
B) modes. Concentrations (in cm-3) of radicals, closed-shell monomers, and closed-shell dimers are shown as dash-dot lines, solid 120 
lines, and solid lines with markers, respectively. Products are color-coded by origin: expected NO3 oxidation products (radicals, 
closed-shell monomers, and dimers) are shown in blue, yellow-orange, and green colors, respectively, while expected O3/OH 
oxidation products are shown in pink. Grey shaded areas represent background stages. Initial precursor concentrations (in ppb) 
shown at the top of each subplot correspond to values present in the total flow of 100 L min-1, without any chemical conversion. The 
effective reaction time is 8.8 s. 125 
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Figure S5. Timeseries of major products from β-pinene (BP) + NO3 experiments measured using both DEA (panel A) and nitrate 
(panel B) modes. Concentrations (in cm-3) of radicals, closed-shell monomers, and closed-shell dimers are shown as dash-dot lines, 
solid lines, and solid lines with markers, respectively. Products are color-coded by origin: expected NO3 oxidation products (radicals, 
closed-shell monomers, and dimers) are shown in blue, yellow-orange, and green colors, respectively, while expected O3/OH 130 
oxidation products are shown in pink. Grey shaded areas represent background stages. Initial precursor concentrations (in ppb) 
shown at the top of each subplot correspond to values present in the total flow of 100 L min-1, without any chemical conversion. The 
effective reaction time is 8.8 s. 
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Figure S6. Timeseries of major products from β-myrcene + NO3 experiments measured using both DEA (panel A) and nitrate (panel 135 
B) modes. Concentrations (in cm-3) of radicals, closed-shell monomers, and closed-shell dimers are shown as dash-dot lines, solid 
lines, and solid lines with markers, respectively. Products are color-coded by origin: expected NO3 oxidation products (radicals, 
closed-shell monomers, and dimers) are shown in blue, yellow-orange, and green colors, respectively, while expected O3/OH 
oxidation products are shown in pink. Grey shaded areas represent background stages. Initial precursor concentrations (in ppb) 
shown at the top of each subplot correspond to values present in the total flow of 100 L min-1, without any chemical conversion. The 140 
effective reaction time is 8.8 s. 
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Figure S7. Ratio of reacted [MT] by NO3 to total reacted [MT] by NO3, O3, and OH, as a function of experimental stage. Different 
marker shapes and colors represent different MTs. Initial precursor concentrations (in ppb) shown at the top of each subplot 
correspond to values present in the total flow of 100 L min-1, without any chemical conversion. Stages 2, 5, 6, 7, and 8 (indicated by 145 
larger markers) were selected for studying NO3 oxidation products, as these stages have a constant initial MT concentration of 
20 ppb while systematically varying the NO2/O3 conditions. 
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Figure S8. The comparison of major NO3 oxidation product (monomers with O ≥ 7, dimers with O ≥ 11, and peroxynitrates with O 
≥ 10) concentrations from both DEA and nitrate mode. The marker face colors indicate the initial NO2 levels of experimental stages 150 
while shapes and edge colors indicate individual compounds. Note that stages 5 and 8 have the same [NO2]0 = 32.5 ppb. 
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Figure S9. Nitrate-CIMS spectra (10 min average) of MT + NO3 reactions at the experimental stage 6, with detailed charging schemes 
displayed in the parentheses. Initial concentrations were [MT]0 = 20 ppb, [O3]0 = 12 ppb, and [NO2]0 = 50 ppb, with an effective 
reaction time of 8.8 s. The spectra display the normalized peak signals (see Equation S3) and were corrected by subtracting 155 
background signals. Blue bars represent products (including both radicals and closed-shell species) from NO3 oxidation, pink bars 
show products from O3 or OH oxidation, and grey bars are for peaks not of interest. Note that, in some cases, multiple arrows point 
to a single formula from different m/z because one molecule can cluster with both 15N-labeled primary ions and non-labeled ones, 
resulting in two or three adjacent mass-to-charge ratios corresponding to the same molecule. Peaks above 460 Th are multiplied by 
2. 160 
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Figure S10. Concentrations (in cm-3) of the major closed-shell products from the MTs + NO3 reaction, as a function of reacted [MT] 
by the NO3 radical. Data from experimental stages 2 and 5–8 are presented as 10 min averaged measurements taken at an effective 
reaction time of 8.8 s. The reacted [MT] by NO3 was varied primarily by increasing [NO2]0 (values in ppb shown beneath each 
column). The only exception is the transition from stage 7 to stage 8, where [O3]0 increased from 12 to 18 ppb and [NO2]0 decreased 165 
from 86 to 32.5 ppb (see Fig. 2). Circles represent monomers measured by the DEA mode, crosses represent dimers measured by the 
DEA mode, and filled circles represent monomers by the nitrate mode. 
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Figure S11. Schematic showing two competing RO scission pathways of the nitrooxy alkoxy radical, C10H16NO4, originating from 
the Δ-3-carene + NO3 reaction. The nitrooxy-side β-scission leads to the formation of C10H16O2 while the alkyl-side β-scission 170 
promotes further autoxidation (Draper et al., 2019; Kurtén et al., 2017). The RO scission pathways for α-pinene and limonene follow 
the same pattern. 
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Figure S12. Ratio of peroxynitrates (RO2NO2) to their parent peroxy radicals (RO2), as a function of initial NO2 concentration 
([NO2]0). Data from experimental stages 2 and 5–7 are presented as 10 min averaged measurements taken at an effective reaction 175 
time of 8.8 s. The RO2 radicals with O = 5 to 7 and their corresponding RO2NO2 are measured from the DEA mode (their ratio 
presented in circles), while RO2 with O = 8 to 11 and their RO2NO2 are measured from the nitrate mode (their ratio presented in 
diamonds). Data points are colored according to the number of oxygen atoms in the parent RO2 radical. 
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Table S1. Reactions and their reaction rate coefficients used for the box model describing the flow-tube 180 

experiments. Rate coefficients at 298 ± 2 K were taken from literature or estimated based on reported values. 

Reactions Rate coefficientsa Reference 
Alpha-pinene + NO3 → products 6.2 × 10-12 

(Atkinson et al., 1984; Barnes et al., 1990) 
Delta-3-Carene + NO3 → products 9.1 × 10-12 
Limonene + NO3 → products 1.2 × 10-11 
Beta-pinene + NO3 → products 2.5 × 10-12 
Myrcene + NO3 → products 1.1 × 10-11 (Atkinson et al., 1984; Martínez et al., 1999) 
Alpha-pinene + O3 → 0.8 × OH + products 9.6 × 10-17 

(Aschmann et al., 2002; Atkinson et al., 1990, 
1992; Bernard et al., 2012; Witter et al., 2002) 

Delta-3-Carene + O3 → 0.86 × OH + products 4.9 × 10-17 
Limonene + O3 → 0.66 × OH + products 2.2 × 10-16 
Beta-pinene + O3 → 0.3 × OH + products 1.9 × 10-17 
Myrcene + O3 → 0.63 × OH + products 4.7 × 10-16 
Alpha-pinene + OH → products 5.3 × 10-11 

(Atkinson et al., 1986; Gill and Hites, 2002) Limonene + OH → products 1.6 × 10-10 
Beta-pinene + OH → products 7.6 × 10-11 

Delta-3-Carene + OH → products 9 × 10-11 (Atkinson et al., 1986; Grosjean and 
Williams, 1992) 

Myrcene + OH → products 2.2 × 10-10 (Atkinson et al., 1986; Tan et al., 2021) 
NO2 + O3 → NO3 + O2 3.2 × 10-17 (Atkinson et al., 2004; Ghormley et al., 1973) 
NO3 + NO2 → N2O5 1.9 × 10-12 

(Atkinson et al., 2004) 
N2O5 → NO3 + NO2 0.07 
NO3 + OH → NO2 + HO2 2 × 10-11 
O3 + OH → O2 + HO2 7.3 × 10-14 
NO2 + OH → HNO3 2.4 × 10-11 (D’Ottone et al., 2001) 
NO3 → Wall (inner diameter: 40 mm) 0.1 

(Lambe et al., 2020) 
NO3 → Wall (inner diameter: 8 mm) 0.24 
N2O5 → Wall (inner diameter: 40 mm) 0.04 
N2O5 → Wall (inner diameter: 8 mm) 1 

a Units: cm3 molecule-1 s-1 (bimolecular reactions) or s-1 (unimolecular reactions). 
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