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Abstract. Volatile Organic Compounds (VOC), particularly of biogenic origin emitted by vegetation and soils,
play animportantrole in the global Organic Aerosol (OA) budget. The introduction of field-deployable Aerosol
Mass Spectrometersin the early 2000s, combined with statistical analysis of their mass spectra, has significantly
improved our understanding of the impact of secondary processes on fine-mode aerosol concentrations. While
delivering innovative and significant insights, those analyses usually fail to explicitly identify
precursors/mechanisms. In this context, this work focuses on laboratory-generated secondary OA (SOA) of
biogenic VOC and its spectralanalysis through a new generation of aerosol massspectrometers, notably a Proton
Transfer Reaction Mass Spectrometer coupled to a Chemical Analysis of AeRosol Online (PTRMS-CHARON)
inlet. Aerosol particles were formed in the_.new DouAir atmospheric chambervia isoprene (ISOP) OH oxidation,
monoterpene Oz (limonene, MT), and sesquiterpene Os (B-caryophyllene, SQT) oxidation. ISOP experiments

targeted “low-NO” environments, typically remote forested tropical areas, via epoxidiols formation (I1SOP-

IEPOX-SOA), or through an alternative branching favored in the absence of acidic seed particles (ISOP-npn- ...

IEPOX-SOA) and “high NO” environments, representative in urban and polluted regions (ISOP-NO-SOA).
Experiments showed that those five SOA formation pathways (ISOP-IEPOX-SOA, 1SOP-ngn-
ISOP-NO-SOA, and the ozonolysisreactions of MT and SQT) exhibited distinguishable spectra, with identifiable

tracerions, suchasy/z 119.07 (CsH100s), /2137081 (CsH1204) for | SOP-1EPOX-SOA, CsH1004 (m/2135.070),

molecules with C7-Cjoand Cz- ictures, including characterisitic fragments jdentified during MT and SQT

oxidation experiments, respectively. Notably, m/z 83.049 (CsHsO) was detected in both low-NO isoprene

pathways, suggesting a broader diagnostic role, These laboratory findings depict promising results for ambient

-POX:S0A, ...~
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1. Introduction

Globally, organic aerosol (OA) particles account foran average of ~50 % of the submicron particulate matter

(PM3), however, with values ranging from 10 to 90 %. depending on the nature of the site (forested, urbanized

etc.) and atmospheric conditions (de Gouw and Jimenez, 2009; Tsimpidi et al., 2025).PM largely affectsradiative

. Deleted: Globally, organic aerosol (OA) particles account
¢ | for an average of ~50 % of the submicron particulate matter

(PM1, De Gouw and Jimenez, 2009), however with values
ranging from 10 to 90 %, depending on the nature of the site
(forested, urbanized, etc.) and atmospheric conditions
(Kanakidou et al., 2005; Seinfeld and Pankow, 2003).

forcing, climate, air quality, and public health,and hastherefore been the subject of intense research (Hallquist et .-
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al., 2009; Shrivastava etal., 2017; Nault et al., 2021; Pye et al., 2021),,
burden, a dominant fraction originates from the atmospheric oxidation of volatile organic compounds (VOC),

lile_primary sources contribute to this .- :

with hjogenic VOC (BVOC) being widely accepted asthe most significant precursors globally (Yafiez-Serranoet

al., 2020; Dadaetal., 2023),The chemicalcomplexity of biogenic secondary organic aerosol (BSOA) formation :

is high. Terpenoids such as monoterpenes and sesquiterpenes are key precursors in boreal environments due to

their rapid reactivity (Hakola et al., 2012; Zhou et al.,, 2017: Roldin et al., 2019). Conversely, in tropical regions

like the Amazon. isoprene dominates emissions, where its oxidation pathways, varyingdrastically between low-
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(POA, Zhang etal., 2011; Heald and Spracklen, 2009). It can
also be formed in the atmosphere through the oxidation of
volatile organic compounds (VOC), being then referred to
as secondary organic aerosol (SOA, Jimenez et al., 2009;
Hallquist et al., 2009). Globally, SOA is estimated to
contribute 0.88 Tg of the overall OA burden of 1.82 Tg
(Hodzic et al., 2016).
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NO and high-NO conditions, dictate the resulting aerosol composition (Martin et al., 2010; Leppla et al., 2025).
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Unraveling these distinct chemical pathways requires precise identification of the oxidation products, which serve

asunique tracers for source apportionment.

Mass spectrometric techniques such as Aerosol Mass Spectrometers (AMS) have been extensively used in the .

scientific community to understand OA loadings and dynamics (Hu etal., 2015; Kristensen etal., 2017). Howev
the high fragmentation associatedwith electron impact ionization hinders molecularcharacterization and reduces

the source/process identification capabilities. In recent years, new soft ionization techniques have been

implemented in mass spectrometry techniques to reduce fragmentation, allowing the identification of low-

volatility compounds at the molecular level, such as chemical ionization mass spectrometry (CI-MS) (Lopez-
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reaction steps, where volatile precursors potentially interact
with a range of oxidants such as hydroxyl radical (OH),
ozone (O3),and nitrate radical (NOs3), to form less volatile
organic compounds, thereby shifting their atmospheric
equilibrium towards the condensed-phase (Hallquist et al.,
2009; Donahue et al., 2011, 2012; Trostl et al., 2016). The
formation of SOA can undertake multiple reaction steps,
where volatile precursors potentially interact with a range of
oxidants such as hydroxyl radical (OH), ozone (O3), and
nitrate radical (NOs), to form less volatile products. These[T

Hilfiker et al, 2014; Eichler et al., 2015). Molecular ionization is achieved by the transfer of an

electron/proton/adduct of various reagent ions (e.q., Br_, H3O*, NH4*, I, Huanget al., 2021).£1-MS equipped

with a HsO* source (Proton-Transfer-Reaction Mass Spectrometry, PTR-MS) hasbeen the main tool for fastand

precise quantification of small organic gaseous compounds for several decades (de Gouw and Warneke, 2007).

More recently, the system has been coupled with thermo-desorption (TD) aerosol inlets, termed CHemical
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However, the application of CHARON to date has left specific gaps regarding BSOA. Previous field

deployments have successfully quantified bulk OA or identified specific tracers in urban and biomass burning
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plumes (Mdaller et al., 2017; Piel et al., 2019; Song et al., 2024). Similarly, laboratory applications have largely

. Etudies have touched upon biogenic precursors (Gkatzelis etal., 2018a,b).a comprehensi
spectral library covering the majorisoprene and terpene oxidation pathwaysis lacking.
[0 address this gap. we characterized the formation of SOA from the most relevant biogenic precursors in the
new Teflon DouAir atmospheric chamber. We systematically investigated five distinct SOA formation pathways,
namely monoterpene (limonene) and sesquiterpene (B-caryophyllene) ozonolysis, the isoprene-OH oxidation via
the HO, route, favoring or suppressing the epoxidiol route (IEPOX-SOA and non-IEPOX-SOA) under low-NO

conditions, and the isoprene-NO oxidation promotingthe isoprene-NO-SOA in high polluted environments,
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2. Materials and methods

2.1. DouAir Atmospheric Simulation Chamber

The experiments were conducted in the_new 9 m3 mobile DouAir Teflon chamber (Fig. 1), housed at IMT

Nord Europe, Douai, France. The chamber. madeof fluorinatedethylene propylene (FEP) Teflon. allows the study

of multiple atmospheric processes, including OH reactivity, peroxy radicalchemistry, and aerosol formation, both
in laboratory settings and field deployments. DouAir can be operated under dark conditions or irradiated either
via naturalsolar light or artificial UV lamps, allowing the simulation of a wide range of atmospheric conditions.
The chamberis equipped with 48 UVA actinic lamps (365 nm. 40 W, 1.2 m in length), with 24 lamps mounted

on each side. The photolysis frequency for NO, J(NO), was determined by actinometry and measured to be 1.42
x 10351,

Its injection line can be heated up to 100 °C to optimize the introduction of compounds with a wide range of

volatilities. The mixing time of gases is less than 4 minutes in the chamber (Supplementary Information, SI). A
zero-air generator (AZ purifier 2020, Claind) coupled to a humidification system provides continuously zero air
to compensate forthe sampling flow rate of the analytical instruments as well as to control the relative humidity
(RH), typically ranging from 8 L min-tup to 40 L min-%. The chamberis equipped with a large array of analytical
instruments focusing on VOC, aerosol particles, and atmospheric radicals, sampling from the opposite side of the

injection ports._The supplementary material presents the DouAir chamber characteristics, including mixing time

and wall loss correction factors for various species.

5 Actinic lamps 0; and NO,
y=9m Analyzer
PTRMS-KORE
BVOC 5 PTRMS-lonicon
Gas Phase
Seed particles
Particle Phase
135m U@ ‘ PTRMS-CHARON
" ‘ AMS
SMPS
2.82m

Figure 1: Schematics of the DouAir chamber depicting instrument layouts, ports, and injection points.
2.2. Instruments

The CHARON system (lonicon Analytik Inc, Innsbruck., Austria) is an aerosol inlet for the chemical
characterization of sub-micrometerparticles larger than ~125 nm. The system consists of a gas-phase denuder,a
critical orifice, and anaerodynamic lens (enrichment factor, EF ~21) focusing particles into a thermo-desorption
unit (TDU) at 140 °C at a pressure of typically 8 mbar (Muller et al., 2014). Determination of the instrumental
background is done automatically by switching the sampled air flow through a HEPA filter. ,
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The CHARON inlet is coupled here to a quadrupole interface PTRMS (PTR-QIiTOF-MS; lonicon Analytik
Inc, Innsbruck, Austria; Miller et al., 2014). The pressure and temperature in the drift tube were 2.6 mbarand 80
°C, respectively. Voltages in the drift tube were set to achieve 80 Td and 100 Td for the particle and gas phase
measurements, respectively. These electric fields (1Td = 1017 V cm?2) determine the kinetic energy of the ions
within the drift region, largely preventing the formation of water clusters but potentially leading to the
fragmentation of target molecules. Lower E/N values for the particle phase were possible due to water removal

by the CHARON denuder. To ensure high _mass accuracy and confidence in molecular formula identification

mass calibration was performed internally using fourubiguitous peaksspanningthe measured massrange. These

included the hydronium water isotope (HgQ; atm/z 21.022), the second water cluster (at m/z 55.039), and the

diiodobenzene peaks (CgHsIH*atm/z203.943 and GeHaloH* atm/z 330.848). This continuous internal calibration

resulted in a massaccuracy of betterthan 5 ppm acrossthe detection range.

[ Formatted: Font: Italic

The gas phase calibration of the PTRMS ion transmission curve was performed using a Gas Calibration Unit
(lonicon Analytik Inc., Innsbruck, Austria) coupled to a certified gas cylinder (National Physical Laboratory;
Worton et al., 2023) with RH levels comparable to the chamber experiments (15-50%). The gas cylinder contained
compounds ranging up to 370 amu, including hydrocarbons (e.g., benzene, toluene, m-xylene) and oxygenated
molecules (e.g., acetaldehyde, methylethylketone (MEK), and octamethylcyclotetrasiloxane). The quantification
of particle-phase concentration requires, in addition to accurate gaseous calibration, the determination of the EF
(i.e., the efficiency of particle enrichment before evaporation in the TDU and introduction into the drift tube)

described in Eichler et al. (2015). The theoretical EF is defined asthe ratio of the volumetric sampling flow rate

entering the Aerosol Dynamic Lens (ADL) to the volumetric flow rate entering the drift tube. However, to account
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resolution was 10 s.

or by introducing a known number of monodispersed
particles as described

for transmission efficiency and wall losses, the experimentalsize-dependent EF was determined by introducing a
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known number concentration of monodispersed particles, as described in Fichler et al. (2015) and Peng et al. :
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(2023). _In this study, ammonium nitrate (NHgNOz) and levoglucosan (CgH.10Qs) particles were used for

calibration with solutions atconcentrationsof 0.005 M and 0.01 M, respectively. The solutions were nebulized
using an atomizer (TSI 3080), and the resulting polydisperse particles were size-selected (100 nm - 400 nm) using
a differential mobility analyzer (DMA; TSI 3082). The monodisperse particles yere sampled by a condensation
particle counter (CPC; TSI 3750) and the PTRMS-CHARON. The mass concentration of size-selected particles

measured by the CPC was determined assuming a shape factor of 0.8 and 1 for ammonium nitrate and

levoglucosan, respectively, This mass concentration was subsequently converted into a Volume Mixing Ratio .«
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(VMR, in ppbv). Finally, the size-dependent EF was calculated as the ratio between the VMR measured by the
PTRMS-CHARON and the equivalent VMR derived from the CPC data, The EF using levoglucosan (a_non-
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ammonium nitrate yielded a significantly lower EF (~6.5 + 1.2), likely due to particle evaporation within the sub-

atmospheric pressure region of the CHARON inlet. Given thatthe measured EF for stable particles (24.1) was in

reasonable agreement with the theoretical EF, aswell asthe manufacturer's certified documentation (21). the latter

was applied to all datasets.

Depending on the experimental protocol, the instrument was either operated in particle-phase sampling mode ;
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exclusively or in alternating40 minutes particle-phase and 20 minutes gas-phase cycles. PTRMS-CHARON data

was processed using the Viewer software (Version 3.4.4, IONICON). This software was used to perform the

calculation of transmission curves, and the peaks deconvolution and mass calibration on the spectrum. The
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molecular composition was determined based on accurate mass-to-charge ratios (m/z) for the ions detected.
Primary ion_information, and other operational parameters such as drift tube pressure, and voltages, were

considered for the calculation of mixing ratios in ppbv. Further data analysis, including the conversion to mass
concentrations (ng m-3), was carried out using custom MATLAB scripts (The MathWorks Inc., Natick, MA

USA), asdescribed in the SI.

Other mass spectrometers were used to complement PTRMS-CHARON observations, such as a second

PTRMS (second generation, Kore Technology Inc.;Michoud et al., 2017) for VOC measurementsduring |SOP-

SOA and MT-SOA experiments. This PTRMS was operated with an E/N = 130 Td, maintainingpressures of 2.2

mbar and 1.4 mbar in the glow discharge and reactor, respectively. A VOC calibration procedure similar to
PTRMS-CHARON was performed, and, for some of the experiments, a High-Resolution Aerosol Mass
Spectrometer (HR-AMS, Aerodyne Research Inc.; DeCarlo et al., 2006) operated in V-mode at 30 s time
resolution was coupled to the chamber. Data has been treated with the Peak Integration by Key Analysis (PIKA)
module, and frequent blanks during the experiments were used to correct for fluctuations in the CO2* signal at
m/z 44. The HR-AMS has been calibrated using monodispersed ammonium nitrate and ammonium sulfate
particles from the corresponding solutions at 0.005 M. HR-AMS data were corrected using the parametrization of
Middlebrook et al. (2012). A collection efficiency (CE) of 1.0 was used for the ISOP-IEPOX-SOA _experiment,
due to the presence of acidic seed particles, while a CE of 0.5 was applied to the ISOP-non-IEPOX-SOA and

ISOP-NO-SOA _experiments with neutralseed aerosol. Ancillary instrumentation consisted of a scanning mobility

particle sizer (SMPS, model3082 coupled to a butanol CPC 3750 ata range of 7 -283 nm, TSI), an ozone monitor
(POM model 202, 2B technologies), a NOx analyzer (T200UP, Teledyne), and a RH monitor (L1-840A, Li-COR).

2.3 Experimental protocol,

Three different terpenoids were used as precursors for SOA production: isoprene (ISOP, Sigma-Aldrich, 99%),

limonene (MT, Sigma-Aldrich. 97%), and B-caryophyllene (SQT, Sigma-Aldrich, > 80%). All experimentswere

conductedat15-50% RH and roughly 20 °C. Following each experiment, the DouAir chamberwas flushed with

purified air (40 L min™) foratleast 24 hours. Table 1 summarizesthe specific conditions for each experiment.

|soprene experiments
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ISOP-SOA formation was investigated under three configurations: ISOP-IEPOX, 1SOP-non-IEPOX, and | SOP-«-

NO-SOA:
- Low-NO Conditions (IEPOX/non-1EPOX): Hydroxyl radicals (OH) were generated via tetramethylethylene<--

the decay of the dilution-corrected isoprene signal. following the approach described by Barmet et aI_QOlZ),
and detailed in the SI. Seed particles and the initial 0zone injection were introduced prior to isoprene addition.
To maintain ozone concentrations between 100-110 ppbv, additional ozone was injected as needed. and TME
was injected every 5 minutes for approximately 4 hours. The ISOP-IEPOX-SOA _experiments utilized acidic
seed particles (0.005 M ammonium sulfate + 0.1 M sulfuric acid) at 50% RH. with continuousseed injection

to maintain acidity. The ISOP-non-lEPOX-SOA experiments used neutralseed particles (0.005 M ammonium
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-__High-NO Conditions (ISOP-NO-SOA): OH was generated via HONO photolysis. These experiments

employed neutral seed particles (0.005 M ammonium sulfate)and initial mixing ratios of NO (~8 ppbv) and
NO; (=5 ppbv).
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Monoterpene and sesquiterpene experiments

MT-SOA and SQT-SOA were generated via the ozonolysis of limonene and B-caryophyllene, respectively,«-..|

without seed particles. For all experiments, chamberhumidification wasthe initial step, followed by background

measurements. Ozone was injected prior to the precursor.

-__Limonene (MT): Three injections were performed at20-minute intervals. <«

-__B-caryophyllene (SQT): Seven injections were performed atintervals between 20 and 45 minutes.

Table 1. Summary of experimental conditions during the chamber experiments. Maximum SOA mass

concentrations were determined using AMS for the ISOP-SOA experiments and SMPS for the MT- and SQT-
SOA experiments.

Injection of

y X Injection of Maximun
. biogenic . OH SOA SOA
Expenm-e.nt (# of Seed particles precursor in Ozone  TME in ppbv (molecules RH (%) NOand NO, f formation
repetitions) (ppbv) (#of 5 (ppbv) ormed -
ppbv (# of injections) cm®) . conditions
injections) s (Hgm™)
Reaction
ISOP-IEPOX-SOA (3)  (NH.):SOs+H,S0, 200 (1) 80-100 10 (27) ~4x10° 50 <1 -5 with OH
Reactic:h
ISOP-non-IEPOX- SOA (2)  (NHa):SOs 100 (2) 80-100 10 (19) ~4x10° 15-30 <1 -4 it OH
ISOP-NO-SOA (1) (NH.):S0: 90 (1) ~100 -4x10° 30 75and53 -3 Gnefrftc';:_"‘
MT-SOA (5) 18 (3) 80 initial - - 30 ~120 Ozonolysi%
SQT-SOA (3) 10 (7) 100 initial 30 -83

Ozonolysig

3. Results and discussion

The concentration of gasand particulate species during the BSOA formation experiments are shown in Figure

2. For the ISOP-SOA experiments, the time t = 0 refers to the first injection of the seed patrticles, while for MT
and SQT, it refers to the first injection of the biogenic precursor. Fig. 2 shows the concentration of VOC
precursors, namely isoprene (m/z 69.07), limonene (m/z 81.07 and m/z137.131),and B-caryophyllene (m/z81.070,
95.086, 109.101, 123.117, 135.117, 137.131, 149.132, and 205.195; Kim et al., 2009). The precursor gas
concentration peaked at~190 ppby, ~220 ppby, ~90 ppby for ISOP-IEPOX-, 1SOP-ngn-IEPOX-, and ISOP-NO-

SOA experiments, respectively, ~40 ppbv for MT (injections totaling 72 ppbv), whereas the maximum SQT
concentration hasbeen roughly 5 ppbyv for a total injected of 20 ppby, due to its high reactivity. To minimize the

formation of new particles (nucleation events), sequential injections of MT and SQT were employed. This

approach promoted the condensation and reactive uptake of semi-volatile compounds onto the pre-existing seed

injected levels and those observed in the chamberis associated with the high reactivity of MT and SQT with Os,

leading to fast consumption once injected in the chamber. Additional factors that may contribute to these

differences include losses on the chamberwalls and inside the PTRMS inlet. Jn the ISOP-NO-SOA experiment,
a peak of ~300 ppbv isoprene was observed at first detection, stabilizing to 90 ppbv for 2 min, ensuring proper )

mixing in the chamber.
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0.005 M solution) at 15-30% RH were used for ISOP-non-
IEPOX-SOA (Surratt et al., 2010; Zhang et al., 2019; Nah et
al., 2019). During ISOP-IEPOX-SOA experiments, seed
particles were continuously injected to ensure the presence
of acidic particles in the chamber. The ISOP-NO-SOA
experiment was conducted using OH generated via HONO
photolysis, neutral seed particles (ammonium sulfate, 0.005
M), and initial mixing ratios of NO (~8 ppbv) and NO2 (~5
ppbv) (Kroll et al., 2005; Surratt et al., 2010).1
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The first-oxidation products of the biogenic precursors are also shown in Fig. 2. For ISOP, the depicted

655 compoundsare methyl-vinyl ketone (MVK, C4Hs0), methacrolein (MACR, CsHs0O), and ISOPOOH (CsH1003),
their sum being detected at m/z 71.049 (Liu et al., 2013; Bernhammeretal., 2017). The oxidation productsof MT

shown here are levulinic acid (CsHgOsz, m/z 117.055 + m/z 99.044), limonalic acid, norlimononic acid, and
ketolimononaldehyde (CoH1403, m/z 171.102 + m/z 153.091) (Gkatzelis et al., 2018a, b). The selected SQT
oxidation products were f3-caryophyllinic acid (C14H2204, m/z 255.159 + m/z 237.149), B-caryophyllon aldehyde

660  (Ci5H2402,m/z 237.185 + m/z 219.174) and B-caryophyllonic acid (C15H2403, m/z 253.180 + m/z 235.169) (Li et [ Deleted: B-caryophyllene aldehyde

al., 2011; Chanetal., 2011; Gao et al., 2022). It is important to mention the stepwise increases (“modes™) in OA
concentration during I1SOP-IEPOX-SOA and ISOP-non-IEPOX-SOA reflect bursts of SOA formation driven by

oxidant availability rather than the number of isoprene injections. Because OH radicals were generated through

discrete O3 injections for TME ozonolysis, each addition of O3 triggered a new period of rapid SOA formation,

665 producing the observed modesin the OA time series.
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Figure 2: Concentration of particulate and gaseous species during the following experiments: (a)

ISOP-IEPOX-SOA, (b) ISOP-ngn-IEPOX-SOA, (c) ISOP-NO-SOA, (d) MT-SOA, and (e) SQT-SOA. ~| Deleted: N
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oxidation products are color-coded by experiment, The vertical red and black dashed lines represent the { Deleted: whereas oxidation products in the gas-phase

have different colors for different experiments.

injection of seed particles and VOC precursors, respectively, and the grey areas correspond to OH

—
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production via Oz + TME injections. The seed particle signal was divided by 4 and 2 for ISOP-IEPOX
and ISOP-ngn-IEPOX-SOA experiments, respectively, for better visualization. The SQT mixing ratiosin .- [ Deleted: N
675 panel d have been calculated as the sum of signals at m/z 81.070, 95.086,109.101,123.117,135.117,

137.131,149.132,and 205.195. Measurements of gas precursors in the SQT experiments are
discontinuous due to the switching between gas and particle phase measurements in the PTRMS-
CHARON.

To characterize the contribution of IEPOX-SOA and to distinguish it from the 1SOP-non-IEPOX-SOA
680  pathway,we used the established AMS marker f_p, 0. defined as the ratio of CsHsO (m/z 82 at unit mass
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resolution) to total OA (Hu et al., 2015). This ion corresponds to methyl furan, a thermaldecomposition product
of 3-MeTHF-3.4-diols formed via IEPOX reactive uptake (Robinsonetal.,2011; Linet al.,, 2012; Huetal., 2015).

Additionally, fe,, (or fasatunit mass resolution) was used to evaluate the OA oxidation state and degree of aging

(Cubison et al., 2011; Milic et al., 2017; Morgan et al., 2020). As shown in Fig. 3 fCSHso increased substantially
under IEPOX-reactive uptake conditions compared to the 1SOP-non-IEPOX-SOA pathway, confirming the

formation of IEPOX-derived aerosol. This enhancementis driven by the acidity of the seed particles, which

catalyzes the ring-opening of the epoxide functional group, accompanied by the addition of particle-phase
nucleophiles such assulfateand water (Liu etal., 2015; Wong etal., 2015). The RH also played an importantrole
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conducted in the DouAir atmospheric chamber. The successful production of IEPOX-SOA was achieved
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resolution ion in AMS, m/z 82) was first reported by
Robinson et al. (2011) in the Borneo Forest, under high
isoprene conditions. Subsequently, Lin et al. (2012)
confirmed that the signal corresponds to methyl furan, a
thermal decomposition product of cis- and trans-3-
methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-diols), a
product of the reactive uptake of IEPOX. Methyl furan has
also been observed in the Central Amazon (de Saetal.,
2018; Schulz et al., 2018), Southeastern USA (Liao et al.,
2015; Xu et al., 2015b, a), and Canada (Slowik et al., 2011),
among other environments. The f,_ (or in unit mass
resolution fas) can be associated with OA oxidation level and
aging degree of OA (Cubison et al., 2011; Milic et al., 2017;
Morgan et al., 2020)1

Figure 3 compares f¢p,and f¢,p o from the ISOP
experiments, as well as chamber results from the literature
associated with ISOP-IEPOX-SOA (Linetal., 2012;
Budisulistiorini et al., 2013; Canagaratna et al., 2015;
Kuwata et al., 2015; Liu et al., 2015). The results indicate
that the protocol applied here, mainly associated with seed
particle acidity and RH, successfully separated IEPOX and
non-IEPOX oxidations for the experiments, albeit having
both low-NO conditions. |

by increasing relative humidity (from 20% to 50%) and using acidic seed particles. For comparison, data
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from literature laboratory experiments characterizing IEPOX uptake and isoprene oxidation pathways
are alsoincluded.,

Figure 4 shows the time series of the aerosol concentration on the ISOP-IEPOX-SOA experiment,as well as
CHARON observations of m/z 119.07 (CsH1003) and m/z 137.081 (CsH120a), referred to as “Cg-alkene triols”,
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SOA has been obtained by increasing the RH (20% to
50%) and having acidic seed particles. The figure also
includes laboratory experiments of whether IEPOX
uptakeor isoprene oxidation.

previously reported in the literature as tracers of JEPOX-SOA (Frauenheim et al., 2022; Lopez-Hilfiker et al.,

2016; D’Ambro etal,, 2019). The initial offset between the AMS and CHARON signals is attributed to a residual

organic background on the seed particles, which is detected immediately by the AMS as bulk mass, whereas the

CHARON tracers track the kinetic induction of fresh oxidation products. In addition, it is interesting to note the

m/z 83.049 (CsHeO) detected in PTRMS-CHARON also hasa high signal, especially during the second injection

of acid particles, when sgoncentrations incre
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Eigure 4: Time series of (a) selected ions detected by PTRMS-CHARON during the ISOP-IEPOX-SOA

experiment and (b) gerosol mass concentrations measured by AMS. The measurements in panel (a) are

discontinuous due to the switching between gas and particle phases in the PTRMS-CHARON.,

Figure 5 depicts the signature spectrum for the experiments studied here. For ISOP-non-IEPOX-, MT-, and

SQT-SOA, the signature spectra were extracted from the period correspondingto the maximum OA concentration
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the mature SOA composition. For 1SOP-IEPOX-SOA, the signature spectrum was selected during the second

injection of acidic seed particles, after the onset of gas-phase oxidation, when_the CsHsO signal measured by

CHARON reached the highest concentration.
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Panel (a) shows the fingerprint for ISOP-IEPOX-SOA, notably dominated by CsHeO, CoH403 (m/z 77.023)
CsHgO4 (m/z 133.05), and CoH;203 (m/z 169.086). Mettke et al. {2023) showed that CsHgOu is a product of the .

uptake of hydroxy hydroperoxide (ISOPOOH), formed via OH oxidation of I SOP, generating isoprene-hydroxy-
peroxy radicals (ISOPOO). which subsequently react bimolecularly with HO, to form ISOPOOH. The CsHgOs

compound was also found in the formation of SOA from standardized isomers of ISOPOOH and from isoprene
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oxidation (Krechmer et al., 2015; D’Ambro et al., 2017). The ion CsHsO2 (m/z 101.060) was also observed here

and can be associated with the fragmentation of CsH1003 (shown in Fig. 4) through a dehydration process.

Generally, the average spectrum of ISOP-non-IEPOX-SOA (Fig. 5b)also depicts majorcontributionsfromCs .-

compounds, with some overlapping ions such as CsHgOz, CsHgOs, CsHsO2 (m/z 99.044), and CsHgOs (m/z
117.055), but differing relative contributions. The latter, more strongly identified in the ISOP-ngn-IEPOX-SOA

pathway, might be a fragment of CsH1004 (m/z 135.070), identified in the literature asa marker of ISOP-npn
IEPOX-SOA (Mettke et al., 2023). Similarly, CsHsO2 may be enhanced via fragmentation of CsH100s (m/z
119.07),although the latterwas not observed here. CsH1006 (m/z 167.055), a known product of the reactive uptake
of ISOPOOH in the ISOP-npn-IEPOX-SOA pathway, was identified here (Liu et al,, 2016; Mettkeet al., 2023

CsH100s, CsH120s,and CsH120g, also cited in the literature, however, were not observed during those experiments.
Itis important to note that CHARON also detects CsHeO at the 1SOP-non-IEPOX-SOA route, contrary to HR-

AMS. Qur results suggest thatthe CsHgO ion measured with the CHARON inlet actsas a broadertracer for low-

NO isoprene SOA, rather than being specific to the IEPOX pathway  Therefore, caution is warranted when using

this ion as a tracer for 1ISOP-derived SOA in PTRMS-CHARON measurements, and a more comprehensive

evaluation combiningchamberand field studies is needed to confirm the robustness of this tracer,

Figure 5c shows that the spectrum of ISOP-NO-SOA is predominantly characterized by C4 compounds,
including C4H40z3 (m/z85.028; m/z 101.023), C4HgOy2 (M/z 71.049; m/z 87.044), and C4HgO1.2 (/2 73.065; m/z
89.060). The compound CsH40z, a fragment of C4HsO3, has been previously reported in studies of 1SOP-NOx
irradiation (Jia and Xu, 2018)and methacrolein (MACR)-NOx irradiation (Lin et al., 2013). The massion C4HeOs

has been identified as a fundamental unit in the oligomerization of 2-methylglyceric acid (2-MGA) in SOA

formation, where it serves as a molecular tracer for ISOP-SOA (Kleindienst et al., 2007; Nguyen et al., 2011;
Zhang et al., 2011). Among the Cs compounds, CsHgO1.2 (m/z 83.049; m/z 99.044), CsHgO (m/z 85.065) was
detected, whereas CsHsOand CsHsOare typically dominant in low-NO ISOP-SOA.  Their presence may be linked

to the lower SOA vields associated with isoprene hydroxy nitrate formation (Jacobs et al., 2014). The mass ion

CesHsO4 (M/z 145.050) hassimilarly beenidentified by Schwantes et al. (2019), which was shown to result from

the esterification of 2-MGA with acids in the particle phase (Chanet al., 2010). Massions C3H402 (m/z 73.028),
and C3HeO2 (M/z75.044) were detected at high intensities, with the latter previously identified ashydroxyacetone

(Jia and Xu, 2018).
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Figure 5: Signature spectra of (a) ISOP-IEPOX-SOA, (b) ISOP-ngn-IEPOX-SOA, (c) MT-SOA, (d)

SQT-SOA as detected by PTRMS-CHARON.

Similar to the ISOP-SOA experiments, the contribution of compounds to MT- and SQT-SOA is distributed

between main ions and likely fragments, several of which have been previously reported in the literature. Using

ozonolysis, including CgH12045, CoH14034, and C10H1603.4. These species were also detected in our MT-SOA

experiments in the DouAir chamber, as well as their potential fragments (detailed in Table S2). The CoH14034

ions are attributed to multifunctional oxygenated Cy products, dominated by carboxylic acids and aldehydes

formed during limonene ozonolysis (Gkatzelis et al., 2018a; Jacob et al., 2023). These compoundsare produced

via alkoxy-radical(e.q.. CoHa3Qs) and RO, chemis isomerization, as described by

llowed by intramolecul

compound previously identified by Jacob etal. (2023) using liquid chromatography-mass spectrometry (LC-MS).

The Ci10H1603.4 ionsare attributed to larger multifunctional carboxylic acidsand aldehydes (Gkatzelisetal., 2018a;
Wong et al., 2021), while lower-carbon-number oxidation products (e.g.. CgH12045) correspond to highl

oxygenated Cg carboxylicacids (Hammesetal., 2019; Jacob et al., 2023). During the SOT-SOA experiments, the
composition was dominated by multifunctional oxygenated sesquiterpene products, consistent with previous
PTRMS-CHARON observations of B-caryophyllene ozonolysis (Gao et al., 2022). The most abundant signals
corresponded to C3sH240,3and C14H20, 3 ions, typically associated with first-generation ozonolysis products
such as aldehydesand carboxylic acids (Li et al., 2011). In addition, more highly oxygenated species, includin

CisH2404and CysH604 were detected and are consistent with hydroxy- and hydrated carboxylic acids formed
Chanetal., 2011; Lietal, 2011;Jaouietal., 2013; Gaoet al., 2022). Lower-carbon-numberoxidation products

(e.0.. Cy1 compounds) were also observed, consistent with second-generation oxidation products formed during

B-caryophyllene ozonolysis (Li etal., 2011; Jaouietal., 2013). A comprehensive list of the detected main ions,

their likely fragments, and corresponding compound assignments is provided in Table S3.
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Figure 6: Relative contributions of the total OA fraction for (a) ISOP-IEPOX-SOA, (b) ISOP-ngn- |
IEPOX-SOA, (c) MT-SOA, and (d) SOT-SOA. The SOA fraction distribution is based on the number of

carbons and oxygens in the detected ions,,

The different SOA spectra obtained with PTRMS-CHARON have been studied according to their number of
carbons and oxygens, as shown in Fig. 6. Following the results presented previously, ions associated with Cs
molecules/fragments dominated both ISOP-SOA pathways under low-NOx conditions, being responsible for

roughly ~50% and ~25% contribution in ISOP-ngn-IEPOX- and ISOP-IEPOX-SOA, respectively. The
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contribution of Cs compounds in the non-IEPOX-SOA route is comparable to that reported by Liu et al. (2016a)
using a FIGAERO HF-ToF-CIMS (52 %). D’Ambro et al. (2017) also observed the same behavior, attributing /
~64% of the OA to Cs compoundsduring the first hours of isoprene oxidation. On the other hand, C4 molecules
dominated the ISOP-NO-SOA experiment with ~35% of the total OA mass, followed by ~31% of C2 molecules.

The prominent C2-C4 molecules jdentified in this experiment share the same molecular skeletons as species

reported in similar studies by Jia and Xu (2018),

The 1SOP-IEPOX-SOA mass spectrum (Figure 6) exhibits a notably broader and more diverse molecular

distribution compared to the non-IEPOX pathway. This complexity is likely driven by the formation and

subsequent processing of low-volatility oligomers. Previous studies have established that acidic conditions

promote the formation of non-sulfated dimers, such as CioH2207 and C10H200s (Surratt et al., 2006; Lin et al., §
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lower molecular weight compounds. Although the PTR-MS/CHARON cannot directly resolve these high-mass

oligomers, their decomposition, combined with ionic fragmentation within the drift tube, provides a plausible

mechanism forthe dense array of ions observed in the IEPOX-SOA spectrum,
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The_varied distribution of molecules in the mass fraction was also evident in MT- and SQT-SOA. MT-SOA

shows that the mass fraction is distributed between C7-C10 molecules asalso reported by Gkatzelis et al. (2018a).

Its major contribution is attributed mainly to Cg and Cio ions, reaching up to 48%, with C7-Cgions accounting for
about ~37%. Oxygenated molecules (03-O4) comprise most of the SOA mass detected by PTRMS-CHARON.

may be influenced by a degree of fragmentation of larger molecules. This same behavior was also identified in
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the SQT-SOA where its contribution is more evenly distributed as a function of carbon number. The highest
:1065 contribution is in Cis molecules, followed by C7-Cg and C14. Highly oxygenated compounds were also important
in the fraction of SOA. The 03-O4 molecules contribute ~50 % of the SOA fraction during B-caryophyllene

| ozonolysis,

4. Conclusions

1070 This study presents the first systematic characterization of biogenic SOA formation using the PTRMS-

CHARON inlet coupled to the new DouAir_atmospheric simulation chamber. By investigating five distinct

formation pathways:jsoprene OH oxidation (HOp-channel favoringand suppressing IEPOX, and the high-NO
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comprehensive reference library of mass spectral fingerprints. The results reveal distinct chemical signatures

1075 foreach pathway.
For isoprene, we successfully distinguished between the two low-NO regimes. The ISOP-IEPOX-SOA

spectrum was characterized by well-known tracers such as CsHz00s (m/z 119.07) and CsH12Qs (m/z 137.081). &

Furthermore, this pathway exhibited a broad and complex molecular distribution, likely driven by the

decomposition and ionic fragmentation of low-volatility oligomers formed underacidic conditions. In contrast,
1080 1SOP-non-1EPOX-SOA was dominated by highly oxidized Cs products, specifically CsH10Qsand CsH10Qs.
A critical finding for future source apportionment is the behavior of the CsHeO ion_(m/z_83.049). While

traditionally used as a specific IEPOX tracer in AMS measurements, ourPTRMS-CHARON data detected this

ion in both low-NO isoprene pathways. This suggests that within the CHARON ionization context, CsHsOacts

Y

as abroadertracer for low-NO isoprene SOA ratherthana unigue marker for the IEPOX route. Consequently,

1085 caution is warranted when attributing this signal exclusively to IEPOX-SOA in ambient CHARON datasets.
The ozonolysis of monoterpenes and sesquiterpenes yielded spectra dominated by Cz:Cio and Ca1:Css

oxidation products. respectively. In both cases. the presence of characteristic fragments ([M+H-H,O[") was

significant. This highlights the importance of accounting for ionic fragmentation when interpreting PTRMS-
CHARON spectra, particularly for semi-volatile species that may undergo dehydration in the drift tube.

1090 Overall, this work provides a robust experimental framework and a spectral database that enhances the
capability of PTRMS-CHARON for source identification. These reference spectra will be essential for *

disentangling complex ambient mixtures in forested and urbanized environments, offering a higher molecular-

level resolution than traditionalbulk aerosol monitoring techniques,,
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