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Abstract. Oxidation of volatile organic compounds (VOCs) involving hydroxyl radicals (OH") -and nitrogen oxides (NOy),
or nitrate radicals (NOj) forms organic nitrates that undergo gas-particle partitioning, changing the lifetime of nitrogen
compounds-and their deposition on ecosystems. In urban areas, VOC composition is complex, with contributions from traffic,
cooking, volatile chemical products (VCPs), and biogenic emissions. Secondary organic aerosol (SOA) formation from urban
VOC mixtures was investigated using chamber experiments during the SAPHIR-CHANEL campaign under realistic VOC-
NOy and oxidation conditions. The yield of total organic nitrates is higher for precursor mixtures with a higher percentage of
unsaturated VOCs, such as those from traffic and cooking sources (11-21 %), compared to VCPs and complex urban emission

replicas (2-7 %). Enhanced particle-phase partitioning is observed under nighttime oxidation (by NOjy) versus daytime oxi-
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dation (by OH"). Particulate organic nitrates have a higher average molecular weight under nighttime conditions (334330 13
80 g mol ') than under daytime conditions (258250 24-30 g mol ') due-to-inereased-oligomerizationmainly due to a higher
dimer fraction. Similarly, the mass fraction of the total organic aerosol that is organic nitrate is 2.6—4.5 times higher under
nighttime than daytime conditions, likely due to higher molecular weight and lower temperatures. Although gas-phase organic
nitrate composition varies substantially between precursor mixtures, bulk organic nitrate velatility-partitioning is generally
similar to that of modeled oxidized monoterpene nitrates (10 4-~10 2 m3 pg ! at 18-40 °C). These findings improve under-

standing of bulk organic nitrate sources and properties in a-complex-turban-environmentcomplex urban environments, allowing

better simulations of air quality and nitrate deposition.

1 Introduction

As sulfur oxide emissions decrease due to emission controls, reactive nitrogen species are becoming increasingly important
atmospheric constituents, in particular for the formation of secondary aerosols. The term "total odd nitrogen species”" (NOy,)
is commonly used to refer to reactive nitrogen species, which include nitrogen oxides ([NOy] = [NO] + [NOs]) and NOy
reservoir species (NO,). NO, includes chemical species such as nitrate radical (NO3), nitrogen pentoxide (N2 Os), nitric acid
(HNOj3), nitrous acid (HONO), organic nitrates (ON; e.g., alkyl nitrates (RONOy), peroxy nitrates (RO2NQO»)), and inorganic
nitrates-nitrate (NOg ).

Several modeling studies have shown that particulate nitrate is becoming the principal component of continental aerosols on
both the global and regional scales (Adams et al., 1999; Metzger, 2002; Liao et al., 2003; Rodriguez and Dabdub, 2004; Feng
and Penner, 2007; Bauer et al., 2007; Paulot et al., 2016; Bian et al., 2017; Vasilakos et al., 2018; Drugé et al., 2019; Lu et al.,
2021). The climatic impact of nitrates through aerosol radiative forcing modification is predicted to become larger than sulfate
in the upcoming century (Adams et al., 2001; Schaap et al., 2003; Liao et al., 2003; Bauer et al., 2007; Erisman et al., 2011;
Westervelt et al., 2015). Some regions of Northwestern Europe with relatively higher nitrogen emissions, compared to the rest
of Europe, already experience greater importance of nitrate than sulfate aerosol. For instance, in the Netherlands, inorganic
nitrate in the form of ammonium nitrate (NH4NO3) makes up the majority of aeresel-ambient aerosol mass (Schaap et al.,
2004; Schlag et al., 2016; Nursanto et al., 2023).

Although inorganic nitrate is prevatentdominant, the contribution of ambient ON is not negligible. With spatial and seasonal
variability, the average mass fraction of particulate nitrate in forms of ON varies from 9.8 % in winter Beijing, China (Xu et al.,
2021), 13 % in Barcelona, Spain (Mohr et al., 2012; Pandolfi et al., 2014), 17-31 % for annual average in China (Yu et al.,
2024), up to 34—44 % in Europe (Kiendler-Scharr et al., 2016) and 20—60 % in the Netherlands during spring and summer (Nur-

santo et al., 2025). ON can play a significant role in secondary organic aerosol (SOA). Beeause-ONs-typically-havelongerONs
have variable atmospheric multiphase lifetimes -2-97-ranging from 12-97 h (Genzilez-Sénchezet-al;-2023);Jonger-than-for

non-hydrolyzable small RONO» and from 2—-15 h for non-hydrolyzable isoprene and terpene nitrates (Gonzédlez-Sdnchez et al., 2023

different compared to the lifetime of NO,, 2-29 h (Singh, 1987; Ryerson et al., 1998; Nunnermacker et al., 2000; Valin et al.,
2013; Romer et al., 2016; Kenagy et al., 2018; Lange et al., 2022);they-. Thus, ONs can modify the overall atmospheric lifetime
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of reactive nitrogen species, transport distance, and therefore the natural areas affected by nitrogen deposition. Therefore, it is
important to identify ON compounds formed in the atmosphere and to understand their precursor emissions and the chemical
processes they undergo to assess their impact on ecosystems.

NOy is mainly introduced to the atmosphere via combustion emissions, and involved in the oxidation of volatile organic
compounds (VOCs) produced from different sources in the troposphere. The fate of NO emissions is illustrated in Fig. 1,
showing that it can end up in the particulate phase as NH,NO3 or ON. ONs are typically formed at first in the gas phase, either
by the reaction between organic peroxy radicals (RO3) and NOy or between NOj and VOCs (the latter is usually considered
nighttime chemistry, because the NOj; photodissociates and reacts with NO rapidly during the day). These species can then
condense into the particle phase or undergo further reactions, forming SOA. The condensation of organic compounds depends
on many factors, such as the temperature, relative humidity, and oxidation level of the compound (Kroll and Seinfeld, 2008).
In urban mixtures with various VOC sources, the variety of produced ON compounds is still largely unknown. Because much

ON chemistry is not well understood, this component of SOA is likely to be poorly estimated in models.
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Figure 1. Reactive nitrogen species formation in the troposphere involving emissions of NOx, NH3, VOCs, and their reactions with oxidants
(e.g., OH, and NO3) to form particulate ammonium nitrate (NH4NO3) and ONss that are in equilibrium between gas phase ON (gON) and
particulate ON (pON). The dashed blue arrows represent the NO3 chemistry pathway for ON formation prevalent during nighttime, while

the dotted green arrows represent the OH’ chemistry pathway for ON formation prevalent during daytime.
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Although single VOC precursor experiments are helpful in determining the chemical mechanisms of SOA formation, the
interactions between the products of different precursors can lead to signi cant differences in particle composition, volatility,
and SOA yields (McFiggans et al., 2019; \oliotis et al., 2021, 2022; Shao et al., 2022). As the VOCs from fossil fuel-related
emissions are decreasing, several studies have shown that non-traf ¢ SOA precursors such as volatile chemical products (VCPs
originating from household cleaning and personal care products as well as cooking emissions are becoming increasingly
important in urban VOC chemistry (McDonald et al., 2018; Coggon et al., 2021; Gkatzelis et al., 2021; Wernis et al., 2022;
Coggon et al., 2024; Rivellini et al., 2024). VCPs and cooking VOCs are expected to increasingly dominate SOA formation
from anthropogenic VOCs in the urban environment of industrialized countries.

In summer 2024, the SAPHIR (Simulation of Atmospheric Photochemistry in a Large Reaction Chamber) atmospheric
simulation chamber at Forschungszentrum Jilich was used during the "Household Chemicals Amplifying Urban Aerosol

This paper focuses on understanding the differences in the yield, average molecular weight, and gas-patrticle partitioning of
organic nitrate formation from different VOC precursor mixtures under valiid$evels and oxidation conditions. We identify
the ON compounds and their bulk volatility in the selected urban mixture to Il the knowledge gap and enable modelers to

improve the simulation of nitrate aerosol formation, transport, and deposition in real-world atmospheric mixtures.

2 Methods
2.1 SAPHIR-CHANEL campaign

The SAPHIR-CHANEL 2024 campaign focused on understanding SOA formation from different co-emitted urban VOC pre-

emission inventories from the Atmospheric Emissions and Reactions Observed from Megacities to Marine Area (AEROMMA)
2023 campaign and previous studies (Warneke et al., 2023; Pfannerstill et al., 2024; Stockwell et al., 2025), the major atmo-
spheric chemical conditions in the urban atmospheres of United States and European cities were replicated by oxidizing various
VOC mixtures and mixed systems inside the SAPHIR chamber. SAPHIR is an outdoor cylindrical chamber (lengthd#18
ameter = 5m, and volume = 27@°%) made of double-wall Te on Im that allows investigation of gas phase species oxidation,
aerosol formation and chemical transformation with a minor in uence from the chamber wall (Rohrer et al., 2005; Bossmeyer
et al., 2006; Wegener et al., 2007; Brauers et al., 2007; Apel et al., 2008). The chamber is equipped with a shutter roof system
that allows exposure or blocking of sunlight to simulate daytime and nighttime chemistry.

Three variables were controlled for the experiments: VOC composhiOrgevel, and oxidation conditions, as listed in Table
1. The VOC precursor mixtures representing different urban emission sources used throughout the campaign are shown in Fig
2 and Tables S1, S2, S3, S4, and S5. These include biogenic and anthropogenic VOCs, such as single-compound experimen

of limonene, multi-injection source-speci ¢ experiments of VCP, diesel, gasoline, and cooking emissions, as well as complex

submitted). A more complex urbafoc-yYOC mixture was represented by the Los Angeles anthropogenic emission pro le,

4
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which combines VCPs, cooking emissions, traf ¢ emissions (100 % gaselme)amediuvmeonditionasarepresentationf
averagasrban(Coggon et al., 2024; Stockwell et al., 2025). We further investigated the SOA formation by combining the Los

Angeles anthropogenic mixture with biogenic VOC (BVOC) emissions to replicate a real-world emission pro le (Pfannerstill
et al., 2024). We also replicated a global city scenario where we have different traf c emission pro le (50 % gasoline, 50 %
diesel) representing European and global cities following Scholz et al. (2025). Lastly, we performed an experimental scenario
for future cities, where there is more in uence from biogenic emissions and less from traf ¢ (no traf c emissions aR®lpw
compared to the current day Los Angeles and global city emission pro le. The experiments exploredinetmperdo not

cover all the experiments performed during the SAPHIR-CHANEL campaign.

Figure 2. Relative VOC composition (calculated using mixing ratios) categorized by compound family for each urban VOC mixture injected
into the SAPHIR chamber during the SAPHIR-CHANEL 2024 campaign. The composition is based on the ngerprint compounds in the
adjusted emission inventories of urban United States and European emissions (see the details in Tables S1, S2, S3, S4, and S5 of th
Supplement).

The scenario of changingOy emissions and oxidation conditions was achieved by changini@eondition for each
VOC precursor mixture, and whether the roof of the SAPHIR chamber was opened or closed. Under daytime conditions, three
The low NO condition was accomplished by producifNgy only from the photolysis oHONO produced inside the
chamber from the Te on Im (Rohrer et al., 2009\ O concentrations were further suppressed by injecting additional ozone
(O3) up to 100ppb. This resulted in an average mixing ratio (after the roof was opened until it was closed) of 0.Q3pb.19

NO than for the loWNO conditions.



Date (yyyy.mm.dd) VOC precursor(s) Oxidation ad@ conditions jno,.(S 1)_
Single-compound precursor experiments
2024.07.01 limonene daytime, IAMO :§:.:6E-0:3
2024.07.03 limonene nighttime -
Source-speci ¢ emission mixture experiments
2024.07.04 VCPs daytime, loNO 4.1E-03
2024.07.08 VCPs daytime, mediudO :§:.:7E-0:3
2024.07.09 VCPs daytime, highO 4.5E-03
2024.07.05 VCPs nighttime :
2024.07.17 diesel daytime, medilMO 3.3E-03
2024.07.18 diesel daytime, highO 4.4E-03
2024.07.11 gasoline daytime, medilN® 3.3E-03
2024.07.10 gasoline daytime, hitO 4.3E-03
2024.07.16 cooking daytime, loWO 4.0E-03
2024.07.15 cooking daytime, mediudO 4.6E-03
Complex urban mixture experiments
2024.07.22 Los Angeles anthropogenic emission daytime, mediOm A4.7E-03
2024.07.23 Los Angeles anthropogenic emission nighttime -
2024.08.05 Los Angeles anthropogenic+biogenic emissian J+ daytime, lowNO 4.0E-03
2024.07.29 Los Angeles anthropogenic+biogenic emission daytime, métium 4.9E-03
2024.08.06 Los Angeles anthropogenic+biogenic emissi@n {NO3) daytime, highNO 4.1E-03
2024.07.31 Los Angeles anthropogenic+biogenic emission nighttime :
2024.07.30 global city anthropogenic emission daytime, medi@n 4.6E-03
2024.08.02 future city anthropogenic+biogenic emission daytimeNGw 4.2E-03
Background experiments
2024.07.28 background (no seed) daytime 4.9E-03
2024.08.04 background (with seed) daytime 3.2E-03

#nitial RH 20 %.

105 To obtain highNO conditionsNO was added before exposing the chamber air to sunlight, reaching mixing ratios of 0.23—

only enhanced for a short time interval @.5 h) after opening the chamber's roof, since it was converted W@y by the
photochemically produce@; andRO:5.
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Lastly, the nighttime oxidation condition was achieved by addiql andO3 to the chamber air and keeping the chamber's

Table S6 of the Supplement.
The typical sequences of SAPHIR-CHANEL chamber experiments are shown in Fig. S1 of the Supplement. A chamber

initial aerosol conditions. One hour after the introduction of seeds, the different VOC precursors in a given emission pro le
were added in sequential injections. Subsequently, the desired oxidation conditions were introduced to the chamber (i.e., the
addition of NO and O3 followed by immediately opening the roof, or the additionN®, and Oz while keeping the roof

closed). In the limonene experiments, the oxidation condition was established rst, followed by several injections of limonene

2.2 Instrumentation

2.2.1 Aerosol mass loadings and chemical composition measurements using high-resolution time-of- ight aerosol
mass spectrometer (HR-ToF-AMS)

Non-refractory submicron aerosol components speciated into organics (Org), M@k éulfate §O,), ammonium NH,),

and chloride Cl) were measured using a high-resolution time-of- ight aerosol mass spectrometer (HR-ToF-AMS) with a
standard vaporizer. The operating principles of the instrument, including the aerodynamic lens system, vaporizer, and electron
impact ionization, are described in detail by Canagaratna et al. (2007). Aerosols were sampled throuiging &/4' or 6.4

mm outer diameter and 0.06%r 1.7mm wall thickness) stainless steel tube at a total ow of 580 min *. The HR-ToF-

AMS was operated in V-mode throughout the campaign, providing chemical composition data at a time resolutian.of 1

The detection limit of the instrumemtasappreximatel from the baselinemeasurementat 2 min time averagingvas0.03

ug m 3, with a typical measurement uncertainty of 20 %.

Calibration of the HR-ToF-AMS was performed weekly using size-selecteshBbry NH,NO3 particles to determine the
ionization ef ciency (IE). In addition, the relative IE fd8O, was assessed usiiiyH 4)», SO, particles. For Org, the relative
IE was set to the default value of 1.4, while fdH, andSQ,, it was determined to be 4.4 and 1.3. The total aerosol mass
concentrations are calculated from the sum mass of @@, SO4, NH4, andCl species. Data analysis was conducted using
the PIKA 1.24 software toolkit, applying high-resolution peak tting for chemical speciation.
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To divide the total nitrate signal measured by AMS into particulate ammonium nitddtgNO3) and particulate organic
nitrate (pON), theNO;}; ratio method was applied (Farmer and Jimenez, 2010; Day et al., 2022; Takeuchi et al., 2024). This
method has been shown to successfully analyze organic nitrate composition in several studies (Fry et al., 2013; Pye et al., 2015
Kiendler-Scharr et al., 2016; Ng et al., 2017; Fry et al., 2018; Huang et al., 2019a, b; Brownwood et al., 2021; Day et al., 2022).
The method is described in Section S2.1 of the Supplement.

2.2.2 TotaINO y measurements

A chemiluminescencBOx monitor (Thermo 42iQTL) equipped with a modi edO,, inlet was deployed to measure the total

NOy concentration in the experiments. The instrument and the custom inlet setup have been described in detail in previous
work (Marsavin et al., 2023). The chamber air is sampled through enldhg Te on tube (1/4 or 6.4mm outer diameter,

4.0 mm inner diameter), as short as possible to prevent wall losses of adshbgdpecies (Neuman et al., 1999). The
sampled air then enters the exterN&y inlet box, which consists of HO,-to-NO molybdenum converter scavenged from
another instrument (Thermo 17i) and a temperature controller (Omega CN616A) to adjust the converter temperature. Through
the converter, th&lO, species are reduced MO by means of heat and reaction with the molybdenivio) before being
transported through a longer inlet line to the chemiluminescence detectoexiéraalconverter is operated at 38C, the

same as in Marsavin et al. (2023), to maximize the conversion of ONs. The sampled air then goes through the downstream inlet
line (approximately 3n of Te on tubing) and passes through a lter paper (PTFE, TE 38, WhatMjto avoid any residual

particles entering the main instrument. The air at a ow rate of 1 L rhiis drawn into the instrument using an external pump.

The chemiluminescenddOy instrument measurd$O, asNO with 1 min time resolution. The instrument was calibrated

with and without theNO,, inlet using a standafdOy cylinder, where the instrument's sensitivity remains relatively stable (

%). The detection limit of the instrument is50 ppt.

The conversion ef ciency oNH4NO3, (NH4)2SO4, and 2-ethylhexylnitrateaf-ON-a RONO, compound, Gonzalez-
Sanchez et al. (2021)) tdO by the heatedNO, converter at 350C was tested using simultaneous mass spectrometer
measurements. The detailed procedure is shown in Section S2.2 of the Supplement. The conversion ef cigizly W<
for RONO,, (94 2) % for NH4NO3, and(0 1) % for (NH4)>S0O,4. These results are comparable to the numbers reported
in other studies (Winer et al., 1974; Baylon et al., 2015) and con rm that the converter decoraqd¢S3 but notNH3z or
NH} . The conversion ef ciency oHHINO3 was not characterized, but Baylon et al. (2015) shows 95 % ef ciency using the
same converter condition. The detectiorHifiO3 also depends on the inlet line because the species is often absorbed by the
tubing (Neuman et al., 1999; Day et al., 2002; Keehan et al., 2020), which was minimized by making the inlet line as short as
possible. We therefore assume that there is negligible loBNGI; in the inlet line.

To extract the gON concentratio@4on) from the totaNO, measurements, we subtracted the thi@l, mixing ratio with
the simultaneous measurementdNa,, HONO, HNO3, and total ]NO3 (all in ppb) as expressed in Eq. 1.

Cgon= Cno, (Cno, * Chono + Chno ; + Cprnos) (1)
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TheNOy mixing ratio was measured using the Ecophysics CLD-780 TR, which operates on the principle of chemilumines-
cence detection, widely used in laboratory and eld studies, and long-term monitoring (Clough and Thrush, 1967; Fontijn et al.,
1970; Drummond et al., 1985). THONO measurements were made using the Airyx ICHADNO/NO, 200L, which used
an iterative cavity-enhanced differential optical absorption spectroscopy (ICAD) method (Platt et al., 1979, 2009; Horbanski
et al., 2019). ThedNO3 concentrations were obtained from the multi-reagent chemical ionization mass spectrometer (MR-
CIMS) measurements and the totdl@; concentrations were from the HR-ToF-AMS. We assume that dtlerspecies that

are not included in the subtraction are negligible.

2.2.3 Gas and particle phase chemical species measurements using gas chromatography (GC) system and chemical

ionization mass spectrometers (CIMS)

An online gas chromatography (GC) system, coupled to a ame ionization detector (FID) and mass spectrometer (MS), and four
online chemical ionization mass spectrometers (CIMS) were deployed to measure chemical compounds during the campaign
Each instrument has the ability to measure different types of compounds in the gas phase and particle phase. The details o
how each instrument was operated during the campaign can be found in Section S2.

The GC system has a thermal desorption unit and is coupled to a dual ame ionization and mass spectrometric detection
(GC-TD-FID/MS; Markes TT24-7xr with Kori-xr units, Agilent 8890 GC, Agilent 5977B MS). The system allows for cryo-
genic preconcentration, chromatographic separation, and dual detection to measure alkanes, alkenes, alkynes, aromatics, al
monoterpenes. FID targets the detection of light hydrocarbons and MS for heavier or structurally complex species.

The multi-reagent CIMS (MR-CIMS, Vocus B2, Tofwerk AG, Switzerlaisd)a newly designed instrument equipped with

bipolar ToF,whieh-eanis usedto simultaneously measure cations and anions without inner interference. MR-CIMS operates

with four different reagent ions (i.e., iodide, bromide, acetone dimer, benzene). In this work, we obtBiN@hemixing

ratio (sensitivity = 9.3ncps pptv 1) from the iodide channell () and the VOC species measurements such as isoprene,
aldehydes, aromatics, and monoterpenes (as signal intengityps) from the benzene channeC{Hg ). The design and
geometric structure of the ion-molecular reactor of MR-CIMS (i.e., Vocus AIM IMR) has been discussed in detail elsewhere
(Riva et al., 2024).

The amine-ToF used an Eisele type inlet for chemical ionization and coupled to an atmospheric pressure interface time-of-
ight mass spectrometer (CI-APi-ToF-MS). The precursor for the primary ion in the chemical ionization was propylamine,
and the generatedzH-,NH} reagent ions selectively ionize oxygenated organic compounds by forming adducts with neutral
molecules. The operating principles and instrument con guration are detailed in previous works (Eisele and Tanner, 1993;
Junninen et al., 2010; Berndt, 2021).

A Vocus long time-of- ight mass spectrometer (Tofwerk AG, Switzerland) was operated with ammonium reagent ions
(NHj -Vocus), allowing measurements of VOCs and oxygenated VOCs. The detailed operating principles and instrument
setup have been described elsewhere (Krechmer et al., 2018; Xu et al., 2022; Rogkmegdragress)

A Wall-Free Particle Evaporator (WALL-E) interface was coupled to an atmospheric pressure chemical ionization inlet

(Riva et al., 2019, 2020) connected to a high-resolution orbitrap mass spectrometer (Q-Exactive, Thermo Fisher Scienti c).
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The system includes a gas-phase denuder, a thermal desorption unit with sheath ow, a ceramic spacer for thermal isolation,
and a dilution/cooling unit (Gao et al., 2025). The instrument used bromide Bing @s reagent ions to measure organic
species in the particle phase.

The signal intensities of different organic compounds in the gas phas2g0 species from amine-ToF and 900 species
from NH} -Vocus) and in the particle phase- (1000 species from WALL-E) from various mass-to-charge ratieQ) in

the observation were visualized as ON composition pro le plots. Bhecempesitionpreles-werecharacterizedeparately

Asiivityin-eachinstramentFhesignals were summed

or-o hin men o hdate ad o egnavFhave diffaran )

from the signal intensity of compounds containing at least one nitrogen and three oxggel€X 3N ;). This criterion was
chosen because it represents the minimum number of nitrogen and oxygen atoms for an ON species, but is not limited to ONs
because it may also include other organic nitrogen compounds such as oxygenated amines and nitro aromatic compounds.

of how the ON species signal is distributed across carbon and oxygen atom numbers, rather than the actual mass distributior

of molecular composition.
2.3 Determination of organic nitrate yields

The ON molar yield in each chamber experiment was calculated by determining the ratio of the mixing ratio of total ON

ON molar yield ( Contw= Cvoc.oy) is expressed in Eqg. 2.

The total ON formed was calculated by subtracting the total ON prior the VOC injection from the total ON concentration
when the maximum SOA concentration has been reached (assumed to represent steady state). A visualization of these perioc
is shown in Fig. S5 of the Supplement. The percentage of VOC concentration that was consumed was calculated by observing
the signal intensity difference of various VOCs detected by the MR-C@4B3 or NH; -Vocus measurements between the
moment of VOC injection and the steady state. The expected injected concentration of each VOC was then multiplied by
the decrease in signal intensity for each compound (or compound family) to obtain the mixing ratio of consumed VOCs.
The expected mixing ratios of injected and consumed VOCs @z inj

10
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ON molar yield (%)= gvi?c’ti’tt 100% (2)
tol

Conitot: Mixing ratio of total ON formed in the gas phase and particle phase

Cvoc ot Mixing ratio of consumed VOCs

Presumably, ON species with different volatilities, and whether they are in the gas phase or the particle phase, would

have different lossed:

we acknowledge this challenge which can lead to potential uncertainties in the calculation. Measured gON and pON mixing

ratios are treated as bulk species. To calculate the yields, the bulk pON and bulk gON mixing ratios were corrected for dilution
and wall loss. In this work, the particle phase concentrations are corrected for wall loss and dilution by using the equation
C:; =9:01 exp((1:22 10 %) t), based on the observédH,),SO, decay. Gas phase wall losses are known to be negligible
(except for highly oxygenated molecules (HOMSs), see Zhao et al. (2018)), and thus, we only applied dilution correction to the
gas phase mixing ratios. The gas phase concentrations were corrected for a dilution rangidglfeofhmin *to6 10 4

min ! (chamber volume of 276 and in ow rate of 7-10m® h ! depending on the experiment).

We estimate the uncertainty (as one standard deviation) of the ON molar yield by propagating the uncertainties from the
determination of the mixing ratio of the total ON. The uncertainties include the half of detection limits of instruments measuring
NOy ( 25ppt), NOy ( 40ppt), andHONO (40 ppt), the uncertainty from calibration 6{NO3; measured by MR-CIMS
(15 %), the uncertainty of INO3 determination from AMS (20 %), the uncertainty fronNO; ratio method to obtain
pON from AMS ( 23 %, Takeuchi et al. (2024)), and the uncertainty from VOC signal decreas® §o, assuming the
maximum uncertainty is similar to MR-CIMS). The description of the uncertainty propagation is detailed in Section S3.1 of
the Supplement.

2.4 Determination of molecular weight and SOA mass fraction of particulate organic nitrates

The molecular weight of bulk particulat®ONO, (MW rono ,, includes organic moiety and nitrate functional group of

pON) for each experiment was determined using the signal intensity of compounds detected by WALL-E. Similar to the
approach in the previous section, only peaks with chemical formula containing at least one nitrogen and three oxygen atoms
(CxHyO 3N ;) wereincluded. The percentage or ratio of the signal of each peak to the summed signal intensity is multiplied
by the corresponding nominal mass of each peak, and then summed for all peaks to obtain the molecular weight of bulk pON
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(see Eq. 3).

MW _ Ax MW 3
PRONO , = A oo k 3
k=1 DNCeHyO 5N

265 MW ,prono ,: average molecular weight of bulk particulate organic nitrateR®KO, (g mol ')
A : signal intensity of compounkl
Ac,H,0 ;N - total signal intensity of organic compounds with form@aH, O 3N

MW, : nominal mass of the compoutkdg mol 1)

270 weight.We useds5Q % uncertaintyto our bulk pPRONO, moleculaweightestimateo considemuncertaintyof representingnass

compounds such as nitro aromatic compounds, wisiche also detected by WALL-E. However, we assume that their contri-
bution is minimal due to the low percentages of aromatic VOCs in the precursor mixture (0-16 %).
Using this bulk molecular weight, we can calculate the contribution of pON to the total organic aerosol (OA), which is

275 expressed as the mass fraction of the concentration of forlR&N©®» ( Cprono ,) to the total concentration of formed

OA ( Cop). The RONO, mass fraction is expressed in Eqg. 5. The mass concentratioR@NP,, which includes both

organic and nitrate moiety of ON, is calculated fr@ppn using the molecular weight of bulk organic nitrate (MMno , , in

g mol 1) in each experiment using Eq. 4. The total mass of OA includes the concentrations of AMS Org and pOND(&s

not ONO; since one of the oxygen is accounted as the AMS Org mass; see Takeuchi et al. (2024)).

MW zrono
280 C =C — PR 4
pRONO » pON 62g mol 1 4)
. C
pRONO, mass fraction (% —P2MN92 109004 (5)

Coa
CproNo , - Concentration of pON aRONO; (ug m )

Cpon: concentration of pON asONO; (ug m 3)
MW rono ,: molecular weight of bulk organic nitratg (nol h
285 Cprono , - total concentration of formed pON &ONO, (ug m 3)

Con: total concentration of formed Org, and formed pON d@$0, (ug m °)

We estimate the uncertainty (as one standard deviation) of R@ND, mass fraction from the uncertainty of the deter-
mination of ]NO3 and Org in AMS (each contributes20 %), theNO; ratio method to obtain pON from AMS (23 %,

290 uncertainty propagation is detailed in Section S3.2 of the Supplement.
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2.5 Gas-particle partitioning of organic nitrates

Every compound in the atmosphere can partition between the gas and particle phase according to its properties (e.g., chemice
structure, volatility, functional groups). This partitioning reaches an equilibrium or steady state for a given compound at a given
temperature and a given total aerosol mass. Therefore, calculating the bulk equilibrium partitioning in an atmospheric mixture
can help us understand the average bulk organic species that are produced in the atmosphere.

The partitioning of a compounidbetween the gas and particle phases can be described by the sorption of organic com-

saturatiorconcentratior{C; ). The effective saturationconcentratiordescribeghe saturationconcentratiorof a vaporovera

Cg,i Mot

Kp,i:

K p.i gas-particle partitioning coef cient driven by volatilityr@ pg 1)

Cy,i- concentration of in the particle phase

Cy,i: concentration of in the gas phase

Myt total absorptive mass concentration, measured by HR-ToF-ANg$n(|£)

13



315 mixture{Brownweood-etak;2021) Ky, thusinverseof C; .

Coi 1 1
Kpipi = = == (6)

gt Cg;i mtot:_ Ci

Y mol HK pi . gas-particle partitioning coef cient driven by volatilityr@ pg 1)

R: ideal gas constant (0.0&2atm K

f om: @bsorptive organic fraction of the F8§; : concentration of in the gas phase

320 MW, average molecular weight of the organic matten{ol *)m: total absorptive mass concentration, measured by HR-ToF-,

 activity coef cient of compound in the organic fraction of the Ppf ;: pure liquid vapor pressure ofat T (atm)conversion factors?|

In this study, we characterize the bulk ON in the gas phase and the particle phase under equilibrium conditions using the

325 the gas phase to the particle phase is equal to the reverse rate. We identify this equilibrium condition as when the maximum

ug m 3), based on the AMS measurements. There is minimal exchange between the two phases under this condition, and thus
the system can be considered in steady state. Further reactions within the particle phase and thermal decomposition, howeve
are not considered in this assumption. For limonene and nighttime Los Angeles experiments, we also describe the partitioning

330 that happens just before a new injection is performed in the chamber (when SOA is still increasing) to compare it with the
equilibrium condition.

We compargheresultsfrom thetwo calculationmethods,

335 representheactualequilibrium occurringin the chamberFurthermorewe alsoneedto considerthe uncertaintyof C and

340 Thetwo-dimensionalolatility basisset(2D-VBS)
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345 volatility asisopleths.Thesesoplethsarecalculatedor saturatiorconc

expressiorof thegroupcontributionmethodfor the logarithmof Cf
0 — o i i n% ni)
logC”=(nc n¢) be np o 2 no+ i bco (7)

350

ratiojs obtainedirom ni

355 ( ONOy) is similar to_the volatility of the

360 Theuncertaintyfor O:Cratiofrom WALL-E is approximatedo be50 %, to takeinto accountheuseof signalintensityinstead

Thetheoreticalvaluefor K _is a function of the averaggemperaturgT) andthe vaporpressureof i atagivenT (pp,),.as

365 whichis assumedo be 1 (seeEq. 8). By estimatingthe pureliquid vaporpressureof i with a given MW o and , K, _can

comparedo theobservedulk valueof K ;. to deducethe averagevolatility of the organiccompoundgormed(thusrelatedt
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390

= 8
100 MWom PP, 8)

We compare the observed valueskof on (calculated using Eq. 6), to the theoretical valueKgfon for various ON
structures at a given chamber temperature (calculated using Eq. 8). The chemical structures are interpreted based on the ke
m=Q identi ed by gas phase and particle phase CIMS. Through this comparison, we can assess whether the gas-particle
partitioning of the bulk ON re ects the ON composition formed from each experiment.
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3 Results and discussion
3.1 Estimating organic nitrate yields

The consumed VOC mixing ratio in each chamber experiment is presented in Table 2. A detailed list of the consumed VOCs

are provided in Tables S1, S2, S3, S4, S5 of the Supplement. In general, we observed a higher consumption of VOCs undel

We observederossexperimentsa decrease by 96 % in average of isoprene signal/concentration under daytime conditions
and 61 % under nighttime conditions. For monoterpenes, limonene is completely consumed (98-100 %) for both daytime
and nighttime conditions, while the consumption epinene and -pinene varied from 63 % up to 100 %. Saturated and
unsaturated aldehydes (carbon numbes; i.e., pentenal, hexadienal, heptanal, octenal, nonanal, decanal) showed a decrease
of signal/concentration by 20 % to 99 % under daytime conditions and by 22 % to 59 % under nighttime conditions. Aromatic
VOC:s (i.e., toluene and xylenes) were consumed from 39 % to 87 % under daytime conditions and 22 % to 51 % under
nighttime conditions.

With the percentage of VOCs consumed varying depending on the compound and the oxidation conditions (daytime vs.

emission pro les as precursors (i.e., cooking, gasoline, diesel). The source-speci ¢c emission pro les contain a high percentage

of unsaturated compounds such as isoprene, monoterpenes, sesquiterpenes, unsaturated aldehydes, and alkenes (see Fig

17
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forms RO, which canreactwith NOy to form organicnitrate compoundsJnder nighttime oxidation, the carbon-carbon

from OH:-initiated RO, +limeneneexperimenteportecby Pang-etak{(20223r¢NO reaction which takesinto accounthat

In contrast, experiments replicating VCPs and more complex urban emission pro les (i.e., the replica of Los Angeles city,

global city, and future city emission pro les) have 2—70%%| molaryields, lower compared to the experiments replicating other

source-speci ¢ emission pro les. Since complex urban emission replicas also contain VCPs, we suggest that VCP emissions
may drive the suppression of ON yields. They contain a higher percentage of lighter VOCs that do not contribute signi cantly

to the mass of ON formed in these experiments. Lower amounts of consumed VOCs are observed for these compounds fror
compound families such as alkanes (e.g., 17-36 % for isobutane) and alcohols (e.g., 17-38 % for ethanol and 24-32 % for

isopropyl alcohol).
3.2 Estimating molecular weight and mass fraction of particulate organic nitrate

Although the VOCs consumed under daytime conditions are higher than those under nighttime conditions, the ON molar
yields are not higher for the daytime experiments compared to their nighttime counterparts. The different chemical mechanism
of ON formation under daytime condition®©H" chemistry is prevalent) compared to nighttime conditidN®§ chemistry

is prevalent) likely explains this difference. The impact of the difference in chemistry is observed on the molecular weights
of bulk pON as shown in Fig. 3a for composition when the SOA formation has peaked. The summary of the molecular
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Table 2. List of ON yields{and their uncertaintyfrom experiments in the SAPHIR-CHANEL 2024 campaign included in this work, which

were grouped based on volatile organic compound (VOC) precursors and arranged in ascending order fM@mtdohigh NO levels,

including nighttime conditions. The yields are presented as the molar ratio of total ON formed in the gas and particle phases to the expected
consumed VOC concentrations-€oro=—Cvoc....Cane=  Cvoc oy in %). The molecular weighgstimateof pPRONO 2 (MW prono ,, in

g mol 1) and RONO, mass fraction to the total organic aerosol mass (OATfrono ,= Coa, in %),

certaintiesare

also listed. The particle phase concentrations are wall loss and dilution corrected, while the gas phase concentrations are dilution corrected.

Injected Consumed Total ON pRONO, Total OA
% Molar % Mass
VvoC Oxidation and vOoC voC formed | MW, formed formed .
. PRONO 2 yield® fractiorf
precursor NO conditions (Cvoci, ( Cvociot, ( Conon | (@mol ) ( Cprono 5, ( Coa, Contot Cprono 2)
ppb) ppb)* ppb) pgm ) pgm ?) Cvoc.a Con
Single-compound precursor
) daytime, lowNO 23 23 4.3 260 130 3.9 31.9 19 3 96
limonené S
nighttime 9 8 1.6 340 170 4.5 8.6 19 4 32 20
Source-speci ¢ emission mixture
daytime, lowNO 207 62 43 240 120 0.8 45 7 4 11 7
vep daytime, mediunNO 205 62 3.6 240 120 0.7 3.3 6 3 12 9
s
daytime, highNO 200 59 2.8 240 120 0.7 2.9 53 15 11
nighttime 101 27 17 310 160 3.6 5.2 6 4 49 30
) o daytime, mediunNO 31 14 1.8 300 150 0.5 1.1 13 5 32 26
diesel emission . .
daytime, highNO 31 14 3.1 320 160 0.7 2.4 21 8 23 20
) L daytime, mediunNO 43 20 3.2 260 130 0.4 0.8 16 6 34 31
gasoline emission . .
daytime, highNO 43 21 4.4 270 140 0.9 15 21 8 44 28
. L daytime, lowNO 43 24 33 210 110 0.5 21 14 4 18 11
cooking emission ; )
daytime, mediunNO 43 28 3.1 250 120 0.6 1.7 11 3 26 15
Complex urban mixture
Los Angeles daytime, mediunNO 247 95 3.2 240 120 0.6 1.9 32 20 18
anthr. emission nighttime 247 78 25 340 170 21 1.6 32 53 50
daytime, lowNO 234 113 34 260 130 1.0 6.2 31 10 7
Los Angeles ; .
. . daytime, mediunNO 234 103 25 250 130 0.8 6.4 21 9 8
anthr.+biogenic . .
L daytime, highNO 234 98 5.7 270 130 17 12.7 6 2 11 8
emission o
nighttimé 234 82 44 340 170 5.6 8.4 53 37 24
global city anthr. . .
L daytime, mediunNO 241 104 4.3 250 120 0.5 15 4 2 20 18
emission
future city anthr.+ .
) . o daytime, lowNO 232 107 24 260 130 1.2 10.8 21 8 6
biogenic emission

2The consumed VOC mixing ratio is calculated based on the percentage of signal decrease of individual precursor compound, observed by various instruments, multiplied by the expected
injected VOC mixing ratio (see Tables S1, S2, S3, S4, and S5 of the Supplement).

b Limonene was injected several times at three distinct time period (interval t-ea6h).

¢ NO,+03 were added at two distinct times (intervahj

short-chainRO; (formationof C s compounds) under nighttime conditions accounts for this difference. In Fig. 3b, we see

higher contributions of heavier compounds w@h 15 (e.g., dimers) to the bulk pON under nighttime conditions, 56 % for
the single-compound limonene experiment, 36 % for the VCP experiment, 51 % for the Los Angeles anthropogenic emission
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Figure 3. (a)Molecular weights of bulk pON asRONO , (g mol 1) determined using signals from WALL-E measurements when the SOA
formation has peaked, sorted rst by daytime versus nighttime conditions, and then by the complexity of the VOC precursor mixture. The

ivity-correcteghassconcentrationThe plot shows

fraction over total OA (left y-axis, bars in %hetemperaturdrighty-axis;in-). The whiskers represent the uncertainty of the mass fraction
(one standard deviation).
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replica experiment, and 57 % for the Los Angeles anthropogenic+biogenic emission replica. On the other hand, experiments
under daytime conditions only report 0—-22 % contributiol€of,o compounds.

To further show the contribution of ON to the total organic species, we determindR@B&IP, mass fraction to the to-
tal OA of each chamber experiment in Table 2 and visualize them in Fig. 3c. We observe that the nighttime conditions for
each VOCNOy mixture have a higherRONO, mass fraction compared to their daytime counterparts. The percentage of
pRONO;, mass fraction undedO3; oxidation at nighttime conditions varies from 32-53 %, a factor of 2.6 to 4.5 higher than
its daytime counterparts (9—20 %). VOCs from traf ¢ and cooking emissions show varROINE, mass fractions ranging
from 18-44 %. The difference can be partially explained by lower temperature and higher RH during nighttime experiments,

which promote the condensation of ON that increases its mass fragtisnciatedwith-their-molecularweightnighttime

in higher ON production with heavier compounds compared to day@de chemistry, thus converting a larger fraction of

the organic precursor to organonitrates, leading to a higher contributioRON®. to the total SOA mass concentration.

be found in Tables S6 and S7. We show only the results calculated using instantaneous observed gas and particle phase col
centrations to represent the actual equilibrium in the chamber. The wall loss and dilution corrected concentrations have similar
partitioning behavior compared to the instantaneous concentrations. They are found to systematically@pered&pn by
0.001-0.021, and systematically decreliseon by up to3 10 *m3 pg ! (see Table S7).

ratio methodfrom calibratedAMS observation) and the x-axis Gyon (Obtainedfrom calibratedtotal NOy, NOy, HONO,

(Cgon; Cpon)) in the plot (shown as dashed grey lines) will have the s@gs=Cgyon Slope, and thus a similar pro le but
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of light (nighttime-conditionstlight blueanddarkgrey,respeetively) darkgrey)conditions.

p = . y I ]
We observe that SOA formation under nighttime conditions is characterized by GygerCyon values (0.030-0.137) than

under daytime conditions (0.007—-0.045). This daytime and nighttime difference can be partially explained by the temperature

and RH differences in the chamber. The temperature during nighttime experiments was systematically lowef@)8-26
compared to the daytime experiments (242@) after SOA formation has been reached, which is also representative of real-
world temperatures. This temperature drop also affected the nighttime RH (18-51 %) versus the daytime RH (13-42 %); see
Table S7 for details. Lower temperatures and higher RHs in this study are likely associated withCygteCyon values,

which promote the condensation of low-volatility compounds into the particle phase to form SOA.
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The availability of light also modi es the oxidation mechanism of organic species in the chamber. The presence of sunlight
in daytime experiments enhances photolytic reactions that le@Htoformation, promoting oxidation reactions of organic
compoundsnto RO;, forming ON (if terminated wittNOy) and non-ON species. In contrast, the absence of light favors a
longer lifetime of theNO3; formed fromNO, and O3, which results in the nighttimBlO; oxidation of organic compounds
that will lead to the formation of ON. This is in line with several laboratory and chamber studies, which have shown that SOA
fermatienyield from NO3 oxidation of BVOCs is larger compared to SOA formed fr@H" or O3 oxidation (Hallquist et al.,

1997; Grif n et al., 1999; Spittler et al., 2006; Ng et al., 2008; Fry et al., 2009, 2011; Rollins et al., 2009; Boyd et al., 2015; Ng
et al., 2017). Ozonolysis reactions also contribute to SOA formation during daytime and nighttime conditions, but we expect

chemistry. A higheC,on=Cyon Value implies a preference for species to condense into the particle phase, which is associated
with lower-volatility species. The daytime and nighttime difference in average molecular weight is also consistent with the
different chemical mechanisms and species volatility. HoweveNthecondition in this study does not seem to in uence the
particle-to-gas ratio of ON. This suggests that changes in the avii@grixing ratio in the chamber (0.07-1.@pb) do not

modify the chemical mechanism of ON formation and the volatility distribution of bulk ON.

nitrate fall

3.3.2 Relationship between VOC precursor, particle-to-gas ratio, and ON composition distribution

We observe the clustering of certain urban VIO mixtures in the particle-to-gas ratio scatter plot in Fig. 4 (see Fig. S6

for the same plot but color-coded by the VOC precursor mixture). The WOG-mixtures from VCPs, cooking emission,

diesel emission, and gasoline emission under daytime conditions have some of theQgwesI,on values (0.007-0.016)
compared to other experiments. VCPs and limonene \WI&-mixtures under nighttime conditions halgon=Cyon values
(0.061-0.137) up to 10 times higher than in the other experiments. The rest of the experiments are scattered in low and
moderateCpon=Cyon Values (between 0.007-0.042), which are mainly complex urban MOC-mixtures (i.e., the Los
Angeles emission, global city emission, and future city emission).
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The differences irC,on=Cyon across ON formation with different VOC precursors can be explained by looking further
at the speci ¢ ON compounds measured in the bulk gas and particle phases. Each VOC precursor mixture contains different
compounds with varying reactivities (i.e., functional groups, number of carbon atoms, hydrocarbon saturation; see Fig. 2),
which affect the ON species formed in gas and particle phases. In Fig. 6, we plot the signal intensity of organic compounds
containing at least one nitrogen and three oxygens (which is the minimum number for an ON species), detected by various

chemicalionizationmassspeetremeteCIMS instruments in the gas phase (W#, -Vocus and amine-ToF) and in the particle

the experiment of limonene for the single-compound precursor, the experiment with VCP mixture for the urban emission
mixture, and the experiment of Los Angeles anthropogenic+biogenic emission replica for the complex urban mixture. Pro les
for experiments with other VOC precursors are shown in Fig. S6 of the Supplement.

The ON composition distribution shown here is an estimate of how the ON species signal is distributed across carbon and
oxygen atom numbers, rather than the actual concentrations, as each detected species may have a different sensitivity in eac
instrument. In general, both in Figs. 6 and S6, we see that ON species are formed across varying humbers of carbon atom:
in the gas phase. However, the distribution of carbon number of ON in the particle phase does not always match that in the
gas phase. The ON species in the particle phase tend to be compounds with carbon numbers skewed around 10 (6—10) ar
20 (15-20), which are largely associated with the carbon backbone of monoterpenes (either whole or fragmented into smaller
compounds) and their dimers. In terms of oxygen atom number, ON tends to have fewer oxygen atoms (3-8) in the gas phase
while ON tends to be more oxygenated (more than 6 atoms) in the particle phase. This is intuitive from the point of view of
volatility-driven gas-particle partitioning, where more oxygenated species have lower volatility and are therefore more likely
to partition to the particle phase than less oxygenated species. The further oxidation of the ON species starting from the gas
phase until they condense into the particle phase is part of SOA formation and aerosol aging, which shapes the ON composition

The difference between the ON pro les of the daytime experiments (Figs. 6a—c and S6d) and the nighttime experiments (Figs.
6d—f and S6e) of limonene precursor, VCP mixtures, Los Angeles anthropogenic emission, Los Angeles anthropogenic+biogeni
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emission, and future city anthropogenic+biogenic emission pro le is the most recognizable for the particle phase pro le.
In addition to species related to monoterpene compounds (carbon number 6-10), substantial signal fraction is observed for
monoterpene dimers (carbon number 15-20) in the particle phase, where it represents 15-48 % of the tédéfesignad
in-sensitivityis-netyeteensidered). A recentstudyshowsthatthe massfraction contributionof dimersis abouta factor of 2

This result shows that photooxidation promotes the formation of monoterpene nitrates with lower carbon atom numbers (6—
10), while oxidation processes under nighttime conditions in the chamber mayR@soproduction that leads to more dimer

In contrast, the daytime experiments using VOC precursors from diesel, gasoline, and cooking emissions show less specie:
diversity in the particle phase (Fig. S6a—c). These VOC precursor mixtures do not contain any or only trace amounts of
biogenic compounds (2 % or less), and instead more anthropogenic VOCs from the alkane, alkenes, aromatic, and/or aldehydk
compound family. This suggests that although these compounds may react to form ON in the gas phase and in the particle
phase, they mostly produce high-volatility compounds that are less likely to condense into the particle phase and form SOA.

These interpretations require further analysis, as the ratio between the signals can change dramatically depending on the
sensitivity of each compound an=Q, and how they fragment. Additionally, thermal decomposition may also affect the mea-
sured particle phase, and thus the species distribution pro le of ON. Nevertheless, these ndings give some insight that even in
a very complex urban emission and changing urban emission composition (for instance Los Angeles anthropogenic+biogenic

composition.
3.3.3 Observed vs. theoretical gas-particle partitioning coef cientK , on)

We compare the observéd, on at equilibrium (calculated using Eq. 6) for the different chamber experiments as a function
of the average temperature in the chamber under equilibrium condifiggg.§ in Fig. 7. We visualize the results in this way

becaus& , on depends on temperaturEhe valueof K , on.is calculatedbasedon the calibratedmeasurementsf total NOy,
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the calculations for all experiments can be found in Tables S6 and S7 of the Supplement.
We found that the nighttime experiments of limonene precursor, VCP mixtures, Los Angeles emission pro le, and Los
Angeles anthropogenic+biogenic emission pro le have higheanK , on values (6:1. 3:2) 10 3 m3 g ! atT =295 3

nighttime conditions enhance the condensation of chemical species to the particle phase.
This may seem biased since the daytime experiments are never done at lower temperature (and vice versa). However
we-highlight-thatbecausenighttime temperatures are lower than daytime temperatures in the reabwrdd—so-that,

chemicalcaomposition.Under nighttime conditions scontainmuch lessvolatile nitratesand higher molecular

Furthermore, when we examine thg, on values at temperatures between®°®tand 27°C, for which both daytime and
nighttime experiments were conducted, we see that the trend of gl for nighttime experiments compared to daytime
experiments still holds for similar temperatures. The uncertainty range also overlaps minimally betwBgypthealues.

compoundsthusresultingin lower K, on.

near-zeraNO conditions(Fig. 6f). However,thesedimersare not observedn the gasphase possiblybecausehey rapidly

articlesor arelostduringsampling Oxidationby NO3 alsomayoccurwith p
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