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1. Measurement and data processing of aerosol mass spectrometer 

The total organic particle mass and size distribution was measured by a high-resolution time-of-flight aerosol mass 

spectrometer (HR-ToF-AMS; Aerodyne Inc.). AMS data analysis was performed using standard software written for 

Igor software (V7.08, WaveMetrics, Portland, OR), including SQUIRREL (version 1.60C) and PIKA (version 1.20). 

For calculation of the organic particle concentration from AMS mass spectra, a collection efficiency of 0.2 – 0.5 

(determined by comparison with scanning mobility particle sizer, SMPS, measurement) and an ionization efficiency 

of (1.56 ± 0.1) × 10-7 (calibrated with 300nm ammonium nitrate particles) were used. In this study, only mass spectra 

in the range m/z 12 – 120 was obtained with the AMS operated in V model (mass resolution: 2000). Large ion masses 

had a low signal-to-noise ratio. The elemental ratios of organics including oxygen-to-carbon and hydrogen-to-carbon 

ratios (O/C and H/C) were calculated from the V mode data based on the ‘Improved-Ambient (I-A)’ method 

(Canagaratna et al., 2015). 

  



2. Measurement and data analysis of a proton transfer reaction time-of-flight mass spectrometer 

equipped with the chemical analysis of aerosol online particle inlet 

The concentrations of indole were measured by a proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-

MS 4000, Ionicon Analytic GmbH) equipped with the CHARON (Chemical Analysis of Aerosol Online) particle inlet. 

Data were analyzed using PTR viewer 3.3.12. During the period of indole injection and oxidation, the PTR-ToF-MS 

was operated for measuring gaseous volatile organic compounds (VOCs) only. The gas phase was measured at a flow 

rate of 40 SCCM via a PEEK (polyether ether ketone) tube. Furthermore, a flow rate of 3.9 L min−1 was added to the 

total flow to minimize the residence time in the sampling tube. For measuring gases, the drift tube of the PTR-MS was 

kept at 353.15 K and 2.7 mbar, leading to an electric field (E/N) of 92 Td. In this study, we calibrated indole with pure 

water solvent using a liquid calibration unit (LCU-a, Ionicon Analytic GmbH), as shown in Figure S3 (Gao et al., 

2022). We obtained indole sensitivity as 200 ± 21 ncps ppb-1 (ncps: normalized counts per second), as shown in Fig 

S3. The indole concentration was quantitative by using this sensitivity. 

  



3. Density calculation 

Effective densities of indole SOA were derived from comparisons of the mass distribution from AMS and volume 

distribution from SMPS (Saathoff et al., 2009). Briefly, the mass distribution vs. vacuum aerodynamic diameter is 

from AMS. And volume distribution vs. mobility diameter is from SMPS. The density was calculated as: 

𝜌𝑒𝑓𝑓 =
𝑑𝑣𝑎
𝑑𝑚

𝜌0 

Where 𝞺eff is the effective density, dva is the vacuum aerodynamic diameter, dm is the mobility equivalent diameter 

and 𝞺0 is the unit density (DeCarlo et al., 2004). 

 

  



4. Yield calculation 

The SOA yield was calculated as followed: 

𝑌𝑖𝑒𝑙𝑑 =
𝛥𝑆𝑂𝐴

𝛥𝑉𝑂𝐶
 

Where ΔSOA is the SOA mass concentration from SMPS. ΔVOC is a depleted indole concentration from PTR-MS 

(Saathoff et al., 2009; Ng et al., 2007). 

  



5. Wall loss calculation with aerosol dynamic model COSIMA 

To calculate the wall loss of SOA in the AIDA chamber, an aerosol dynamic model COSIMA was used to simulate 

the formation and dynamics of aerosol (Saathoff et al., 2009). COSIMA SOA mainly simulates the physical aerosol 

processes including particle diffusion to the walls, sediment deposition, coagulation, condensation, evaporation, wall 

losses of trace gases and dilution effects due to sampling. The chamber wall is assumed to act as an irreversible sink 

for particles and trace gases. The detailed information about the COSIMA model was reported by Saathoff et al. (2009) 

and Naumann (2003). Briefly, since the indole was consumed by O3, the intermediate products were further oxidized 

by O3 and led to the formation of SOA. It is relatively difficult to know which intermediate compounds were further 

oxidized by OH radicals. Therefore, we simplify the oxidation process by using oxidation of indole specifically by OH 

radicals. The rate constant for the gas-phase reactions of indole with OH radicals was (1.54 ± 0.35)×10-10 cm3 molecule-

1 s-1 (Atkinson et al., 1995). In the presence of AS-NO2 experiments, the reaction pathways are relatively complex. 

During this study, we mainly used the COSIMA model to simulate the SOA from oxidation of indole at reference and 

seed particle experiments. The organic mass concentration, particle wall loss and gas wall loss are shown in Figure S4 

and S5. The organic mass concentrations from the COSIMA model has a good agreement with the SMPS measurement. 

Therefore, the COSIMA model can simulate the SOA from oxidation of indole well. The yields were calculated for 

the initial period of the experiments, which lasted about 200 min. During this relatively short time period and due to 

the large size of the simulation chamber, particle losses contributed typically 4% or less to the total SOA mass. In 

presence of seed particle, the gas loss decreased by ~6 times. 

  



Table S1. Top 15 major products in the gas and particle phases identified in the ind-SOA sample from REF experiment.  

Phases Molecules Mass weights Mass fractions (%) DBE 

Gas 

phase 

C8H16O5 192.1 12.1 1 

C6H14O4 150.1 9.3 0 

C2H4O3 76.0 7.4 1 

C8H6O2N 148.1 4.5 7 

C7H4O2N 134.0 3.9 7 

C6H14O3 134.1 2.3 0 

C8H7O3N 165.1 1.9 6 

C2H2O4 90.0 1.8 2 

C2H4O4 92.0 1.7 1 

C4H6O4 118.0 1.4 2 

C8H6O3N2 178.1 1.4 7 

C3H6O4N 106.0 1.3 1 

C8H6ON 132.1 1.2 7 

C15H22O4 266.2 1.2 5 

C13H18O3 222.1 1.1 5 

Particle 

phase 

C8H7O4N 181.1 10.0 6 

C8H7O3N 165.1 6.2 6 

C8H5O3N 163.0 4.8 7 

C8H5O2N 147.0 2.6 7 

C2H2O4 90.0 1.7 2 

C7H7O5N 185.1 1.7 5 

C6H5O4N 155.0 1.6 5 

C7H7O4N 169.1 1.4 5 

C3H3O4N 117.0 1.3 3 

C7H5O5N 183.0 1.3 6 

C7H6O4 154.0 1.2 5 

C8H7O5N 197.1 1.1 6 

C5H5O4N 143.0 1.1 4 

C8H5O4N 179.0 1.0 7 

C8H3ON3 157.0 0.9 9 

DBE: double bond equivalent 

  



Table S2. Top 15 major products in the gas and particle phase identified in the ind-SOA sample from AS experiment. 

Phase Molecules Mass weights Mass fraction (%) DBE 

Gas phase 

C6H14O3 134.1 17.5 6 

C6H14O4 150.1 8.4 0 

C2H2O4 90.0 5.0 2 

C8H16O5 192.1 4.0 1 

C8H7O3N 165.1 3.4 6 

C8H7O2N 149.1 3.2 6 

C5H10O4 134.1 3.2 1 

C5H8O4 132.1 3.1 2 

C2H4O3 76.0 2.9 1 

C3H6O4N 120.1 1.8 1.5 

C8H6O2N 148.1 1.8 6.5 

C4H6O4 118.0 1.8 2 

C2H4O2 60.0 1.7 1 

C3H8O3 92.1 1.5 0 

C8H6ON2 146.1 1.4 7 

particle phase 

C8H7O4N 181.1 10.1 6 

C8H7O3N 165.1 8.3 6 

C8H5O3N 163.0 6.7 7 

C8H5O2N 147.0 2.7 7 

C2H2O4 90.0 2.0 2 

C7H7O5N 185.1 1.9 5 

C3H3O4N 117.0 1.9 3 

C6H5O4N 155.0 1.8 5 

C7H5O5N 183.0 1.7 6 

C5H5O4N 143.0 1.5 4 

C7H7O4N 169.1 1.5 5 

C7H6O4 154.0 1.3 5 

C6H5O5N 171.0 1.2 5 

C8H7O5N 197.1 1.0 6 

C4H4O4 116.0 0.9 3 

DBE: double bond equivalent 

  



Table S3. Top 15 major products in the gas and particle phase identified in the ind-SOA sample from NO2-AS experiment. 

Phase Molecules Mass weights Mass fractions (%) DBE 

Gas phase 

C8H9O2N3 179.1 12.2 6 

C3H6O3 90.0 10.4 1 

C6H14O3 134.1 9.7 0 

C8H6O2N2 162.1 8.7 7 

C6H14O4 150.1 4.8 0 

C10H13O2N 179.1 2.9 5 

C5H10O4 134.1 2.8 1 

C8H16O5 192.1 1.9 1 

C8H7O3N 165.1 1.6 6 

C2H4O3 76.0 1.5 1 

C8H7O2N 149.1 1.5 6 

C6H12O3 132.1 1.3 1 

C3H6O4N 120.1 1.2 1.5 

C2H4O2 60.0 1.2 1 

C4H6O4 118.0 1.0 2 

particle phase 

C8H6O2N2 162.1 76.3 7 

C8H7O4N 181.1 3.6 6 

C16H12O4N4 324.1 3.4 13 

C3H6O3 90.0 0.9 1 

C8H5O3N 163.0 0.7 7 

C8H7O3N 165.1 0.5 6 

C7H7O5N 185.1 0.4 5 

C7H7O4N 169.1 0.3 5 

C8H5O2N 147.0 0.2 7 

C6H5O4N 155.0 0.2 5 

C7H6O4 154.0 0.2 5 

C8H7O5N 197.1 0.2 6 

C3H3O4N 117.0 0.2 3 

C8H6O5N2 210.1 0.2 7 

C5H5O4N 143.0 0.2 4 

DBE: double bond equivalent 

  



 

Figure S1. Schematic of the AIDA simulation chamber and its instrumentation employed for this study. 

  



 

Figure S2. Evolution of trace gases, light absorption, particle mass, and size distribution of indole oxidation at REF. 

(a), AS (b), and AS-NO2 (c). 

As shown in Figure S2, the top panel shows the O3 concentrations or NO2 concentrations. The second panel shows the 

light absorption at three wavelengths (405, 520, 658 nm) of ind-SOA measured by a photoacoustic spectrometer (PAS). 

In the third panel, the right y-axis is indicated the aerosol mass concentrations. Organic aerosol mass concentrations 

were measured by an aerosol mass spectrometer (AMS) and a scanning mobility particle sizer (SMPS). The 

concentrations of seed particles (ammonium sulfate) were measured by AMS. The left y-axis is indicated the indole 

concentrations measured by a proton-transfer reaction time-of-flight mass spectrometer (PTR-MS). The final panel 

shows the particle size distributions measured by SMPS. The color scales are represented as particle number 

concentrations. 

  



 

Figure S3. Indole calibration plot for PTR-MS measurements: normalized signals at 118.15 m/z (ncps) vs. generated 

mixing ratio (ppbv) 

Figure S3 shows that the sensitivity of indole measured by PTR-MS was 201±21 (ncps/ppb). The standard 

concentration of indole was measured by a liquid calibration unit. ncps: normalized counts per second. 

  



 

Figure S4. Organic mass concentration from SMPS measurement and COSIMA model (a reference experiment), 

including organic mass from SMPS (black points), organic mass from COSIMA model (red points), gas wall mass 

(brown line), and particle wall loss (blue line). 

  



 

 

Figure S5. Organic mass concentration from SMPS measurement and COSIMA model (a seed particle experiment), 

including organic mass from SMPS (black points), organic mass from COSIMA model (red points), gas wall mass 

(brown line), and particle wall loss (blue line). 

  



 

 

Figure S6. Yields of ind-SOA during stable period were recorded in the REF (pink), AS (green), and AS-NO2 (black) 

experiments. The blue bar shows previously reported data by Montoya-Aguilera et al. (2017). The yields were 

calculated under stable periods for one hour (plateau level). 
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Figure S7. MAC405 online of ind-SOA during the three experiments measured by a photoacoustic spectrometer. AS-NO2 

(black), AS (green), and REF (pink). 

  



 

Figure S8. High-resolution AMS mass spectra of ind-SOA generated in the REF., AS, and NO2-AS experiments. The 

major ion groups are grouped for clarity as Cx (black), CH+ (dark green), CHO1 (green), CHOgt1 (pink), and CHN 

(purple). 

Figure S8 shows the mass fraction of aerosol fragmented ions from AMS measurement. Compared to the third panel 

(Figure S8 c) with other two panels, the ind-SOA in the presence of NO2 contains higher mass fractions of large 

fragmented ions e.g. C5H6NO3
+, C5H8NO4

+, and C13H6
+. In addition, it shows the lowest ratio of O/C with 0.62. It 

indicates that ind-SOA in the presence of NO2 has products of large molecular weight and low oxygenated states. 

   



 

Figure S9. Molecular characteristics of individual components of ind-SOA identified in the reference sample. Panel 

(a) is the normalization of UPLC-PDA chromatograms and identified chromophores. Panel (b) shows a compilation 

of the selected extracted ion chromatograms (EICs) and the molecular structure of the most abundant peaks. Panel (c) 

shows the MAC from UV-visible spectrometer and UPLC-PDA measurement and absorption fractions. Unresolved 

chromophores (grey), unassigned chromophores (black dark), and C8H7O3N (green). 
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