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Abstract. Nighttime NO3-initiated oxidation of monoterpenes plays a crucial role as source of organic nitrates
(ONs) and secondary organic aerosol (SOA), impacting climate, air quality, and human health. Nevertheless,
monoterpene reactions with NO3 remain poorly understood. This study provides an in-depth investigation of the
NO3-initiated oxidation of α- and β-phellandrenes through simulation chamber experiments and a combination
of various analytical techniques (FTIR, PTR-ToF-MS, ACSM, nitrate-CI-APi-ToF-MS, Orbitrap, SMPS). SOA
yields were measured, and oxidation products, including highly oxygenated organic molecules (HOMs), were
investigated in gas and aerosol phases. Numerical simulations were also performed to investigate the dominant
chemical regimes for RO2 radicals. We found that α- and β-phellandrenes are efficient SOA precursors with
yields reaching up to 35 % and 60 %, respectively, with β-phellandrene generating significantly more SOA than
α-phellandrene. Both monoterpenes produce large quantities of ONs in gas and aerosol phases with total mo-
lar yields of 40 %–60 %. Similar gas-phase products were detected for α- and β-phellandrenes. In particular,
carbonyl nitrates, dicarbonyl nitrates, and dicarbonyls were detected as first-generation products. Autooxidation
processes were also shown to occur with numerous gas-phase HOM monomers and dimers detected. Chemical
mechanisms have been proposed to explain the formation of the detected products. Since gas-phase products
were similar for both monoterpenes, they do not explain the differences in SOA yields. However, some differ-
ences in aerosol-phase composition were observed, which may explain why β-phellandrene is a more efficient
SOA precursor. This study is the first mechanistic investigation of the reactions of α- and β-phellandrenes with
the NO3 radical.
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1 Introduction

Biogenic volatile organic compounds (BVOCs) are emitted
in significant quantities into the atmosphere by forests and
crops and represent 75 % to 90 % of global non-methane
VOC emissions (Goldstein and Galbally, 2007; Guenther et
al., 2006, 2012; Messina et al., 2016; Sindelarova et al.,
2014). Monoterpenes (MTs), which are unsaturated C10H16
compounds, are the second most abundant family of species
among BVOCs, after isoprene. Under ambient atmospheric
conditions, MTs are primarily oxidized by major atmo-
spheric oxidants such as the hydroxyl radical (OH), ozone
(O3), and the nitrate radical (NO3), resulting in short life-
times of only a few minutes for the most reactive ones.

The NO3 radical is mainly formed in the atmosphere
through the reaction of nitrogen dioxide (NO2) with O3. This
radical is mostly abundant during the night due to its rapid
photolysis (Brown and Stutz, 2012). It is also highly reactive
towards nitric oxide (NO) and unsaturated BVOCs, such as
isoprene and monoterpenes, making it a major nighttime oxi-
dant for these compounds (Liebmann et al., 2019; Mogensen
et al., 2015), particularly in mixed atmospheres, i.e., influ-
enced by both biogenic and anthropogenic emissions (Brown
et al., 2011, 2009; Geyer et al., 2001).

NO3-initiated oxidation mechanisms of MTs have been
less investigated than reactions with OH and O3 (Ng et al.,
2017). Recently, this chemistry has received increased atten-
tion in the literature due to its potential influences on cli-
mate, air quality, and health through the formation of many
gaseous and particulate secondary pollutants. One important
group of products resulting from these reactions is organic ni-
trates (ONs). These compounds play a significant role as tem-
porary reservoirs for reactive nitrogen by undergoing long-
range transport in the free troposphere before decomposing
and releasing NOx (NO+NO2) in remote regions. This pro-
cess influences the nitrogen cycle and affects the regional
O3 budget (Fisher et al., 2016; Ito et al., 2007). Moreover,
multifunctional ONs have low volatility, allowing them to
partition into the condensed phase and thereby to contribute
to the formation and growth of secondary organic aerosol
(SOA). Recent field campaigns have provided insights into
the aerosol chemical composition, revealing substantial con-
tributions of ONs to the total mass of organic aerosol (OA),
ranging from 10 % to 75 % (e.g., Huang et al., 2019; Kenagy
et al., 2021; Kiendler-Scharr et al., 2016; Lee et al., 2016; Xu
et al., 2015).

Among the numerous monoterpenes emitted into the at-
mosphere, only a few of them have been subject to exper-
imental studies to investigate the mechanisms and the SOA
formation from oxidation by NO3. Most of these studies were
performed in simulation chambers and on the most common
monoterpenes whose chemistry has already been well stud-
ied, namely α-pinene, β-pinene, 13-carene, and limonene
(e.g., Draper et al., 2019; Shen et al., 2021; Bates et al., 2022;
Day et al., 2022; DeVault et al., 2022; Mutzel et al., 2021).

Only a few studies were performed on other monoterpenes
for which no data were previously available, e.g., α- and γ -
terpinene (Fouqueau et al., 2020; Slade et al., 2017) and α-
thujene (Dam et al., 2022). In most cases, laboratory studies
have demonstrated that monoterpenes are efficient precursors
of SOA with yields typically above 20 %, except for some of
them, such as α-pinene. Indeed, studies have shown very low
or no SOA formation from the oxidation of α-pinene by NO3,
with yields ranging from 0 to 13 % (Fry et al., 2014; Hallquist
et al., 1999; Mutzel et al., 2021; Nah et al., 2016; Spittler
et al., 2006). Moreover, chamber studies have revealed that
the SOA yields (YSOA) differ significantly among monoter-
penes having minor structural differences. For example, α-
terpinene and γ -terpinene, which differ only in the position
of the double bond, exhibit large differences in SOA yields
under similar experimental conditions, ranging from 1.2 %
(for α-terpinene) to 10 % (for γ -terpinene) for an aerosol
mass loading of 10 µgm−3 (Fouqueau et al., 2020). Further-
more, different SOA yields were also observed for the same
compound across different studies, depending on the experi-
mental conditions and the dominant chemical regime for per-
oxy (RO2) radicals. As discussed in the review from Ng et
al. (2017), the fate of peroxy radicals, in particular the com-
petition between RO2+RO2, RO2+NO3, and RO2+HO2,
may affect the SOA yields as it determines the subsequent
chemistry and leads to different types of products as shown
in Reactions (R1)–(R5).

RO2+R′O2→ ROH+R′ = O (R1)
RO2+HO2→ ROOH (R2)
RO2+R′O2→ RO+R′O+O2 (R3)
RO2+NO3→ RO+NO2+O2 (R4)
RO2+R′O2→ ROOR′+O2 (R5)

For example, Bates et al. (2022) conducted a series of ex-
periments on α-pinene under different chemical conditions.
They found low SOA yield values (3 %–12 %) when the
RO2+NO3 pathway was dominant, in good agreement with
studies by Moldanova and Ljungström (2000), Mutzel et
al. (2021), and Spittler et al. (2006). On the contrary, they
did not observe any SOA formation through the RO2+HO2
pathway, which is consistent with the study of Fry et
al. (2014), and they found SOA yields > 21 % when the
RO2+RO2 was the dominant pathway. The RO2 fate there-
fore appears to be a key step in SOA formation and needs to
be further investigated.

Recently, a new class of gas-phase organic compounds
named highly oxygenated organic molecules (HOMs, which
are organic compounds with a minimum of five to six oxy-
gen atoms) have been observed in ambient air and laboratory
experiments and found to play a critical and significant role
in both nucleation and SOA growth from the NO3 oxidation
of terpenes (Bell et al., 2022; Boyd et al., 2015; Claflin and
Ziemann, 2018; Dam et al., 2022; Guo et al., 2022; Nah et
al., 2016; Shen et al., 2021; Takeuchi and Ng, 2019). HOMs
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are primarily produced through the autoxidation process of
peroxy radicals by intramolecular H shifts, followed by the
addition of O2, resulting in the formation of a new, more ox-
idized RO2 radical (Crounse et al., 2013; Ehn et al., 2014;
Mentel et al., 2015; Møller et al., 2019; Vereecken and Noz-
ière, 2020). This H shift can proceed several times, leading
to highly oxygenated RO2, which can then evolve towards
the formation of stable closed-shell products following either
bimolecular reactions (Reactions R1 to R4) or unimolecu-
lar termination channels, such as intramolecular H abstrac-
tion from a carbon with an −OOH group, followed by OH
loss (Bianchi et al., 2019). HOM monomers bearing various
oxygenated functional groups (hydroperoxide, carbonyl, hy-
droxyl) have been reported in several studies (e.g., Dam et
al., 2022; Guo et al., 2022; Jokinen et al., 2015; Shen et al.,
2022, 2021). Moreover, HOM dimers can be formed by the
combination of two RO2 radicals through accretion reactions
(Reaction R5) (Berndt et al., 2018a). Another pathway for
HOM formation involves H shifts within RO radicals, fol-
lowed by the addition of O2. These various pathways, along
with others, have been comprehensively reviewed by Bianchi
et al. (2019). Despite their potential contribution to SOA,
studies of HOM formation from the NO3-initiated oxida-
tion of MTs are still limited to few compounds including α-
pinene, β-pinene, 13-carene, limonene, and α-thujene (e.g.,
Dam et al., 2022; Draper et al., 2019; Faxon et al., 2018; Guo
et al., 2022; Mayorga et al., 2022; Shen et al., 2021), com-
pared to HOM formation through oxidation by OH and O3.

Given the limited number of studies on the NO3-initiated
oxidation of MTs and the wide range of measured SOA
yields, new experimental studies are required covering a
broader range of compounds to improve our understanding
of these mechanisms and to identify key factors that influ-
ence SOA formation. Among all emitted monoterpenes, α-
phellandrene has been identified as a major component in ex-
tracts and emissions from numerous eucalyptus species (He
et al., 2000; Li et al., 1995; Maghsoodlou et al., 2015; Malek-
nia et al., 2009; Pavlova et al., 2015), which are the most
widely planted hardwood forest trees on the global scale
(> 20 million ha) (Myburg et al., 2014). It can account for
up to 21 % of the monoterpene emission rate in some euca-
lyptus species (He et al., 2000). To our knowledge, while no
global annual emission data are available for α-phellandrene,
it is listed among the most frequently emitted monoter-
penes in the EMEP/EEA air pollutant inventory guidebook
(EMEP/EEA, 2023). β-phellandrene is a major contributor
to emissions from coniferous trees, such as Scots pine and
Norway spruce (Hao et al., 2009; Janson, 1992; Joutsensaari
et al., 2015; Yassaa et al., 2012; Ylisirniö et al., 2020). Yas-
saa et al. (2012) showed that it can constitute approximately
27 % of the total isoprenoid emissions from Scots pine and
15 % of the monoterpene emissions from Norway spruce.
β-Phellandrene is also considered one of the major emitted
monoterpenes, with a global annual total emission estimated

at 1.5 Tg yr−1 (EMEP/EEA air pollutant emission inventory
guidebook, 2023; Guenther et al., 2012).

In this paper, we have therefore investigated the reactivity
of the NO3 radical with α- and β-phellandrenes by perform-
ing experiments in the CESAM (Multiphase Atmospheric
Experimental Simulation Chamber, http://www.cesam.cnrs.
fr/, last access: 7 September 2025) chamber. Oxidation prod-
ucts, including HOM monomers and dimers, in both gas and
aerosol phases were identified. SOA and total organic nitrate
yields were also determined. Formation pathways for the de-
tected products were proposed based on their time profiles
and available information in the literature. Finally, the re-
sults for α- and β-phellandrenes were compared with other
monoterpenes having similar chemical structures.

2 Material and methods

2.1 Chamber facility and analytical devices

Experiments were carried out in the CESAM chamber, which
is a large evacuable reactor that consists of a stainless-steel
cylindrical vessel with a volume of 4177 L. It has been
specifically designed to study multiphase atmospheric pro-
cesses and has been described in detail by Wang et al. (2011).
The chamber is equipped with a fan that stirs the chamber
mixture, leading to a mixing time of approximately 1 min.
The aerosol lifetime in the CESAM chamber ranges from
10 h to 4 d, depending on the particle size and composition,
thus allowing investigation of the aerosol formation and ag-
ing (Lamkaddam et al., 2017). This long aerosol lifetime
can be explained by a low level of electrostatic charges in
stainless-steel reactors, in comparison to those observed in
Teflon chambers (Doussin et al., 2023). Hence, it was shown
that the maintenance of Teflon chambers can induce electro-
static charges on chamber walls and increase particle wall
losses.

Several analytical instruments were used to measure the
gas-phase composition (reactants and oxidation products) in
the chamber. Measurement of oxidation products, including
organic nitrates, was performed using two PTR-ToF-MS in-
struments, which were operated in two ionization modes,
H3O+ and NO+, and using low acceleration energy in the
instrument reactor to limit fragmentation (Duncianu et al.,
2017). These two ionization modes are complementary and
enable cross-checking for the identification of products. In
the H3O+ ionization mode, ONs were generally detected
as quasi-molecular ions [RH]+ since ionization proceeds
by protonation following Reaction (R6). In NO+ ionization
mode, ONs were detected mainly as molecular ions [R]+

or as adducts [R-NO]+ since ionization proceeds by charge
transfer and by adduct formation in Reactions (R7) and (R8),
respectively.

R+H3O+→ RH++H2O (R6)
NO++R→ R++NO (R7)
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NO++R→ RNO+ (R8)

A nitrate chemical ionization inlet (CI), coupled to an at-
mospheric pressure interface time-of-flight mass spectrom-
eter (nitrate-CI-APi-ToF-MS here after named ToF-CIMS;
Aerodyne Research Inc., and Tofwerk AG; with a mass res-
olution 4000 M / δM), was used to detect highly oxygenated
molecules within the chamber. Sampling was carried out at
a flow rate of 1 L min−1 and then diluted with 6 L min−1 of
dry air before being sampled by the instrument. Briefly, the
sample first undergoes a soft ionization at ambient pressure,
using nitrate as the reagent ion, to form clusters between
the reactant molecule and the reagent ion (HOM+NO−3 →
HOM ·NO−3 ). The chemically ionized sample is then guided
by ion optics through the APi into the ToF, where molecules
are separated and detected according to their mass-to-charge
ratios (m/z) (Junninen et al., 2010). Data were obtained
from the co-addition of scans averaged over 1 min. The ToF-
CIMS data allow identification (providing molecular formu-
las) of gas-phase oxidation products. The instrument setup
used during this studies is the same as described by Alage et
al. (2024).

The CESAM chamber is also equipped with an in situ
long-path Fourier transform infrared spectrometer, (FTIR,
Tensor 37, Bruker). It allows the acquisition of spectra in the
700–4000 cm−1 range, with a resolution of 0.5 cm−1 and an
optical path length of 120 m. To quantify species of interest,
the following integrated band intensities (IBIs), expressed in
cm molec.−1 on a logarithmic base-e scale, were used:

– IBIN2O5 (1205–1275 cm−1) = (3.9± 0.2) × 10−17

(Fouqueau et al., 2020)

– IBINO2 (1530–1680 cm−1)= (5.6±0.2)×10−17 (Roth-
man et al., 2003)

– IBIHNO3 (840–930 cm−1)= (2.1±0.2)×10−17 (Hjorth
et al., 1987)

– IBIα-phellandrene (2787–3068 cm−1)= (2.4±0.2)×10−17

(from this study)

– IBIβ-phellandrene (2787–3068 cm−1)= (2.5±0.2)×10−17

(from this study)

Furthermore, FTIR was used to measure the concentration of
total ONs, assuming that all these species absorb at 850 cm−1

and that their absorption cross sections are similar regardless
of the chemical structure of the considered organic nitrate.
For this study, the IBI used to quantify ONs is IBIONs (820–
900 cm−1)= (9.5± 2.9)× 10−18 cm molec.−1.

A CAPS (cavity-attenuated phase shift) NO2 analyzer
(model T500U, from Teledyne API) was used to monitor
NO2 with a limit of detection of 0.04 ppb for an integration
time of 30 s.

Concerning the characterization of the particulate phase,
the particle number size distribution was measured us-
ing a scanning mobility particle sizer (SMPS, TSI Inc.,

DMA model 3081, CPC model 3772, 2.0/0.2 L min−1

sheath/aerosol flow rates, 135 s time resolution), which al-
lows the measurement of the particle number concentra-
tion within the electrical mobility diameter range of 20 to
880 nm. Moreover, a tapered element oscillating microbal-
ance (TEOM; series 1400a, Rupprecht and Patashnick, 5 min
time resolution) was used for some experiments, allowing
the direct measurement of the particle mass concentration.
The use of both TEOM and SMPS during the same experi-
ments enabled us to calculate the density of particles, which
was found to be 1.45 g cm−3. This value is consistent with
the density reported in the literature for SOA formed by
BVOC+NO3 reactions (Fry et al., 2014; Boyd et al., 2015;
Draper et al., 2015), and it was used to convert the parti-
cle number size distributions into mass distributions. SOA
mass loading and chemical composition, including ammo-
nium, nitrate, chloride, sulfate, and organic species, were
measured in real time using an aerosol chemical specia-
tion monitor (ACSM, Aerodyne Research, Inc.). Measure-
ments of particles with this instrument were possible within
the aerodynamic diameter size range of 40 to 1000 nm. For
more detailed chemical characterization of the particulate
phase, samples were collected on quartz filters (Pallflex, Tis-
suquartz, Ø 47 mm) at a flow rate of 6 or 8 L min−1 and for
a duration of 2 to 3 h following the oxidation of the BVOC.
Prior to the sampling, the quartz filters were carbonized at
600 °C over 6 h to eliminate any possible organic contamina-
tion. To avoid condensation of gas-phase products onto the
filters, a charcoal denuder was installed upstream of the fil-
ter sampling. All the collected sample filters and blank filters
were stored at a temperature below −20 °C before analysis.
Two different techniques were used for analysis. The mea-
surement of total ONs in the particulate phase was performed
following the protocol described in Rindelaub et al. (2015),
where SOA was extracted from filters using 5 mL of CCl4 for
15 min in an ultrasonic bath. Then, the sample was analyzed
by offline FTIR (Perkin Elmer Spectrum 2). The quantifi-
cation of total ONs in the liquid phase was performed using
the IBIONs (1264–1310 cm−1)= 5570±1100 L mol−1 cm−2.
The aerosol chemical composition at the molecular scale was
determined by using a high-resolution (HR) LTQ Orbitrap
Velos mass spectrometer (Thermo Scientific, Bremen, Ger-
many) coupled to a nano-electrospray ionization (nanoESI)
source. Filter samples were extracted using a protocol de-
scribed by Kourtchev et al. (2014). Briefly, the filters under-
went three successive extractions in methanol for 15 min in
an ultrasonic bath of slurry ice. The extracts obtained from
each extraction were combined and filtered through 0.4 and
0.2 µm pore size PTFE filters. The filtered solution was then
evaporated under a gentle nitrogen flow until the final volume
reached 200 µL before being analyzed with a chip-based na-
noESI source (Triversa NanoMate®, Advion) equipped with
an HD ESI A chip (nozzles with 5.5 µm internal diameter,
Advion) and operating in negative ion mode with a voltage
of −1.40 kV and gas pressure of 0.8 psi, coupled to an LTQ
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Velos Orbitrap (Thermo Fisher Scientific) mass spectrom-
eter (MS) with a resolution of 100 000 at m/z 400 and a
typical mass accuracy within ±2 ppm. Data were acquired
in full scan in the m/z ranges 50–500 and 150–1000 us-
ing the deprotonated ions of the following common back-
ground contaminants as lock masses: C2H2O2, C16H32O2,
C18H34O2, and C18H36O2. Data treatment was performed
using a protocol described in detail by Zielinski et al. (2018).
The proprietary software Xcalibur 2.1 was used to assign
possible chemical formulas to each signal, considering a
maximum allowed mass error of ±4 ppm and the follow-
ing parameters: #C 1–100, #H 1–200, #N 0–5, #O 0–50,
#S 0–2, #13C 0–1, and #34S 0–1. Formula lists were fur-
ther processed using a Mathematica code written in-house
that performs internal calibration, noise removal, blank sub-
traction, and filter formulas based on additional atomic con-
straints (0.3≤ H/C≤ 2.5, O/C≤ 2, N/C≤ 1.3, S/C≤ 0.2),
the nitrogen rule, and isotopic filtering (13C/12C≤ 0.011 and
34S/32S≤ 0.045) (Zielinski et al., 2018). Multiple formula
assignments for each peak within instrumental mass accu-
racy were allowed.

In order to maintain a constant pressure in the CESAM
chamber despite sampling by the various instruments, dry
synthetic air (mixture of N2 and O2) was continuously in-
jected into the chamber. As a result, all the data presented in
this work were corrected for dilution to account for chang-
ing of concentrations due to chemistry only. Furthermore, all
aerosol data were also corrected for particle wall losses. This
correction took into account the diameter of the particles and
was performed using the model reported in Lai and Nazaroff
(2000) (friction velocity u∗ = 3.7 cm s−1, from Lamkaddam
et al., 2017). The corrections for particle wall loss were found
to be negligible (less than 5 %).

2.2 Chemicals

α-Phellandrene was purchased from Sigma-Aldrich (purity
> 95 %) and β-phellandrene from Chem Cruz (purity >

96 %). To minimize the presence of volatile impurities, a pu-
rification stage was carried out using a vacuum line prior to
injecting each of the two VOCs into the chamber. Nitrate rad-
icals were generated in situ from the thermal decomposition
of N2O5 following Reaction (R9).

N2O5+M→ NO3+NO2+M (R9)

N2O5 was synthesized in a vacuum line following a proto-
col detailed in Picquet-Varrault et al. (2009). The synthesis
involved two steps: first, the reaction between O3 and NO2
results in the formation of NO3, and then the NO3 reacts with
NO2 to produce N2O5, following Reactions (R10) and (R11),
respectively.

O3+NO2→ NO3+O2 (R10)
NO3+NO2+M→ N2O5+M (R11)

The resulting dinitrogen pentoxide is then trapped in a vial
at 193 K and undergoes purification by pumping. The N2O5
crystals can then be stored in a freezer (−18 °C) for several
weeks before use.

All experiments were conducted at room temperature and
atmospheric pressure, in dry synthetic air, with 80 % of N2
produced from liquid nitrogen boil-off (Messer, purity >

99.995 %, H2O< 5 ppm) and 20 % of O2 from cylinders (Air
Liquide, Alphagaz 1, purity > 99.995 %, H2O < 5 ppm).

2.3 Experimental protocol

The BVOC was first introduced into the CESAM chamber
and was then kept in dark for approximately 1 h to assess
any wall loss. No significant wall loss was observed. Fol-
lowing this, N2O5 was introduced into the chamber using a
slow continuous injection method. The glass trap contain-
ing frozen N2O5 crystals was placed in a liquid nitrogen–
ethanol bath. N2O5 was introduced into the chamber by the
flow of air over the crystals. The rate of N2O5 injection was
optimized by varying the temperature of the cold bath (be-
tween 203 and 193 K) and the airflow rate (between 0.5 and
3 L min−1) in order to allow a progressive and complete con-
sumption of the monoterpene.

2.4 Data analyses

The gas-phase composition, including reactants and oxida-
tion products, was continuously monitored using multiple an-
alytical techniques as described previously. ON yields were
calculated for both the gas and particulate phases. When us-
ing FTIR to quantify the oxidation products, the total organic
nitrate yields in the gas phase were determined by plotting
their measured concentration as a function of the reacted
BVOC concentration. The slope corresponds to the total ON
yield. Uncertainty in this yield was calculated as twice the
standard deviation of the slope, to which was added the un-
certainties in the IBIs of organic nitrates and the BVOC. For
the particulate phase, the total ON yield was calculated from
the sampled filters after extraction and offline FTIR analysis
by taking the final concentration of ONs and dividing it by
the concentration of the reacted BVOC for each experiment.
Uncertainty in this yield was calculated as the sum of the
relative uncertainties in the IBIs of organic nitrates and the
BVOC and the uncertainty in the spectra analysis.

ACSM was also used to quantify the total particulate or-
ganic nitrate (pON) mass through the fragmentation ratio of
the NO+2 (m/z 46) and NO+ (m/z 30) ions. The methodol-
ogy used for this quantification has been described in detail
elsewhere (Farmer et al., 2010; Kiendler-Scharr et al., 2016;
Xu et al., 2015) and is primarily applied to AMS (aerosol
mass spectrometer) data. In this work, we aimed to exam-
ine if this method can be used for ACSM data (which have a
lower resolution compared to AMS, with possible fragment
artifacts at m/z 30 and 46). The quantification approach is
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only briefly summarized here. First, the fraction of organic
nitrates (pOrgNO3frac) relative to the mass concentration of
the total measured nitrate functionality (NO−3 ) is calculated
based on NO+2 /NO+ ratio using Eq. (1):

pOrgNO3frac =

(
1+ROrgNO3

)
× (Rmeasured−Rcalib)

(1+Rmeasured)× (ROrgNO3 −Rcalib)
, (1)

where Rmeasured represents the measured NO+2 /NO+ ratio
(m/z 46/30); Rcalib is the NO+2 /NO+ ratio associated with
inorganic nitrates, determined using pure NH4NO3 particles
during the ACSM calibration (0.7 for our instrument); and
ROrgNO3 is the NO+2 /NO+ ratio for pure pON. Literature
data derived from experiments involving the oxidation of
BVOC by NO3 for ROrgNO3 range between 0.1–0.2. For our
calculations, we used the value of 0.1, with an estimated un-
certainty of 20 % (Bruns et al., 2010; Kiendler-Scharr et al.,
2016).

Then, the mass concentration of the nitrate functionality
associated with an organic compound (pOrgNO3mass) is calcu-
lated using Eq. (2):

pOrgNO3mass = pOrgNO3frac×NO−3 , (2)

where NO−3 represents the total mass concentration of the
nitrate functionality.

Finally, the mass concentration of the organic nitrates in
the aerosol phase (pON) can be estimated by assuming a
mean molecular weight, representative of the various organic
nitrates detected in the aerosol phase (see Sect. 3), using
Eq. (3):

pON =
pOrgNO3mass

MWNO3

×MWpON, (3)

where MWpON and MWNO3 are the molecular weights of the
organic nitrates and the nitrate group (62 g mol−1), respec-
tively.

The SOA yield for each experiment was calculated by con-
sidering each data point during the BVOC decay and continu-
ing after the total consumption of the BVOC, providing both
time-dependent and overall SOA yields. Seed particles were
not added during the experiments in order to measure SOA
yields in conditions of low aerosol content. The SOA yield is
defined as the ratio of the produced SOA mass concentration,
M0, to the reacted BVOC mass concentration, 1BVOC. The
uncertainty in YSOA was estimated as twice the standard devi-
ation of the slope. The SOA yields were plotted as a function
of the aerosol mass concentration and fitted by a two-product
model parameterization described in Eq. (4) (Odum et al.,
1996):

YSOA =M0

[
α1Kp,1

1+Kp,1M0
+

α2Kp,2

1+Kp,2M0

]
, (4)

where α1, α2, Kp,1, and Kp,2 are respectively the stoichio-
metric factors and the partitioning coefficients between the
gas and particulate phase (in m3 µg−1) of the hypothetical
products.

2.5 Numerical simulations

Numerical simulations were performed to identify the dom-
inant reaction pathways for the peroxy radicals under our
experimental conditions. Simulations were performed using
FACSIMILE software (Curtis, 1979) and oxidation schemes
provided by the Master Chemical Mechanism, MCM v3.3.1
(Saunders et al., 2003). As the chemistry of α- and β-
phellandrenes is not available in the MCM, we used the oxi-
dation scheme of limonene, whose chemical structure is very
similar to those of phellandrenes. Only the rate constant of
the BVOC+NO3 reaction was changed by using the follow-
ing rate constants: (3.90± 0.62)× 10−11 and (6.6± 1.0)×
10−12 cm3 molec.−1 s−1 for α- and β-phellandrenes, respec-
tively (Harb et al., 2025). As NO3 and N2O5 concentrations
were below the detection limits, it was not possible to use
them as input data for the simulations. Instead, we used the
phellandrene decay rate to constrain the N2O5 injection rate
and consequently the NO3 and N2O5 concentrations. Using
this method, we also assumed that RO2 concentrations are
well simulated, as the RO2 formation rate is directly cor-
related with the VOC oxidation rate, and slight changes in
RO2 chemistry are unlikely to significantly affect their to-
tal concentration. Finally, to calculate the rates of the re-
actions RO2+RO2, RO2+NO3, and RO2+HO2, we used
the generic rate constants provided by the MCM for per-
oxy radicals: k(RO2+NO3)= 2.3×10−12 cm3 molec.−1 s−1

and k(RO2+HO2)= 2.2×10−11 cm3 molec.−1 s−1. For RO2
self-reaction, the rate constant varies depending on the type
of RO2 (primary, secondary, tertiary). For limonene and
phellandrenes, NO3 oxidation is expected to form mainly
the most-substituted tertiary alkyl radical, leading to ter-
tiary peroxy radicals. Therefore, we used, as proposed by
the MCM, the generic rate constants for tertiary peroxy radi-
cals: k(RO2+RO2)= 9.2×10−14 cm3 molec.−1 s−1. The use
of generic rate constants introduces uncertainty in the results,
but this approach is the best available given the lack of exper-
imental data for RO2 radicals. Furthermore, the main objec-
tive of these simulations is not to determine precise reaction
rates but rather to estimate their order of magnitude.

3 Results and discussion

A total of eight experiments were carried out for α-
phellandrene and six experiments for β-phellandrene. Exper-
imental conditions as well as measured total organic nitrates
and SOA yields are presented in Table 1. Figure 1 shows an
example of the time series of reactants and products, cor-
rected for dilution, from Experiment 7 for α-phellandrene.
The period corresponding to N2O5 injection is indicated by
the yellow hatched area. The concentration of N2O5 remains
below the detection limit of the FTIR spectrometer (about
5 ppb for 5 min of integration time) until the BVOC is com-
pletely consumed. It should be noticed that the addition of
N2O5 results in the formation of significant quantities of
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HNO3 and NO2 due to N2O5 hydrolysis on surfaces (cham-
ber walls, lines) and decomposition, respectively. Upon com-
plete consumption of α-phellandrene, large quantities of or-
ganic nitrates and SOA are formed. In Fig. 1, it is shown
that, starting with an initial mixing ratio of 75 ppb of α-
phellandrene, the formation of up to 20 ppb of total ONs
in the gas phase (monitored by FTIR) is observed (Fig. 1a),
along with approximately 100 µgm−3 of particulate organic
nitrates (pON, calculated using Eqs. 1 to 3 with MWpON =

384.5 g mol−1 – refer to Sect. 4.2) and 120 µgm−3 of SOA
(Fig. 1b). The aerosol size distribution is also presented
(Fig. 1c), revealing that the particles have mean diameters
ranging from 300 to 400 nm. The time profiles of gas-phase
products detected by the PTR-ToF-MS and the ToF-CIMS
are presented in Figs. S1 and S2 of the Supplement. These
profiles will be further analyzed and discussed.

3.1 SOA yields

In Fig. 2, the SOA yields (YSOA) are plotted against the total
organic aerosol mass concentration (Mo) for α-phellandrene
(Fig. 2a) and β-phellandrene (Fig. 2b). Notably, the ex-
perimental data points obtained from multiple experiments
demonstrate good agreement. The experimental data were
fitted using a two-product parameterization (see Eq. 4). The
parameters obtained for α-phellandrene are α1 = 3.6× 10−1

with Kp,1 = 4.4× 10−2 m3 µg−1 and α2 < 1.0× 10−3 with
Kp,2 < 1× 10−2 m3 µg−1. The second class of products was
observed to have a negligible impact on the SOA forma-
tion, allowing a good fit using only one class of products.
For β-phellandrene also, one class of products allows repro-
ducing the experimental data points using the following pa-
rameters: α1 = 5.4× 10−1 and Kp,1 = 4.0× 10−2 m3 µg−1.
For both compounds, the parameterization succeeds in re-
producing the experimental data points over the entire range
of aerosol content. These results show that both monoter-
penes are efficient SOA precursors with final yields up to
35 % and 60 % for α-phellandrene and β-phellandrene, re-
spectively. According to Eq. (4), the partitioning coefficient
of the products responsible for the SOA formation (Kp,1) is
similar for both monoterpenes, but their formation yield (α1)
is higher for β-phellandrene. To our knowledge, this study
provides the first determination of SOA yields for the NO3-
initiated oxidation of α- and β-phellandrenes.

These SOA yields were also compared to those available
in the literature for other monoterpenes having similar chem-
ical structures. Here, we only considered studies performed
using the same experimental conditions (no seeds, slow and
continuous injection of N2O5) to enable a relevant compar-
ison. Hence, as discussed in the introduction, SOA yields
measured for a single monoterpene have been observed to
significantly vary from a study to another one, and this may
be explained by differences in the RO2 chemical regimes.
Odum plots for α- and β-phellandrenes (this study) are com-
pared to those obtained for α- and γ -terpinenes (Fouqueau

et al., 2020) and for terpinolene (Fouqueau et al., 2022)
in Fig. S3. These studies were also performed using the
CESAM chamber and the same experimental protocol. It
can be observed that β-phellandrene and terpinolene are the
monoterpenes that generate the most SOA, with maximum
yields around 50 %–60 %. To a lesser extent, α-phellandrene
and γ -terpinene produce SOA with yields up to 30 %–40 %.
Finally, α-terpinene has a much lower SOA yield, which does
not exceed 2 %. It is interesting to note that the monoter-
penes with the highest SOA yields are the ones which exhibit
an exocyclic double bond. It can also be noticed that these
five monoterpenes exhibit different aerosol production dy-
namics: for α- and β-phellandrenes, the SOA yields increase
rapidly and reach a maximum for an aerosol content around
400 µgm−3, indicating the formation of low-volatility prod-
ucts (Kp ∼ 4× 10−2 m3 µg−1). On the contrary, the increase
in the SOA yield is more progressive for γ -terpinene and ter-
pinolene, indicating the formation of another class of prod-
ucts having higher volatility (Kp ∼ 3–6× 10−3 m3 µg−1),
which significantly contributes to the SOA formation. For
α-terpinene, the stoichiometric factors α were observed to
be very small (∼ 0.01), leading to very low SOA yields
(Fouqueau et al., 2020).

3.2 Organic nitrate yields

The total content of particulate organic nitrates (pON) was
quantified using two methods as described previously: (i) by
sampling aerosols on filters, followed by offline FTIR spec-
troscopy, and (ii) in real time by using the ACSM. ON
yields in the aerosol phase (YONp) are presented in Ta-
ble 1. The molar YONp ranges from 3 % to 7 % for both
compounds. For experiments with low BVOC mixing ra-
tios, the concentrations of ONs in the particulate phase are
close to the detection limit of the FTIR technique, and
their quantification was not possible. To assess the contri-
bution of organic nitrates to the SOA, a comparison of the
YONp with the SOA yields, both expressed in mass, has
been performed. The molar YONp values were converted into
mass yields using MWpON = 384 g mol−1, which is the av-
erage of the molecular weights of two types of ONs: the
monomer C10H15NO4 (MW= 213 g mol−1) and the dimer
C20H32N2O16 (MW= 556 g mol−1). These two compounds
were detected in both gas and aerosol phases with intense
signals. This assumption on the molecular weight introduces
an uncertainty in the estimation of the mass yield of organic
nitrates. The ON mass yields calculated from offline FTIR
analyses (YONp,FTIR)mass and online ACSM measurements
(YONp,ACSM)mass are presented in Table 1. Reasonable agree-
ment is observed between the two techniques considering the
uncertainties and assumptions in the ACSM data treatment
as well as the overall uncertainty in the filter sampling, ex-
traction, and FTIR analysis. To our knowledge, this is the
first comparison of ON quantification in the aerosol phase
using ACSM and offline FTIR. It can be concluded that the
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Table 1. Experimental conditions, total ONs, and SOA yields measured for experiments on the oxidation of α- and β-phellandrenes by
NO3 radicals. Missing data are shown by a dash. For molar and mass yields of ONs in the aerosol phase (YONp), LD means that the signal
was close to the detection limit and could not be quantified. For SOA yields, NA (“not available”) indicates that the SOA size distribution
exceeded the SMPS size range. Absolute uncertainties are indicated after “±”. Yields are reported in units of percent.

Experiment [BVOC]i Oxidation YONg YONp,FTIR YON(p+g) YONp,FTIR YONp,ACSM YSOA

(
YONp, FTIR
YSOA

) (
YONp,ACSM
YSOA

)
number (ppb) time (min) molar molar molar mass mass mass

α-Phellandrene

1 290 60 38± 21 6± 2 44± 41 16± 6 11± 2 NA – –
2 280 80 42± 18 6± 2 48± 35 18± 6 11± 2 31± 2 58± 22 35± 9
3 75 40 35± 20 LD – LD 13± 3 36± 4 – 36± 11
4 50 18 30± 19 LD – LD 11± 2 38± 9 – 29± 13
5 70 65 32± 28 LD – LD 18± 4 38± 5 – 47± 16
6 250 30 – 3± 1 – 8± 3 10± 2 NA – –
7 480 60 39± 19 5± 2 44± 43 14± 7 – NA – –
8 80 60 – – – – – 26± 2 – –

β-Phellandrene

9 295 100 48± 21 7± 3 55± 49 20± 9 22± 4 50± 1 40± 21 44± 10
10 270 95 51± 23 7± 4 58± 56 20± 10 23± 5 63± 2 32± 17 37± 8
11 205 70 53± 24 5± 2 58± 56 14± 7 25± 5 62± 2 22± 12 40± 9
12 65 65 52± 30 4± 2 56± 56 13± 6 27± 5 67± 3 19± 9 40± 10
13 67 70 52± 29 – – – – 61± 3 – –
14 62 50 – – – – – 42± 1 – –

Figure 1. Time series of reactants and products during a typical experiment with NO3-initiated oxidation of α-phellandrene (Experiment 7).
(a) Gaseous species mixing ratios, (b) aerosol mass concentration and chemical composition (Org. is the total mass concentration of organics,
NO−3 is the total nitrate functionality mass concentration, and pOrgNO3 is the mass concentration of the nitrate group within particulate
organic nitrates – pON), and (c) aerosol size distribution and mass concentration. All plots are corrected for dilution. The N2O5 injection
period is shown by the yellow hatched area.
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Figure 2. SOA yields as a function of the SOA mass concentration measured for (a) α-phellandrene and (b) β-phellandrene. Data points
from different experiments are shown with different colors, and the Odum parameterization corresponds to the black solid curves (Eq. 4).

ACSM can be used to estimate the total ON concentration in
the aerosol phase even though it is associated with a large un-
certainty due to assumptions made for the data treatment. The
main advantages of ACSM in comparison to offline FTIR are
that, first, it does not require sample preparation and analysis,
and second, it provides time-resolved measurements.

Since the individual quantification of oxidation products
was not performed, this approach allows estimating the frac-
tion of organic nitrates in the particulate matter. The mass
yields of ONs in the aerosol phase were observed to range
from 8± 3 % to 18± 6 % for α-phellandrene and from 13±
6 % to 27±5 % for β-phellandrene, depending on the exper-
iment and the technique used. To estimate the contribution
of ONs to the aerosol phase, the ratios YONp,mass/YSOA,mass
were calculated and are provided in Table 1. These results
indicate that for both monoterpenes, ONs are major con-
stituents of the SOA, and their contribution can reach up to
approximately 50 %.

The formation of gas-phase ONs was also monitored us-
ing in situ FTIR spectroscopy. The total ON yield in the gas
phase (YONg) was determined for both monoterpenes by plot-
ting the mixing ratio of ONs against the mixing ratio of the
reacted monoterpene (see Fig. 3). Yields measured for each
single experiment are provided in Table 1. Good agreement
among the different experiments is observed, with the ex-
perimental points well fitted by the linear regression, indi-
cating that the YONg remains constant throughout the experi-
ments. Moreover, the slope at the origin is not zero, indicat-
ing that ONs are produced immediately and proportionally
as monoterpene is consumed, which is consistent with the
behavior of first-generation products. The fact that the slope
remains constant during the experiments also indicates that
if primary ONs are consumed, they will evolve towards the
formation of secondary ONs.

Previous studies (Picquet-Varrault et al., 2020; Suarez-
Bertoa et al., 2012) have shown that organic nitrates may un-

dergo losses on the stainless-steel chamber walls. The loss
rate for various multifunctional ONs has been determined,
with values ranging from 0.5 to 2× 10−5 s−1. Under our
experimental conditions, where the YONg values were cal-
culated over a relatively short time (less than 1 h), the wall
losses are estimated to be less than 10 %. This estimation is
confirmed by the good linearity observed in the plot. The mo-
lar yields (YONg) obtained for α- and β-phellandrenes were
found to be 40± 12 % and 49± 16 %. These findings show
that organic nitrates are major products of the NO3-initiated
oxidation of these monoterpenes, as observed for other ter-
penes. For example, Fouqueau et al. (2020, 2022) found
YONg of 43±10 % for α-terpinene, 47±10 % for γ -terpinene
and for terpinolene, and 43±10 % for β-caryophyllene. Sim-
ilarly, YONg obtained for limonene ranged from 30 % to 72 %
(Hallquist et al., 1999; Spittler et al., 2006; Fry et al., 2011,
2014), while for β-pinene it varied between 40 % and 74 %
(Hallquist et al., 1999; Fry et al., 2014; Boyd et al., 2015).

3.3 Gas-phase product identification and formation
pathways

In this section, the gas-phase products measured by PTR-
ToF-MS are discussed. HOM products measured by ToF-
CIMS are discussed in a dedicated section. Table S1 provides
a summary of the m/z and molecular formulas of the prod-
ucts detected using PTR-ToF-MS in H3O+ and NO+ ion-
ization modes. Time profiles of these products (illustrated in
Fig. S1 for α-phellandrene) were used to determine whether
they are first- or second-generation products. Several prod-
ucts have been detected in both ionization modes, reinforc-
ing confidence in their identification. For example, for α-
phellandrene, the product C10H15NO4 (MW= 213 g mol−1)
has been detected at m/z 214 as [M +H]+ in H3O+ mode
and at m/z 243 as [M +NO]+ in NO+ mode.
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Figure 3. Formation of gas-phase organic nitrates as a function of the loss of (a) α-phellandrene and (b) β-phellandrene.

Mechanisms have been proposed to explain the formation
of these products. NO3 reacts with α- and β-phellandrenes
through addition onto one of the two C=C bonds (H abstrac-
tion likely being a negligible pathway), leading to the for-
mation of four different nitrooxy-alkyl radicals. Due to the
presence of conjugated double bonds in phellandrenes, elec-
tron delocalization can lead to the formation of isomers (see
Fig. 4). Although the favored position for NO3 addition is
the one resulting in the most-substituted radical (Kerdouci et
al., 2010), all alkyl radicals have been considered here. It is
worth mentioning that most products derived from these var-
ious alkyl radicals are isomers that cannot be differentiated
from each other with the analytical measurement techniques
employed here. To facilitate the reading of the mechanism,
pathways for only two radicals will be presented in the fol-
lowing.

The oxidation scheme proposed to explain the formation
of the detected products from α-phellandrene is presented in
Fig. 5, while that for β-phellandrene is available in Fig. S4.
Considering that only a few differences were observed in the
oxidation products for both monoterpenes, we will present
the mechanism proposed to explain the formation of products
detected for α-phellandrene and will only discuss the dif-
ferences observed for β-phellandrene. First-generation prod-
ucts which were detected are indicated in blue, while second-
generation products are highlighted in red. Following the ad-
dition of NO3, the nitrooxy-alkyl radicals likely react rapidly
with O2, leading to the formation of peroxy radicals, RO2
(Reaction R2 in Fig. 5). These RO2 radicals can further
evolve following several reaction pathways described previ-
ously (Reactions R1–R5) through various radical–radical re-
actions (RO2+RO2, RO2+NO3, and RO2+HO2). As men-
tioned in the introduction, the RO2 fate significantly affects
the product distribution and the SOA yields (Bates et al.,
2022; Day et al., 2022). Numerical simulations were there-

fore performed to identify the dominant RO2 reaction path-
ways under our experimental conditions. Results are shown
in Fig. 6 for Experiment 8. It can be observed that the RO2
self-reactions represent more than 99 % of the total RO2 con-
sumption during the oxidation of the BVOC. This can be ex-
plained by the fact that N2O5 was introduced continuously
in a limited amount during the experiment so that NO3 was a
limiting reactant. Once the BVOC is consumed, the contribu-
tion of RO2+NO3 reactions increases slightly and can repre-
sent up to a few percent (approximately 7 %) of the RO2 loss,
which suggests that these reactions should not be neglected,
in particular when considering second-generation products.
These numerical simulations also confirm that NO3 mixing
ratios are very low and do not exceed a few parts per tril-
lion (ppt). In the following discussion, only RO2+RO2 and
to a lesser extent RO2+NO3 will be considered, whereas
RO2+HO2 will be considered negligible as it represents less
than 1 % with HO2 concentrations below 104 molec. cm−3.

Alkoxy radicals (RO) can be formed via the RO2+RO2
(Reaction R3 in Fig. 5) and the RO2+NO3 (Reaction R3′ in
Fig. 5) pathways. The RO2 self-reaction may also form an
hydroxynitrate (see Reaction R1). However, no hydroxyni-
trate (MW= 215 g mol−1) was observed. This reaction in-
volves an H-atom transfer and requires at least one hydrogen
atom linked to the carbon carrying the peroxy radical (i.e.,
not a tertiary peroxy radical). Considering that in our system,
the most favorable peroxy radical is expected to be a tertiary
one, this reaction would be indeed negligible. The hydrox-
ynitrate was, however, observed for other monoterpenes hav-
ing similar chemical structures, such as γ -terpinene and ter-
pinolene (Fouqueau et al., 2022, 2020), whereas this was not
the case for α-terpinene (Fouqueau et al., 2020). When com-
paring the studied terpenes (γ -terpinene, α-terpinene, ter-
pinolene, α-phellandrene, and β-phellandrene), it becomes
evident that hydroxynitrate formation is not observed in ter-
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Figure 4. Different possible alkyl radicals resulting from NO3 addition onto one of the two carbon double bonds of α-phellandrene.

penes with conjugated double bonds. This can be explained
by the fact that electronic delocalization favors the forma-
tion of the most-substituted (tertiary) peroxy radicals, which
do not readily undergo this reaction. Alkoxy radicals can
undergo various pathways following Reactions (R4), (R5),
(R6), and (R7) in Fig. 5: (i) through Reaction (R4), they can
decompose by cleaving the C(ONO2)-CH(O q) bond, result-
ing in a ring opening and the formation of a dicarbonyl com-
pound with MW= 168 g mol−1. This product was detected at
m/z 169 in H3O+ ionization mode and at m/z 168 in NO+

mode. (ii) The ring opening can also occur through a scis-
sion on the other side of the alkoxy group, leading to the
formation of an alkyl radical (Reaction R5). This latter can
further evolve to the formation of a trifunctional diketoni-
trate product with a molecular weight of 229 g mol−1, de-
tected with a weak signal at m/z 230 in H3O+ ionization
mode and at m/z 259 in NO+ mode. (iii) Alkoxy radicals
can also react with O2 via Reaction (R6), leading to the for-
mation of a ketonitrate with MW= 213 g mol−1, detected at
m/z 214 in H3O+ ionization mode and at m/z 243 in NO+

mode. (iv) Finally, the presence of an adjacent double bond
to the alkoxy group can allow for an epoxidation reaction
(Reaction R7 in Fig. 5) (Vereecken et al., 2021; Wang et al.,
2013), resulting in the formation of a nitrated epoxy alkyl
radical. This radical can further evolve, leading to the for-
mation of a multifunctional epoxide having the same molec-
ular weight (229 g mol−1) as the previously observed dike-
tonitrate formed via Reaction (R5). As mentioned before,
isomers cannot be distinguished by PTR-ToF-MS measure-
ments.

In addition, a compound with a molecular weight of
152 g mol−1 was detected at m/z 153 using H3O+ ioniza-
tion mode. Previous studies conducted in the CESAM cham-
ber on α-terpinene, γ -terpinene, and terpinolene (Fouqueau
et al., 2022, 2020) have also reported this mass, and it
was attributed to an epoxide formed through the loss of

the NO2 group from a nitrooxy alkyl radical. However, this
pathway is usually considered to be negligible in the pres-
ence of O2. A possible explanation is that this signal results
from a fragmentation process occurring in the drift tube of
the PTR-ToF-MS. Other peaks were detected (e.g.,m/z 149,
153) and corresponding raw formula were proposed, but no
formation pathways could be established to explain their for-
mation. These peaks may also result from fragmentation pro-
cesses.

First-generation products that still possess a double bond
can react further with NO3, leading to the second-generation
products colored in red in Fig. 5. This is supported by the
time-dependent decrease in signals corresponding to primary
products with molecular weights of 168 and 213 g mol−1

(see Fig. S2), as well as by the detection of secondary
products with MW of 72, 128, and 245 g mol−1. The com-
pounds with MW of 72 and 128 g mol−1 correspond to
second-generation dicarbonyl products formed by the de-
composition of alkoxy radicals (Reactions R4-3 and R4-4 in
Fig. 5), themselves resulting from the oxidation of dicarbonyl
compounds (MW= 168 g mol−1). These radicals can further
evolve via Reactions (R2-3′) and (R2-4′) to form highly
functionalized products (tricarbonyl nitrates) with MW of
245 g mol−1. These compounds were detected at m/z 245 in
NO+ ionization mode. Additionally, the oxidation of ketoni-
trate (MW= 213 g mol−1) can also lead to the formation of
a compound with the same MW of 245 g mol−1.

For β-phellandrene, the same first-generation prod-
ucts were detected but an additional product having the
MW= 138 g mol−1 was observed. This product corresponds
to an unsaturated carbonyl compound, which could be
formed through alkoxy decomposition, as shown in Fig. S4
(Reaction R4-1). A few differences were also observed for
the second-generation products.
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Figure 5. Mechanism proposed to explain the formation of first-generation products (colored in blue) and second-generation products
(colored in red) detected by PTR-ToF-MS for the reaction of α-phellandrene+NO3.

Atmos. Chem. Phys., 25, 11003–11024, 2025 https://doi.org/10.5194/acp-25-11003-2025



S. Harb et al.: HOMs and SOA formation from the oxidation of α- and β-phellandrenes 11015

Figure 6. Results of the numerical simulation for Experiment 8. (a) Modeled concentrations of α-phellandrene, RO2, NO3, and HO2.
(b) Contributions of RO2, NO3, and HO2 to RO2 total consumption.

3.4 HOM identification and formation pathways

In addition to products detected by PTR-ToF-MS, gas-phase
HOMs were monitored using ToF-CIMS. It was observed
that HOMs are formed in the very first stage of the oxi-
dation (see time profiles in Fig. S2), suggesting that these
compounds are formed through autoxidation processes rather
than being second-generation products. Similar HOMs were
detected for both monoterpenes, with only minor differences.
Two types of HOMs, having distinct ranges of m/z ratio,
were observed: HOM monomers with m/z between 300 and
400 and HOM dimers with m/z between 500 and 650 (see
Figs. S5 and S6). For α-phellandrene, a total of 22 HOM
compounds were identified, including 8 monomers (C9 and
C10) and 14 dimers (C17 and C20). For β-phellandrene, 24
HOMs were identified, including 9 monomers and 15 dimers.
All detected products contain at least six O atoms and one or
two N atoms. Surprisingly, no HOM peroxy radicals were
observed in this study. Identified products were categorized

into families, grouping compounds that share the same num-
ber of C, N, and H atoms but different numbers of O atoms. In
total, we identified three monomer families (C9H14N2O9−10,
C10H15NO8−11, and C10H17NO8−10) and two dimer families
(C17H26N2O12−18 and C20H32N2O10−18). The carbon num-
ber offers valuable insight into potential fragmentation re-
sulting from C-C bond cleavage, particularly for any carbon
number that is not equal to 10 (for monomers) or 20 (for
dimers). The hydrogen number provides information regard-
ing terminal functional groups and bimolecular reactions in-
volved in HOM formation. The nitrogen number can serve
as an indicator of second-generation products or NO2+RO2
reactions. The oxygen number provides an indication of how
much autoxidation occurred.

The gas-phase HOM monomers with the highest intensi-
ties for both monoterpenes are presented in Table 2. They are
N1-C10 stable closed-shell products: C10H15NOx (x = 8–
11), which may correspond to carbonyl or epoxide com-
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pounds, and C10H17NOx (x = 8–10), which may correspond
to hydroxyl or hydroperoxide compounds. The time series of
these HOMs showed a pattern of first-generation products.
Their formation can be explained by the autoxidation of per-
oxy radicals, which is described in Fig. 7. The first peroxy
radicals being formed by the reaction of NO3 with phellan-
drene (followed by reaction with O2) are nitrooxy–peroxy
(NO3-RO2) radicals C10H16NO q

5. These radicals can then
undergo an autoxidation through H shift and O2 addition,
leading to the formation of new nitrooxy–peroxy radicals
(C10H16NO q

7), which contain an additional –OOH functional
group (Fig. 7a). This H shift can proceed several times, re-
sulting in a progressive series of compounds with the general
formula C10H16NO q

2n+1 with an odd number of O atoms (see
example in Fig. 7a). This unimolecular pathway was shown
to be favored by the presence of a C=C double bond in a
NO3-RO2 radical (Møller et al., 2020; Vereecken and Noz-
ière, 2020). Furthermore, nitrooxy–peroxy radicals can also
form nitrooxy–alkoxy (NO3-RO) radicals via bimolecular re-
actions involving RO2+RO2 and RO2+NO3. The resulting
NO3-RO radical can also undergo H migration and O2 addi-
tion, leading to the formation of new nitrooxy–peroxy rad-
icals (C10H16NO q

6), which contain an additional –OH func-
tional group (see Fig. 7a). This “mixed” alkoxy–peroxy au-
tooxidation pathway has been reported in the literature (e.g.,
Shen et al., 2021) and results in a series of C10H16NO q

2n with
an even number of O atoms. In addition, as discussed pre-
viously, a nitrated epoxy–peroxy radical (C10H16NO q

6) can
be formed via Reaction (R7) in Fig. 5. In this case, if we
consider a comparable autoxidation pathway to that previ-
ously described for the nitrooxy–peroxy radical C10H16NO q

5,
it will result in a sequential series of C10H16NO q

2n radicals
with an even number of O atoms. On the other hand, the
“mixed” alkoxy–peroxy pathway leads to a progressive se-
ries of C10H16NO q

2n+1 radicals with an odd number of O
atoms. This mechanism is illustrated in Fig. 7b.

The radical chain termination of C10H16NO q
2n+1 and

C10H16NO q
2n can occur through unimolecular termination

channels, such as OH loss following H abstraction from a
carbon with an –OOH group attached, or through bimolecu-
lar reactions such as RO2+RO2. These termination reactions
lead to the formation of closed-shell products such as car-
bonyl nitrates, hydroxynitrates, and hydroperoxynitrates. It
is important to note that compounds with the same molecular
formula, such as hydroxynitrates formed from C10H16NO q

x

and hydroperoxynitrates formed from C10H16NO q
x−1, cannot

be distinguished based on mass spectra analysis using ToF-
CIMS. Among the C10-HOM monomers, C10H15NO8 and
C10H17NO8 were identified as having the highest signal in-
tensities. Notably, the signal of C10H15NO8 was found to be
higher than that of C10H17NO8. This has also been observed
in the chemical systems involving β-pinene + NO3 (Dam et
al., 2022; Shen et al., 2021) and limonene+NO3 (Guo et al.,
2022).

Finally, we also identified a family of C9-HOMs
(C9H14N2O9−10), which were detected with more intense
signals for β-phellandrene than for α-phellandrene. These
products can be formed by the cleavage of an exocyclic
or endocyclic C-C bond followed by autoxidation. For β-
phellandrene, a first-generation C9H14N2O9 compound and
a second-generation C9H14N2O10 compound were detected
but we are not able to propose detailed formation mecha-
nisms at this stage.

Dimers are formed by RO2 accretion in Reaction (R5)
(RO2+R′O2→ ROOR′+O2) (Berndt et al., 2018b; Dam
et al., 2022; Shen et al., 2022; Zhao et al., 2018). In
this study, two types of accretion products were identi-
fied, C17H26N2O12−18 and C20H32N2O10−18, with the C20
dimers being detected with the more intense signals. For both
monoterpenes, the temporal profiles of these HOM dimers
showed a pattern of first-generation products, with very in-
tense peaks present immediately after the initiation of the
phellandrene oxidation, followed by a rapid decrease (see
Fig. S2). Remarkably, this rapid decrease in dimers coin-
cides with particle formation, suggesting that HOM dimers
also contribute to SOA formation and/or growth. Within the
C20 family, C20H32N2O16 was found to be detected with the
more intense signal and exhibits the highest signal among all
detected HOMs (monomers and dimers). Considering that
the RO2 self-reactions can involve two identical RO2 rad-
icals or two different types of RO2, C20H32N2O16 can re-
sult from cross-reactions such as C10H16NO q

9+C10H16NO q
9,

C10H16NO q
10+C10H16NO q

8, or C10H16NO q
11+C10H16NO q

7.
Regarding C17H26N2O12−16 dimers, their formation may in-
volve the reaction between a C7-RO2 radical and a C10-RO2
radical. It should be noted that the generation of a C7-RO2
radical can occur through the alkoxy carbon chain decom-
position and fragmentation of a C10 monomer. It is expected
that this fragmentation also leads to the formation of acetone.
This was confirmed by the detection of acetone using PTR-
ToF-MS. In conclusion, HOM monomers and dimers result-
ing from autooxidation processes have been detected with
very similar patterns for both monoterpenes. The concomi-
tant disappearance of dimers with aerosol formation suggests
that dimers play a significant role in particle formation. How-
ever, we cannot exclude the possibility that HOM monomers
also contribute to it. No significant differences were observed
in the gas-phase HOMs that could explain the differences ob-
served in the SOA formation for the two monoterpenes.

3.5 Particulate-phase product identification

The chemical composition of the aerosol phase was investi-
gated by filter sampling and analysis by Orbitrap-MS. Al-
most all HOM monomers and dimers that were detected
in the gas phase, including C10H15NO7−11, C10H17NO7−10,
C17H26N2O10−17, and C20H32N2O10−18, were also observed
in the aerosol phase. The fact that the same HOM monomers
were detected in both phases indicates that monomers also

Atmos. Chem. Phys., 25, 11003–11024, 2025 https://doi.org/10.5194/acp-25-11003-2025



S. Harb et al.: HOMs and SOA formation from the oxidation of α- and β-phellandrenes 11017

Table 2. Detected N1-C10 termination products with corresponding RO2 radicals (C10H16NO q
x ) (not detected, proposed based on termina-

tion product detection). M corresponds to the molar mass of the peroxy radical.

Peroxy radical (M) Carbonyl/epoxide compounds (M− 17) Hydroxyl compounds (M− 15) Hydroperoxide compounds (M+ 1)

C10H16NO q
8 / / C10H17NO8

C10H16NO q
9 C10H15NO8 C10H17NO8 C10H17NO9

C10H16NO q
10 C10H15NO9 C10H17NO9 C10H17NO10

C10H16NO q
11 C10H15NO10* C10H17NO10 /

C10H16NO q
12 C10H15NO11 / /

* Not detected for α-phellandrene.

Figure 7. Illustrative scheme of H shifts for peroxy and alkoxy radicals formed by the reaction α-phellandrene+NO3. (a) Unsaturated
peroxy radicals; (b) epoxy–peroxy radicals.
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contribute to SOA formation. New products, which were
not observed in the gas phase, were detected in the aerosol
phase, such as C8H12O2, C9H14O4−5, and C10H18N2O10−11.
Remarkably, within the dimers, new families of prod-
ucts with N= 3, 4, and 5 were identified. In particular,
C20H33N3O14−19 products were detected with very high
signal intensities. If these products are formed in the gas
phase, they should be detected by the ToF-CIMS, unless they
rapidly partition into the condensed phase due to their low
volatility. Another possible explanation is that these products
are formed through chemical processes occurring in the par-
ticulate phase.

The products were classified into two categories accord-
ing to their raw formulas: CHO and CHON. The relative
contribution of each group was determined based on the in-
tensity of their chromatographic peaks relative to the total
signal intensity (%). It is important to keep in mind that dif-
ferent organic species may have different signal responses
in mass spectrometry, but due to the lack of standards, we
assumed that all species have the same response. Figure 8
compares, for α- and β-phellandrenes, the relative contribu-
tion of CHO and CHON products to the total signal intensity,
their classification into monomers and dimers, and the dis-
tribution of CHON compounds as a function of the number
of N atoms. It can be deduced that for both monoterpenes,
CHON is the category with the highest contribution to the
total signal intensity, with a relative contribution higher than
80 %, while CHO compounds contribute to less than 20 %.
These findings confirm that organic nitrates are major con-
stituents of SOA resulting from the oxidation of phellan-
drenes by NO3. Moreover, within the CHON group, dimer
signals (10< C ≤ 30) account for more than 80 %. Among
the monomers, C10 compounds have the highest contribu-
tion to the total signal intensity, while C20 compounds con-
tribute the most to the total signal intensity among dimers
(see Fig. S7). The distribution of CHON compounds as a
function of the number of N shows the formation of prod-
ucts with N> 2 (N= 3, 4, 5) that were not detected in the gas
phase (see Fig. 8). Also, some differences are observed in
their distribution between the two monoterpenes. The contri-
butions of 4-N and 5-N products to the total signal intensity
of CHON compounds are higher for β-phellandrene than for
α-phellandrene, while the contribution of 3-N compounds is
similar. In total, CHON compounds with N> 2 represent up
to 63 % of the total signal intensity of CHON compounds for
β-phellandrene and 53 % for α-phellandrene. However, 2-N
products have a higher contribution to the total signal inten-
sity of CHON compounds for α-phellandrene. Given that the
addition of a nitro group leads to a decrease in the volatil-
ity (Kroll and Seinfeld, 2008), these differences in N num-
ber may explain the differences observed in the SOA yields.
Additionally, differences were observed in the distribution of
products as a function of their C number (see Fig. S7). A non-
negligible contribution of compounds with a carbon num-
ber lower than 9 in the particulate phase was observed for

α-phellandrene, suggesting more fragmentation of the oxi-
dation products for α-phellandrene than for β-phellandrene.
The formation of these compounds is expected to result from
the cleavage of a C-C bond adjacent to the alkoxy group. This
can also explain why β-phellandrene is a more efficient SOA
precursor than α-phellandrene.

4 Conclusion

This study has provided an in-depth investigation of the NO3-
initiated oxidation of α- and β-phellandrenes thanks to ex-
periments in the CESAM simulation chamber and by com-
bining a wide variety of analytical techniques (FTIR, PTR-
ToF-MS, ACSM, ToF-CIMS, Orbitrap, SMPS). SOA yields
were measured, and oxidation products, including HOMs,
were investigated in the gas and aerosol phases. Numerical
simulations were also performed to investigate the dominant
chemical regimes for RO2 radicals. To our knowledge, this
study is the first mechanistic study on the reactions of α- and
β-phellandrenes with the NO3 radical.

In this study, we have shown that α- and β-phellandrenes
are efficient SOA precursors with yields reaching up to 35 %
and 60 %, respectively. Considering that experiments were
performed using the same protocol, we could deduce that
β-phellandrene generates significantly more SOA than α-
phellandrene. We also showed that these reactions produce
large quantities of organic nitrates in both the gas and aerosol
phases, similarly to what was observed for other monoter-
penes. Total molar yields of organic nitrates (gas+ aerosol)
were found to range between 40 % and 60 %, and these com-
pounds were shown to be major constituents of the partic-
ulate phase, with a mass contribution up to 50 %. This was
confirmed by Orbitrap analyses, which have shown that the
relative abundance (in signal intensity) of CHON compounds
is higher than 80 %.

To gain deeper insight into the mechanisms, chemi-
cal analyses of the products in both gaseous and par-
ticulate phases were performed using various mass spec-
trometry techniques. For both monoterpenes, several types
of first-generation products were detected, including car-
bonyl nitrates, dicarbonyl nitrates, and dicarbonyls. Second-
generation products, which result from the addition of NO3
radical onto the second C=C bond, were also detected. They
are of two types: (i) tricarbonyl nitrates, which are low-
volatility products, and (ii) products resulting from fragmen-
tation such as dicarbonyls. We could also detect a num-
ber of gas-phase HOM monomers and dimers and high-
light the significance of the autooxidation processes for these
monoterpenes. Numerical simulations have shown that, un-
der our experimental conditions, RO2 radicals evolve mainly
by cross-reactions (RO2+RO2). This is consistent with the
detection of gas-phase accretion products (dimers). Chemi-
cal mechanisms have been proposed to explain the forma-
tion of these products. Given that gas-phase products were
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Figure 8. The relative abundance of CHON and CHO compounds in the particulate phase, their classification into monomers and dimers,
and the distribution of CHON compounds as a function of the number of N atoms (a) for α-phellandrene and (b) for β-phellandrene.

similar for the two monoterpenes, they cannot explain the
differences in SOA yields. However, some differences in
the aerosol-phase chemical composition have been observed:
products with a high number of N atoms (4-N and 5-N),
which could result from condensed-phase chemistry, were
observed to be more abundant (in relative signal intensity) for
β-phellandrene than for α-phellandrene. In addition, prod-
ucts having fewer than 10 C atoms were more abundant (in
relative signal intensity) for α-phellandrene, suggesting more
fragmentation of the oxidation products of α-phellandrene
than for β-phellandrene. These observations may explain
why β-phellandrene is a more efficient SOA precursor than
α-phellandrene. Deeper investigation of these processes is
needed to better understand differences in the SOA yields
observed between α- and β-phellandrenes.
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