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Abstract. Toluene represents a large fraction of anthropogenic emissions and significantly contributes to tropospheric ozone
and secondary organic aerosol (SOA) formation. Despite the fact that toluene is one of the most studied aromatic
compounds, detailed chemical mechanisms still fail to correctly reproduce the speciation of toluene gaseous and condensed
oxidation products. This study aims to elucidate the role of initial experimental conditions on toluene SOA mass loadings
and to investigate gas-particle partitioning of its reaction products at different relevant temperatures. Gaseous and particulate
reaction products were identified and quantified using a proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-
MS) coupled to a CHemical Analysis of acRosol ONline (CHARON) inlet. The chemical system exhibited a volatility
distribution mostly in the semi-volatile regime. Temperature decrease caused a shift of saturation concentration towards
lower values. The CHARON/PTR-ToF-MS instrument identified and quantified approximately 60-80% of the total organic
mass measured by an aerosol mass spectrometer. A detailed mechanism for toluene gaseous oxidation was developed based
on the MCM and GECKO-A deterministic mechanisms, modified following the literature. The new mechanism showed
improvements in modeling of oxidation products speciation with more observed species represented and more representative
concentrations compared to the MCM/GECKO-A reference. Tests on partitioning processes, non-ideality and wall losses

highlighted the high dependency of SOA formation to the considered processes. Our results underline that volatility is not
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sufficient to explain the gas-particle partitioning: the organic and the aqueous phases need to be considered as well as the

interactions between compounds in the particle phase.

1 Introduction

Aromatic compounds represent an important fraction of hydrocarbons emitted in the urban atmosphere (Calvert et al., 2002).
Their photochemical oxidation is a source of ozone and secondary organic gas-phase compounds which can lead to the
formation of secondary organic acrosol (SOA) (Seigneur, 2019). SOA represents a significant fraction of the total fine
particles (Gelencsér et al., 2007; Jimenez et al., 2009) which are key components of the Earth's atmospheric system,
significantly impacting visibility (Han et al., 2012), human health (Lim et al., 2018, 2012; Malley et al., 2017), and the
Earth's climate (Boucher et al., 2013).

Toluene is the most abundant alkyl-aromatic compound especially in urban areas (Lee et al., 2002; Yan et al., 2019; Zhang et
al., 2015a). It is emitted by vehicle exhausts but also from biomass burning, fuel evaporation, solvent usage and industrial
processes (Singh et al., 1992; Skorokhod et al., 2017). It is classified as a toxic compound as it affects the central nervous
system (US Environmental Protection Agency, 2012). The gas-phase products from toluene-OH radical reaction have been
widely studied in the last 20 years, both via experimental or modeling approaches (Baltaretu et al., 2009; Bohn, 2001; Jang
and Kamens, 2001; Klotz et al., 1998; Sato et al., 2007; Schwantes et al., 2017; Suh et al., 2002; Wagner et al., 2003; Xu et
al., 2015; Zaytsev et al., 2019). Toluene photo-oxidation leads to the formation of gas-phase products of low volatility that
can easily condense on the pre-existing aerosol particles to form SOA (Ng et al., 2007; Seigneur, 2019; White et al., 2014).
Despite the amount of work devoted to the degradation of toluene, many uncertainties remain regarding the oxidation
mechanisms (species and reactions involved) and the physicochemical processes leading to the formation of SOA from
toluene (Calvert et al., 2002; Jang and Kamens, 2001; Schwantes et al., 2017; Zaytsev et al., 2019). Moreover, properties of
the formed compounds (and thus their ability to condense and form SOA) strongly depend on environmental parameters
such as temperature, NOy, humidity, pre-existing particle surface, toluene concentration, OH radical concentration, etc.
(Kamens et al., 2011; Kim et al. 2011 ; Lannuque et al., 2018; Ng et al., 2007; Sato et al., 2007; Takekawa et al., 2003; Xu et
al., 2015). In order to well reproduce the observed SOA variations with modeling and to interpret experimental
measurements, detailed and representative oxidation mechanisms and partitioning processes are required.

The reference explicit chemical mechanism for toluene oxidation is the Master Chemical Mechanism (MCM) (Bloss et al.,
2005; Jenkin et al., 2003). The MCM is a detailed mechanism that describes the chemical evolution of organic matter from
toluene through 270 secondary species and 814 reactions. The main reaction pathways of toluene are (i) addition of an OH
function on the aromatic ring and the formation of an RO, radical leading to the formation of bicyclic compounds with an O-
O bridge (65%), (ii) addition of an OH function on the ring and the formation of cresol and HO, (18%), (iii) addition of an
OH function on the aromatic ring leading to the formation of epoxides and the ring opening (10%) and (iv) hydrogen

abstraction from the methyl group (7%). Based on recent experiments in atmospheric simulation chambers, the cresol
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formation pathway and the successive addition of alcohol function on the aromatic ring seem to be underestimated or
neglected in the MCM (Schwantes et al., 2017) and branching ratios should be revised (Zaytsev et al., 2019). These changes
necessarily affect SOA formation which is favored by the formation of (i) low-volatility oxygenated compounds (Molteni et
al., 2018; Ng et al., 2007; Schwantes et al., 2017; Wang et al., 2020, 2017) and of (ii) volatile organic acids and dicarbonyls
such as methylglyoxal and glyoxal, which oligomerize, hydrate or oxidize in aqueous phase (De Haan et al., 2018; Hu et al.,
2022; Li et al., 2021b, a; Marrero-Ortiz et al., 2019). Nonetheless, partitioning processes toward an aqueous phase and
particle-phase chemistry (such as oligomerization or oxidation) remain poorly represented in models.

The recent development of soft-ionization analytical tools for particles as the CHemical Analysis of aecRosol ONline
(CHARON) coupled to a Proton-Transfer-Reaction Time-of-Flight Mass Spectrometer (PTR-ToF-MS) allows for direct
characterization of organic aerosol on a molecular composition level (Eichler et al., 2015). At the same time the molecular
gas-phase characterization is provided by a separate PTR-ToF-MS. The above instruments were deployed in an effort to
better understand the chemistry of toluene and the formation of SOA at different temperatures using a thermostated
oxidation flow reactor (OFR). Then these experiments were numerically reproduced using detailed chemical mechanisms
based on a combination of the MCM and the Generator for Explicit Chemistry and Kinetics of Organics in the Atmosphere
(GECKO-A) (Aumont et al., 2005) modified according to recents studies.

The main goals of this study are (1) the chemical identification of the gaseous and particulate phase products, (2) the
determination of the partition coefficient of the individual SOA products at different temperatures, (3) the development of a
new detailed oxidation mechanism for toluene to better reproduce the experimental speciation and (4) the exploration and
impact analysis of the different processes influencing the partitioning (hydrophilic partitioning, non-ideality, wall losses and
methylglyoxal irreversible partitioning) on the modeling of experimental SOA. To our knowledge this is the first time that

partitioning and volatility data of individual toluene SOA components are provided at relevant ambient temperatures.

2 Methods
2.1 Experimental conditions and instrumentation
2.1.1 Oxidation experiments

Toluene photo-oxidation experiments were carried out at atmospheric pressure in a horizontal cylindrical OFR made of
Pyrex (12 cm internal diameter, 152 cm length) surrounded by seven fluorescent lamps (Philips CLEO) with a continuous
emission spectrum in the 300420 nm range and a total irradiance of 3 x 10'° photons cm™ s'. Temperature was controlled
using a circulating water bath with the outer jacket (Huber CC 405). The experiments were conducted at 280, 285 and 295 K.
The total flow varied from 1.3 to 1.8 I/min and the residence time also was of 10—13 minutes. The relative humidity (RH)
was adjusted by bubbling pure nitrogen though ultrapure distilled and deionized water and ranged from 23 to 50 %.

Monodisperse ammonium sulphate (AS) particles were nebulized using a TSI atomizer (Model 3076), then dried using a
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silica diffusion drier and then passed through a Differential Mobility Analyser (DMA, TSI model 3081) to generate
monodisperse aerosol ranging from 113 and 169 nm (mobility diameter). Toluene (99.8% purity, Sigma Aldrich) was
constantly introduced in the OFR via a permeation tube kept at 353 K and purged with pure nitrogen and its concentration
inside the OFR varied from 8 to 162 ppbv. Isopropyl nitrite (IPN) was used as a hydroxyl radical precursor and was prepared
from the corresponding alcohol following the procedure reported by Johnson (1939). The IPN was constantly introduced in
the OFR using a permeation tube kept at 308-313 K and flushed with pure nitrogen. During IPN photolysis NO and HO, are
produced and can further react producing OH and NO, radicals (Raff and Finlayson-Pitts, 2010). The average oxidant
concentration during the experiment was calculated from the toluene decay (koy = 6 x 10™'? cm® molecules™ s™) and ranged
from 7.4 to 13 x 10" molecules cm™ corresponding approximately to 10 and 20 hours of atmospheric OH-radical exposure,
taking into account a diurnal average hydroxyl radical concentration of 1.5 x 10® molecules cm™ (Mao et al., 2009). High
amounts of acetone, a side-product of IPN photolysis, inhibit the detection of glyoxal, a major gas phase product. 24
photooxidation experiments have been carried out. A detailed list of the experimental conditions is provided in Table S1 in
the supplementary information (SI). A subset of six experiences is reported here for detailed analysis at molecular level of

the gaseous and particulate phases, these experiments are indicated by the red color in Table S1.

2.1.2 Instrumentation

A high-resolution Time-of-Flight Aerosol mass spectrometer (HR-ToF-AMS, Tofwerk AG, Aerodyne Inc., USA) (DeCarlo
et al., 2006), a scanning mobility particle sizer (SMPS, TSI Classifier model 3081, DMA, TSI CPC 3776) and a “CHemical
Analysis of AeRosol ONline” (CHARON) inlet coupled to a commercial PTR-ToF-MS 8000 (Ionicon Analytik GmbH,
Innsbruck, Austria) were used to measure aerosol mass, aerosol chemical composition and size distribution. The AMS
operating principles, calibration procedures and analysis protocols are described in Drewnick et al. (2005, 2009).
Uncertainties from the HR-ToF-AMS are typically of the order of + 30%.

The PTR-ToF-MS instrument and methods of data analysis are described in Jordan et al. (2009), Graus et al. (2010) and
Miiller et al. (2013). Data analysis was performed using the standard PTR data analysis toolkits (Tofwerk Inc, Switzerland)
version 2.5.10 with Igor Pro 6.37 version (Wavemetrics, Inc.) and PTR-ToF-MS Data Analyzer toolbox (version 4.46)
(Miiller et al., 2013). Calibration and quantification procedures are described in the SI of the article. A detailed description of
the CHARON inlet has been provided elsewhere by Eichler et al. (2015), Miiller et al. (2017) and Leglise et al. (2019)
therefore only a brief description is provided here. The CHARON inlet used in these experiments was a non-commercial
prototype almost identical to that described by Eichler et al. (2015). The air sample is drawn through an activated carbon
monolith denuder which removes gaseous organics. An aerodynamic lens is used for enriching the particle concentration by
a factor of ~8-25 depending on the particle size. Enrichment factor calibration has been repeated several times during the
campaign using ammonium nitrate monodispersed particles (see Fig. S1 in the SI). Finally, a thermodesorption unit
vaporizes the particles at 413 K. The instrumental background is determined by periodically diverting the sampling flow

through a High-Efficiency Particulate Air filter (HCO1-5N-B miniature HEPA capsule filter) placed upstream of the
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CHARON inlet. Operational and software details, routines are given in the SI. An additional NOx detector (Thermo 42C

chemiluminescent analyzer) was also used at the exit of the OFR during some experiments.

2.1.3 Experimental partitioning and volatility distribution

The experimental partitioning coefficient K,,; (in ng' m®) is calculated for the experimental data applying the partitioning
theory (Yamasaki et al., 1982):

Cp,i

i ’
p Cg,i TSP

(M

where, C,,; and C,; are the particle and gas phase concentrations measured by CHARON/PTR-ToF-MS and PTR-ToF-MS of
the species i (in ug m™) and TSP is the total suspended particulate matter (in g m™). The saturation concentration C; (in pg
m’), commonly used to define the volatility of different chemical species (Donahue et al., 2011), is linked to the K, ; through

the equation:

C; =—

i — B
Kp,i

2

The saturation concentration of the major particle components is calculated for experiments at 295 and 280 K. For species

having concentrations close to the detection limits, the C; was not evaluated because of high uncertainty associated with it.

2.2 Model setup and chemical mechanisms
2.2.1 Toluene oxidation mechanisms

Three versions of a detailed chemical mechanism are used in this study to reproduce the experimental oxidation of toluene
and the formation of condensable species. All three are based on a detailed mechanism coupling MCM and GECKO-A to
which additions and modifications are successively made. All the chemical mechanisms of toluene oxidation as well as the
chemical compounds are presented in the SI with the details of the modifications made (Tables S4 to S8 in the SI) and the

first oxidation step is illustrated in Fig. S11.

The MCM/GECKO base mechanism

The first oxidation mechanism is generated with GECKO-A (Aumont et al., 2005). The GECKO-A tool is a computer
program that automatically generates explicit chemical mechanisms following an established writing protocol. It integrates
the elementary kinetic and mechanistic data available in the literature and estimates the missing ones using structure/activity
relationships (SAR). The version of GECKO-A used in this study is based on the protocol presented in Aumont et al. (2005)
and includes updates described in Valorso et al. (2011), Aumont et al. (2012, 2013) and La et al. (2016). In this version, the
MCM v3.3.1 is used to describe the chemistry of compounds possessing an aromatic ring (Bloss et al., 2005; Jenkin et al.,

2003) and GECKO-A then generates the oxidation mechanism for non-aromatic compounds.
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Because the explicit description of toluene oxidation involves thousands of species and reactions, simplifications are made
during generation to limit the size of the mechanism. Gaseous compounds with a saturating vapor pressure (P*') below 10"
atm are considered non-reactive. Positional isomers are lumped together if their production yield is less than 10~ (Valorso et
al., 2011). RO, from the stepwise oxidation of toluene can only react with NO, HO,, and CH;0,. The other RO, + RO,
reactions which represent less than 10% of RO, reactivity under atmospheric conditions (Lannuque et al., 2018) are not
generated. The oxidation mechanism stops after the formation of the 6™ generation of stable compounds. The reaction
pathways thereby simplified or eliminated concern minor fraction of matter. These simplifications do not significantly
impact the simulated SOA mass, neither the major simulated species.

Only the reaction pathways leading to the formation of the main gaseous and/or condensed compounds experimentally
identified (i.e. at the measured mass-charge ratio m/z) as well as to the formation of the major contributors to SOA identified
by the modeling (i.e. representing more than 1% of the simulated SOA mass under the experimental conditions) are here
considered. One of the major gaseous compounds formed during the toluene oxidation is methylglyoxal. It is produced by
more than one hundred reactions and belongs to all the six generations of the chemical mechanism. The simplifications made
reduced the number of these reactions to about fifteen major reaction pathways that represent about 85% of the simulated
production of methylglyoxal. The resulting chemical mechanism is hereafter noted MG (for MCM/GECKO-A) and is
composed of 125 species and 366 reactions (277 reactions leading to the formation of new species and 89 losses reactions to

avoid the accumulation of final products).

Modification of the cresol chemistry

The second chemical mechanism of toluene oxidation studied is based on the MG mechanism with the addition of the
chemistry of cresols and in particular, the successive addition of alcohol functions -OH on the aromatic ring, the
fragmentation of the formed compounds into two aliphatic compounds and the associated kinetics as described in Schwantes
et al. (2017). Additional modifications were made to the mechanism proposed in Schwantes et al. (2017) based on MCM and
GECKO-A. For example, the first two products of reaction B2-017 (see Table S5) are from MCM, while the others are from
Schwantes et al. (2017) and the branching ratios are estimated using GECKO-A. The products of reactions B2-078, B2-084
and B2-090 (see Table S5) are those proposed in Schwantes et al. (2017) and the same branching ratios are taken for each
pair of formed compounds due to the lack of more accurate estimations. Hydrogen abstraction of an -OH group and then
organic nitrate or peroxyl formation reactions (by addition of NO, or reaction with O; and then HO, respectively) at each
oxidation step are added to the mechanism of Schwantes et al. (2017) following kinetics estimated by the SAR implemented
in GECKO-A (Jenkin et al., 2019; Platz et al 1998; Tao et al.,1999) and branching ratios similar to MCM cresol oxidation
reaction (see reactions B2-059 to B2-074 in Table S5). Finally, loss reactions are added for all end products of new reaction
pathway. This chemical mechanism is hereafter denoted MG-Cr and has 168 species and 422 reactions (including 110 loss

reactions).
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Modification of the aliphatic chemistry and other modifications

The third chemical mechanism studied is similar to MG-Cr, with the addition of a new ring-opening reaction pathway for
toluene and new pathways for the formation of furan-like compounds based on the work of Jang and Kamens (2001). The
new aromatic ring-opening pathway is added to the first oxidation step (reactions B5-001 to B5-024 in Table S5). It is
different from the one leading to the formation of MG mechanism epoxides. In Jang and Kamens (2001) study, no kinetics
and branching ratios are proposed. These are therefore estimated using the SAR implemented in GECKO-A (Jenkin et al.,
2018, 2019; Vereecken and Peeters, 2009). Reaction pathways for the formation of 5-atom ring compounds (4 carbon and
one oxygen) are therefore added with kinetics estimated by GECKO-A. Some branching ratios are adjusted in order to
reproduce the measurements as well as possible (for the B3-010 reaction in particular).

In parallel to the addition of this reaction pathway, other modifications are considered. A simplified formation of nitro
toluene, an abundant gaseous first-generation product, is added following the parameterization proposed by Atkinson et al.
(1989). A formation pathway of highly oxygenated matter (HOM) is added following Wang et al. (2017) (reactions B3-004
to B3-009 in Table S5). The kinetics of the first reaction of the pathway (B3-004) is estimated by taking into account the
fraction of biperoxy radicals leading to HOM formation (Wu et al., 2014). In absence of experimental or theoretical values,
the kinetics of the second successive autoxidation reaction (B3-005) is set to 0.5 s (similar to the value proposed in Ehn et
al. (2014) for autoxidation during a-pinene oxidation). These additions also lead to the modification of the branching ratios
of the first oxidation step of toluene (B0-001). The branching ratios are modified to incorporate the new reaction pathways,
to be closer to those proposed in Zaytsev et al. (2019) and to better reproduce the experimental observations. The latter

chemical mechanism is denoted MG-Cr-Al hereafter and has 210 species and 493 reactions (including 136 loss).

2.2.2 Partitioning Modeling with SSH-aerosol

The chemical mechanisms are implemented in the SSH-aerosol box model (Sartelet et al., 2020). SSH-aerosol is a modular
model that represents the formation and evolution of the mass, number and mixing state of primary and secondary particles
with different levels of complexity. It results from the coupling of three models: the Size-Composition Resolved Aerosol
Model (SCRAM) (Zhu et al., 2015) for aerosol dynamics, the Secondary Organic Aerosol Processor (SOAP) (Couvidat and
Sartelet, 2015) for organic gas/particle partitioning and the Hydrophobic/Hydrophilic Organics mechanism (H?0) (Couvidat
et al., 2012) for the gas-phase chemical mechanism that represent the formation of condensable species. SSH-aerosol models
the physicochemical processes driving the evolution of atmospheric particles such as: (i) nucleation and coagulation; and (ii)
partitioning of inorganic and organic compounds dynamically or assuming thermodynamic equilibrium. For organics,
compounds can partition towards the organic or aqueous phases. The influence of hygroscopicity, viscosity and non-ideality
of condensed phases can be taken into account.

SSH-aerosol is here used to represent the partitioning of organic compounds formed following the different chemical
mechanisms presented in section 2.2.1. The partitioning is modeled for all stable organic compounds (i) considering an

accommodation coefficient equals to 0.7 (close to the value reported by Liu et al. (2019)); (ii) by estimating the P**" with the

7
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structure/property relationship of Nannoolal et al. (2008) and (iii) by estimating the effective Henry’s law constants (H™)
following the UNIversal Functional group Activity Coefficient (UNIFAC) (Fredenslund et al., 1975) method from their P**.
Non-ideality of condensed phases can be taken into account considering (i) interactions between uncharged organic
molecules in both organic and aqueous phases only (computed using UNIFAC) or (ii) the combination of interactions
between uncharged organic molecules in both organic and aqueous phases and interactions of organic molecules with
inorganic ions in the aqueous phase (computed using the Aerosol Inorganic-Organic Mixtures Functional groups Activity
Coefficients model, AIOMFAC (Zuend et al., 2008)). Each organic molecule is automatically associated to a list of UNIFAC
functional groups. Due to the high functionalization of several compounds, an exact decomposition in UNIFAC functional
groups is not always possible. In those cases, some approximations are made in order to use the decomposition of a similar
molecule such as relocating a functional group on a free carbon or adding a carbon to the molecule to take into account every
oxygenated group.

A wall loss parameterization of gaseous organic compounds was implemented in SSH-aerosol for the modeling partitioning
study of this work. In the absence of wall loss studies in Pyrex OFR, this parameterization follows the approach developed
for Teflon chamber studies (Huang et al., 2018; Krechmer et al., 2016; Zhang et al., 2015b). The parameterization represents
an irreversible first-order process whose kinetics depend on the saturation concentration of each species. Two parameters are
tuned to correctly reproduce the final SOA concentration of the studied case and allow the analysis of wall loss effects on the
speciation and distribution of secondary organic compounds. The parameterization details are presented in the SI.

A simplified parametrization of the irreversible gas-particle partitioning (due to oxidation in condensed phase) is tested only
for methylglyoxal (as glyoxal was not measured in this study). This parameterization represents irreversible partitioning as
depending on RH. This empiric parameterization is based on effective uptake rates (koguprke) calculated with atmospheric
observation values in Hu et al. (2022) for high RH cases (RH > 40%) and with experimental values in De Haan et al. (2018)
for low RH cases (RH < 5%). A third-degree polynomial is fitted on experimental kg ,aie to establish the RH dependency
used in this study. Polynomial, experimental &,k and details of the parameterization are presented in the SI.

Here modeled K, are not directly compared experimental K, for several reasons: (i) the significant variations and
uncertainties in the calculation of the modeled K, ng depending on the processes considered, especially non-ideality, (ii) the
impossibility of calculating K, for many major compounds of the modeled SOA due to their total transfer in the condensed
phase and (iii) the impossibility of calculating K, for compounds with experimental K, but present only in the gas phase in

the simulations (i.e. light compounds).

2.2.3 Simulation setup

To model the experimental oxidation conditions, chemical equilibria and radical concentrations, a modified version of the
Regional Atmospheric Chemistry Mechanism version 2 (RACM2) (Goliff et al., 2013) is used. The modifications to
RACM?2 are described in detail in Lannuque et al. (2021). This new version aims at better representing the evolution of HOx

radical concentrations during the oxidation of mono-aromatic species such as toluene and xylenes. The experimental
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formation of NOx and OH radical is represented by 5 reactions from the IPN photochemistry, which are added to the
mechanism as described in Lannuque et al. (2021). The kinetics of these reactions are based on the work of Fittschen et al.
(1999) and Raff and Finlayson-Pitts (2010). The photolysis rate of IPN is calculated considering a quantum yield of 1, based
on the absorption spectrum of Raff and Finlayson-Pitts (2010). The heterogeneous reaction of NO, on the OFR walls is also
modeled to regulate the simulated NOx concentrations (Lannuque et al., 2021). The kinetics of this reaction takes into
account the gas diffusion and the uptake. It is estimated according to the method proposed in Fiorentino et al. (2021)
considering an uptake coefficient of 10~ as recommended in Jacob (2000).

The toluene oxidation mechanisms presented in section 2.2.1 are added in SSH-aerosol to represent the formation of
condensable species for SOA formation. The consumption/production of oxidants are neglected in these added mechanism as
it is computed by RACM2. All the photolysis rates (from RACM2, IPN chemistry and toluene oxidation mechanisms) are
recalculated considering the irradiation spectrum of the lamps of the experiments.

The simulations were conducted using the SSH-aerosol box model. The temperature and RH were forced by the
experimental conditions. The simulation duration time was set to 13 minutes to match the residence time in the OFR. The
simulated initial toluene and pre-existing aerosol concentrations corresponded to the experimental measured values at the
inlet of the OFR. Since IPN concentration was not monitored, the initial simulated IPN concentration was set to reproduce
experimental toluene decay.

Only one size bin was considered (no size distribution), and the nucleation and coagulation processes were ignored. The
phase partitioning is represented dynamically considering the transfer to non-ideal organic and aqueous phases with only
interactions between uncharged organic molecules (computed with UNIFAC). As presented in section 4.2, several tests on
partitioning processes were performed considering the transfer (i) to an ideal organic phase only (without interactions
between compounds within the phase), (ii) to ideal organic and aqueous phases and (iii) to non-ideal organic and aqueous
phases with interactions between uncharged organic molecules only or also with interactions of organic molecules with
inorganic ions. Tests taking into account wall losses of the gaseous organic compounds and irreversible partitioning of
methylglyoxal are also performed.

The simulation results presented in this study focus on two experiments carried out at 280 and 295 K with 24% of RH, 112
ppbv of toluene and 120 ppbv of IPN (experiments n°21 and 7 respectively in Table S1). The pre-existing aerosol
concentration is 9 pg m~ of AS, and a small concentration of organic matter (0.01 pg/m’) is also added to the initial
concentrations to allow for the formation of organic aerosols in the model.

Nitro-aliphatic and peroxy acyl nitrate (PAN) compounds are not correctly quantified by the PTR-ToF-MS due to
fragmentation. A correction is therefore applied to simulated aliphatic nitrates and PAN concentrations to reflect this
instrumental feature. Concretely, during post-processing of model results on speciation, we consider that these simulated

compounds automatically fragment and lose their -ONO, or -OONO, groups (replaced by a hydrogen atom).



295

300

305

310

3 Experimental results and discussion
3.1 Temperature dependence of SOA formation and yield

SOA yield from toluene was investigated for 24 experiments using different initial conditions of temperature, toluene
concentration, OH-radical concentration and ammonium sulphate seeds. Detailed information on experimental conditions and
SOA derived by HR-ToF-AMS and CHARON/PTR-ToF-MS can be found in Table S1 in the SI. Around 40 to 60 % of the
toluene concentration was consumed during the experiments. Figure 1 compares the calculated SOA yield as a function of the
produced SOA mass with previous published works using the data from the HR-ToF-AMS. All experiments were carried out
under high NOy conditions. The red squares refer to experiments carried out at 295 K, the green circles at 285 K and the blue
triangles at 280 K, respectively. The empty markers correspond to low initial toluene concentration experiments (below 23
ppbv) and the filled markers correspond to higher initial toluene concentration (above 100 ppbv). Both the calculated SOA yield
and measured aerosol concentrations are strongly dependent on the experimental conditions and are consistent with previous
studies carried out in smog chambers using higher toluene (200-1000 ppbv) and seeds concentrations (Hildebrandt et al. 2009;
Ng et al., 2007; Takekawa et al., 2003). For toluene concentrations between 112-162 ppbv SOA yields are located at the lower
edge of the Hildebrandt et al. (2009) gray area, determined using basis-set parameterizations, and are closer to Ng et al. (2007)
yields. One reason might be the yield correction for both organic vapours and particles wall losses performed by Hildebrandt et
al. (2009) while Ng et al. (2007) applied wall losses corrections for particles only. Since the residence time into the OFR was
below 13 minutes and seed particles (between 113-169 nm) did not show any significant depletion (below 5%), we did not

correct for particle losses, while between 5 to 8 % of toluene wall losses were measured depending on the flow tube

temperature.
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Figure 1: SOA yield (measured by HR-ToF-AMS) vs organic aerosol formed. Red squares refer to 295 K, green circles stand for
285 K and blue triangles represent data points at 280 K. Empty markers present experiments with low toluene concentration (8
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and 23 ppbv), filled markers indicate high toluene concentration experiments (above 110 ppbv). Data points from this work are
compared with toluene experiments from Ng et al. (2007), Hildebrandt et al. (2009) and Takekawa et al. (2003).

For the same initial reactant concentration, the SOA yield is linearly dependent on the temperature (in the range of
temperatures investigated); for toluene concentration above 110 ppbv (filled symbols) a slope of 0.4 can be traced and for
toluene concentration below 23 ppbv (empty symbols) a much steeper slope of about 11 can be drawn. The temperature
dependence observed in this work is consistent with previous studies (Takekawa et al., 2003) that reported twice higher
toluene SOA yield for a temperature decrease from 303 to 283 K. Also, Hildebrandt et al. (2009) reported a significant
increase of toluene SOA yield when the temperature decreased from 305 to 284 K (Fig. 1). Other experiments clearly show
the influence of seeds (ammonium sulphate) concentration on SOA yield, presented in Fig. S2. An increase in seed
concentration from 5 to 10 pg m™ lead to increment of the SOA yield from 0.8 to almost 2.3 % at 295 K and from 4 to 10%
at 280 K. These findings are in agreement with previous studies (Ng et al., 2007). The observed behaviour can be
rationalized by an increased seed surface that favours condensation of toluene semi-volatile oxidation products at lower

temperatures, with enhancement of aerosol concentration and SOA yield.

3.2 Experimental speciation of toluene oxidation products

In total 97 significant signals were detected in the gas phase (from m/z 31 to 171), 103 signals were detected in the particle
phase (from m/z 47 to 189) and only 65 of them were in common among the two phases. Overall chemical characteristics of
toluene reaction products in the gas (PTR-ToF-MS) and particle (CHARON/PTR-ToF-MS) phases are presented in Fig. 2.a
and 2.b respectively for an experiment at 280 K with an initial toluene concentration of 112 ppbv (experiment n°21, see
Table S1). A similar plot for the same experiment at 295 K (experiment n°7, see Table S1) is presented in Fig. S4 in the SI.
The overall product distribution is comparable at the two temperatures. The mass fractions (in pg m~) of the reaction
products were further classified depending on their number of oxygen atoms and the molecular weight distribution were
divided in four groups: m/z 30-50, m/z 51-100, m/z 101-150, and m/z above 150. The detected gas phase products account for
31-60% of the toluene carbon balance depending on the oxidation conditions, and considering that CO, CO, and glyoxal
were not measured in these experiments, as IPN degradation produces high amount of acetone that interferes with the
glyoxal signal. The SOA formed accounted for 1% and 3 % at 295K and 280K of the toluene carbon balance, respectively.

Additional information on gas and particle chemical composition for six experiments is available in the SI (Table S9).
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Figure 2: Mass products fraction (y-axis) distribution based on the number of carbon atoms (x-axis) for an experiment with 112
ppbv toluene at 280 K. Detected ions in the (a) gas phase and (b) particle phase. Pie charts correspond to the molecular weight
contribution to the overall mass.
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The identified gas phase products shown in Fig. 2.a are characterized by a high fraction of C7 compounds (31%) followed by
C2 (19%), C4 (16%), C1(12%), C3 (11%), C5 (6%) and C6 (2%). The product distribution in the particle phase (Fig. 2.b)
exhibits a different trend with increasing mass fraction from C1 (2%), C2 (5%), C3 (9%), C4 (12%), C5 (15%), C6 (21%)
and finally C7 (26%). The condensed phase is generally more oxygenated. More than half of the molecules contains from 3
to 5 oxygen atoms and shows higher molecular weight (pie chart in Fig. 2.b) with respect to the gas phase products
distribution.

Table 1 lists the measured m/z signals, the assigned ion formula and a tentative assignment to the reaction products. The
tentative chemical assignment is based on the results of a consistent number of dedicated studies (Bloss et al., 2005; Borras
and Tortajada-Genaro, 2012; Forstner et al., 1997; Hamilton et al., 2005; Jang and Kamens, 2001; Kleindienst et al., 2004;
Schwantes et al., 2017; White et al., 2014; Wu et al., 2014; Zaytsev et al., 2019), on the CHARON assignment procedure

recommended by Gkatzelis et al. (2018a) where average saturation mass concentration log(C;’) are used to discriminate
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between parent and fragment ions (see Fig. S3 in the SI). Furthermore, some reference compounds detected by
CHARON/PTR-ToF-MS are listed in Table S2 in the SI.

In Table 1 the compounds are classified with respect the decreasing number of carbon atoms for two set of experiments with
an initial toluene concentration of 112 ppbv at 280 K and 295 K. For each temperature three columns are presented: the first
indicates the gas phase carbon balance (% of ppbC with respect to the toluene consumed), the second one presents the
fraction of gas phase reaction products (% of pg m™) and the third present the fraction of the SOA products (% of pg m™).
The C7 compounds account for approximately 31% of the total gas phase products. The most abundant C7 ions are
associated to ring retaining compounds and could be tentatively assigned to benzaldehyde (m/z 107.049), cresols and isomers
(m/z 109.065, 91.057), benzoic acid and isomers (m/z 123.046) but also nitro-compounds as nitrocresol (m/z 154.051 and
136.039) and nitrotoluene (m/z 138.057). These results are in very good agreement with previous works listed above. The C7
particle phase compounds are the most abundant accounting for 25 % of the SOA mass fraction. The major identified ions
contain several oxygen atoms associated to the following ion formulas (C;HsO,)H+ at m/z 155.034, (C;HsO,)H" at m/z
157.050, (C;HcO3)H" at m/z 139.044, (C;HsO;)H' at m/z 141.054, (C;HsOs)H™ at m/z 171.029 and (C;HgOs)H™ at m/z
173.044. The highest number of carbon atoms observed in the particle phase is 7. Oligomers were therefore not observed as
the operating conditions used in this study (E/N = 105 Td) might induce oligomers fragmentation upon protonation.

The C6 carbon compounds account for 2% only of the gas phase products but reach 21% of organic fraction in the
condensed phase. Major C6 ions are found at m/z 127.041 (C¢HcO3)H', m/z 143.034 (CiHO4)H' and at m/z 125.029
(C¢H404)H" tentatively assigned to hydroxyquinol, hydroxymethylfurfural and functionalised acids. Other less abundant C6
ions are found at m/z 111.04 (CgHgO,)H", m/z 113.06 (CHsO,)H', m/z 97.064 (CiHsO)H' and m/z 129.057 (C¢HsO5;)H"
(Table 1). Among the C7 and C6 compounds several nitro-aromatic compounds have been identified (nitrotoluene,
nitrocresol, methylnitrocatechol and nitrophenol), these nitro-aromatic compounds account for 13% and 4% of the gas and
particle phase products, respectively, in agreement with previous studies (Sato et al., 2007; Tuazon et al., 1984; Zaytsev et

al., 2019).

The C1 to C5 compounds correspond to products formed upon cleavage of the aromatic ring. Most of the C3-C5 products
are associated to non-aromatic ring retaining compounds as functionalised furans and anhydrides or ring opening products
(oxocarboxylic acids, dicarbonyl or oxo-carbonyl compounds) (Hamilton et al., 2005; Jang and Kamens, 2001; Zaytsev et
al., 2019). The C5 compounds represent 7% and 15% of the gas and particle phase reaction products, respectively The most
important ions in the particle phase are at m/z 115.042 (CsH¢O5)H", at m/z 97.032 (CsH,0,)H", at m/z 99.046 (CsH¢O,)H"
and at m/z 113.025 (CsH4O;)H. See Table 1 for tentative assignment.

Table 1: List of ion sum formulas of the major toluene degradation products monitored during the experiments. Reaction
products are given as % of the total carbon of toluene consumed (carbon yield), as fraction of the gas phase products (in % of
p,g/m3) and as fraction of the SOA products (% of pg/m3).
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T=280 K T=295K
Car
bon Measured m/z and ion Tentative assignment Gas Phase | Gas Phase SOA Gas Phase | Gas Phase SOA
num sum formula Carbon Products Products Carbon Products Products
ber Yield (%) (%) (%) Yield (%) (%) (%)
7 107.049 (C;H;O)H" Benzaldehyde 3.98+041 | 5.65£1.50 | 023+0.08 | 3.69+0.11 | 4.46£1.07 | 0.14+0.02
7 109.065 (C;HsO)H" Cresols/ benzyl alcohol 4214045 | 5.55+0.96 n.d. 2.68+0.40 | 4.80+0.39 n.d.
7 154.051 (C;H;NO;)H™ | Nitrocresol 245+1.07 | 4.94+090 | 1.00+0.18 | 3.47+1.14 | 4.07£1.20 | 0.66+0.28
Oxo-heptedienoic acid/
7 141.054 (C;Hs05)H" epoxy-methyl-hexenedial interference with | 0.08+0.03 0.15+0.06 1.56+0.95 0.10+0.03 0.15+0.06 1.54+0.65
Hydroxybenzaldehyde/Benzoic
acid/Methylbenzoquinone at m/z 123.046
123.046 (C;HeOp)H" o
7 105.038 (CoHLO)H Hydroxybenzaldehyde/ Benzoic acid 1.55+0.85 3.58+0.93 1.46+0.81 2.4440.38 4.30+1.10 0.84+0.34
7 138.062 (C;H;NO,)H™ | Nitrotoluene 1.48+0.6 2.89+0.67 n.d. 2.76£0.70 | 4.40+0.82 n.d.
Tetrahydroxybenzene/
7 157.050 (C;HsO)H® | Hydroxy-dioxo-heptenal interference at m/ | 0.08+0.03 | 0.16£0.04 | 5.32+1.10 | 0.1740.08 | 0.29+0.18 | 3.31+0.96
139.04
7 139.040 (C;HOxH' | Methyl cyclohexene wricarbonyls/ Hydroxy | 59,0 15 | 052£0.10 | 3.78£0.54 | 0.46+0.08 | 0.62+0.06 | 2.92+0.12
methyl benzoquinone
; 173.045 (C;Hs05)H" ifi}gj;f;"""“:;ﬁ‘f""‘ziﬁcfm(j“d ‘Sﬁl‘:ff} nd nd. 3.32+0.28 nd. n.d. 2.28+0.98
155.040(CHOH | (L0 P e 15504 10112003 | 0232004 | 536£031 | 0.18£0.04 | 0.30+£0.04 | 5.70+0.91
7 170.048 (C;H;NOy)H" Methylnitrocatechol n.d. n.d. 1.67+0.70 n.d. n.d. 0.70+0.30
7 171.029 (C;HsOs)H+ Trihydroxymethyl benzoquinone 0.02+0.01 0.04+0.02 1.57+0.60 0.06+0.02 0.11+£0.04 2.43+0.95
6 127.041 (C4HsO3)H" Eoys‘i‘ig‘gq“in"‘/ Hy‘i’;‘t’e"r{v:r‘:;‘zlf“‘f“‘al with | 0085004 | 016004 | 6.50£0.92 | 0.16£0.09 | 026013 | 6.2320.55
+
109.033 (CsH:0,)H Benzoquinone/Hydroquinone at miz 109,033 | 0-20£0.08 | 0.330.14 | 025:0.07 | 0.270.09 | 0.38:0.11 | 033:0.10
6 143.034 (C4Hs04) H' ?C‘i‘zl""'he";‘s"s‘i‘;ﬂfld/ Mf;g‘f'e‘:;‘:é‘;'l’enwg‘i’:ﬁ 0.03£0.01 | 0.07+0.02 | 2.50£0.60 | 0.09£0.04 | 0.12+0.06 | 3.23%0.65
+
125.029 (CeH405)H Hydroxybenzoquinone 0.03£0.02 | 0.06£0.04 | 1.89+0.50 | 0.04+0.02 | 0.10£0.05 | 3.33+0.75
6 129.057 (C¢HsO3)H" }\l‘ft;‘yl“”“"pe“‘e""‘c acid 0.03£0.02 | 0.06:+0.04 1.77£0.70 | 0.06+0.03 0.10+0.08 1.27+0.50
ydroxy-oxo-hexenal
6 111.045 (CsHeO)H' | Methylfurandione/Methylfuraldehyde 0.17+0.05 | 0.30+£0.11 | 2912041 | 031£0.09 | 043+0.13 | 2.24+0.66
6 156.029(C¢HsNO,H* Nitrocatechol n.d. n.d. 0.83+0.22 n.d. n.d. 0.63+0.12
6 140.038 (CsHsNO3)H® | Nitrophenol 0.50+0.18 | 1.08£0.06 | 0.76+0.11 | 0.40+0.05 | 0.91+0.04 | 0.80+0.36
6 113.057(CeHsOnH' | Methyl-oxo-pentenal “possible interference | h5.0 07 | 0.08+0.05 | 0.78£021 | 0.14£0.05 | 031+0.04 | 0.35+0.16
with phenol m/z 95.04
6 95.047 (CsHO)H" Phenol 0.18£0.09 | 027+0.10 | 0.77+0.30 | 0.20+0.09 | 0.24+0.12 | 0.30+0.13
s 115.042 (CsHsO5)H" Sg‘h"'g;‘;:“‘ﬁ;erfer;‘;f/ fural(i\g}f“;z's‘;fci‘;i/‘; 0.14£0.05 | 028+0.10 | 2.88£0.40 | 0.37£0.20 | 0.64=0.35 | 3.1740.78
97.032 (CsH,On)H" 97032 Y 0.16£0.06 | 0.29+0.12 | 1.75+0.30 | 0.55+032 | 0.82£0.39 | 1.75+0.48
5 113.025 (CsH;05)H® | Methylfurandione 0.84+0.22 | 1.77£0.66 | 2.85£0.95 | 1.86+0.45 | 3.27+0.59 | 2.88+0.95
5 101.060 (CsHsO,)H® | Methyl-dihydrofuranone 0.87+0.47 | 1.63+0.70 n.d. 0.81£0.36 | 1.23+0.58 n.d.
149.045(CsHzO0s)H" Dihydro-oxy-pentanoic acid
5 131034 (CHOOH | (DHOPA) n.d. n.d. 1.88+0.08 n.d. n.d. 1.79+0.44
s 99.046 (CsHO)H" Methylfuranone/Methylbutendial/ 1.18+0.21 | 2.16£0.22 | 4.112028 | 1.87+0.66 | 2.79+0.95 | 3.20+0.74
81.035 (CsH,O)H" Oxo-pentenal interference methylfuran 0.14+0.05 0.21+0.12 0.34+0.09 0.19+£0.05 0.24+0.08 0.12+0.04
4 99.010 (C4H,05)H" Maleic anhydride 476+1.10 | 11.91£0.70 | 0.05+0.16 | 6.39+0.78 | 11.9+1.07 | 0.04+0.06
4 117.021 (C4H404)l‘fr Oxo-hydroxybutanedial and isomers 0.19+0.09 0.52+0.03 2.31+0.15 0.37+0.05 0.81+0.13 2.65+0.19
4 103.042 (C4H¢O5)H™ | Hydroxy-oxo-butanal 0.06£0.02 | 0.15£0.04 | 281065 | 0.12+0.06 | 0.23£0.10 | 3.17+0.44
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4 85.031 (C4H4O)H™ Butenedial 0.79+0.19 1.56+0.14 2.58+0.25 1.244+0.19 1.99+0.12 2.26+0.48
4 87.046 (C4HsO2)H™ Butanedial/crotonic acid 0.23+0.18 0.46+0.09 1.43+0.15 0.50+0.11 0.81+0.08 1.11£0.36
101.026 (C4H:05)H" A
4 83.014 (C4H,00)H" Dioxobutanal 0.31+0.14 0.72+0.10 3.18+0.13 0.70+0.21 1.22+0.28 3.71+0.76
3 g% Egﬁ;‘ggg Pyruvic acid / Hydroxy-propancdial 029:0.14 | 0.76+008 | 4.04£088 | 0.56£0.06 | 1212016 | 4.82+0.62
73.030 (C;HLO)H
3 45.030 (C,H,O)H™ Methylglyoxal and its hydrate 3.92+0.73 8.95+1.30 5.454+0.23 4.20+0.10 7.50+1.15 6.20+0.88
91.040 (C;H,05)H"
2 77.025 (C.H403)H+ PAN fragment 0.42+0.11 1.48+0.44 0.19+0.08 0.55+0.18 1.59+0.32 0.21+0.07
61.028 (CH, O
5 43.019 (C;H,O)H+ Acetic acid /Hydroxyacetaldehyde and 4.73+1.4 13.311.26 3.96+1.03 5504073 13.23+1.69 1.560.39
79.030 hydrate
(CHO)HOH
2 63.:‘)33)382(}?42(%1(01{)2%)? Potential artefact acetaldehyde and its hydrate | 1.85+0.57 | 3.9240.76 nd, 226+0.67 | 388093 nd.
Ul 5.327'70(13]&?%823)1{- Potential artefact formic acid and its hydrate | 2.41:0.90 | 10.3040.68 | 1912023 | 2.814032 | 9804072 | 1.61£0.31
1 31.018(CH,0)H" Potential artefact formaldehyde 0.78+0.30 2.2+0.48 n.d. 0.60+0.28 1.36+0.40 n.d.
390
The C4 compounds represent 16% and 12% of the gaseous and particulate phase products, respectively. A far major ion
fragment is detected at m/z 99.010, assigned to maleic anhydride, that alone represents more than 12% of the gas phase
products, in agreement to several previous studies (Hamilton et al., 2005; Jang and Kamens 2001). In the condensed phase
other identified ions are: (C,H¢O3)H" at m/z 103.042, (C,H,0,)H" at m/z 85.031, (C,H¢O,)H" at m/z 87.046, (C,H,0;)H" at
395  m/z 101.026 and (C,H,0,)H" at m/z 117.021.
The C3 compounds represent approximately 11% and 9% of the gaseous and particulate phase products, respectively.
Methylglyoxal and its hydrate are among the most important reaction products in both phases. Other ions at m/z 89.026 and
71.016 assigned to pyruvic acid (White et al. 2014) are mostly present in the particle phase. Based on previous works
glyoxal molar yield under medium and high NOx conditions would vary between 8-20 % as a function of the NOx
400 concentration (Nishino et al., 2010; Tuazon et al., 1984) but during our experiment it could not be detected due to
interference with acetone produced upon photolysis of IPN.
Thermal decomposition such as the decarboxylation of organic acids does not occur at the temperatures used in this study
(Piel et al., 2021). This is also confirmed by the ion distribution of formic and succinic acid in Table S2. Piel et al. (2021)
found evidence for the thermal decomposition in the CHARON inlet of other compounds as hydroperoxides. But previous
405 works (Gkatzelis et al., 2018a; Leglise et al., 2019) show that at the conditions used in this study (E/N = 105 Td), scission of
the C-C bond may occur. Therefore, a minor fraction of the low C compounds found in the particle phase could thus be
measurement artifacts. Acetic acid/hydroxyacetaldehyde at m/z 61.028 and formic acid at 47.013 are found both in the gas
and particle phase and can be both produced during toluene degradation and be surface artefacts due to heterogeneous
reactions. Small aldehydes as acetaldehyde and formaldehyde can also be surface artefacts, as adsorbed molecules on OFR
410 walls can undergo chemical reaction and produce such small molecules (Doussin et al., 2023). Aliphatic nitrogen containing
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compounds are not easily detected due to fragmentation in the PTR-MS. Nevertheless the fragment ion at m/z 77.024
(C,H;0)H" previously assigned to peroxy acetyl nitrate fragment has been detected (Miiller et al. 2012).

The particle phase mass loading recovered by CHARON/PTR-ToF-MS accounts for approximately 77 % of the mass
measured by the HR-ToF-AMS (Fig. S5.a) when considering all the 24 experiments (Table S1). Part of this discrepancy can
be explained by the loss of water occurring in the PTR-ToF-MS technique (see Table S2) but also from the different size cut-
off of the two instruments inlets. This hypothesis is confirmed in Fig. S5.b, where CHARON/PTR-ToF-MS mass recovering
decreases to 55% of that observed by HR-ToF-AMS when only particles below 150 nm (mobility diameter) are considered.

3.3 Experimentally derived gas-particle phase partitioning

Figure 3 depicts the oxidation state (OSc) of the identified major ion fragments i versus the log;,C;" at 295 K (magenta) and
280 K (light violet). The circles are proportional to the mass associated to each ion. The error bars indicate the standard
deviation of repeated experiments. The 2D-VBS (Donahue et al., 2011; Murphy et al., 2012) framework was used to
implement the results, with background colours corresponding to the different volatility classes, ranging from IVOCs (light
blue) to SVOCs (light green). The OSc is derived from Kroll et al. (2011) method for each individual species based on
carbon, hydrogen, and oxygen number of atoms. In total 103 ions were detected in the particulate phases, among them 29
were classified as parent ions and did partition between the gas and particle phases. Table S3 (SI section) lists both log;,C;"
calculated at 280 and 295 K C for the identified parent ions. 20 other ions were detected in particle phase only accounting for
10-17% of the SOA mass. The remaining 62-71% of the particle mass occupied the semi-volatile organic compounds area,
SVOCs, and approximately 12 to 19 % lied in the intermediate volatile organic compounds area, IVOCs. A shift of the
experimental temperature from 295 to 280 K induced an important increase of the total organic aerosol mass (from 8 to 15.7
ug m™) since a higher fraction of the oxidation products was able to condense onto the particulate phase. This can be
observed in Fig. 3 where the volatility of the individual parent ions appreciably shifts toward lower log;,C;" values with

Alog,C;” varying from 0.29 to 1.07 (Table S3).
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Figure 3: The oxidation state for the detected parent ions (OSc), versus the averaged saturation concentration in terms of log;,C; .
The area of the dots denotes the mass associated to each species. In light violet are represented the ions fragments identified for an
experiment carried out at 280 K and in magenta those at 295 K. Errors bars correspond to + 1o of the experimental average.

The saturation concentration (C;) values ranged between 3 to 31000 pg m™ exhibiting similar values with respect those
observed for other SOA systems (Gkatzelis et al., 2018b). Previous findings suggested a volatility decrease with increasing
OSc and oxygen atom number (Gkatzelis et al., 2018b; Jimenez et al., 2009; Kroll et al., 2011). In this work, however, such
a trend is not observed (see also Fig. S6 in the SI) as it was not for SOA formed from tree emissions (Gkatzelis et al., 2018b)
suggesting that a higher oxidation state may not always be the key parameter for explaining volatility (Kostenidou et al.,
2018). Additionally, in this study we report volatility properties for all ions detected while previous works considered only
compounds with more than 5 carbon atoms.

In Fig. 4, the volatility distribution of the toluene SOA is compared to a previous study (Hildebrandt et al., 2009). CHARON
data are categorized in volatility bins in order to be comparable to the above work. Our results indicate that our products
were generally in a good agreement with those extracted by Hildebrandt et al. (2009) applying the volatility basis-set
parameterization for 4 products to chamber experiments at 293K and low-NO, conditions. However, our volatility
distribution is shifted somehow to lower volatility products as we observed higher mass fraction of compounds with
saturation concentration 100 pg m~ (logC'=2) and lower contribution of species with saturation concentration 1000 pg m™
(logC"=3) in comparison to Hildebrandt et al. (2009). One explanation for this behavior could be the lower initial toluene
concentrations (105+49 ppb) used in this study compared to those used in Hildebrandt et al. (2009) (362 + 176 ppb),
resulting to a higher fraction of less volatile species. The sum of the volatility bins mass fraction in Fig. 4 is less than unity

since approximately 12-15% of the mass was detected in the particle phase only and it has not included in these bins.
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Figure 4: Saturation concentration (shown as volatility distribution) of the toluene SOA species. The black bars correspond to the
categorization in volatility bins of this work, while the red bars correspond to the volatility distribution derived from Hildebrandt
et al. (2009) applying the volatility basis-set parameterization for 4 products to chamber experiments (20°C, low-NO,).

4 Modeling results and discussion
4.1 Modeling of products chemical composition

Table 2 shows a comparison between the final experimental concentrations at the outlet of the OFR and the simulated
concentrations estimated with the different gas-phase chemical mechanisms for the 24% RH and 112 ppbv of toluene
experiments at 280 K and 295 K. In these simulations partitioning to non-ideal organic and aqueous condensed phases (with
only interactions between uncharged organic molecules estimated with UNIFAC) is considered and no wall loss process is
represented. Normalized root mean square error (NRMSE) for each mechanism is calculated as:
mp{(epot-cp)’]
—_ n
NRMSE = G )

n

where €/"°% and Cl.e *P are the mass concentrations of each simulated and experimental m/z i respectively and 7 the number of
m/z for which the concentrations are non-zero according to both experiment and modeling. For comparison, experimental
m/z are rounded to the unit. At 280 K (295 K), about 81 (88) rounded experimental m/z are measured. We observe an
important variation of the total mass formed (gas + particle) with the temperature during the experiments (139.9 pg m™ at
280 K and 185.4 ug m™ at 295 K: +32.5 %) not reproduced by the model which overestimate the mass at 280 K and
underestimate it at 295 K. The mechanism modifications lead to a decrease in the simulated total mass about 3 and 11 %

whatever the temperature with MG-Cr and MG-Cr-Al respectively, which is mainly due to the increasing importance of
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fragmentation pathways compared to functionalization ones. The modifications of chemical mechanism improve the number
of represented experimental m/z: 31, 35 and 42 (33, 37 and 44) with MG, MG-Cr and MG-Cr-Al respectively. The better
reproduction of the experimental m/z by the modified mechanisms results in a decrease of the NRMSE which is 2.74, 2.23

and 1.89 for MG, MG-Cr and MG-Cr-Al respectively at 280 K (2.13, 1.81 and 1.62 at 295 K). However, this NRMSE

remains very high.

Table 2: Number of identified m/z, total mass and NRMSE for the 3 mechanisms and experiments.

280 K (295K)
number of identified total NRMSE
identified exp. m/z mass in pg m-3 /EXP
EXP 81 (88) 139.9 (185.4) /
MG 31 (33) 179.1 (173.7) 2.74 (2.13)
MG-Cr 35(37) 173.7 (170.1) 2.23 (1.81)
MG-Cr-Al 42 (44) 157.2 (155.0) 1.89 (1.62)

Figure 5 shows the chemical characteristics of simulated toluene reaction products at 280 K both in the gaseous and
particulate phases. Simulated glyoxal is not considered and the correction for nitro products is applied. Similarly to the
experimental results (see Fig. 2), the distributions of the simulated compounds in the gas phase is dominated by C7
compounds, but their mass fraction is higher (~39% for MG and MG-Cr and ~43% for MG-Cr-Al) than the measured
fraction (31%). Although the three mechanisms reproduce correctly the low fraction of C6 in the gas phase, they all
underestimate the C2 gas-phase fraction (~10% for MG and MG-Cr and ~13% for MG-Cr-Al). With all three mechanisms,
the gas-phase fraction of C5 is the second most important (~25%), much higher than the measured value (7%). The gas-
phase fraction of C1 is underestimated. Although there is little difference in the gas-phase distribution of compounds
between the MG and MG-Cr mechanisms, the MG-Cr-Al mechanism introduces some differences: (i) a more important C7
gas-phase fraction (+5%), (ii) C1 are no longer negligible (~3% due to the higher formation of formaldehyde) and (iii) the
gas-phase fraction of C2 is proportionally higher due to the higher formation of acetaldehyde. In terms of compound
oxidation, the main difference between the experimental and simulated gas phase distribution is the formation of more

oxidized C7 compounds (~40% of the gaseous C7 have 4 or 5 oxygen atoms).
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Figure 5: Simulated mass products fraction (y-axis) distribution based on the number of carbon atoms (x-axis) for the oxidation of
112 ppbv toluene at 24% RH and 280 K with MG (a and b), MG-Cr (c and d) and MG-Cr-Al (e and f) mechanisms in the gas (a, ¢
and e) and condensed phases (b, d and f). Pie charts correspond to the molecular weight contribution to the overall mass.

In the condensed phase, the simulated distribution of compounds by carbon number strongly differ from measured ones.
First, the simulations do not reproduce the "staircase" distribution observed experimentally, regardless of the mechanism
used. According to the simulations, the SOA is composed of a large majority of C7 (~64% with MG-Cr and ~73% with MG
and MG-Cr-Al), followed by C5 (17 and 22%) and C4 (7 and 14%). The other compounds (C6, C3, C2 and C1) represent
less than 1% of the mass of SOA formed. The simulated SOA is more oxidized than the experimentally observed SOA. It is
mostly composed of molecules with 4 or more oxygen atoms (taking into account the breakup of aliphatic nitro compounds)
and only a fraction of C7 has just 3 oxygens. The large fraction of C7 with 4 oxygen atoms simulated with the MG
mechanism is due to the accumulation of methylnitrocatechol. The near absence of C6 in the simulated condensed phase can
be explained by the low formation of these compounds in the gas phase, while the absence of short carbon chain compounds
(C1 to C3) could be mainly explained by partitioning processes implemented in the model: these compounds have P** and
H" too high and low respectively to condense according to Raoult's or Henry's laws as implemented in the SSH-aerosol
model under the low RH conditions of simulation.

The simulated m/z distributions indicate that: (i) the MG and MG-Cr mechanisms overestimate the gaseous formation of
heavy compounds and underestimate the formation of light ones (0% of the total mass with m/z < 50 against 17 %
experimentally), (ii) the MG-Cr-Al mechanism improves the representation of m/z < 50 but mainly at the expense of the
fraction with m/z between 50 and 100 and (iii) there is an over-representation of heavy compounds in the condensed phase
(m/z > 150 representing between 48.9 and 71.2 % of the SOA mass against 23% experimentally) compared to the lighter
ones (m/z < 100 representing less than 0.1 % against 30 % experimentally).

Figure 6 represents the experimental mass spectra for the gas and condensed phases (Fig. 6.a) and the reconstructions of
similar spectra from the simulated concentrations with the three mechanisms (Fig. 6.b to d) at 280 K. Glyoxal is not
represented in Fig. 6. Species formed according to the MG mechanism are less numerous, and heavier than those observed in
the experiment with only 3 significant peaks of species with m/z below 99 and none below 61 (Fig. 6.b). In contrast, there is
a strong accumulation of species with m/z above 140 (up to m/z > 250) in both the gas and the condensed phases. A very
high peak in the gas phase is observed at m/z 99. It consists of more than 50% of aliphatic nitro compounds (with one or two
nitrate or PAN functions) of higher m/z from which the nitro groups have been subtracted to represent the effect of PTR-
ToF-MS on these compounds. Similarly, the peak at m/z 61, normally corresponding to acetic acid, here consists almost
exclusively of the 2-carbon PAN from which -OONO, has been removed. Finally, with MG, an important accumulation of
methylnitrocatechol at m/z 170 (AR0128, see Table S4 in the SI) is observed in the condense phase (23 pg m™). The
methylnitrocatechol strong formation originates from the MCM mechanism, and it has already been reported in other
simulation studies, which estimated this species as the major contributor to the SOA of toluene (Kelly et al., 2010), in

disagreement with our experimental observations.
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The modification of the cresol chemistry in the MG-Cr mechanism corrects the overestimation of methylnitrocatechol whose
formation is now competing with alternative oxidation pathways. Its concentration in the condensed phase is thus divided by
about 10 (~ 2.5 pg m™). However, new compounds accumulate in the condensed phase, namely methylbenzenes with 3, 4
and 5 -OH groups on the ring, corresponding to m/z 141, 157 and 170 with concentrations of 6.5, 4.3 and 1.6 pg m™
respectively. This version of the mechanism does not improve the representation of light compounds which remain largely
underestimated.

The latest modifications and the addition of a new ring-opening chemistry in the MG-Cr-Al mechanism leads to a clear
improvement in the representation of light compounds with (i) enhanced formation in particular of formaldehyde (m/z 31)
and acetaldehyde (m/z 45) and (ii) reduction of m/z 99 species. This mechanism leads to a decrease of large compounds able
to partition to the condensed phase with a consequent decrease of the SOA mass formed. The modifications lead to a
significant improvement in the representation of the gas-phase products with the MG-Cr and then MG-Cr-Al mechanisms.
Despite some important improvement, all the three mechanisms show some limitation in reproducing experimental light
compounds concentrations while they tend to overestimate the formation of heavy compounds (above m/z 151) in the gas
phase. Additionally for all three mechanisms we observe the absence of compounds with m/z < 130 in the simulated SOA
while they do represent the largest fraction according to the experimental results as also other recent studies on toluene
derived SOA (Zaytsev et al., 2019). This discrepancy between model and experimental results can be tentatively explained
by (i) the absence of some reaction products in the gas-phase oxidation mechanisms or (ii) non-accounted condensation
processes of many gas phase products in the common version of the model such as irreversible gas-particle partitioning
processes of a-dicarbonyl compounds and small acids (Hu et al., 2022). Even though the MG-Cr-Al mechanism leads to a
better representation of light compounds in the gas phase, it does not result in a better agreement regarding the distribution
by carbon number in the condensed phase, suggesting that the main problem is the representation of products partitioning in
the model. Several tests on the partitioning are presented in the next section in an effort to provide a better insight in the

process.
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Figure 6: Mass spectra of gaseous (blue) and condense (red) secondary compounds during the oxidation of 112 ppbv toluene at 280
K according to experiments (a), MG (b), MG-Cr (c¢) and MG-Cr-Al (d) mechanisms. The yellow fractions of spectra represent
simulated mass after recalculation by removing functional groups with nitrogen for aliphatic compounds. Scale of the
experimental SOA (a) is modified for a better readability of concentrations.

4.2 Partitioning modeling and tests on partitioning processes

To explore the partitioning of organic compounds and to try to improve the representation of the experimental observations,
different tests on the partitioning processes have been carried out. In this section the formation of SOA is studied using the
MG-Cr-Al chemical mechanism to represent the formation of secondary condensable species. The partitioning of these
species between the gaseous and condensed phases is simulated under the same experimental conditions as presented in
section 2.2.3 at 280 and 295 K by considering different physicochemical processes impacting it. The studied cases are:

- T1: partitioning to an ideal organic phase;

- T2: T1 conditions + partitioning to an ideal aqueous phase;

- T3: partitioning to non-ideal organic and aqueous phases, considering the interactions between the uncharged
organic molecules in both condensed phases (according to the UNIFAC method);

- T4: T3 conditions + consideration interactions of organic molecules with inorganic ions in the aqueous phase
(according to the AIOMFAC method);

- T5: T4 conditions + consideration of the loss at the walls of the OFR of gaseous organic compounds according to
the parameterization presented in supplementary materials;

- T6: TS5 conditions + consideration of an irreversible pathway for methylglyoxal condensation according to the
parameterization presented in supplementary materials.
Figure 7 represents the temporal evolution of the concentrations of SOA formed during 13 minutes of toluene oxidation for
the six test cases as well as the final experimental concentration measured by the HR-ToF-AMS at 280 K. In addition, results
at 295 K are presented in Fig. S10 in the SI and reconstructions of mass spectra at 280 K with the simulated concentrations
for the test cases are presented in Fig. S8 and S9. For partitioning to an ideal organic phase (T1), driven by Raoult's law only
and thus depending on the P* of the compounds, the SOA formation is very slow and reaches ~3 pg m™ after 13 min. This is
due to the small amount of pre-existing particulate organic matter (0.01 pg m™) onto which the compounds can condense
(inorganic seeds). The addition of partitioning toward an aqueous phase, also ideal (T2), following Henry's law and thus
depending on the H" of the compounds accelerates SOA formation. In this case SOA mass concentration reaches ~19 pg m"
3 after 13 min, closer to the mass concentration measured experimentally (15.7 pg m™). SOA formation is here enhanced by
the presence of inorganic ions in the pre-existing condensed phase (NH," and SO,%).. Considering the interactions between
organic compounds within the particulate phase according to the UNIFAC method (T3) leads to an overestimation of SOA
formation (~30 pug m”) by a factor of 2 compared to the experimental value. Considering the interactions of organic
molecules with inorganic ions in aqueous phase (according to AIOMFAC) and the interactions between uncharged organic

molecules in the both particulate phases (T4) lead to the formation of SOA mass concentration (~21 ug m™) closer to the
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experimental value. The interactions between organic compounds in the condensed phase tend to shift the equilibria towards
the particulate phase (reflecting an affinity of the compounds with each other), while the interactions between organic and
inorganics compounds result in the opposite effect. Even though these two processes compensate each other, there is still a
relatively high error (+31%) between the simulated and the experimental total SOA mass concentration.

Even though T2 and T4 final SOA concentrations are close, the modeled mass spectra show significant differences in
composition (see Fig. S8). The interactions between organic molecules favors the condensation of many compounds (m/z =
149, 155, 157, 170, 175, or 191 for example) and particularly the lighter ones (m/z = 131, 132, 135). This also reduces the
accumulation of the m/z 141 compounds. The interactions between organic and inorganic compounds in the aqueous phase
modifies the SOA speciation by limiting the partitioning of several chemical species (m/z = 141, 157, 170, 175 and 191 in
particular) and favoring the uptake of others (m/z = 173, 186 or 202). The result is a condensed phase composed of a greater

variety of compounds covering a wider range of m/z values.
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Figure 7: Temporal evolution of the SOA concentrations during toluene oxidation under experimental conditions (see sect. 2.2.3)
simulated with MG-Cr-Al mechanism at 280 K considering mass transfer through an ideal organic phase (T1, black line), ideal
organic and aqueous phases (T2, blue line), organic and aqueous phases with interactions between organic molecules (T3, green
line), organic and aqueous phases with interactions between organic molecules and inorganic ions (T4, purple line), organic and
aqueous phases with interactions between organic molecules and inorganic ions and wall losses (TS5, dark red line) and organic and
aqueous phases with interactions between organic molecules and inorganic ions, wall losses and irreversible pathway for
methylglyoxal condensation (T6, orange line). The red point represents the experimental SOA concentration measured by AMS.

The T5 test involves adding a wall loss parameterization for gaseous organic compounds as described in Section 2.2.2. These
P*/C*-dependent wall losses logically lead to a better reproduction of the SOA concentration (~15.7 ug m™) as the
parameters have been optimized for. However, it is interesting to analyze the effect of the wall loss parameterization on the
mass spectra of the secondary compounds (see Fig. S8). For the gas phase, we observe a slight decreases in the
concentrations of some heavy compounds (as m/z = 184, 175, 170, 157 for example) and also of some lighter ones (m/z = 61
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and 99) due to the loss of heavy compounds before their fragmentation in the PTR-ToF-MS (indicated in yellow in Fig. S8).
Regarding the particulate phase, the parameterization reduces the concentrations of all the simulated m/z proportionally to
their mass meaning that all the condensed compounds have enough low volatility to undergo partial wall losses. Finally, the
parameterization results in a better representation of the condensed fraction without significantly affecting the representation
of the gas phase.

T1 to TS simulations at 295 K show the same behavior for the SOA mass evolution depending on the considered processes
(see Fig. S10). Even if wall loss parameterization was optimized on the 280 K case, T5 test well reproduces the experimental
SOA mass at 295 K (with 8.7 pg m™ simulated versus 8.2 pg m™ measured by the HR-Tof-AMS, see Fig. S10).

Regardless of the considered partitioning processes, the model fails to represent the experimentally observed partitioning of
light compounds. In T6 test, an irreversible gas-particle partitioning parameterization for methylglyoxal based on
atmospheric observations by Hu et al. (2022) and chamber experiments by De Haan et al. (2018) is implemented to the SSH-
aerosol model in an attempt to reproduce the experimentally observed partitioning of this compound (see Section 2.2.2). The
mass spectrum of the simulation at 280 K considering all the processes tested in this section and adding this new
parameterization is presented in Fig. S9 in the SI. The addition of the irreversible partitioning at 280 K leads to the
condensation of about 0.49 pg m™ of the simulated methylglyoxal, which is of the same order of magnitude as the
experimental value (~0.56 pg m™) despite an underestimation of the gaseous methylglyoxal mass concentration (~7.5 ug m™
simulated versus ~10.4 pg m> experimentally observed). This increase in the condensed mass concentration of
methylglyoxal logically affects the simulated mass concentration of SOA (~16.2 ug m™). At 295 K, the irreversible
partitioning leads to the condensation of about 0.47 pg m™ of the simulated methylglyoxal higher than the measured value
(~0.30 pg m™). Experimental and simulated values are still in the same order of magnitude with a higher error at 295 K
(+56% vs. -12.5% at 280 K). The low variation of the condensed methylglyoxal with the temperature variation show the
limits of the simplified parameterization only based on methylglyoxal concentration and RH (here fixed at 24 % for both
temperatures).

The objective of the modeling exercise was to reproduce the experimentally observed SOA masses for the right reasons
supported by molecular information. However, by making the chemistry representation more complex, it becames necessary
to increase the complexity of the partitioning processes as well. In this study, neglecting the aqueous partitioning, leads to
SOA underestimation because of the quasi absence of a pre-existing organic phase, and because compounds are too volatile
to condense on an organic phase. Considering organic compound interactions in the particulate phase leads to a shift of
equilibria towards the particulate phase and thus favors the condensation of molecules. In the simulation at 280 K, this
increases the SOA mass formed by ~50% (+11 pg m™) compared to the ideal case. Contrariwise the interactions between
inorganic ions and organic compounds in the aqueous phase limit the condensation of gaseous organic species therefore
reducing the estimated SOA mass concentration by ~33% (-9 ug m™) compared to the case where only organic interactions
are considered. All these tests highlight the large uncertainties in SOA formation related to the representation of phase-

transfer processes independently of the gaseous oxidation mechanism. Whether or not the different processes are taken into
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account has a considerable effect on the simulated SOA mass. This work therefore raises questions about the significance of
the results and the representativeness of (i) simplified models that do not include them, (ii) models that include only a part of
them with the risk of introducing biases in the results, or (iii) more complex models that include as many processes as
possible, increasing the potential sources of error and the resources needed to resolve them. This study underlines the need to
develop semi-explicit mechanisms, such as those presented by Wang et al. (2022), preserving the SOA properties in terms of

solubility and interactions with organics/inorganics.

5 Summary and perspectives

This work focuses on the experimental and modelling study of toluene-SOA formation upon OH radical reaction. The
calculated SOA yield and measured aerosol concentrations was strongly dependent on the experimental conditions
(temperature, seed concentration and toluene initial concentrations) and agreed with previous works. The CHARON:-inlet
coupled to a PTR-ToF-MS successfully quantified approximately 77 % of the total organic mass measured from an aerosol
mass spectrometer (HR-ToF-AMS). Despite possible fragmentation of the measured compounds, the major products both in
the gas and particulate phases were confirmed through intercomparison with the literature. The partitioning properties of the
identified reaction products were determined. Approximately 80-85 % of the organic aerosol fraction detected by CHARON
showed volatility distributions, expressed as saturation mass concentration, logCi*, ranging from 0.65 to 5.30, another 10-
17% was detected in the condensed phase only. Temperature variation, from 295 to 280 K, induced an appreciable decrease
of the compound’s volatility with a Alog;,C;" varying from 0.28 to 1.07. Parent ions were mapped onto the 2D-VBS
framework, and results did not exhibit a clear correlation with increasing oxidation state or oxygen atom number.

To reproduce the observed SOA mass loading and composition, a new semi-detailed chemical mechanism for the gaseous
oxidation of toluene has been developed to reproduce the experimentally observed speciation of secondary compounds in the
gas phase and SOA. It is based on an explicit reference mechanism using MCM for the aromatic chemistry and GECKO-A
for the aliphatic chemistry. This reference has been simplified and modified on the basis of the experimental data and
previous works on cresol chemistry, furan formation and aromatic ring opening chemistry, formation of HOM and SAR of
GECKO-A to estimate missing kinetic data. All these modifications improved the representativeness of the chemical
mechanism with +35% of major secondary compounds identified across all phases (number of species) and an error on the
total secondary organic mass reduced by ~55%. At the molecular scale, this translates into a better representation of the
formation of light compounds (i.e. m/z < 100) and lower concentration of larger compounds (i.e. m/z > 100). However, the
mechanism still tends to underestimate the formation of light compounds and overestimate that of heavier ones compared to
experimental observations.

The modeled reaction products are more oxidized and less fragmented than the experimentally observed ones, especially in
the condensed phase. In the gas phase, the model favors the formation of C7 and CS at the expense of the shorter carbon

chains. The level of oxidation of the reaction products is generally similar to the observations except for the more oxidized
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C7 compounds. The underestimation of the fragmentation pathways compared to the functionalization ones and the risk of
products fragmentation during the experimental measurement, may lead to some discrepancy between simulated and
observed concentrations in both phases. The larger errors in the condensed phase than in the gas phase highlight the
remaining uncertainty in the partitioning processes and their modeling. Tests on partitioning reveal that taking into account
some processes leads to large variation of the simulated SOA mass concentration resulting in discrepancies with respect to
the experimental values from +88% to -81%. The addition of an aqueous phase with few organic seeds favored the formation
of SOA. Taking into account the interactions of the organic compounds among themselves shifted the equilibrium towards
the condensed phase (error raised to +88%) while the interaction between inorganic ions and organic compounds in aqueous
phase had the opposite effect (error reduced to +31%). The introduction of wall losses parameterization also reduced the
discrepancy. When including all these processes, the model reproduces much better the experimental SOA mass
concentration formed and its temperature dependence, despite relevant discrepancies in the chemical speciation. The model,
in its current state, does not reproduce the partitioning of light compounds, but a test of a simplified parameterization for
methylglyoxal irreversible partitioning led to an improvement of the representation of this light compound in SOA, opening

thus the way to further research and developments.

Data availability. SSH-aerosol model is open-source (GNU GPL-3 licence). The last version of SSH-aerosol is available at

https://github.com/sshaerosol/ssh-aerosol (last access: June 08 2023).
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