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Abstract. A series of experiments was designed and conducted in the Manchester Aerosol Chamber (MAC) to
study the photo-oxidation of single and mixed biogenic (isoprene and α-pinene) and anthropogenic (o-cresol)
precursors in the presence of NOx and ammonium sulfate seed particles. Several online techniques (HR-ToF-
AMS, semi-continuous GC-MS, NOx and O3 analyser) were coupled to the MAC to monitor the gas and par-
ticle mass concentrations. Secondary organic aerosol (SOA) particles were collected onto a quartz-fibre filter
at the end of each experiment and analysed using liquid chromatography–ultrahigh-resolution mass spectrom-
etry (LC-Orbitrap MS). The SOA particle chemical composition in single and mixed precursor systems was
investigated using non-targeted accurate mass analysis of measurements in both negative and positive ionization
modes, significantly reducing data complexity and analysis time, thereby providing a more complete assessment
of the chemical composition. This non-targeted analysis is not widely used in environmental science and has
never been previously used in atmospheric simulation chamber studies. Products from α-pinene were found to
dominate the binary mixed α-pinene–isoprene system in terms of signal contributed and the number of particle
components detected. Isoprene photo-oxidation was found to generate negligible SOA particle mass under the
investigated experimental conditions, and isoprene-derived products made a negligible contribution to particle
composition in the α-pinene–isoprene system. No compounds uniquely found in this system sufficiently con-
tributed to be reliably considered a tracer compound for the mixture. Methyl-nitrocatechol isomers (C7H7NO4)
and methyl-nitrophenol (C7H7NO3) from o-cresol oxidation made dominant contributions to the SOA particle
composition in both the o-cresol–isoprene and o-cresol–α-pinene binary systems in negative ionization mode.
In contrast, interactions in the oxidation mechanisms led to the formation of compounds uniquely found in
the mixed o-cresol-containing binary systems in positive ionization mode. C9H11NO and C8H8O10 made large
signal contributions in the o-cresol–isoprene binary system. The SOA molecular composition in the o-cresol–
α-pinene system in positive ionization mode is mainly driven by the high-molecular-weight compounds (e.g.
C20H31NO4 and C20H30O3) uniquely found in the mixture. The SOA particle chemical composition formed in
the ternary system is more complex. The molecular composition and signal abundance are both markedly sim-
ilar to those in the single α-pinene system in positive ionization mode, with major contributions from o-cresol
products in negative ionization mode.
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1 Introduction

1.1 Organic aerosols and their impacts

Atmospheric aerosols affect climate directly through scat-
tering or absorbing solar radiation (Novakov and Penner,
1993; Andreae and Crutzen, 1997) and indirectly by act-
ing as cloud condensation nuclei (CCN) (Mcfiggans et al.,
2006). Exposure to particulate matter has also been directly
linked to adverse impacts on human health (WHO, 2016).
Organic aerosol significantly contributes to fine particulate
matter (PM) in the atmosphere (Fiore et al., 2012; Jimenez
et al., 2009) and can affect human health through the deep
penetration of small aerosol particles into the lungs through
inhalation and the deposition of larger particles in the up-
per respiratory tract (Burnett et al., 2014). Fine PM has a
wide variety of primary (e.g. agricultural operations, indus-
trial processes, and combustion processes) and secondary
sources. In addition to secondary inorganic contributions
from nitrate and sulfate, secondary organic aerosol (SOA)
formed from the oxidation of atmospheric volatile organic
compounds (VOCs) can make a major contribution (Hal-
lquist et al., 2009).

1.2 SOA and its formation pathways

The chemical diversity of volatile organic compounds
(VOCs) and their oxidation pathways substantially influence
SOA chemical composition (Lim and Ziemann, 2009). VOCs
can be both anthropogenic and biogenic in origin (Li et
al., 2018). Common and abundant anthropogenic VOCs in-
clude aromatic hydrocarbons such as benzene, toluene, and
cresol, which are emitted from a wide variety of human
activities, e.g. cooking and biomass burning (Atkinson and
Arey, 2003), with the latter being an oxidation product of
the former two compounds (Schwantes et al., 2017). Bio-
genic VOCs, including isoprene and monoterpenes (e.g. α-
pinene), are emitted in large quantities by vegetation as well
as oceanic macroalgae and microalgae (Bravo-Linares et al.,
2010; Atkinson and Arey, 2003). Once emitted into the at-
mosphere, VOCs undergo oxidation by the prevailing at-
mospheric oxidants: the hydroxyl radical (OH) during day-
time, the nitrate radical (NO3) at night-time, and the unsatu-
rated fraction by ozone during both day and night (Atkinson,
1997). The oxidation of VOCs can result in the formation
of both more and less volatile organic products (Jimenez et
al., 2009). Low-volatility organic products can condense onto
existing particles or form new particles through nucleation if
sufficiently low in volatility, as described by the gas–particle
partitioning framework (Schervish and Donahue, 2020; Don-
ahue et al., 2011). VOC oxidation can result in a range of
multifunctional products. Multiple generations of gas-phase
oxidation results in continually evolving chemical speciation
either in the gas or particulate phase (Mcneill, 2015; Shrivas-

tava et al., 2017), and owing to the complexity of gaseous and
particulate-phase oxidation pathways, SOA formation mech-
anisms remain unclear and require further investigation.

1.3 Prior studies of using offline techniques

Whilst techniques for online or semi-continuous SOA com-
positional measurements have recently become more widely
adopted (Zhang et al., 2011; Ahlberg et al., 2017; Schwantes
et al., 2017; Hamilton et al., 2021; Lopez-Hilfiker et
al., 2014; Decarlo et al., 2006), offline techniques gen-
erally provide more detailed insight into molecular com-
position. Offline techniques such as gas chromatography–
mass spectrometry (GC-MS) (Ono-Ogasawara et al., 2008;
Saldarriaga-Noreña et al., 2018; Cropper et al., 2018) and liq-
uid chromatography–mass spectrometry (LC-MS) (Coscollà
et al., 2008; Buiarelli et al., 2017; Pereira et al., 2015) can
identify the chemical composition for thousands of organic
compounds, with some of the techniques revealing infor-
mation about a compound’s structure, alluding to potential
sources and formation mechanisms (Liu et al., 2007; Singh
et al., 2011; Ono-Ogasawara et al., 2008; Carlton et al., 2009;
Kroll et al., 2005a; Ng et al., 2008; Nestorowicz et al., 2018;
Eddingsaas et al., 2012). LC-MS has been widely employed
for the chemical characterization of laboratory-generated
SOA and ambient SOA. For example, targeted analysis of
SOA products using high-performance liquid chromatogra-
phy time-of-flight mass spectrometry (HPLC-ToF-MS) illus-
trated a new pathway for the formation of 3-methyl-1,2,3-
butane-tricarboxylic acid (MBTCA) through the further ox-
idation of nopinone, a known product in the oxidation of β-
pinene, by OH Mutzel et al. (2016). Hamilton et al. (2021)
used targeted LC-Orbitrap MS analysis of ambient Beijing
filter samples to identify tracers of isoprene nitrate forma-
tion pathways in both gas and particle phases, indicating a
strong dependence on nitrate radicals from early afternoon
onwards. These targeted approaches are somewhat limited
by their inability to comprehensively account for the entire
mass of SOA components, though it is impractical to extract
the non-targeted chemical information by manual data pro-
cessing in complex ambient systems. Non-targeted screen-
ing tools have been widely employed in metabolite and pro-
tein analysis to reduce data analysis time but are uncommon
in environmental science applications. Non-targeted analysis
extracts the chemical information of all detected compounds
in a sample dataset, providing tentative identification of un-
known compounds via library screening, while allowing the
rapid chemical characterization of complex mixtures through
the chemical classification of detected compounds in a given
sample (Place et al., 2021; Pereira et al., 2021). Mezcua et
al. (2011) reported that 210 pesticides were successfully de-
tected and identified in 78 positive samples of fruit and veg-
etable by using an automatic non-targeted screening method
in LC-ToF analysis. Non-targeted screening analysis based
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on high-resolution accurate mass spectrometry (HRAM-MS)
was applied in chemical characterized of tobacco smoke
and successfully identified a total of known 331 compounds
and 50 novel compounds as being present in the sample
(Arndt et al., 2019). Chromatographic separation coupled
with Fourier transform mass spectrometers (e.g. Orbitrap)
have sufficient mass resolution to characterize the chemical
composition of complex particulate matter with the ability
to distinguish structural isomers. Exploiting this capability, a
methodology for automated non-targeted screening was pre-
sented by Pereira et al. (2021) using ultrahigh-performance
liquid chromatography–Orbitrap MS data. This non-targeted
screening tool has been rigorously tested using authentic
standards and provides molecular formula assignments and
plausible structure information (among other information)
for all detected compounds within a sample dataset. More-
over, the accurate mass spectrometry employed has a mass
resolution of 70 000 at m/z 200, leading to a substantial
increase in the signal-to-noise ratio and enhanced quantifi-
cation of low-concentration species. However, non-targeted
screening methods are not infallible and rigorous testing of
autonomous platforms must be performed to understand po-
tential limitations of these tools. Moreover, it is challenging
to make semiquantitative or quantitative measurements of
unknown compounds in complex matrices. It is worth noting
that quantitative measurements of unknown compounds are
general limitations of ESI operation not directly attributed
to the non-targeted screening method, but they arguably be-
come more important. It is difficult to perform quantitative
measurement of unknown compounds due to the analytical
standards for SOA products being limited, and only a few
molecules out of the thousands of detected compounds might
be known. Therefore, it is also challenge to determine sample
extraction recoveries during sample extraction procedures.
The approach of using the normalized abundance of com-
pounds in the sample does not consider different compound
electrospray ionization (ESI) efficiencies, which can be in-
fluenced by the molecular structure among other parameters
(Priego-Capote and Luque de Castro, 2004). For example,
Cech and Enke (2000) found that ESI response increased for
peptides with a more extensive non-polar region. Cech and
Enke (2001) examined this further and concluded that ana-
lytes with a higher polar portion have a lower ESI response
than the more non-polar analytes. Differences in ESI efficien-
cies of individual compounds may impact the normalized
abundance of chemical groupings, particularly when compar-
ing sample compositions which differ appreciably.

In one of the few studies applying an automated
non-targeted method in environmental matrices, Mehra
et al. (2021) used this approach for LC-Orbitrap MS
data to characterize the SOA from the low-NOx oxida-
tion of 1-methylnaphthalene, propylbenzene, and 1,3,5-
trimethylbenzene in laboratory measurements, alongside
characterizing the SOA from filters collected in an urban
area. The aim is to study the anthropogenic and biogenic con-

tributions to organic aerosol. This study also compared the
result with an online technique using a time-of-fight chem-
ical ionization mass spectrometer with an iodide ionization
system (I-CIMS), which showed good agreement between
observations for online I-CIMS results and results of of-
fline LC-Orbitrap MS in negative ionization mode. Wang et
al. (2021) also used a non-targeted method for LC-Orbitrap
MS data to characterize particulate products on filters col-
lected from three cities located in northeastern, eastern,
and southeastern China, namely Changchun, Shanghai, and
Guangzhou. This study suggested that anthropogenic emis-
sions are the dominate source of urban organic aerosol in
all three cities. Also, they found that samples from Shanghai
and Guangzhou shared considerable chemical similarity but
significantly differed from Changchun. In our present study,
for the first time, we will apply this automated non-targeted
screening tool for the compositional analysis of SOA gener-
ated in an aerosol chamber from single and mixed precursor
experiments.

1.4 Summary of studies on similar SOA systems

There are numerous studies investigating SOA formation
from the oxidation of biogenic VOCs, particularly for ter-
penoid compounds (Stroud et al., 2001; Surratt et al., 2006;
Dommen et al., 2006; Carlton et al., 2009; Camredon et al.,
2010; Surratt et al., 2010; Henry et al., 2012; Ahlberg et al.,
2017; Hoffmann et al., 1997; Odum et al., 1996). Isoprene
(C5H8) is the most abundant biogenic VOC emission, and α-
pinene (C10H16) is one of the most abundant and widely stud-
ied biogenic monoterpenes (Hallquist et al., 2009). Whilst
oxidation products from these two biogenic precursors are
both considered to substantially contribute to the global SOA
budget, there are marked differences in their SOA particle
mass yield; α-pinene has a yield in the range of 17 % to 45 %
(Mcvay et al., 2016; Ng et al., 2007; Eddingsaas et al., 2012),
while isoprene has a much lower yield in the range of 0 % to
5 % (Dommen et al., 2006; Kroll et al., 2005a, 2006; Pan-
dis et al., 1991; Carlton et al., 2009). The reason for the low
isoprene SOA yield is in part a result of the high volatility
of oxidation products. However, the yield of isoprene SOA
is strongly acid-dependent and closely related to the particle-
phase acidity due to the impact on the amount of heteroge-
nous uptake, which is the reason for higher isoprene SOA
mass concentration when increasing aerosol acidity (Surratt
et al., 2007a). Xu et al. (2021) demonstrated that over 98 % of
isoprene-oxidized organic molecules by mole were classified
as semi-VOCs (SVOCs) and intermediate VOCs (IVOCs)
with a volatility (log10C*, µ m−3) range of −0.5 to 5, while
about 1.3 % of isoprene oxidation products were considered
low VOCs (LVOCs). Conversely, the larger C10 monoterpene
skeleton of α-pinene typically results in the formation of less
volatile oxidation products. Lee et al. (2011) reported that the
SOA from α-pinene ozonolysis required 80 ◦C for complete
volatilization, and the volatility of α-pinene SOA strongly
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depended on the VOC /NOx ratios, forming volatile nitrate-
containing species under high-NOx conditions.

There are many studies reporting the chemical character-
ization of SOA formed in smog chambers from α-pinene
and isoprene using liquid chromatography–mass spectrom-
etry (LC-MS)(Yasmeen et al., 2012; Surratt et al., 2006;
Kahnt et al., 2014; Pereira et al., 2014; Winterhalter et al.,
2003). Winterhalter et al. (2003) used LC-MS to demon-
strate the major particulate-phase compounds from the O3
and OH oxidation of α-pinene, such as cis-pinic acid, cis-
pinonic acid, hydroxy-pinonic acid isomers, and possibly
hydroxy-carboxylic acid. It is worth noting that this study
suggested that ozonolysis reaction is the main pathway of
aerosol formation regarding its performance in various ex-
periments. Similarly, Surratt et al. (2006) studied isoprene
photo-oxidation under various NOx conditions. The chemi-
cal composition of isoprene SOA products was analysed by
a series of online and offline techniques (including LC-MS)
and indicated that oligomerization plays an important role in
SOA formation pathways, especially under high-NOx condi-
tions, forming acidic products.

SOA can also be produced from anthropogenic VOCs
(e.g. o-cresol), although global biogenic SOA produc-
tion (∼ 88 TgC yr−1) is thought to dominate over the an-
thropogenic SOA production (∼ 10 TgC yr−1) (Hallquist
et al., 2009). Schwantes et al. (2017) studied the for-
mation of low-volatility products from o-cresol photo-
oxidation under various NOx conditions using chamber
experiments with chemical ionization mass spectrometry
(CIMS) and direct analysis with real-time mass spectrom-
etry (DART-MS). This study identified several o-cresol
oxidation products, including a first-generation product
(methyl-catechol), second-generation products (trihydroxy-
toluene and hydroxy-methyl-benzoquinone), and third-
generation products (tetrahydroxy-toluene and dihydroxy-
methyl-benzoquinone), indicating successive addition of OH
radicals onto the aromatic ring during the oxidation, fol-
lowing expected mechanistic pathways (Atkinson and As-
chmann, 1994; Olariu et al., 2002)

Despite the wealth of knowledge of gaseous and
particulate-phase product formation from the oxidation of
single VOC precursors using chamber experiments, there
is a comparative lack of understanding in the real atmo-
sphere. Online measurements of the OA composition by an
Aerodyne high-resolution aerosol mass spectrometer (HR-
ToF-AMS) and VOCs by an Ionicon proton transfer reac-
tion mass spectrometer (PTR-MS) during the CARES cam-
paign in the vicinity of Sacramento, California, indicated
that the mixing of anthropogenic emissions from Sacramento
with isoprene-rich air from the foothills enhances the pro-
duction of OA (Shilling et al., 2013). This study suggested
that anthropogenic–biogenic interactions enhance OA pro-
duction from biogenic species, suggesting that the amount
of isoprene SOA strongly depends on the VOC /NOx ra-
tio. However, the physical and chemical reasons for such in-

teractions remain unclear and warrant further investigation.
There have been several laboratory studies investigating SOA
formation in mixed VOC systems. Ahlberg et al. (2017) in-
vestigated SOA from VOC mixtures including biogenic (α-
pinene, myrcene, and isoprene) and anthropogenic VOCs
(m-xylene) in an oxidation flow reactor (OFR) equipped
with high-resolution time-of-flight aerosol mass spectrome-
try (HR-ToF-AMS). Their results showed that the SOA mass
yield formed from a VOC mixture containing myrcene was
higher than expected, possibly a result of myrcene-nucleating
particles leading to an increased condensation sink under
the conditions of the OFR. This study also found that the
SOA particle size was larger in VOC mixtures with isoprene
and unlimited oxidant supply. However, other studies indi-
cate that isoprene could inhibit new particle formation by
scavenging oxidants and forming relatively high-volatility
organic products rather than nucleating precursors (Kiendler-
Scharr et al., 2009, 2012). McFiggans et al. (2019) reported
a reduction in SOA mass and yield from the VOC mixture
of α-pinene and isoprene with an increasing fraction of iso-
prene in the mixture. This was attributed to isoprene acting
as an OH scavenger and its radical oxidation products react-
ing with those formed from α-pinene, enhancing the over-
all volatility of the products in the mixture. This study in-
dicates that interactions between VOC products should be
considered to enable a mechanistic understanding of SOA
formation in the ambient atmosphere. Shilling et al. (2019)
reported that freshly formed isoprene SOA did not fully mix
with pre-existing SOA in an isoprene–α-pinene mixture sys-
tem (e.g. aged isoprene SOA and aged α-pinene SOA) over
the 4 h experimental timescale in a sequential condensation
experiment without observing notable suppression of SOA
formation in the α-pinene–isoprene mixture system.

1.5 The present study

In this study, we designed a series of chamber experiments
using single, binary, and ternary VOC systems, expanding
on the work performed by McFiggans et al. (2019), with
the aim of better understanding the chemical composition
and interactions during SOA formation in mixed VOC sys-
tems. We move beyond the consideration of SOA formation
from anthropogenic VOC precursors to consider the effect
of their mixture with biogenic VOC. Ortho-cresol (o-cresol)
was chosen as an anthropogenic precursor with a moder-
ate SOA yield between that of isoprene and α-pinene. o-
Cresol has reactivity toward the hydroxyl radical (OH) that
is comparable to those of the chosen biogenic VOCs (Atkin-
son et al., 2004) and a negligible reactivity towards ozone.
Hence, the oxidation products from each precursor are likely
to be of comparable abundance in a mixed systems. We re-
tained the two biogenic precursors studied in McFiggans et
al. (2019), with isoprene being the dominant VOC emitted
from plants globally, but with modest SOA formation poten-
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tial and alpha-pinene (α-pinene), similarly widely emitted in
lower amounts, but a more efficient SOA precursor.

The objectives of the present study are to investigate, us-
ing offline analysis of SOA chemical composition, whether
(i) high-yield precursors dominate the contribution to SOA
formation of mixture systems and (ii) whether cross-products
from mechanistic interactions in the oxidation of precursors
feature strongly in the mixed precursor systems. A series of
photochemical oxidation experiments was designed and con-
ducted to produce SOA from the selected VOCs (α-pinene,
isoprene, and o-cresol) and their mixtures in the presence of
neutral seed particles (ammonium sulfate) and NOx . The ex-
perimental programme included three single precursor sys-
tems, three binary precursor mixtures, and one ternary mix-
ture of precursors. The aerosol samples were collected onto
a filter from each experiment and analysed offline using liq-
uid chromatography–ultrahigh-resolution mass spectrometry
with an automated non-targeted data processing methodol-
ogy recently described in Pereira et al. (2021).

2 Method

2.1 Chamber description

All experiments were performed in the 18 m3 Manchester
Aerosol Chamber (MAC). Briefly, the MAC operate as a
batch reactor to study the atmospheric processing of multi-
component aerosols under controlled conditions. The cham-
ber comprises an FEP Teflon bag mounted on three rectangu-
lar extruded aluminium frames housed in an air-conditioned
enclosure. Two 6 kW Xenon arc lamps (XBO 6000 W/H-
SLA OFR, Osram) and a bank of halogen lamps (Solux 50
W/4700 K, Solux MR16, USA) are mounted in the inner
aluminium wall of the enclosure, which is lined with reflec-
tive “space blanket” material to provide maximum and ho-
mogenous light intensity to simulate the realistic daytime at-
mospheric environment. To remove unwanted radiation flux
below 300 nm, a quartz filter was mounted in front of each
arc lamp. Removal of unwanted heat from the lamps as well
as temperature and relative humidity control of the chamber
were assisted by conditioned air introduced between the bag
and the enclosure at 3 m3 s−1 as well as active water cooling
of the mounting bars of the halogen lamps and of the filter in
front of the arc lamps. Regular steady-state actinometry ex-
periments were conducted through the entire campaign and
indicated a photolysis rate of NO2 (JNO2) in the range of
1.83–3× 10−3 s−1 during the experimental period. Photoly-
sis of NO2 leads to O3 formation, which further photolyses
to produce OH radicals in our moist experiments. Humid-
ity and temperature are controlled by the humidifier and by
controlling the air-conditioning set point during the exper-
iment. It is continuously monitored using a dew-point hy-
grometer and a series of thermocouples and resistance probes
throughout the chamber. Additional online instruments in-
cluded a semi-continuous gas chromatography mass spec-

trometer (GCMS) for VOC measurement (Minaeian, 2017),
a water-based condensation particle counter, a differential
mobility particle sizer (DMPS), and an aerosol mass spec-
trometer (AMS) for particulate-phase compound measure-
ment (Canagaratna et al., 2007). The filter collection, extrac-
tion, measurement, and analysis techniques are described be-
low. Full details of the MAC characterization, experimental
procedure, and instrumentation payload are provided in Shao
et al. (2022).

2.2 Experimental strategy

The experimental programme was conceived using a concept
of “initial iso-reactivity” towards OH, with the intention of
allowing a reasonably comparable contribution of oxidation
products from each VOC at the chosen concentration and
experimental conditions. Clearly this does not take into ac-
count consumption by oxidants other than OH formed during
the experiment (notably ozone) and also neglects the reactiv-
ity of the subsequent oxidation products. The injected pre-
cursor mass was therefore chosen according to its reactivity
towards OH (Atkinson et al., 2004). SOA composition was
determined using analysis of chamber filter samples by liq-
uid chromatography–ultrahigh-resolution mass spectrometry
(LC-Orbitrap MS) and automated non-targeted data process-
ing for all single precursor and mixed VOC systems.

2.3 Experimental procedure

Programmed “pre-experiment” and “post-experiment” pro-
cedures were routinely conducted before and after each SOA
experiment to minimize the possible contamination in the
chamber. The pre-experiment and post-experiment are com-
prised of multiple automated fill–flush cycles with an ap-
proximate airflow rate of 3 m3 min−1 for cleaning the cham-
ber. The upper and lower frames were free to move verti-
cally to expand and collapse the bag during the fill–flush cy-
cle. Filtered air was sequentially injected into and extracted
from the bag, reducing contaminants in the bag with each
cycle. Several instruments (e.g. WCPC, model 49C O3 anal-
yser, Thermo Electron Corporation; model 42i NO–NO2–
NOx analyser, Thermo Scientific) were continuously con-
nected to the chamber during the pre-experiment to mon-
itor the concentration of particles and the concentration of
ozone and NOx , as well as to ensure the bag was sufficiently
clean (with all aforementioned factors close to zero) to con-
duct the chamber background procedure. When conducting
this procedure, there were no reactants in the bag and the bag
was stabilized for at least an hour for the instruments to es-
tablish the baseline of the clean chamber. In the following
stage, VOC precursor(s), NOx , and seed particles were in-
jected into the chamber sequentially in dark conditions and
the chamber remained steady for an hour for the instruments
to obtain a baseline of the initial chamber conditions (e.g.
experimental background) before the SOA experiment. The
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baselines of the chamber background and experimental back-
ground were subsequently subtracted from the experimental
measurements.

Ammonium sulfate seed particles were generated via
atomization from ammonium sulfate solution (Puratonic,
99.999 % purity) using a Topaz model ATM 230 aerosol
generator. The concentration of seed particles in the cham-
ber was controlled by altering the injection time and con-
centration of the prepared solution (0.01 g mL−1). The accu-
mulating seed particles are injected into the stainless-steel
residence chamber for 1 min, then diverted into the main
chamber injection flow for 30 s during the final fill cycle of
the pre-experiment procedure. The liquid α-pinene, isoprene,
and o-cresol (Sigma Aldrich, GC grade ≥ 99.99 % purity)
were injected as required through the septum of a heated
glass bulb and evaporated into an N2 carrier flow into the
chamber during this final fill along with NOx as NO2 from
a cylinder, also carried by N2. The injected VOC mass was
calculated using the “initial OH iso-reactivity” approach de-
scribed above. Photochemistry was initiated by irradiating
the VOC at a moderate VOC /NOx ratio using the lamps
as described above. The temperature and relative humidity
conditions were controlled at 50 %± 5 % and 24± 2◦, re-
spectively, during the experiment. The concentration of NOx
and O3, the particle number concentration, and particle mass
concentration were monitored during the experiment using
the online instruments. SOA particles were collected on a
blank filter (Whatman quartz microfiber, 47 mm) mounted
in a bespoke holder built into the flush pipework by flush-
ing the remaining chamber contents after a 6 h experiment.
The filters were then wrapped in foil and stored at −18 ◦C
prior to analysis. Quartz-fibre filters were pre-conditioned
by heating in a furnace at 550 ◦C for 5.5 h. It is noted that
both positive (conversion of gas-phase organics to particulate
form) and negative (volatilization of particulate organic com-
pounds) artefacts are possible during collection of particulate
matter during filter sampling, resulting in overestimation and
underestimation of particulate organic carbon, respectively.
The samples were rapidly collected in our experiments (emp-
tying the chamber through the filter in 5 or 6 min), precluding
the ability to effectively denude gases at the flow rate. Whilst
gases may be adsorbed or adsorbed on the filters, it is chal-
lenging to quantify these impacts. Formation of products of
reactions in the particles themselves could also occur after
gas–particle collisions during the experiment with a much
longer residence time in the chamber.

Du et al. (2021) combined online (FIGAERO-CIMS) and
offline mass spectrometric (LC-Orbitrap MS) techniques
to characterize the chemical composition in the same sys-
tems. It was reported that the distribution of particle-phase
products is highly consistent between the I–CIMS and LC-
Orbitrap MS negative ionization mode for the α-pinene SOA
products, suggesting nearly negligible (or at least compara-
ble) gas-phase absorption artefacts introduced during filter
collection in both techniques.

Actinometry and off-gassing experiments were conducted
regularly after several of SOA experiments to establish the
consistency of the chamber’s performance, evaluate the ef-
fectiveness of the cleaning procedure, and confirm clean-
liness of the chamber. “Background” filters were collected
from the actinometry and off-gassing experiments. A sum-
mary of experimental conditions is given in Table 1.

2.4 Offline analysis of the filter samples

2.4.1 Sample preparation

Filter samples of SOA particles were extracted using the
following procedure. Each filter was cut into small pieces
into a pre-cleaned 20 mL scintillation vial. A total of 4 mL
(Fisher Scientific FB15051) of methanol (Optima LC-MS
grade, Thermo Fisher Scientific) was added to the vial. The
sample was then wrapped in foil and left for 2 h at ambi-
ent temperature. It was then sonicated for 30 min and the ex-
tractant filtered through a 0.22 µm pore size polyvinylidene
difluoride (PVDF) filter using a BD PlasticPak syringe. An
additional 1 mL of methanol was added to the vial and fil-
tered through the same syringe membrane to minimize sam-
ple loss. The filtered extractant was then evaporated to dry-
ness using solvent evaporator (Biotage, model V10) at 36 ◦C
and 8 mbar pressure and redissolved in 1 mL of 90 : 10 water–
methanol (Optima LC-MS grade) for LC-Orbitrap MS anal-
ysis. The efficiency of the aerosol extraction procedure using
non-targeted analysis in this study is difficult to determine
owing to the limitation of unknown compound identification.
Few molecules of the thousands detected can be identified
in the analytical standards for SOA products. It is also dif-
ficult to determine sample extraction recoveries since com-
pounds have different recovery efficiencies determined by
their molecular structure (Priego-Capote and Luque de Cas-
tro, 2004). Much further work on the recovery efficiency is
required to quantify potential losses and provide insights into
the quality of the extraction procedure.

2.4.2 Liquid chromatography–mass spectrometry
analysis

Samples were analysed using ultra-performance liquid
chromatography–ultrahigh-resolution mass spectrometry
(Dionex 3000, Orbitrap QExactive, Thermo Fisher Scien-
tific). A reverse-phase C18 column (aQ Accucore, Thermo
Fisher Scientific) of 100 mm (long)× 2.1 mm (wide) with
a 2.6 µm particle size was used for compound separation.
The flow rate was set to 0.3 mL min−1, with 2 µL sample
injection volume. The autosampler temperature was set to
4 ◦C and the column at 40 ◦C. The mobile-phase solvent
included (a) water and (b) methanol that both contain 0.1 %
(v/v) formic acid (Sigma Aldrich, 99 % purity). Gradient
elution was performed starting at 90 % (a) with a 1 min post-
injection hold, decreasing to 10 % (a) over 26 min, before
returning to the initial mobile-phase conditions at 28 min,
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Table 1. Experimental descriptions, VOC mixing ratios, VOC : NOx ratio, and mass concentration of seed particles in the chamber.

Experiment type Experiment Experimental conditions

Nominal VOC Nominal VOC : NOx Mass conc.
(ppbv) (NH4)2SO4 (µg m−3)

Single precursor (a) α-pinene: 309 7.7 72.6
(b) isoprene: 164 7.1 101.9
(c) o-cresol: 400 9.1 47.8

Mixed precursors (binary) (d) α-pinene: 155 9.9 50.5
isoprene: 82

(e) α-pinene: 155 – 42.5
o-cresol: 200

(f) isoprene: 82 8.3 49.6
o-cresol: 200

Mixed precursors (ternary) (g) α-pinene: 103 3.7 45.8
isoprene: 55
o-cresol: 133

followed by a 2 min column re-equilibration. Electrospray
ionization (ESI) was used with a mass-to-charge (m/z)
scan range of 85 to 750. The ESI parameters were set as
follows: 320 ◦C for capillary and auxiliary gas temperature
as well as 70 (arbitrary units) and 3 (arbitrary units) flow
rate for sheath gas and auxiliary gas, respectively (Pereira
et al., 2021). Compound fragmentation was achieved using
higher-energy collision-induced dissociation (MS2). A
fragmentation spectrum is generated for each selected
precursor, which allows structural identification through
the elucidation of fragmentation patterns (Mcluckey and
Wells, 2001). These fragmentation spectra can aid in the
structural identification of isomeric species (i.e. compounds
with the same molecular formula but different structural
arrangement). Accurate mass calibration was performed
prior to sample analysis in positive and negative ESI mode
using the manufacturer recommended calibrants (Thermo
Scientific). A procedural control (i.e. pre-conditioned blank
filter subject to the same sample extraction procedure) was
analysed, along with solvent blanks (consisting of 90 : 10
water–methanol), which were frequently run throughout
the sample analysis sequence, allowing any instrument or
extraction artefacts to be detected. Automated non-targeted
data analysis was performed using Compound Discoverer
version 2.1 (Thermo Fisher Scientific). Full details of the
data processing methodology can be found in Pereira et
al. (2021). Briefly, the chemical information on all detected
compounds in each sample data file is extracted. The
method provides molecular formulae assignment of detected
compounds using the following elemental restrictions:
unlimited carbon, hydrogen, and oxygen atoms, up to 5
nitrogen and sulfur atoms, and in positive ionization mode
2 sodium and 1 potassium atom are also allowed (sodium
and potassium are typically introduced into the samples via

glassware). Molecular formulae were attributed if the mass
error< 3 ppm, signal-to-noise ratio> 3, and the isotopic
intensity tolerance was within ±30 % of the measured and
theoretical isotopic abundance. Instrument artefacts and
compounds detected in the background filter were removed
from sample data if the same detected molecular species
had a retention time within 0.1 min and sample / artefact or
background peak area ratio< 3. Any compounds detected in
the sample and background data with a sample / background
peak area ratio> 3 were conserved in the sample dataset
after subtracting the background peak area (new peak
area= sample peak area – background peak area). The
automated Python programme generates a list of detected
compounds, assigned molecular formulae, and tentatively
assigned mass spectral library identifications (see Pereira
et al., 2021, for further information). The mass spectra for
both ESI modes from each VOC system are shown in the
Supplement (Figs. S1 and S2).

To provide confidence in the components in each system
detected by the non-targeted method, only those compounds
found in all three replicate experiments (two in the single pre-
cursor isoprene and binary o-cresol–isoprene systems) and
not found in any background “clean” experiments were at-
tributed to a particular single precursor or mixed system. The
approach taken thus ensures the most conservative assign-
ment of compounds to a particular precursor system. Where
quantities are analysed and presented from “representative”
experiments, only those relating to compounds found in all
replicate experiments are confidently attributed to this partic-
ular system. Compounds that were found above the detection
limit in only a subset of the experiments in a single system
were not attributed to the system and were considered “in-
conclusive”. Moreover, the common compounds were only
considered to be the same detected molecular species if they
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had a retention time within 0.1 min and sample / artefact
peak area ratio> 3 in all replicate experiments. Section 3.2.1
and 3.2.3 only consider the compounds which can be con-
fidently attributed to a particular system. For the elemental
characterization in Sect. 3.2.2, both the confident and incon-
clusive components are presented, with only the compounds
confidently attributed analysed according to carbon number.

3 Results and discussion

3.1 SOA particle mass formation in the experiments

The formation of SOA particle mass in the seven experimen-
tal systems is shown alongside the VOC concentration as
well as NOx and O3 mixing ratio time series in Fig. 1. As
shown in Fig. 1a, the particle wall-loss-corrected SOA mass
in all α-pinene-containing systems reaches a maximum value
within the 6 h experimental timeframe. α-Pinene produced
the highest SOA particle mass (∼ 400 µg m−3) of all systems
at nominal “full” VOC reactivity with the most rapid onset
and rate of mass formation. The SOA particle mass continued
to increase at the end of the experiment in the single VOC o-
cresol and binary isoprene–o-cresol systems. No measurable
SOA particle mass above background (∼ 0 µg m−3) was pro-
duced within the 6 h duration in any single VOC precursor
isoprene experiment.

As shown in Fig. 1b, NOx was observed to decay in all
systems wherein significant SOA mass was formed, but little
NOx consumption was observed in the single isoprene sys-
tem or in the binary isoprene–o-cresol mixture. The reduc-
tion of NOx will result from (i) reaction between OH radicals
and NO2, leading to HNO3 formation with subsequent loss
to the chamber walls or particles as inorganic nitrates. It will
also result from (ii) termination reactions between NO and
RO2 radicals or NO2 and RO2 radicals, leading to formation
of nitrogen-containing organic (NOROO2 and NO2ROO2)
compounds (Atkinson, 2000).

Noting that there was no O3 initially in any experiment,
Fig. 1c illustrates ozone concentration time series in each
system. Ozone can be seen to increase during the initial stage
in most experiments, with most modest rises in the single o-
cresol and binary isoprene–o-cresol systems. An initial rise is
expected owing to the fairly rapid photolysis of NO2 tending
towards a photo-stationary state (PSS) between NO2, NO,
and O3. The onset of VOC oxidation will result in the con-
sumption of O3 when unsaturated α-pinene and isoprene are
present. At the same time, NO will react with RO2 and HO2
radicals formed in the VOC degradation, resulting in NO2
and OH radical formation. The reduction in the proportion
of NO reacting with O3 and photolysis of the NO2 produced
results in net O3 production and deviation from PSS.

The time profiles of the VOC concentration from experi-
ments in all single and mixed precursor systems are shown in
Fig. 1e–f. A rapid and pronounced onset of VOC consump-
tion in each system is observed after illumination, which is

attributable to reaction with OH radicals and O3 in α-pinene-
and isoprene-containing systems. Panels (d) to (f), which are
plotted logarithmically for clarity, show the VOC decay pro-
file in each experiment, reflecting their differences in reactiv-
ity and the variable oxidant regime in each experiment. Indi-
vidual VOCs have comparable decay rates in each mixture
except for (i) α-pinene in the binary α-pinene–o-cresol sys-
tem, which had a significantly lower decay rate than it had in
other α-pinene-containing systems, and (ii) isoprene, which
had a faster decay rate in the binary α-pinene–isoprene sys-
tem than in other isoprene-containing systems. No VOC was
entirely consumed in any system by the end of the 6 h exper-
iments, with consumption continuing until the end.

3.2 Characterization of components by LC-Orbitrap MS

3.2.1 Characterization by number of discrete
compounds in each system

The number of discrete peaks extracted using the Compound
Discoverer software from the LC-Orbitrap MS data for all
experiments in each SOA system is listed in Table 2 and illus-
trated using Venn diagrams showing the compounds found in
more than one system (henceforth referred to as “common”
compounds) and those found solely in a single system (re-
ferred to as “unique”) in Figs. 2 and 3 (in negative and posi-
tive ionization modes, respectively).

As seen in Table 2, all α-pinene-containing systems were
found to contain a greater number of compounds than
any system not containing α-pinene. The binary α-pinene–
isoprene system contained the highest number of all sys-
tems, with 377 in negative ionization mode and 441 in pos-
itive ionization mode. A total of 644 total compounds were
seen in the single VOC α-pinene system across both nega-
tive and positive ionization modes, which is fewer than in
the binary α-pinene–isoprene system with 818 compounds
but higher than the α-pinene–o-cresol system with 483 com-
pounds. The total number of discrete products in the ternary
system is lower than in the single α-pinene and binary α-
pinene system. The single VOC isoprene system generated
the lowest total number of products of all systems above
the detection limit. This is unsurprising, since undetectable
mass concentration was found by the online instrumenta-
tion in these experiments. Multifunctional compounds can
be detected in both negative and positive ionization mode.
Negative ionization mode typically exhibits high sensitivity
to compounds containing alcohol and carboxylic acid func-
tionalities, whereas positive ionization mode typically has a
greater affinity for compounds with functional groups that
are readily protonated (e.g. -NH, -O-, or -S-, -CH2-,-C=O,-
SO2 group) (Glasius et al., 1999; Steckel and Schlosser,
2019).
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Figure 1. Evolution of gas and total SOA particle mass measurements during the photo-oxidation of VOCs after chamber illumination.
(a) The SOA mass was measured using a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) during single, binary, and
ternary experiments. (b–c) Concentration of NOx and O3 against time in all of the single, binary, and ternary experiments. (d–f) Decay rate
of VOCs across all systems for α-pinene (b), isoprene (c), and o-cresol (d) in single, binary, and ternary experiments, respectively.

Table 2. Number of compounds detected in an SOA sample in neg-
ative and positive ionization mode from single, binary, and ternary
precursor systems.

Number of detected
compounds

Experiment Negative Positive
mode mode

α-Pinene 282 362
Isoprene 28 68
o-Cresol 84 53

α-Pinene–isoprene 377 441
α-Pinene–o-cresol 339 144
o-Cresol–isoprene 72 87

α-Pinene–isoprene–o-cresol 112 188

(a) Negative ionization mode

Figure 2 shows a Venn diagram of the number of discrete
compounds identified in negative ionization mode in each of
the individual and binary precursor experiments. Figure 2a
and b show that the number of discrete compounds from α-

pinene dominated those found in the binary mixture system
compared to those from the other precursors. 182 compounds
found in all α-pinene single precursor experiments were also
found in the binary α-pinene–isoprene mixed system, which
is approximately 45 times greater than the four compounds
also found in all single isoprene experiments. Similarly, 99
common compounds were found between the single precur-
sor α-pinene experiments and those found in the binary α-
pinene–o-cresol system, which is roughly 3 times higher than
the number of o-cresol-derived products that were also found
in binary mixed system. More than half of the total number of
compounds in the α-pinene–isoprene and α-pinene–o-cresol
binary systems were unique to the mixtures and not observed
in any of single precursor experiments. In the isoprene–o-
cresol system a lower total number of compounds were de-
tected in every repeat experiment, with more compounds in
the mixture also found in the o-cresol system than the iso-
prene system (Fig. 2c).

(b) Positive ionization mode

Figure 3 shows the number of discrete SOA compounds iden-
tified in positive ionization mode in the single and binary
systems. There are 226 compounds found in all α-pinene sin-
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Figure 2. Number of common discrete compounds and unique compounds in single and binary precursor mixed experiments detected by
negative-ionization-mode LC-Orbitrap MS. Products are considered identical in the mixed and single precursor systems if the compound has
the same empirical formula and a retention time difference< 0.1 min.

gle precursor experiments that were also found in the binary
α-pinene–isoprene system, which is about 32 times more
than also found in the isoprene-only experiments (Fig. 3a).
A total of 48 α-pinene-derived compounds were also found
in the binary α-pinene–o-cresol system, which is 16 times
greater than those also found in all o-cresol-only experi-
ments (Fig. 3b). In both α-pinene-containing binary mix-
tures, around or more than half of all detected compounds
were unique to the mixture. In the binary isoprene–o-cresol
system shown in Fig. 3c, o-cresol-derived compounds were
more numerous than those in the isoprene experiments, with
23 compounds observed.

The Venn diagrams for both ionization modes indicate the
importance of α-pinene oxidation products in both binary
systems, with a large number of binary SOA compounds
found to be present in the single precursor α-pinene system.
In contrast, there are few common compounds observed be-
tween single isoprene and binary systems, possibly a result
of the majority of isoprene-derived products remaining in
the gas phase or the isoprene products participating in cross-
product formation in mixed precursor systems.

3.2.2 Characterization of organic particulates by
elemental groups

Negative ionization mode

Elemental groupings are used here to provide insights into
the SOA chemical composition in each system. All detected
molecular formulae in each system were classified into four
categories based on their elemental compositions, which are
CHO, CHON, CHOS, and CHONS (C, H, O, N, and S cor-
responding to the atoms in the molecule), and separated into
seven carbon number categories. The measured peak area of
each compound was normalized to the total sample peak area
as shown in Fig. 4 and described in Pereira et al. (2021).
Figure 4 presents the signal fraction of compounds in rep-
resentative experiments that can be confidently attributed as
found in each of the systems (i.e. that are found in every re-
peat experiment in this system) in the coloured stacked bars
according to their carbon number and classified according
to their elemental groupings. The fractional contributions of

compounds that are confidently stated are similar for each ex-
periment in a particular system. Also shown in the grey bar
is the signal fraction of compounds that are inconclusively
found in the experiment in each system classified by elemen-
tal grouping, but not found in all repeat experiments or the
chamber background experiment.

(a) α-Pinene

As shown in Fig. 1a, the SOA particle mass produced in the
single precursor α-pinene system was greater than in any
other system at ∼ 362 µg m−3. In the α-pinene single pre-
cursor representative experiment, ∼ 55.6 % of the signal was
found in molecules containing only C, H, and O atoms, with
the majority consisting of 6 to 10 carbon atoms (47.5 %).
Larger compounds were also observed with carbon numbers
ranging from C16 to C20 (representing 6.1 % of the total sig-
nal fraction; Fig.4a). Compounds confidently found in the
system in the CHON, CHONS, and CHOS groupings repre-
sented 10.8 %, 5.2 %, and 3.2 % of the signal abundance, re-
spectively, again concentrated at C9–C10 and C16–C20. C11–
C15 molecules represent 2.2 % and 1.1 % of the signal in the
CHONS and CHOS categories, respectively. Inconclusively
attributed compounds contributed 25 % of the total signal
abundance, with 47.6 % of inconclusive compounds contain-
ing only C, H, and O atoms.

C6 to C10 compounds will include those produced through
both functionalization (addition oxygenated function group)
and fragmentation (cleavage of C–C bond) pathways during
α-pinene oxidation (Eddingsaas et al., 2012). It has been fur-
ther suggested that particle-phase dimerization and oligomer-
ization reactions (e.g. alcohol + carbonyl to form hemiac-
etals and acetals, hydroperoxide + carbonyl to form peroxy-
hemiacetals and peroxyacetals, carboxylic acid + alcohol to
form esters, and aldehyde self-reactions to form aldols) can
play an important role in α-pinene oxidation (Ziemann and
Atkinson, 2012; Gao et al., 2004a, b), resulting in formation
of large molecules (nC> 10) and potentially accounting for
the C16 to C20 abundance. Recent studies have additionally
identified gas-phase autoxidation as playing a pivotal role in
formation of highly oxygenated organic molecules (HOMs)
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Figure 3. Number of common discrete compounds and unique compounds in single and binary precursor mixed experiments detected by
positive-ionization-mode LC-Orbitrap MS. Products are considered identical in mixed and single precursor systems if a compound has the
same empirical formula and the retention time difference< 0.1 min.

Figure 4. The normalized signal intensity distribution of different compound categories (CHO, CHON, CHOS, and CHONS) for various sin-
gle and mixed precursor systems in negative-ionization-mode ESI (–) by LC-Orbitrap MS. The grey bar (inconclusive compounds) indicates
the signal attributed to compounds that were not universally found in all repeat experiments.

(Tomaz et al., 2021; Crounse et al., 2013; Bianchi et al.,
2019; Zhao et al., 2018). HOMs may condense on exiting
seed particles or lead to new particle formation, depending
on their vapour pressure (Tröstl et al., 2016). Autoxidation of
RO2 radicals in the gas phase occurs rapidly via intermolec-
ular and/or intramolecular hydrogen abstraction, leading to
formation of R radicals with subsequent O2 addition (Mentel
et al., 2015; Jokinen et al., 2014). The new RO2 radicals can
undergo further autoxidation reaction or react with RO2 to
generate dimer accretion products (Zhao et al., 2018; Berndt
et al., 2018), leading to so-called highly oxygenated organic
molecules (HOMs) with very low volatilities (Bianchi et
al., 2019). Autoxidation may therefore contribute to CHO
products with carbon numbers 16–20 in α-pinene oxidation
(Berndt, 2021; Ehn et al., 2014). It has also been found that
the uptake of α-pinene oxidation products on ammonium sul-
fate particles can lead to formation of organosulfate and ni-
trooxy organosulfate (Eddingsaas et al., 2012; Iinuma et al.,
2009), contributing to the CHOS and CHONS groupings.

(b) Isoprene

As also seen in Fig. 1a, negligible SOA particle mass
was generated in the single precursor isoprene system
(0.1 µg m−3, close to our chamber background), and the total
signal in Fig. 4b therefore corresponds to extremely low SOA
particle mass. Nevertheless, the presence of compounds in all
repeat experiments but not on any filters taken in background
experiments allows identification and attribution to isoprene
products. Similar to the α-pinene system, compounds found
in all repeat experiments containing CHO were the most
abundant in the single precursor isoprene experiment shown
in Fig. 4b, with a normalized sample abundance of 14.3 %,
mainly comprising compounds with 4 or 5 carbon atoms.
Similarly, compounds in the CHONS classification can be
confidently stated to make a non-negligible contribution to
the total signal fraction, with a normalized abundance of
4.1 %, also mainly comprising C4–C5 compounds. CHON
(1 %) and CHOS (1.5 %) each contributed significantly less
than the other molecular groupings. Figure 4b shows that the
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majority of the signal in this single isoprene representative
experiment was composed of compounds (78.9 % of the nor-
malized total signal fraction) that were not found in all iso-
prene experiments (and/or were also detected in background
filters) and are therefore inconclusively assigned.

The presence of C4–C5 CHO compounds in a single iso-
prene photo-oxidation system can be readily explained by
established oxidation pathways. For example, it is well-
known that the double bond in isoprene is oxidized to form
C4 and C5 compounds, such as methacrolein (C4) and C5-
hydroxycarbonyls as first-generation products, as well as 2-
methylglyceric acid (C4) and isoprene tetrol (C5) as second-
generation products (Wennberg et al., 2018; Stroud et al.,
2001; Carlton et al., 2009). However, it is less clear how such
small compounds readily partition to the particle phase ow-
ing to their relatively high vapour pressures, though it has
been suggested that small compounds such as glyoxal (CHO-
CHO) have extremely high activity coefficients when parti-
tioning to aqueous particles, leading to low effective vapour
pressures (Volkamer et al., 2009) The possibility that small
detected molecules were formed in the filter sample extrac-
tion process cannot be ruled out. For example, degradation
of organic compounds can be induced by ultrasonic extrac-
tion of particulate matter from filters (Miljevic et al., 2014;
Mutzel et al., 2013).

The negligible SOA particle mass formed in the isoprene
single precursor system is consistent with the literature ob-
servations (Kroll et al., 2005a, b, 2006; Carlton et al., 2009).
However, condensed-phase reactions on acidic seeds would
be expected to appreciably increase this yield (Surratt et
al., 2010, 2007a; Carlton et al., 2009). The large normal-
ized signal contribution corresponds to the high number of
inconclusively assignable compounds detected in this sys-
tem. Most of these inconclusive compounds contained a large
number of carbon atoms (nC> 15). These compounds are
likely to have been formed via particle-phase accretion reac-
tions, such as oligomerization and organosulfate formation,
even in the absence of acidity in our experiments, leading
to low-volatility higher-molecular-weight accretion products
(Berndt et al., 2019; Carlton et al., 2009). Whether these
products are formed on the filter medium or are present in the
suspended particle mass requires investigation. While these
components are the most abundant, this still corresponds to a
very small mass compared to all other systems and they were
not found in all repeat experiments.

(c) o-Cresol

The particle wall-loss-corrected SOA mass concentration at
the end of the presented o-cresol experiment was approxi-
mately 101 µg m−3 (Fig. 1a). Figure 4c shows ∼ 26.6 % of
the normalized signal abundance in inconclusively assigned
compounds, mainly in the CHON classification. However,
the key characteristic in the single precursor o-cresol sys-
tem is that the most abundant compounds that are confidently

found in all repeat experiments were found in the CHON
category with between 6 and 8 carbon atoms (Fig. 4c) with
around 72.1 % of the normalized signal. CHO, CHONS, and
CHOS groupings comprised around 1 % of the total sample
signal abundance. These three groups of compounds should
not be completely neglected since the SOA particle mass
concentration of this system was appreciable compared to
other systems. It might be expected to find a significant con-
tribution of CHO compounds arising from formation of or-
ganic acids (e.g. acetyl acrylic acid and glyoxylic acid) under
high-NOx o-cresol photo-oxidation (Schwantes et al., 2017).

Nitro-compounds retaining the carbon number of the par-
ent VOC dominated the CHON grouping. The C6–C8 com-
ponents were identified as methyl-nitrocatechol, C7H7NO4,
isomers (see Table S1). OH reaction with o-cresol forms
various dihydroxytoluene isomers via addition of the OH
group to different positions on the ring (Olariu et al., 2002).
Subsequent hydrogen abstraction followed by NO2 addition
on the ring at the moderate NOx concentrations of our ex-
periments was a likely dominant fate of dihydroxytoluene
in the current study to form the observed dihydroxy nitro-
toluene. Further discussion of these isomers is presented in
Sect. 3.2.3: “Negative ionization mode (c)”. Schwantes et
al. (2017) reported that H abstraction was not the domi-
nant pathway in dihydroxy toluene oxidation, with dihydroxy
nitrotoluene only detected at low concentrations by CIMS,
with a significant number of highly oxygenated multigenera-
tional products (mainly CHO compounds) detected by offline
direct analysis in real-time mass spectrometry (DART-MS).
It should be noted that the high signal contribution of CHON
compounds, dominated by nitro-aromatics in o-cresol photo-
oxidation (Kitanovski et al., 2012), in Fig. 4c may be influ-
enced by their high negative-mode sensitivity using electro-
spray ionization (Kiontke et al., 2016; Oss et al., 2010).

(d) Binary α-pinene–isoprene mixture

The binary α-pinene–isoprene mixture generated consider-
able particle wall-loss-corrected SOA particle mass in all
experiments (∼ 101 µg m−3 in the representative one shown
here), which is lower than in the single precursor α-pinene
system but much higher than in the isoprene system. The dis-
tribution of elemental categories of the particle-phase prod-
ucts in this system was very similar to that in the single pre-
cursor α-pinene experiments, with CHO compounds domi-
nating the total signal, mainly with between 6 and 10 car-
bon atoms or between 16 and 20 (Fig. 4d). The normal-
ized signal contribution of compounds confidently found in
each repeat in the CHON group was slightly increased in
the binary α-pinene–isoprene system (14.4 %) compared to
the single α-pinene system (10.8 %) with a modest enhance-
ment of compounds with greater than 15 carbon atoms (from
3.3 % to 6.0 %). In addition, the contribution of large com-
pounds (nC> 15) was enhanced in the CHON and CHONS
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categories in the binary system compared to the single VOC
α-pinene system.

This profile is consistent with the domination of the chem-
ical composition in the mixture by α-pinene products, which
is unsurprising since α-pinene is established as a much
higher-yield SOA compound than isoprene, especially under
neutral seed conditions (Ahlberg et al., 2017; Eddingsaas et
al., 2012; Henry et al., 2012).

(e) Binary systems containing o-cresol

As shown in Fig. 1a, the isoprene–o-cresol system pro-
duces a low particle mass concentration (∼ 22 µg m−3),
whilst the α-pinene–o-cresol mixture generated the second-
highest particle wall-loss-corrected SOA mass concentra-
tion (∼ 150 µg m−3). Compounds found across repeat ex-
periments in these mixtures containing o-cresol show the
same dominance of the CHON signal as the single precursor
o-cresol experiment (α-pinene–o-cresol, isoprene–o-cresol)
(Fig. 4e and f). The contribution of CHON compounds to
the total SOA increased to approximately 87.8 % and 96.0 %
when α-pinene and isoprene were introduced into the mixed
precursor systems, respectively. Moreover, the contribution
of CHO signal intensity increased in both binary o-cresol
mixed systems compared to the single precursor o-cresol
system. Also, the o-cresol–isoprene binary mixture (Fig. 4f)
showed a slightly increased proportion of signal in CHONS
compounds at 1.0 % (compared with 0.6 % in the single pre-
cursor o-cresol system; Fig. 4c), though noting that the to-
tal mass concentration in the mixed system at the end of the
experiment was a factor of 5 lower than in the single VOC
o-cresol system.

The presence of biogenic precursors leads to additional
formation of CHO compounds, while the relative signal con-
tribution of CHON compounds is reduced in each binary sys-
tem compared to the single VOC o-cresol system. A plausi-
ble explanation for this observation could be the increase in
O3 generated in the binary mixture, increasing the ozonoly-
sis of first-generation o-cresol products with double bonds
and hence a higher CHO contribution than in the sole o-
cresol system. Overall, the negative-ionization-mode signal
from the SOA components in a binary mixture containing
both biogenic and anthropogenic precursors in our systems
was dominated by categories of components found in the sin-
gle anthropogenic precursor system, specifically the CHON
group dominated by nitro-aromatics. This may be consid-
ered somewhat surprising in the case of the mixture with
α-pinene, since α-pinene (as widely reported and shown in
Fig. 1) produces higher SOA mass concentration than o-
cresol under the same initial conditions as the mixture ex-
periment.

(f) Ternary α-pinene–isoprene–o-cresol mixture

Figure 4g shows the group contribution of the signals in the
ternary mixed VOC system corresponding to its moderately
high SOA particles mass concentration (∼ 85 µg m−3) shown
in Fig. 1a. Across the compounds found in all repeat experi-
ments, whilst not as completely dominant as in the o-cresol-
containing binary systems, the substantial (65.7 %) C6–C8
CHON contribution again shows that the o-cresol-derived ni-
trocatechols play a significant role. CHO compounds make a
significant contribution with normalized abundance ∼ 14 %.
Whilst the CHON compounds mainly consist of C6–C8 com-
pounds, the CHO compounds comprise both C6–C8 and C9–
C10 compounds. SOA production in the ternary system ap-
pears not to be entirely driven by any single precursor, and
additionally, the overwhelming negative-mode CHON dom-
inance, which may be controlled by sensitivity of the elec-
trospray method, does not appear to the same degree in the
ternary system as it does in the o-cresol-containing binaries.

There was a small contribution to the CHO group from
compounds with more than 15 C atoms. Whilst relatively
low in normalized signal contribution, they were found in
all ternary repeat experiments and can be presumed to be ac-
cretion products. As an indication of the relative contribution
of accretion products to the SOA particle mass in each sys-
tem, Table S2 shows the signal-attributed mass concentration
of molecules with nC> 21 that were observed confidently in
all repeat experiments by scaling the fractional signal con-
tribution to the measured PM mass at the end of the experi-
ment. The signal-attributed mass concentration of these large
molecules is around 6, 575, and 80 times lower in the single
VOC isoprene system (0.002 µg m−3) than in the isoprene–
o-cresol (0.013 µg m−3), α-pinene–isoprene (1.15 µg m−3),
and ternary (0.16 µg m−3) mixtures, respectively.

Negative ionization aggregate particle component
properties

This section describes average properties of the SOA PM
mass using a variety of chemical metrics including mo-
lar carbon number (nC), molar hydrogen to carbon ratio
(H /C), oxygen to carbon ratio (O /C), average oxidation
state (OSc), double bond equivalent (DBE), and double bond
equivalent to carbon ratio (DBE /C). The molar carbon num-
ber reflects to the average size of SOA particle components,
and often the major condensed-phase products retain the
same carbon number as the precursor (Romonosky et al.,
2015). H /C and O /C provide summary information about
chemical composition of bulk organics, and OSc corresponds
to the average degree of oxidation of carbon in the organic
species (value of OSc increasing upon oxidation) (Daumit et
al., 2013; Safieddine and Heald, 2017). The OSc values were
calculated by using 2*O /C-H /C for CHO, CHONS, and
CHOS compounds due to the low measured abundance frac-
tions of two species in the oxidation products we observed in

https://doi.org/10.5194/acp-22-9799-2022 Atmos. Chem. Phys., 22, 9799–9826, 2022



9812 Y. Shao et al.: Chemical composition of SOA particles

Sect. 3.2.2 Negative ionization mode and Sect. 3.2.2: “Posi-
tive ionization mode”. For CHON compounds, the equation
OSc= 2*O /C-H /C–(OSN*N /C) was used to determined
the OSc. OSN =+5 if nO>= 3 and OSN =+ 3 if nO< 3
for CHON compounds (Kroll et al., 2011). It is common
to use DBE and DBE /C to quantify the unsaturated bonds
(and aromaticity) in a molecule. The DBE corresponds to
the sum of unsaturated bonds (including aromatic and cy-
cloalkene rings), and increasing DBE /C ratios indicate an
increasing contribution of the signal from molecules contain-
ing aromatic rings (Koch and Dittmar, 2006).

Table 3 shows the signal-weighted chemical metrics from
compounds detected in all repeat experiments in each sys-
tem. All properties were normalized to the total detected
compound abundance. All parameters in the single VOC α-
pinene and binary α-pinene–isoprene systems are similar,
consistent with the dominance of α-pinene-derived particle
mass in the binary system. In contrast, the H /C value de-
creased from 1.46 to 1.03 and the O /C value remained con-
stant (∼ 0.5) in binary α-pinene–o-cresol compared to the
single VOC α-pinene system. Indeed, the signal-intensity-
weighted average values of all chemical parameters show
that the o-cresol single VOC system aggregate properties
are very similar to those in both o-cresol-containing bi-
nary systems, with an understandably high level of aromatic-
ity (DBE /C>=0.67) (Koch and Dittmar, 2006), indicating
that oxidation and partitioning to the particles in the single
and binary o-cresol systems are largely ring-preserving. The
OSc value decreased from −0.55 to −0.63 in α-pinene–o-
cresol compared to the single VOC o-cresol system, which
suggests that less oxidized products were formed when intro-
ducing α-pinene precursors into the single o-cresol system.
The abundance-weighted average values of all chemical pa-
rameters in the particles in the ternary mixture do not show
common features with any single precursor system, with the
coincidental exception of the nC and O /C value that are sim-
ilar to that in the o-cresol system.

The weighted average number of carbons in the α-pinene
experiment (∼ 11) indicated that a modest accretion reaction
(including oligomerization and functionalization) occurred
in oxidation and that the α-pinene particle-phase oxidation
products had a significant impact on the α-pinene–isoprene
binary system. The average carbon number of isoprene SOA
particles was larger than the isoprene precursor (C5), imply-
ing particle-phase accretion reactions such as organosulfate
formation though forming very little particle mass in the cur-
rent study. The similarity of properties between the single
VOC o-cresol system and its binary mixtures suggests that
common compounds dominate the signals, and from Fig. 4c,
e, and f it can be seen that these are compounds in the CHON
elemental category. In addition, the DBE /C values indicate
dominance of the major oxidation products in these o-cresol-
containing systems by condensed aromatic structure, consis-
tent with the finding in Ahlberg et al. (2017).

Positive ionization mode

Figure 5 presents the positive-ionization-mode signal frac-
tion of compounds in representative experiments that can be
confidently stated as found in each of the systems (i.e. found
in every repeat experiment in this system) in the coloured
stacked bars according to their carbon number and classi-
fied according to their elemental CHO, CHON, CHOS, and
CHONS categories. Also shown in the grey bar is the sig-
nal fraction of compounds that are inconclusively found in
the experiment in each system classified by elemental group-
ing, but not found in all repeat experiments or the cham-
ber background. The fractional contributions of confidently
stated products are similar for each experiment in a particu-
lar system.

It is evident that there is a generally greater fraction of
the positive-ionization-mode signal that is inconclusive than
in negative ionization mode as shown in Fig. 4. This indi-
cates larger variability in composition between repeat exper-
iments, with some compounds not found in some repeats
experiments, or a larger fraction of the signal from com-
pounds also found on chamber background filters. More-
over, the greater fraction of “inconclusive” compounds in
positive ionization mode might also be attributed to auto-
mated non-targeted method programming. For example, the
automated non-targeted method is programmed such that a
compound will be removed from the final detected molecule
peak list when it has a signal-to-noise ratio below 3 and low
measured signal abundance close to the signal-to-noise cut-
off values in the replicate experiment. The automated non-
targeted method also programmed the molecular formula as-
signment base on the isotopic pattern, wherein the isotopic
intensity tolerance was within ±30 % of the theoretical iso-
topic abundance. Consequently, it becomes a challenge to
accurately assign a molecular formula to compounds with
“large” molecular weights due to a rising number of possible
formulas. The large compound could have different molecu-
lar formula assignments in “representative” and replicate ex-
periments, though it has a similar retention time and molec-
ular weight in both experiments.

(a) α-Pinene

In the single precursor α-pinene system (Fig. 5a), 33.5 % of
the total signal abundance was from CHO compounds found
in each repeat experiment, with the majority of molecules
containing between 6 and 10 carbon atoms. The compounds
confidently found in the CHOS category provided 7.4 %
of the signal fraction, also mainly comprising compounds
with 6 to 10 carbon atoms. The remainder of the sig-
nal was observed in CHON (14.6 %) and CHONS (3.5 %)
categories, which were found in all repeat experiments in
this system mainly comprised large compounds, with some
nC< 11 molecules in the CHON category.
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Table 3. Intensity-weighted average values from negative-ionization-mode LC-Orbitrap MS for O /C, H /C, OSc, DBE /C, DBE, and the
number of carbons present (nC) for SOA filter extracts from single and mixed precursor experiments.

Chemical α-Pinene Isoprene o-Cresol α-Pinene– Isoprene– α-Pinene– α-Pinene–
parameters isoprene o-cresol o-cresol isoprene–

o-cresol

nC 11.57 7.08 7.01 10.63 7.03 7.56 7.75
H /C 1.46 1.27 0.99 1.46 1.00 1.03 1.08
O /C 0.51 0.81 0.57 0.52 0.48 0.52 0.55
OSc −0.58 0.26 −0.55 −0.57 −0.7 −0.63 −0.55
DBE /C 0.39 0.57 0.71 0.40 0.70 0.68 0.65
DBE 4.28 3.90 5.01 4.37 4.98 5.02 4.89

Figure 5. The normalized signal intensity distribution of different compound categories (CHO, CHON, CHOS, and CHONS) for various
single and mixed precursor systems in positive ionization mode by LC-Orbitrap MS. The grey bar (inconclusive compounds) is the signal
attributed to compounds that were not universally found in all repeat experiments.

The contribution of C9 to C10 molecules in the CHO
and CHONS categories is consistent with previous studies
of α-pinene ozonolysis and OH oxidation in the presence
of NOx and seed particles (Winterhalter et al., 2003, Yas-
meen et al., 2012). The signal contribution of CHO com-
pounds and CHOS with carbon numbers 6 to 8 suggested
that fragmentation plays an important role. It is likely that
these compounds formed from fragmentation of alkoxy rad-
icals (RO2+NO→RO+NO2) (Pullinen et al., 2020).

The CHOS and CHONS compounds may be attributed to
esterification of α-pinene SOA. Experimental results from
Surratt et al. (2007b) reported that sulfate esters and/or their
derivatives have a significant contribution to SOA formation
of α-pinene photo-oxidation in the presence of ammonium
sulfate seed. The large molecules in CHON and CHONS
groups suggest the occurrence of accretion reactions be-
tween peroxy-peroxy radicals containing nitrogen and sulfur
(RO2+ R’O2→ROOR’+O2) (Pullinen et al., 2020).

(b) Isoprene

Considering only the compounds found in all repeat exper-
iments and not on the background filter, the dominant con-
tribution in the isoprene signal in the single VOC photo-
oxidation system was observed in the CHO category with a
normalized signal of 14.8 %, with molecules mostly compris-
ing 5–8 carbon atoms or larger molecules with carbon num-
ber greater than 9 (Fig. 5b). CHONS compounds are the next-
largest constituent, with 11.7 % of the total signal. More than
half of the CHONS signal is from large molecules (nC> 11),
and the rest of the CHONS compounds mainly comprise
molecules with carbon numbers of 6 to 10. The remainder
of the signal was found in the CHON and CHOS categories
with a carbon number greater than 11. Compounds which
could not be confidently attributed to the isoprene system ow-
ing to their sole presence in every repeat experiment made a
significant contribution (∼ 65 %) to the total signal, though
an even greater fraction of inconclusive signal (78.9 %) was
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observed in negative ionization mode (likely resulting from
the extremely low total mass yield).

Clearly, accretion reactions dominated the isoprene sys-
tem in the positive (as well as negative) ionization modes.
The contribution of CHONS compounds to total SOA is
consistent with the formation of organosulfate and nitrooxy
organosulfate by uptake of isoprene oxides on ammonium
sulfate particles (Surratt et al., 2007b, a). Moreover, the pres-
ence of C4–C5 molecules in CHO categories could be simply
explained by the gas-phase oxidation pathway of isoprene,
though as with the negative-mode samples, it is unclear why
such small molecules partition to the particle phase. A possi-
ble interpretation is that weakly bound large molecules frag-
ment during LC-Orbitrap MS analysis and/or due to the pos-
sibly gas-phase filter absorption (Lopez-Hilfiker et al., 2016).

(c) o-Cresol

Figure 5c shows that approximately 20 % of the signal is in
the CHON category in the single VOC o-cresol system. The
majority (18.3 %) of the signal from confidently attributable
molecules found in all repeat experiments in this CHON cat-
egory contains 6 to 8 carbon atoms. The signal in the CHO
and CHOS categories is similarly dominated by compounds
containing 6 to 8 carbon atoms with fractional contributions
of 5.4 % and 1.7 %, respectively. Specifically, the C7 com-
pounds have fractional signal contributions of 3.8 %, which
is approximately 3 times higher than C6 (1.1 %) and about
12 times higher than C8 molecules (0.3 %) in CHO cate-
gories. In the CHOS categories, C6 organic species (1.3 %)
made the dominant contribution compared to C7 (0.3 %) and
C8 (0.05 %) species. The CHONS category in this system al-
most entirely comprised molecules that were not found in all
repeat experiments and are therefore considered inconclusive
in this analysis.

Compounds found in all repeat experiments with between
11 and 15 carbon atoms in the CHON category account for
1.6 % of the signal (with C14 1.5 % and C11−12 0.1 %). It is
likely that the majority of the C11 to C15 signal is attributed
to C7 dimers.

C6−8 CHON compounds are likely to be second-
generation o-cresol oxidation products such as dihydroxy
nitrotoluene, which are also detected in negative ionization
mode as a result of being both protonated and deprotonated.
The CHO compound present in this study might have some
contribution from multigenerational products generated from
decomposition of bicyclic intermediate compounds formed
from OH oxidation of o-cresol, as reported by Schwantes et
al. (2017), but they are probably mainly dihydroxy toluene
compounds, which have been reported with a 70 % yield
from o-cresol oxidation (Olariu et al., 2002). Decomposi-
tion of bicyclic intermediate compounds leading to formation
of unsaturated carbonyl molecules could form oligomeric
species, resulting in formation of the C11–15 molecules in the
CHO and CHON groups.

(d) Binary α-pinene–isoprene mixture

The elemental categories in the binary α-pinene–isoprene
samples shown in Fig. 5d indicate high similarity to the sin-
gle VOC α-pinene system (Fig. 5a), with CHO compounds
dominating the total signal and predominantly containing 9
to 10 carbon atoms, but with some fragmentation to C6–C8.
The signal intensity of CHOS compounds was reduced by
0.7 % of the total signal in the binary system (Fig. 5d) com-
pared to the single VOC α-pinene system (Fig. 5a), mostly in
the C6–C8 signal. In contrast, the signal intensity of CHON
components is 19.7 % of the total in the binary system, which
is 5.1 % higher than in the single VOC α-pinene system, with
enhancement in molecules with a carbon number> 16.

The similarity in the elemental categorization between
the single VOC α-pinene and binary α-pinene–isoprene sys-
tem again supports the contention that α-pinene components
dominate the total signal in the binary system. However,
the enhancement of CHON compound intensity in the bi-
nary system possible implies an increase in the RO2 /NO2
or RO2 /NO termination pathways, leading to stronger or-
ganic nitrate formation. A large fraction of the signal from
molecules with a carbon number greater than 16 in this bi-
nary system might be attributed to dimerization of gas-phase
nitrated highly oxidized molecules.

(e) Binary systems containing o-cresol

The distribution of SOA products from α-pinene–o-cresol
(Fig. 5e) and isoprene–o-cresol binary systems (Fig. 5f)
shows obvious differences compared to the corresponding
single precursor systems. In the α-pinene–o-cresol binary
system, the dominant signal intensity was contributed by
CHON compounds, and they mainly comprise molecules
with more than 16 carbon atoms. The rest of the signal
was found in the CHO (9.0 %), CHOS (1.6 %), and CHONS
(3.3 %) categories, while compounds with nC>= 9 made
up a significant proportion. In the isoprene–o-cresol sys-
tem, most of the compounds were in the CHON category
(17.2 %), and the majority of them were composed of 6 to 10
carbon atoms. C9–C15 molecules also made a non-negligible
contribution in CHON compounds (7.4 %). The remainder of
the signal was found in the CHO (12.9 %), CHONS (1.3 %),
and CHOS (5.8 %) categories, again concentrated at C6−8.

Lack of similarities between o-cresol-containing binary
systems and the corresponding sole precursor systems in
the positive ionization mode suggests a significant contribu-
tion to the signal from the unique compounds shown in Fig.
3 exerting some control over the elemental composition of
SOA in binary systems. For instance, cross-products from
α-pinene and o-cresol gas- or particle-phase oxidation prob-
ably contribute to the high-carbon-number compounds in the
binary system. In the isoprene–o-cresol system, high C6–
C8 contributions in all categories were likely from o-cresol,
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though the other contributions were dissimilar to the individ-
ual precursor systems.

(f) Ternary α-pinene–isoprene–o-cresol mixture

The distribution of SOA products in the ternary system
(Fig. 5g) was very similar to the single precursor α-pinene
experiments (Fig. 5a). The dominant compounds were found
in the CHO categories with a signal intensity of 21.1 %, most
of them with 6 to 10 carbon atoms. The 17.5 % signal con-
tribution of molecules with carbon numbers greater than C16
in CHON is 7.2 % higher than the signal intensity of CHON
molecules with carbon number > 16 in the single precursor
α-pinene system (10.3 %).

The most notable difference between the positive-mode
signal in the ternary system and the single precursor sys-
tems was the high contribution of molecules with nC> 21
in the CHON category. As an indication of the relative con-
tribution of accretion products to the SOA particle mass in
each system, Table S2 shows that the signal-attributed mass
concentration of molecules (nC> 21) in the single VOC iso-
prene system, at 0.016 µg m−3, is significantly lower than in
the α-pinene–o-cresol binary (2.85 µg m−3) and is about 8
times less than in the isoprene–o-cresol binary (0.14 µg m−3)
and 70 times less than the ternary (1.10 µg m−3) systems,
which is comparable to the single precursor α-pinene system
(1.34 µg m−3). The SOA particle products of the ternary sys-
tem are mainly attributable to α-pinene oxidation and accre-
tion reactions, possibly across different precursor products,
leading to high-carbon-number nitrogen-containing com-
pounds.

Positive ionization aggregate particle component
properties

Table 4 shows the intensity-weighted average values for
compounds detected in positive ionization mode in all re-
peat experiments of individual SOA systems. All properties
were normalized to the total detected compound abundance.
Clearly, the nC values in all three single VOC systems were
higher than their precursor’s carbon number. For example,
the nC value in isoprene SOA is 11.73, which is 2 times
higher than carbon number of isoprene (C5). In the binary α-
pinene–isoprene system, the nC (11.90) was slightly higher
than in the single α-pinene system (11.55) and in the single
isoprene system, suggesting a contribution from each. The
OSc values seem comparable in both single systems and bi-
nary α-pinene–isoprene systems. The average value of nC
in the binary α-pinene–o-cresol system (17.88) was signifi-
cantly higher than in the single VOC α-pinene (11.55) and
o-cresol systems (7.61). The O /C values in the binary α-
pinene–o-cresol system were approximately 0.15 lower than
the sole α-pinene and o-cresol system, while the H /C val-
ues in the binary α-pinene–o-cresol system are comparable
to single α-pinene and about ∼ 0.4 times higher than the

sole o-cresol system. The average value of nC in the binary
isoprene–o-cresol system (8.43) was lower than sole isoprene
systems (nC= 11.73) but higher than the single o-cresol sys-
tem (nC= 7.61). The signal-intensity-weighted values for all
chemical parameters in the ternary mixture show no obvious
similarity to those in any sole precursor system, with the ex-
ception of the DBE /C parameter.

It is apparent in the positive mode that accretion reactions
occurred, and its products play an essential role in single iso-
prene systems, binary α-pinene-containing systems, and the
ternary system. It cannot be discounted that chemical trans-
formation may occur during filter sample preparation, which
might impact the intensity-weighted average values of var-
ious chemical properties. Moreover, although some of the
chemical parameters in the binary system show similar val-
ues compared to single precursor systems, the significant dif-
ferences between mixed systems and those of the individual
precursors imply that categories of components in the mixed
systems were controlled by the compounds that were unique
to the mixture and not found in the single precursor systems.

Insights from the combination of positive- and
negative-mode elemental categorization of signal
contribution

Considering the results of both negative and positive ion-
ization modes, the α-pinene-derived compounds unsurpris-
ingly dominate the elemental categorization of the binary
α-pinene–isoprene binary system, since α-pinene produced
a much greater mass concentration than isoprene. The av-
erage carbon number in positive ionization mode (Tables 3
and 4) shows that SOA formation in the binary α-pinene–
isoprene binary system involves similar accretion products
as found in the single VOC α-pinene system. Whilst o-cresol
generated appreciable SOA particle mass concentration, this
was still significantly lower than in the single α-pinene sys-
tem. However, the negative-mode analysis suggests that o-
cresol oxidation products can make a more significant con-
tribution than α-pinene products, notwithstanding the partic-
ularly high sensitivity to aromatic nitro-compounds, which
make a high contribution to the o-cresol CHON category.
The positive mode, being sensitive to a different subset of the
compounds, differs to the observations in negative ionization
mode. The observation in positive mode reveals that SOA el-
emental composition in the binary o-cresol–α-pinene system
is not driven by any single precursor’s oxidation products but
by the new compounds that appear to be o-cresol–α-pinene
large molecular cross-products. Approximately half of the
compounds were unique in the binary o-cresol–α-pinene sys-
tem in both positive and negative modes (Figs. 2b and 3b).
In the o-cresol–isoprene system, it may be expected that the
elemental composition was driven by the o-cresol since the
isoprene oxidation produced very little particulate mass com-
pared to that of o-cresol. Negative ionization results were
consistent with this, though positive mode indicated an ad-
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Table 4. Intensity-weighted average values obtained from positive-ionization-mode LC-Orbitrap MS for O /C, H /C, OSc, DBE, and the
number of carbons (nC) present for SOA filter extracts from the single and mixed precursor experiments.

Chemical α-Pinene Isoprene o-Cresol α-Pinene– Isoprene– α-Pinene– α-Pinene–
parameters isoprene o-cresol o-cresol isoprene–

o-cresol

nC 11.55 11.73 7.61 11.90 8.43 17.88 13.69
H /C 1.56 1.65 1.09 1.54 1.25 1.55 1.52
O /C 0.32 0.36 0.36 0.29 0.46 0.17 0.23
OSc −0.95 −1.00 −0.66 −1.03 −0.50 −1.38 −1.17
DBE /C 0.32 0.32 0.64 0.33 0.54 0.31 0.33
DBE 3.72 3.15 4.82 3.86 4.28 5.49 4.55

ditional significant contribution from o-cresol–isoprene large
molecular cross-products. Overall, SOA particle formation in
binary systems can be seen to be mainly dependent on high-
yield precursors but is also influenced by the interaction be-
tween products of the individual precursors, with the unique
compounds making a greater contribution than any sole pre-
cursor’s products in positive ionization mode of the o-cresol–
α-pinene system. In the ternary system, the elemental com-
position has a striking resemblance to the single α-pinene
system in positive ionization mode, but in negative ionization
mode, there was little similarity with any single precursor
system, with all three precursors contributing. On the other
hand, the elemental grouping results clearly show that the
compounds that were not present in all repeat experiments
and are hence inconclusively attributable in all precursor sys-
tems made non-negligible contributions in both modes (espe-
cially in positive ionization), suggesting that the repeatabil-
ity of SOA chemical composition in each system is not ideal.
This may be an artefact of the inherent difficulty of precisely
replicating operating process during chamber experiments. It
should not affect the analysis of SOA chemical characteri-
zation between single and mixture precursor systems, since
only the confidently attributable compounds between repeat
experiments were employed for comparison.

3.2.3 Molecular characterization of particulate organics

Negative ionization mode

This section aims to investigate whether the components in
mixtures were also present at significant fractional abun-
dance in particles or absent from any of the single VOC
photo-oxidation systems. The absence in the single VOC
systems of those components making a substantial contribu-
tion to the mixtures may be indicative of interactions during
the photochemistry and multiphase processing giving rise to
tracers of the combinations of VOC precursors in multicom-
ponent particles that may be of use in SOA source attribution
in future ambient studies. The normalized peak area of 15
selected compounds in the binary mixed system and 20 se-
lected compounds in the ternary mixed system is shown in

Fig. 6. In all mixed systems, the five compounds with the
highest signal fraction that were also present in each corre-
sponding single precursor system are shown alongside the
top five compounds uniquely found in the mixture but absent
from any single precursor system.

Only compounds found in all repeat experiments in each
system were chosen for this analysis, so there is confidence
in the component identification.

(a) The binary α-pinene–isoprene system

The components in the binary mixture system that were also
found in the single precursor α-pinene system were found
to have a larger signal fraction than those found in the sin-
gle isoprene system and the unique compounds. In particu-
lar, it was found that C9H14O4 made the greatest signal con-
tribution (Fig. 6a). This is also the case in the single pre-
cursor α-pinene system, and it is likely to be pinic acid due
to this peak having a similar fragmentation pattern (Figure
S3) compared to results reported in Yasmeen et al. (2010).
C8H14O2 and C9H12N2O8 made a non-negligible contribu-
tion in the binary mixture system, with a normalized molec-
ular abundance of 4.4 % and 3.4 %, and were also found to be
conserved in both single precursor systems. Compounds that
were only present in the binary mixture had relatively low
abundance, with the highest contribution from C17H14N2O17
with only 0.7 % of the total signal fraction. Clearly, the SOA
particle composition in the binary α-pinene–isoprene system
was dominated by α-pinene components and partially con-
tributed by isoprene, but not those from cross-products from
their interaction.

(b) Binary α-pinene–o-cresol system

As shown in Fig. 6b, the four most abundant peaks (three
C7H7NO4 isomers (i to iii) and C7H7NO3) in the mixture
were found to be present in the single precursor o-cresol
system. C7H7NO4 isomers in the binary mixture had signal
contributions of 51.7 % (iii), 8.6 % (ii), and 2.5 % (i), with
the C7H7NO3 contribution of 24.3 %. C9H14O4 is present
in both the single VOC α-pinene system and mixed sys-
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Figure 6. The dominant compounds in terms of their normalized peak area in the mixed VOC systems shown in the bars: (a) binary α-
pinene–isoprene system, (b) binary α-pinene–o-cresol, (c) binary isoprene–o-cresol, (d) ternary system. The normalized peak areas of these
selected compounds in a mixed precursor system are also presented if they existed in the corresponding single precursor system (yellow:
single o-pinene, green: isoprene, orange: o-cresol) . The compounds are considered identical in the mixed system and single VOC systems if
they have the same empirical formula and a retention time difference of < 0.1 min in negative ionization mode.

tem, with a relatively high (0.68 %) signal contribution in the
mixed system compared to the other four compounds com-
mon to the mixture and α-pinene alone. The top five unique
compounds in the binary mixture system had a small normal-
ized signal fraction compared to the total sample abundance
in the range of 0.12 % to 0.17 %.

The four dominant compounds in the binary mixture are
all nitro-aromatic compounds formed in the oxidation of
o-cresol (Schwantes et al., 2017; Kitanovski et al., 2012).
C7H7NO4 includes multiple isomers of methyl-nitrocatechol
with the methyl, hydroxyl, and nitro groups at various
positions on the aromatic rings. C7H7NO3 was identified
as methyl-nitrophenol. (Details of deprotonated species of
C7H7NO4 and C7H7NO3 in Table S1). As with the group cat-
egorization, care must be taken with the interpretation of the
molecular contributions to the signal owing to the enhanced
sensitivity of electrospray ionization.

(c) Binary isoprene–o-cresol system

Figure 6c shows that only one compound in the binary
isoprene–o-cresol system was unequivocally observed in all
repeat experiments in the single isoprene precursor system.
Components present in the single o-cresol system make

a higher contribution in the binary mixture system than
isoprene-derived compounds and those unique to the mix-
ture, with one C7H7NO3 and three C7H7NO4 isomers mak-
ing the most significant contribution. According to the de-
protonated molecular species fragmentation (Table S1), three
C7H7NO4 isomers were found at retention times of 9.14,
4.52, and 7.53. These three C7H7NO4 isomers have sim-
ilar fragmentation ions that relate to loss of the NO ion
(m/z= 138) and NOH ion (m/z= 137). The five compounds
that were unique to the mixture were found to make negligi-
ble contributions to total sample abundance (between 0.05 %
to 0.2 %).

As in the α-pinene–o-cresol binary mixture, the com-
pounds found in the o-cresol system dominate the SOA parti-
cles in the binary isoprene–o-cresol system. Isoprene-derived
compounds were found to make a negligible contribution; all
dominant compounds in the binary system were found in the
single VOC o-cresol system and only one compound in the
single VOC isoprene system. There is no evidence to suggest
that a compound has a high enough contribution to act as a
tracer for the binary mixture. The three dominant compounds
(C7H7NO4 isomers) were uniquely identified as o-cresol ox-
idation products (methyl-nitrocatechol isomers) with similar
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retention time and fragmentation ions as the C7H7NO4 com-
pounds that were found in the binary α-pinene–o-cresol sys-
tem. As with the group categorization the consideration of
enhanced sensitivity of electrospray ionization must be borne
in mind in the isoprene–o-cresol and α-pinene–o-cresol mix-
tures.

(d) The ternary mixture

In the ternary system (Fig. 6d), the top three largest contribut-
ing signals (C7H7NO4 isomers) are from an o-cresol oxi-
dation product, and the other two o-cresol compounds have
a comparable normalized peak area (∼ 1.2 %). Also, the α-
pinene SOA makes a non-negligible contribution in the range
of 0.7 % to 2.2 % in the ternary mixture system, though this
is significantly lower than o-cresol-derived compounds. Five
isoprene-derived compounds (0.28 % to 0.76 %) make com-
parable signal contributions to the five unique compounds
(0.25 % to 1.1 %).
o-Cresol SOA and α-pinene SOA clearly significantly in-

fluenced the chemical composition in the ternary system,
while the isoprene SOA and unique compound contributions
are modest. A unique potential tracer compound (C21H34O6)
was only observed in this ternary mixture of α-pinene, o-
cresol, and isoprene with a 1.1 % contribution and was found
in all repeat experiments.

Positive ionization mode

Figure 7 compares the normalized peak area of selected com-
pounds in mixed and single precursor systems in positive ion-
ization mode. As the negative ionization mode, Fig. 7 shows
15 selected compounds in each binary mixed system and 20
compounds in ternary mixed system, following the same se-
lection criteria.

(a) The binary α-pinene–isoprene system

Figure 7a indicates that α-pinene-derived compounds domi-
nated the binary α-pinene–isoprene system: C10H14O2 with
the highest normalized peak area of 15.5 %, followed by
C20H31NO4 at 8.6 %. The contribution of isoprene-derived
compounds (0.5 %–1.4 %) is lower than that of those derived
from α-pinene but higher than compounds unique to the mix-
ture, the highest fractional abundance of which was 0.32 %
(C8H10O).

The particle components in the binary α-pinene–isoprene
system were substantially driven by the α-pinene compo-
nents as found in negative ionization mode, likely resulting
from the low SOA yield of isoprene oxidation under the con-
ditions of our experiment. The isoprene components had lit-
tle influence on the composition in this system. There is in-
sufficient information to suggest that a compound has a high
enough contribution to act as a tracer for the binary mix-
ture, but compounds unique to this mixture with seed parti-

cles under moderate NOx conditions were found to be sulfur-
containing.

(b) Binary α-pinene–o-cresol system

Two α-pinene-derived compounds dominated this system
(C21N33NO3 and C20H31NO3) in positive ionization mode
(Fig. 7b). The other three α-pinene-derived compounds were
found at levels comparable to the top two derived from o-
cresol (C8H11NO and C10H13NO2) at approximately 2.5 %
of the total molecular signal. The contribution of compounds
unique to the mixture were lower than all five α-pinene-
derived compounds but higher than most o-cresol SOA.
The highest contribution from these unique compounds was
C21H33NO4 with 1.8 % signal intensity.

Although both α-pinene and o-cresol oxidation prod-
ucts contributed to this system, the most abundant peaks
(C21H33NO3 and C20H31NO3) were only found in the sin-
gle precursor α-pinene system but not in the single pre-
cursor o-cresol system. The nitrogen-containing compound
(C21H33NO4) might act as a tracer compound for the binary
system, which is possibly driven by further oxidation of the
C21H33NO3 compound.

(c) Binary isoprene–o-cresol system

Figure 7c shows that o-cresol-derived compounds controlled
the particulate chemical composition in this system. The
fractional contributions of C7H8O4 and C7H7NO2 from
the o-cresol system were 15.5 % and 10.5 %, respectively,
in the binary mixture. One isoprene-derived compound
(C9H13NO2) made a considerable contribution (6.6 %) in
the binary mixture system. Compounds unique to the mix-
ture were C9H11NO (1.3 %), C8H8O10(1.0 %), C13H29NO5
(0.9 %), C7H18N2O2S2 (0.7 %), and C16H30O6S2 (0.6 %).

The higher-yield o-cresol made a much more significant
contribution to the SOA components than the lower-yield
isoprene. The significant abundance of two unique com-
pounds (C9H11NO, and C8H8O10 ) may result from interac-
tions in the mixture, and their exploration for use as tracers
of the mixed system might prove useful.

(d) The ternary mixture

From Fig. 7(d), the dominant compounds of the ternary
system in positive ionization mode were derived from α-
pinene with a fractional contribution range of 0.39 % to
14.9 %. The highest peak was C10H14O with a signal in-
tensity 14.9 %. The top o-cresol-derived compounds were
C10H13NO2, C8H11NO, and C6H10O2 with 2.7 %, 1.6 %,
and 1.2 % signal intensity. The top three isoprene-derived
compounds were C8H16O6S (2.0 %), C13H26N2OS2 (1.6 %),
and C13H26N2OS2 (1.2 %) respectively. C20H28N4O4S was
unique to the ternary mixture with a fractional contribution
of approximately 1.1 %, which could be the products from
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Figure 7. The dominant compounds in terms of their normalized peak area in the mixed VOC systems shown in the bars: (a) binary α-
pinene–isoprene system, (b) binary α-pinene–o-cresol, (c) binary isoprene–o-cresol, (d) ternary system. The normalized peak areas of these
selected compounds in a mixed precursor system are also presented if they existed in the corresponding single precursor system (yellow:
single α-pinene, green: isoprene, orange: o-cresol). The compounds are considered identical in the mixed system and single VOC systems if
they have the same empirical formula and a retention time difference of < 0.1 min in positive ionization mode.

dimerization of α-pinene products or from interactions in the
mixture.

The highest-SOA-yield α-pinene clearly dominated the
product distribution of the ternary mixture in positive ioniza-
tion mode. Isoprene- and o-cresol-derived as well as unique-
to-mixture components made little contribution.

3.2.4 Further insight from companion papers

This study probes the chemical composition and interactions
during SOA formation in mixed VOC systems using the of-
fline LC-Orbitrap MS technique. The complete instrument
description and experimental design are given in Voliotis
et al. (2022b), along with the data from online techniques
(e.g. SMPS, semi-continuous GCMS, HR-ToF-AMS, and
FIGAERO-CIMS). Comprehensive analysis of FIGAERO-
CIMS and HR-ToF-AMS data is provided in Voliotis et
al. (2022a), Voliotis et al. (2021), and Du et al. (2021). Vo-
liotis et al. (2022a) and Voliotis et al. (2021) investigated
the volatility distribution of products in mixed systems using
the FIGAERO-CIMS and a thermal denuder coupled with
an SMPS and HR-ToF-AMS. Voliotis et al. (2021) reported
FIGAERO-CIMS measurements showing an abundance of
products uniquely found in the α-pinene–o-cresol mixture,

with the majority in the nC= 5–10 and nC> 10 classes.
This result is consistent with the finding in this study that
unique compounds were found in the α-pinene–o-cresol mix-
ture obtained from LC-Orbitrap MS measurement, likely the
cross-products from α-pinene and o-cresol oxidation in the
particle phase. Voliotis et al. (2021) observed a dominant
contribution of nitrogen-containing compounds to the total
signal in all o-cresol-containing systems, similar to the re-
sults obtained from negative ionization mode in LC-Orbitrap
MS in this study. This is unsurprising owing to the high
sensitivity of the iodide CIMS to o-cresol photo-oxidation-
produced nitro-aromatic compounds with hydroxyl groups,
such as methyl-nitrocatechol and methyl-nitrophenol (Lee et
al., 2014; Iyer et al., 2016).

4 Conclusion

In this study, the SOA chemical composition formed from the
photo-oxidation of α-pinene, isoprene, o-cresol, and their bi-
nary and ternary mixtures in the presence of NOx and ammo-
nium sulfate seed particles was determined by non-targeted
LC-Orbitrap MS. SOA particle mass from isoprene was al-
most negligible under our experimental conditions; o-cresol
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generated more and α-pinene the highest and exhibited the
highest yield in our experiments.

The number of detected SOA compounds and their molec-
ular composition indicated that α-pinene oxidation prod-
ucts have a dominant influence on the SOA particle com-
position in the binary α-pinene–isoprene system, which can
involve oligomerization–accretion reactions forming prod-
ucts such as C20H31NO4. The major products in this sys-
tem show that SOA composition is clearly driven by the high
α-pinene yield, with isoprene oxidation products observed
to make a minor contribution. The nitrogen-containing com-
pound C17H14N2O7 might be a potential tracer in binary α-
pinene–isoprene systems in the presence of ammonium sul-
fate seed.

The compositional analysis in negative ionization mode
reveals that o-cresol products dominate SOA particle com-
position in the α-pinene–o-cresol system, with major contri-
butions from methyl-nitrocatechol isomers (C7H7NO4) and
methyl-nitrophenol (C7H7NO3), though this will be influ-
enced by the high sensitivity in the employed electrospray
ionization method. There is a relatively high contribution
to the elemental composition from unique-to-mixture prod-
ucts in positive ionization mode, indicating the significant
prevalence of interactions between the oxidation products in
this system. The molecular analysis in both ionization modes
also indicated that both α-pinene and o-cresol influenced the
product distribution in their binary mixture.

Similarly, o-cresol oxidation heavily influenced SOA par-
ticle composition in the binary isoprene–o-cresol system in
negative ionization mode, but unique-to-mixture products
made considerable contributions in the positive ionization
mode. The molecular analysis in both modes suggested that
higher-yield o-cresol products were present in greater abun-
dance than those from isoprene. Two unique compounds
(C9H11NO and C8H8O10) in positive mode were identified
that could behave as tracers in this system.

SOA composition in binary mixtures was therefore gen-
erally strongly determined by the oxidation products of the
higher-yield precursors, but interactions leading to cross-
product formation also play an important role, especially in
o-cresol-containing systems.

In the ternary system, the elemental category composi-
tion analysis presented in positive ionization mode suggested
that the chemical composition of SOA strongly depends on
sole α-pinene oxidation, with products from the oxidation
of α-pinene and o-cresol identified as important in negative
ionization mode. The molecular analysis shows that prod-
ucts from both α-pinene and o-cresol strongly influence the
composition of SOA particles with very few isoprene oxi-
dation products making a major contribution, indicating a
limited role for isoprene oxidation. Moreover, cross-products
C21H34O6 and C20H28N4O4S were identified as potential
tracers in the ternary system.

This study did not examine the molecular structure of the
unique compounds or potential tracers in the mixture precur-

sor systems. It is suggested that future studies focus on iden-
tifying the molecular structure of unique-to-mixture compo-
nents, which will help researchers better understand the de-
tailed mechanisms of interactions involved in ambient SOA
formation from mixture VOC oxidations.
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