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[bookmark: _Hlk210922798]S1. Atmospheric Pathways and Reaction Mechanisms of N₂O₅, ClNO₂, and HONO
[bookmark: _Hlk211779749]Dinitrogen pentoxide (N₂O₅) is one of the key gas-phase precursors involved in nighttime nitrate formation. It is produced via the reaction of nitrogen dioxide (NO₂) with the nitrate radical (NO₃·) (R1, R2). Both NO₃· and N₂O₅ are rapidly photolyzed by sunlight, resulting in negligible concentrations during the daytime, however, they can persist in the atmosphere for short periods during the night in the absence of solar radiation. N₂O₅ reacts heterogeneously on particle surfaces to form either HNO₃ or ClNO₂. The rate of heterogeneous reactions is influenced by both relative humidity (RH) and the available particle surface area (Tham et al., 2018; Zhou et al., 2018; Wang et al., 2020). While increasing RH may enhance uptake by promoting aqueous layer formation, the relationship is nonlinear and can saturate or even decline under high-RH conditions. Similarly, larger aerosol surface area generally increases uptake and product formation. The HNO₃ formed via nighttime N₂O₅ hydrolysis may subsequently react with ammonia (NH₃) to produce nitrate (Chang et al., 2011; Yang et al., 2021; Zang et al., 2022).
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Nitryl chloride (ClNO₂) is known to act as a reservoir for nitrogen oxides (NOₓ) and chlorine radicals (Cl·), thereby influencing ozone (O₃) formation and related photochemical processes (Li et al., 2021; Chen et al., 2024). In the atmosphere, ClNO₂ is formed through the heterogeneous reaction of N₂O₅ with particulate chloride (Cl⁻) on aerosol surfaces. Its production is affected by the concentration of N₂O₅, N₂O₅ uptake coefficient (γ(N₂O₅)), and concentration of Cl⁻. ClNO₂ is rapidly photolyzed after sunrise under solar irradiation, thereby leading to enhanced levels of NO₂ and Cl· during the early morning hours. Previous studies have reported that Cl· released from the photolysis of ClNO₂ significantly impact the atmospheric oxidation capacity, with consequential effects on O₃ formation and secondary organic aerosol (SOA) production (Ma et al., 2021; Dai et al., 2025; Wang et al., 2025).
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Nitrous acid (HONO) is a major precursor of the hydroxyl radical (OH·), which is a key oxidant in the chemical reactions of organic and inorganic compounds, and it reacts with volatile organic compounds (VOCs) to affect the formation of O₃ and PM₂.₅ (Chen et al., 2023). HONO can be formed in the atmosphere via the reaction between nitric oxide (NO) and OH·, but it is also directly emitted from a variety of sources including vehicle exhaust, soil emissions, and the photolysis of nitrate-containing compounds. Due to its importance, the formation mechanisms of HONO remain an active area of research (Liu et al., 2017; Xue, 2022; Andersen et al., 2023).


S2. Iodide Chemical Ionization Mass Spectrometry (I-CIMS)
[bookmark: _Hlk211776265]A CH₃I permeation tube (CH₃I + C₆H₆) was used to generate iodide ions (I⁻), and the permeation tube was heated to approximately 80 °C. Approximately 250 sccm of high-purity nitrogen gas (N₂, 99.99%) was passed through the permeation tube to generate CH₃I + C₆H₆ gas, which was then introduced into the reactor equipped with a vacuum ultraviolet (VUV) lamp. A krypton lamp, which emits at 116.486 nm and 123.582 nm, was used as the VUV source. When the benzene containing CH₃I absorbs VUV light, CH₃I reacts with photoelectrons to produce I⁻. The sample gas was introduced into the reactor at a flow rate of approximately 2000 sccm, and the pressure inside the reactor was maintained at approximately 50–55 mbar. Acetonitrile (ACN) was introduced (10~15 sccm) at the front of the reactor as a dopant to promote the formation of I(ACN)⁻ reagent ions instead of I(H₂O)ₙ⁻ clusters. This minimizes the humidity dependence of the ion–molecule reactions and improves signal reproducibility (Riva et al., 2024). The acetonitrile was mixed with the sample and introduced into the reactor, where it reacted with I⁻ ions generated by the VUV lamp and was subsequently transferred to a standard time-of-flight (ToF) mass spectrometer chamber (Tofwerk AG, Switzerland) for ion detection and analysis.

S3. The quality control and quality assurance (QC/QA) of I-CIMS
The quality control and quality assurance (QC/QA) of I-CIMS measurements were conducted to determine the minimum detection limit (MDL), relative standard deviation (RSD)(EPA, 2017, App. B; Skoog et al., 2017). The MDL was calculated using blank sample data and the t-value at a 95% confidence level (Eq. S1). The blank samples used for MDL were obtained by introducing high-purity N2​ gas (99.99%). 
[bookmark: _Hlk210941391]In Eq. S1, N₁ denotes the number of independent blank runs, and N₂ denotes the number of replicate blank analyses per run (e.g., pre- and post-blank); within each replicate, time-series points were averaged to a single value to preserve independence. In Eq. S2, Sb is defined as the effective standard deviation of the blanks obtained by combining independent variance components.
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	Eq. S1

	
	t = value of t for 95% confidence level 
Sb = Standard deviation of blanks
N1 = The number of independent blank runs
N2 = The number of replicate blank analyses per run
	



	
	
	Eq. S2

	
	Si = Standard deviation of each independent variance component
	




	
	
	Eq. S3

	
	N = The number of data points
 = Each of the values of the data
 = The mean of 
	



To evaluate the analytical precision of I-CIMS, the relative standard deviation (RSD) was calculated using Eq. S3. 
	
	

	Eq. S4

	
	 N = The number of data points
 = Each of the values of the data
 = The mean of 
	



[bookmark: _Ref132897714]Since no certified standard gases exist for N₂O₅, ClNO₂, or HONO, the absolute calibration accuracy cannot be directly evaluated against a reference standard. Therefore, in this study, the calibration uncertainty was estimated by considering the accuracy of the NO₂ (T500U) or NOₓ (T200) analyzers used to generate the calibration precursors, together with the dilution uncertainty of the mass flow controllers (MFCs). The combined input uncertainty, including both factors, was determined to be 4.5~4.7% (1σ) and used to derive the expanded uncertainties of the reported sensitivities (k = 2, 95% confidence level). Wall losses were not explicitly accounted for; to minimize their impact, the sampling line was kept as short and straight as possible. Consequently, the reported uncertainties primarily reflect the contributions from dilution and reference monitor accuracy, along with the regression statistics of the sensitivity fits.
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	= uncertainty of the dilution ratio
 = uncertainty of the Gas monitor


U 
	



The Table S1 summarizes the QC/QA results for each compound measured by I-CIMS.
Table S1. Quality control and quality assurance (QC/QA) for I-CIMS
	
	N2O5*
	ClNO2*
	HONO**

	MDL
	4.0
	2.6
	0.3

	RSD (%)
	4.2
	4.5
	0.9

	Expanded Uncertainty (%)
	9.4
	10.7
	10.2

	* : ppt, **: ppb





S4. Gas monitors
A NO₂ analyzer (Teledyne T500U) was used to monitor changes in NO₂ concentration during the calibration of N₂O₅ and ClNO₂. In addition, an O₃ analyzer (Thermo 49C) was installed to observe variations in O₃ concentration. The NO₂ analyzer operates based on the cavity-attenuated phase-shift (CAPS) method and measures NO₂ concentration using the absorbance of 450 nm light-corresponding to the NO₂ absorption range-based on the Beer-Lambert law and the optical path length. The NO₂ analyzer was calibrated by diluting NO₂ standard gas (9.72 ppm, gas cylinder) with zero air. The O₃ analyzer (Thermo 49C) is an ultraviolet (UV) photometric analyzer that determines O₃ concentration by measuring the absorption of UV light at 254 nm by O₃ in the sample gas. Calibration of the O₃ analyzer was performed using a 146C Dynamic Gas Calibrator (Thermo Scientific, U.S.) to generate O₃.
A NOₓ analyzer (Teledyne T200, Molybdenum converter) was employed to track variations in NOₓ concentration during the calibration of HONO. The NOₓ analyzer measures NO, NO₂, and NOₓ based on the chemiluminescence method. For the calibration of NO and NO₂ measured by the NOₓ analyzer, NO standard gas (10.1 ppm, gas cylinder) and NO₂ standard gas (9.72 ppm, gas cylinder) were diluted with zero air.

S5. N2O5 Calibration 
In this study, to quantify N₂O₅ measured by I-CIMS, N₂O₅ was generated by reacting NO₂ and O₃, following the method described by Liu et al. (2024). Generally, N₂O₅ crystals can be produced by reacting excess NOₓ and O₃, or by reacting P₂O₅ with fuming nitric acid to obtain high-concentration N₂O₅ crystals (Bertram et al., 2009; Liu et al., 2024). However, N₂O₅ crystals obtained through these methods require multiple purification steps to achieve high purity, thereby rendering the process operationally complex, especially when targeting ppt-level concentrations through dilution. Furthermore, the dilution process from high-concentration N₂O₅ increases the uncertainty in generating N₂O₅ at specific ppt levels (Wang et al., 2016). 
To verify the stoichiometric relationship between NO₂ consumption and N₂O₅ formation, experiments were conducted under O₃ levels (47.1, 49.1, 59.4, 90.1, 137.6 and 202.5 ppb) while maintaining a constant NO₂ concentration (9.72 ppm) and a residence time of approximately 74 s in the PFA reactor. As summarized in Table S2 and Table S3, Δ[NO₂] and [N₂O₅] exhibited an linear correlation (slope = 0.5, R² = 0.99), consistent with the stoichiometric conversion 2NO₂ → N₂O₅ (R1–R2). This result confirms that the contribution of the NO₃ self-reaction (R3) to the overall NO₂ loss was negligible under the excess-NO₂ conditions used in this study.
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Table S2. Experimental conditions for N₂O₅ generation under different O₃ concentrations
	O3 before mixing (ppb)
	O3 after mixing (ppb)
	NO₂ after mixing (ppb)
	[O₃]/[NO₂] ratio
	Residence time (s)

	53.3
	49.1
	773
	0.06
	74

	97.8
	90.1
	773
	0.12
	74

	220
	202.5
	773
	0.26
	74

	Note: NO₂ concentration was held constant (9.72 ppm), and only O₃ was varied to change the [O₃]/[NO₂] ratio.




Table S3. Relationship between the decrease in NO₂ (ΔNO₂) and the produced N₂O₅ concentration
	
		Δ[NO₂] (ppb)



	[N2O5] (ppb)
	Slope
([N2O5]/ Δ[NO₂])

	1
	19.4
	9.35
	0.48

	2
	126.5
	66.1
	0.52

	3
	283.8
	142.5
	0.50

	Note: The slope (~ 0.5) and R² ≈ 0.99 confirm a 2 : 1 relation between ΔNO₂ and N₂O₅ formation.



[image: ]
Fig.S1. Relationship between the decrease in NO₂ (ΔNO₂) and the produced N₂O₅. Red circles - experimental data; red dashed line - theoretical 0.5 × ΔNO₂ relation; black line - linear fit (slope = 0.50, R² = 0.99).

Table S4. Summary of N2O5 concentration in previous studies
	Location
	Site type
	Period
	N2O5 (ppt)
	Reference

	Seoul, Korea
	Urban
	2015.05
	4100 ± 1200
2600 ± 1600
	Brown et al., 2017

	Jiangsu, China
	Suburban
	2018.05
	26.0 ± 35.7
	Li et al., 2020

	Jinan, China
	Urban
	2014.09
	22 ± 12 (278*)
	Wang et al., 2017

	South China Sea
	Island
	2021.11
	119.5 ± 128.6**
	Wang et al., 2024

	Shenzhen, China
	Coastal Background 
	2019.09
	55.6 ± 89 (1420*)
	Niu et al., 2022

	Changzhou, China
	Suburban
	2019.05
	61.0 ± 63.1 (477.2*)
	Zhai et al., 2023

	*: The highest concentration of N2O5, **: The nighttime average concentration of N2O5


S6. ClNO2 Calibration 
Two representative methods for ClNO₂ generation have been established in previous studies: (1) the second relies on the reaction between N₂O₅ and a NaCl slurry and, (2) the first utilizes Cl₂ gas introduced into a NaCl and NaNO₂ mixture to initiate reaction (R4), (Wang et al., 2016; Xia et al., 2020; Lou et al., 2022; Chen et al., 2024).  In this study, we adopted approach (1), in which N₂O₅ was reacted with NaCl slurry.
[bookmark: _Hlk211194826]In the Cl₂ based method, a slurry prepared by mixing NaCl and NaNO₂ at a molar ratio of approximately 10:1 is loaded along the entire length of the reaction chamber, and Cl₂ gas is then introduced. Through R4, the NO₂⁻ generated in the NaCl–NaNO₂ slurry reacts with Cl2 to synthesize ClNO₂ (Thaler et al., 2011).
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Table S5. Summary of ClNO2 concentration in previous studies
	Location
	Site type
	Period
	ClNO2 (ppt)
	Reference

	Nanjing, China
	Suburban
	2018.04
	3700*
	Xia et al., 2020

	Jinan, China
	Urban
	2014.09
	94 ± 58
	Wang et al., 2017

	Beijing, China
	Urban
	2017.06
	174.3 ± 262
	Zhou et al., 2018

	Beijing, China
	Semi-rural
	2016.05
	487** (2900*)
	Breton et al., 2018

	Shenzhen, China
	Background
	2019.10
	247 ± 264.3**
	Niu et al., 2022

	*: The highest concentration of ClNO2, **: The nighttime average concentration of ClNO2





S7. Sensitivity 
[bookmark: _Hlk211960695]Table S6. Sensitivitiy for I-CIMS in this study
	Compound
	Sensitivity (cps/ppt)
	R2

	N2O5
	1.1
	0.99

	ClNO2
	0.31
	0.98

	HONO
	0.665
	0.99




[bookmark: _Hlk211962004]While previous studies have reported that N₂O₅ may exhibit a sensitivity up to an order of magnitude higher than ClNO₂ under ideal collision-limit conditions (Lee et al., 2014; Lopez-Hilfiker et al., 2016), the smaller difference observed in this study (~3.5×) is likely due to instrument-specific factors such as ion-transfer efficiency, and declustering voltages, as discussed by Aggarwal et al. (2025). These parameters can redistribute the detected ion signal without contradicting the kinetic limit.
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