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Abstract. In this study, we investigate the influence of isoprene on the volatility of secondary organic aerosol
(SOA) formed during the photo-oxidation of mixtures of anthropogenic and biogenic precursors. The SOA par-
ticle volatility was quantified using two independent experimental techniques (using a thermal denuder and the
Filter Inlet for Gas and Aerosols iodide high-resolution time-of-flight Chemical Ionisation Mass Spectrometer –
FIGAERO-CIMS) in mixtures of α-pinene/isoprene, o-cresol/isoprene, and α-pinene/o-cresol/isoprene. Single-
precursor experiments at various initial concentrations and results from previous α-pinene/o-cresol experiments
were used as a reference. The oxidation of isoprene did not result in the formation of detectable SOA particle
mass in single-precursor experiments. However, isoprene-derived products were identified in the mixed systems,
likely due to the increase in the total absorptive mass. The addition of isoprene resulted in mixture-dependent
influence on the SOA particle volatility. Isoprene made no major change to the volatility of α-pinene SOA parti-
cles, though changes in the SOA particle composition were observed and the volatility was reasonably predicted
based on the additivity. Isoprene addition increased o-cresol SOA particle volatility by ∼ 5/15 % of the total
mass/signal, respectively, indicating a potential to increase the overall volatility that cannot be predicted based
on the additivity. The addition of isoprene to the α-pinene/o-cresol system (i.e. α-pinene/o-cresol/isoprene)
resulted in slightly fewer volatile particles than those measured in the α-pinene/o-cresol systems. The mea-
sured volatility in the α-pinene/o-cresol/isoprene system had an ∼ 6 % higher low volatile organic compound
(LVOC) mass/signal compared to that predicted assuming additivity with a correspondingly lower semi-volatile
organic compound (SVOC) fraction. This suggests that any effects that could increase the SOA volatility from
the addition of isoprene are likely outweighed by the formation of lower-volatility compounds in more complex
anthropogenic–biogenic precursor mixtures. Detailed chemical composition measurements support the measured
volatility distribution changes and showed an abundance of unique-to-the-mixture products appearing in all the
mixed systems accounting for around 30 %–40 % of the total particle-phase signal. Our results demonstrate that
the SOA particle volatility and its prediction can be affected by the interactions of the oxidized products in
mixed-precursor systems, and further mechanistic understanding is required to improve their representation in
chemical transport models.
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1 Introduction

Aerosol particles are ubiquitous in the atmosphere. They in-
fluence the Earth’s climate directly through scattering and
absorption of solar radiation as well as indirectly by alter-
ing cloud properties (Ramanathan et al., 2001; Andreae and
Rosenfeld, 2008). Moreover, particulate matter (PM) affects
human health and is associated with millions of deaths and
reduced life expectancy (Cohen et al., 2017; Brunekreef and
Holgate, 2002; Cohen et al., 2005). An accurate representa-
tion of the aerosol particles and their associated impacts in
predictive models can contribute to the development of more
effective mitigation policies.

The organic aerosol (OA) fraction comprises 20 %–90 %
of the total fine PM mass and may originate from numer-
ous sources and chemical processes (Jimenez et al., 2009;
Kanakidou et al., 2005). Secondary organic aerosol (SOA) is
formed from the oxidation of volatile (VOCs), intermediate
volatility (IVOCs), and semi-volatile (SVOCs) organic com-
pounds in the atmosphere and accounts for a substantial part
of the OA (Srivastava et al., 2018; Hallquist et al., 2009). The
diversity of emission sources and transformation pathways of
SOA results in a chemically highly complex mixture (Gold-
stein and Galbally, 2007), which is extremely challenging to
represent accurately in predictive models (Shrivastava et al.,
2017; Hallquist et al., 2009).

The majority of predictive models currently represent
SOA in a simplified way (Tsigaridis et al., 2014; Shrivas-
tava et al., 2017). The SOA particle mass is usually predicted
based on the extrapolation of the SOA yields from single
SOA precursor laboratory studies (Kanakidou et al., 2005).
Recently, the volatility basis set (VBS; Donahue et al., 2006,
2012) under the assumption of equilibrium absorptive parti-
tioning has been developed and implemented in such models
to predict the formation and evolution of SOA (Shrivastava et
al., 2011; Giani et al., 2019; Koo et al., 2014; Tsimpidi et al.,
2018). The SOA volatility distribution used in such models
is obtained directly or indirectly from laboratory/field studies
(Zhao et al., 2016; Giani et al., 2019). Additivity is implicitly
assumed, as the coexistence of multiple reacting VOCs does
not affect the volatility distribution of the SOA formed from
each precursor. However, despite these advances, computer
models still face challenges in accurately predicting the SOA
loadings (Shrivastava et al., 2017), potentially due to the lack
of parameterizations capturing explicit physical and chemi-
cal processes occurring as the OA forms and evolves in the
atmosphere (Shrivastava et al., 2015; McFiggans et al., 2019;
Jimenez et al., 2009; Donahue et al., 2012).

Recent laboratory evidence demonstrated that the SOA
formation potential in the presence of multiple precursors can
be affected by the mechanistic interactions between the prod-
ucts (McFiggans et al., 2019; Shilling et al., 2019; Berndt
et al., 2018a). The SOA particle volatility can also change

due to those interactions, for example in the anthropogenic–
biogenic VOC systems investigated by Voliotis et al. (2021).
It is important to understand the molecular interactions that
have a central impact on the SOA formation and proper-
ties in the presence of multiple VOC precursors. Considering
that the ambient atmosphere is a complex mixture of various
anthropogenic and biogenic VOCs (aVOCs and bVOCs, re-
spectively), these findings highlight the need to investigate
the volatility changes in mixtures and their implications for
the SOA formation and transformation.

The volatility of the oxidation products formed either in
the gas or particle phase is largely controlled by the at-
tained functionalities (McFiggans et al., 2010; Barley et al.,
2009; Topping et al., 2011) as well as the molecular weight
of the molecules (Kroll and Seinfeld, 2008; Shrivastava et
al., 2017). The oxidation products of multiple coexisting
VOC precursors may react with each other in either phase
through radical termination reactions (Schervish and Don-
ahue, 2020), leading to the formation of unique products.
These interactions can also inhibit the formation of prod-
ucts that would otherwise have been formed in simpler sys-
tems, a process known as product scavenging (McFiggans et
al., 2019). In our recent work on mixtures of α-pinene and
o-cresol, we have established a methodology to investigate
the links between the SOA composition and volatility in ex-
periments conducted in an atmospheric simulation chamber
(Voliotis et al., 2021). More specifically, we showed that the
unique products found in the mixture had a high oxygen con-
tent, molecular weight (MW), and oxidation state (OSc), re-
sulting in lowering of the average particle volatility. At the
same time, the scavenging of high-MW and low-volatility
α-pinene-derived products was increasing the SOA volatil-
ity. These processes resulted in a volatility distribution of the
mixture being somewhere in between those measured in the
single-precursor experiments. Understanding the impacts of
those interactions on the SOA particle volatility in multiple
mixed-precursor systems might therefore improve their rep-
resentation in predictive models.

In this paper, we extend our previous work in mix-
tures of α-pinene and o-cresol by adding isoprene, the
most abundant BVOC with low SOA particle yield (Carl-
ton et al., 2009), to the reacting mixtures. We investigate
the SOA particle volatility changes in the photo-oxidation of
isoprene-containing binary systems (α-pinene/isoprene and
o-cresol/isoprene) and also ternary mixtures (i.e. α-pinene/o-
cresol/isoprene). We then evaluate whether the photochemi-
cal evolution of mixed VOC systems leads to particles with
comparable volatility to the sum of the individual systems as-
suming additivity. Detailed SOA chemical composition mea-
surements are used to contextualize our findings and to inter-
pret any similarities or discrepancies between the measured
and predicted SOA particle volatility.
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2 Materials and methods

2.1 Experimental procedure

In this work, we assess the influence of isoprene on the
volatility of SOA formed from the photo-oxidation of α-
pinene, o-cresol, and their mixture in the presence of NOx
and neutral inorganic seed particles using the Manchester
Aerosol Chamber (MAC). Three types of experiments were
conducted: (a) single-precursor experiments, in which the
photo-oxidation of each precursor was studied individually,
(b) binary experiments, in which the photo-oxidation of mix-
tures of α-pinene/isoprene and o-cresol/isoprene was stud-
ied, and (c) ternary experiments, in which all three precur-
sors, α-pinene, o-cresol, and isoprene, were oxidized simul-
taneously. Following Voliotis et al. (2021, 2022), all experi-
ments were designed to start with initial iso-reactivity; the in-
jected VOC concentrations were selected based on the ratios
of the inverse of their IUPAC-recommended rate constants
at 298 K towards the OH (see Voliotis et al., 2022). This
approach ensures that at the beginning of each experiment
each VOC in the mixture will have equal chances of reacting
with the dominant oxidant, and thereby they will have equal
contributions to the first generation of products. The produc-
tion of ozone during the experiments due to the presence of
NOx (Atkinson, 2000) and the formation of oxidation prod-
ucts with their own reactivity towards both major oxidants
ensure that the systems will deviate from iso-reactivity to a
greater or lesser extent during the experiments.

In all single-precursor experiments, isoprene did not form
SOA particle mass above the background levels (i.e. ∼
1 µg m−3). Therefore, the isoprene single-precursor experi-
ments are not discussed further. This effectively zero SOA
particle mass yield of isoprene enables straightforward com-
parison of the composition and volatility between sys-
tems. In the binary systems, comparing the SOA particle
composition and volatility of the mixture with those ob-
tained at the respective single-precursor experiments (e.g.
α-pinene/isoprene versus α-pinene) can provide direct ev-
idence of the changes due the addition of isoprene. Simi-
larly, in the ternary mixture, comparing its composition and
volatility with the α-pinene/o-cresol system can illustrate the
influence of isoprene on the behaviour of that mixture. What
is less straightforward is the effect of the initial VOC concen-
trations used in the single, binary, and ternary experiments.
The use of different concentrations was necessary to achieve
similar initial reactivity between the systems. Consequently,
to investigate the effect of the initial VOC concentration on
the SOA particle composition and volatility, we conducted
additional single-precursor experiments at half and one-third
initial concentration for α-pinene and at half the initial levels
for o-cresol. The α-pinene and o-cresol single-precursor at
full reactivity and the α-pinene/o-cresol mixture experiments
have been described in detail in Voliotis et al. (2021). Their

results are summarized in the section comparing the compo-
sition and volatility across systems and reactivity levels.

In order to explore the role of mechanistic interactions in
the mixtures, we estimate the expected SOA volatility in all
the binary and ternary mixtures by summing the volatility
distributions obtained from the respective single-precursor
systems (i.e. based on additivity). Details are provided in
Sect. 2.4.3. Briefly, in the isoprene-containing binary sys-
tems, i.e. α-pinene/isoprene and o-cresol/isoprene, the ex-
pected SOA particle volatility will be equal to those mea-
sured in the α-pinene and o-cresol single-precursor exper-
iments, respectively, adjusted to the same total absorptive
mass. In systems where more than one precursor contributes
to the SOA mass (i.e. α-pinene/o-cresol and ternary), such
predictions may provide additional insights into the roles that
mixing might play in SOA particle formation. The difference
between the measured and expected (predicted) volatility dis-
tributions can serve as a quantitative metric of the magnitude
of the effect of the molecular interactions on the SOA particle
volatility.

All the experiments were performed under moderate rela-
tive humidity (50±5 %) and room temperature (24±2 ◦C) in
the presence of NO2 (VOC /NO2 = 6.2±1.4 ppb ppb−1) and
ammonium sulfate seed particles (54± 11 µg m−3). A sum-
mary of the initial experimental conditions is provided in Ta-
ble 1. Each experiment was performed following procedures
described in detail in Voliotis et al. (2021, 2022). Briefly, the
“chamber stabilization” phase (∼ 1 h) was initialized when
the chamber was filled with clean air in the absence of any
of the reactants, followed by the “dark unreactive” phase
(∼ 1 h) where all the reactants (VOC, NO2, and seeds) were
added in the dark. The “experiment” phase (∼ 6 h) started
when the lights were turned on, indicating the initialization of
the photo-oxidation and SOA production. The data collected
during the “chamber stabilization” and the “dark unreactive”
phase were used as baselines to correct the data obtained dur-
ing the “experiment” phase (see Sect. 2.4.1). Prior to and
after each experiment the chamber was flushed with a high
flow rate (∼ 3 m3 min−1) of purified air. The initial concen-
trations in the clean chamber were particle number concen-
trations ≤ 15 cm−3, O3 ≤ 1 ppb, NOx ≤ 8 ppb (NO≤ 6 ppb;
NO2≤ 2 ppb), and VOC ∼ 0 ppb (Shao et al., 2022).

2.1.1 Manchester Aerosol Chamber

All the experiments were conducted at the 18 m3 fluorinated
ethylene propylene (FEP) MAC, operating as a batch reac-
tor (Shao et al., 2022). The MAC is enclosed in a tempera-
ture and relative humidity-controlled housing. Due to its de-
sign, the chamber can expand and collapse as the air volume
changes and thereby does not require dilution of the sam-
ple. The mixing and temperature control is achieved with the
usage of an air conditioning unit (Denco C3-05), which cir-
culates air around the chamber housing at a high flow rate,
setting its walls in constant motion and resulting in effec-
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Table 1. Summary of initial experimental conditions.

Exp. VOC NOx VOC VOC /NOx Seed SOAmax SOA
no. (ppb) (ppb) (ppb ppb−1) (µg m−3) (µg m−3) yield

1 α-pinene 40 309 7.7 72.6 273.2 0.32
2 α-pinene 43 309 7.2 67.6 283.1 NA
3 α-pinene 26 155 6.0 45.7 68.6 0.21
4 α-pinene 18 103 5.7 51.0 31.5 0.15
5 o-cresol 98 400 4.1 50.8 28.2 0.15
6 o-cresol 56 400 7.1 67.6 23.5 0.13
7 o-cresol 71 400 5.6 36.0 NA NA
8 o-cresol 40 200 5.0 51.3 22.8 0.11
9 Isoprene 24 164 6.8 64.1 0.0 0.00
10 Isoprene 23 164 7.1 NA 0.0 0.00
11 Isoprene 14 55 3.9 42.2 0.0 0.00
12 o-cresol/isoprene 34 200/82 8.3 49.6 11.2 0.06
13 o-cresol/isoprene NA 200/82 NA 57.0 9.4 0.05
14 α-pinene/o-cresol 52 155/200 6.8 48.3 122.3 0.26
15 α-pinene/o-cresol 30 155/200 11.8 57.0 131.4 NA
16 α-pinene/isoprene 33 155/82 7.2 63.7 96.6 0.17
17 α-pinene/isoprene 39 155/82 6.1 62.0 100.9 0.19
18 α-pinene/o-cresol/isoprene 60 103/133/55 4.9 66.1 33.3 NA
19 α-pinene/o-cresol/isoprene 78 103/133/55 3.7 NA 58.0 0.12

NA: not available data.

tive mixing throughout the experiments. A combination of
two 6 kW Xenon arc lamps (XBO 6000 W/HSLA OFR, Os-
ram) equipped with quartz glass filters and a series of halo-
gen lamps (Solux 50 W/4700 K, Solux MR16, USA) is used
to illuminate the chamber mimicking the atmospheric radi-
ation spectrum as closely as possible (Shao et al., 2022).
Steady-state actinometry experiments showed a photolysis
rate of NO2 (JNO2 ) at 0.135± 0.024 min−1, while the aver-
age OH concentrations for all experiments conducted here
were estimated at around 8± 3× 105 molec. cm−3 (Voliotis
et al., 2022). VOCs are produced by evaporating the corre-
sponding liquids (α-pinene, isoprene, and o-cresol; Sigma-
Aldrich, GC grade≥ 99.99 % purity) in a gently heated glass
bulb and are transferred to the MAC using an electronic
capture device-grade nitrogen stream (ECD N2; N4.8 purity
≥ 99.998 %). An aerosol generator (Topaz model ATM 230)
was employed to produce seed particles using aqueous so-
lutions of ammonium sulfate of concentration 10 g L−1 (Pu-
ratonic, 99.999 % purity). This resulted in a seed population
with a mode diameter of 67± 6 nm and a total surface area
of 1.2± 0.4× 109 nm2 cm−3. NO2 is added to the chamber
using custom-made cylinders (10 % v/v) using ECD N2 as a
carrier gas. Seeds, NO2, and VOCs are added to the cham-
ber at a high flow rate (∼ 3 m3 min−1), ensuring rapid initial
mixing (Shao et al., 2022).

2.2 Instrumentation

Particle size distributions in the range of 10–670 nm were
measured employing a scanning mobility particle sizer

(SMPS; TSI DMA 3081 and CPC 3776, TSI Inc., USA).
Non-refractory aerosol chemical composition was measured
using a high-resolution aerosol mass spectrometer (HR-
AMS), regularly calibrated according to well-known and pre-
viously published procedures (Jimenez et al., 2003; Allan
et al., 2004; Voliotis et al., 2021). A thermal denuder (TD)
installed upstream of the SMPS and HR-AMS and oper-
ated at 30–90 ◦C in 12 steps was used to study the aerosol
evaporation during the last 2 h of each experiment. During
that period, the SMPS and HR-AMS sampling was alter-
nated between the TD and the main sampling line (i.e. by-
pass) every 6 and 4 min, respectively. The Filter Inlet for
Gas and Aerosols (Lopez-Hilfiker et al., 2014) coupled to
an iodide high-resolution time-of-flight Chemical Ionisation
Mass Spectrometer (Lee et al., 2014; hereafter FIGAERO-
CIMS) was used to provide near-real-time gas- and particle-
phase compositions. A semi-continuous gas chromatograph
(6850 Agilent) coupled to a mass spectrometer (5975C Ag-
ilent; hereafter GC-MS) equipped with a thermal desorption
unit (Markes TT-24/7) was used to monitor the concentration
of VOC precursors during the experiments. All the instru-
ments were sampling air from the middle of the chamber us-
ing stainless steel and PTFE tubing (OD: 1

4
′′
) for the particle-

and gas-phase measurements.
The FIGAERO-CIMS was configured to operate in cyclic

mode using the following procedure: (i) 30 min of gas-phase
sampling at 1 L min−1 and simultaneous particle collection
on a PTFE filter (Zefluor, 2.0 µm pore size) at 1 L min−1,
(ii) 15 min thermal desorption of the collected particles from
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ambient to 200 ◦C using ultra-high-purity (UHP) N2 as a car-
rier gas, (iii) 10 min soaking period, where the temperature
was held constant at 200 ◦C and (iv) 10 min of cooling pe-
riod. The sample flow over the PTFE filter and downstream
of the exhaust of the ion molecule region (IMR) was con-
tinuously monitored using two MKS mass flow meters to
ensure known volumes of air sampled. The instrument was
run in negative-ion mode with I− reagent ion in all the ex-
periments. The reagent ions were produced by passing CH3I
and UHP N2 over a 210Po radioactive source introduced di-
rectly into the IMR. Due to the particularly low organic con-
centrations in the first hours of the experiments with the o-
cresol and o-cresol/isoprene systems as well as for compari-
son with the TD measurements, all the results shown here by
the FIGAERO-CIMS correspond to the data obtained dur-
ing the last FIGAERO-CIMS cycle of each experiment (i.e.
> 5 h after lights on).

As a result of a lack of calibration standards and the ex-
perimental limitations associated with the FIGAERO-CIMS
operation, the quantification of the observed signals remains
challenging (Riva et al., 2019). Consequently, in this study,
uniform instrument sensitivity was assumed for all the de-
tected products. Detailed description of the instrumenta-
tion and the experimental set-up is provided in Voliotis et
al. (2021).

2.3 Background corrections and data treatment

The mass fraction remaining (MFR) of the aerosol particles
after passing through the TD unit at each temperature step
was calculated as the ratio of the SOA particle mass (mea-
sured by the HR-AMS) passing through the TD to the av-
erage SOA particle mass at the bypass line before and after
each temperature step. The particle losses in each tempera-
ture in the TD were estimated based on characterization ex-
periments conducted with the same instrument configuration
using sodium chloride particles and a SMPS measuring the
total particle mass. The obtained SOA particle MFR was then
corrected to account for particle losses in the TD (Voliotis et
al., 2021). The HR-AMS collection efficiency was assumed
to be the same at all temperatures used.

The Tofware package in Igor Pro (v. 3.2.1., Wavemet-
rics) (Stark et al., 2015) was employed for the data anal-
ysis and peak identification of the FIGAERO-CIMS data.
I−, CH2O2I−, I−2 , and I−3 were used for the mass-to-charge
(m/z) calibration, resulting in an error of less than 3 ppm.
The HR analysis and peak identification were performed in
the 190–550 m/z range based on the mass defect until no
possible formulas were available within a reasonable fitting
error (∼≤6 ppm). In all the experiments conducted, this re-
sulted in ≥ 70 % of the total signal (excluding reagent ions)
being assigned. All the HR peaks that had signal-to-noise ra-
tios below 2 (S/N < 2) were removed from the analysis. In
this work, only the assigned fraction of the signal is consid-
ered. After the peak identification procedure, the data col-

lected in each thermal desorption (hereafter particle phase)
and gas-phase sampling cycles were grouped separately, and
each HR peak was background-corrected according to Vo-
liotis et al. (2021). Briefly, in order to account for any po-
tential instrument contamination in either phase as well as
any chamber background and/or filter/seed effects, a two-
step correction procedure was followed. In the first step, the
data collected during the assumed “instrument background”
periods in each cycle were subtracted from the measured data
to account for any potential instrument contamination. Dur-
ing the gas-phase sampling, the instrument was periodically
flushed with high-purity N2 in order to establish a dynamic
gas-phase “instrument background” signal, which was sub-
tracted from the measurements. A corresponding “instrument
background” was assumed for the particle-phase measure-
ments to be the 60th–90th second of the desorption cycle
as shown in Voliotis et al. (2021). In the second step, the
data collected during the “chamber stabilization” phase (see
Sect. 2.1) were subtracted from the gas-phase measurements
to account for any potential background gas-phase species
in the MAC. Correspondingly, to account for any potential
chamber background and/or seed effects, the particle-phase
data collected during the “dark unreactive” phase (i.e. back-
ground filter collected when the chamber was filled with the
VOC(s) and seed particles in the dark) were subtracted from
the particle-phase measurements.

2.4 SOA particle volatility estimation

The SOA particle volatility was estimated here based on both
the TD and FIGAERO-CIMS measurements. The SOA par-
ticle volatility from the TD measurements was estimated us-
ing the algorithm of Karnezi et al. (2014). The algorithm
is based on the thermodynamic mass transfer model of Ri-
ipinen et al. (2010) and employs forward and inverse mod-
elling combined with an error propagation and minimization
procedure to interpret the MFR data. Briefly, the model se-
lects appropriate volatility distributions expressed in the VBS
framework, enthalpies of vaporization, and mass accommo-
dation coefficients to fit the MFR data. Any potential temper-
ature gradients in the TD are neglected, while the size distri-
bution of the aerosol particles is considered to be monodis-
perse, having a diameter equal to the mean volumetric diam-
eter (defined by the SMPS measurements). Furthermore, in
addition to the MFR and the mean volumetric diameter, the
model uses the characteristics of the TD, such as the length
of the heating section (0.51 m) and the aerosol residence time
(31 s), and the SOA particle characteristics, such as the den-
sity (1.4 g cm−3) and the total absorptive mass concentration
(Ctot). Here, the volatility distributions were estimated in the
10−3
− 102 µg m−3C∗ region.

The SOA particle volatility can be estimated from
the FIGAERO-CIMS measurements based on various ap-
proaches (e.g. explicit calibrations with compounds of
known vapour pressure, absorptive partitioning calculations,
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and empirical equations; e.g. Bannan et al., 2019; Stark et
al., 2017). In our previous work (Voliotis et al., 2021), we
contrasted the volatilities obtained from the partitioning ap-
proach with those from the thermogram-based approach us-
ing explicit Tmax−Vp calibrations for a subset of the systems
studied here. Despite us showing that the volatility quantifi-
cation from both approaches was challenging, the volatility
derived from the partitioning calculations was more realistic
and broadly comparable with the concurrent TD measure-
ments. Therefore, in this study, we selected the partitioning
approach to estimate the SOA particle volatility from the
FIGAERO-CIMS measurements. The SOA particle volatil-
ity was estimated using the gas- and particle-phase concen-
trations (ions m−3) of each identified ion and the absorptive
partitioning theory (Pankow, 1994). Briefly, the partitioning
coefficient (fp) of each identified HR peak was calculated as

fp,i =
Particlei

Particlei +Gasi
, (1)

where Particlei and Gasi are the concentrations of each HR
peak in the particle and gas phases (ions m−3), respectively.
Based on the absorptive partitioning theory, the fp was con-
verted to effective saturation concentration (C∗) using the to-
tal absorptive mass. For ease of interpretation, in the current
paper we consider only the mass of organic material in the
particle to be an effective absorptive medium in the partition-
ing of organic species. This is a reasonable approach since
the nominally injected mass of inorganic seed particles was
constant in all experiments, and it is likely that the strong
non-ideality in the mixing with inorganic components will
lead to modest, if any, enhancement in the component’s par-
titioning. The resultant volatility of the identified compounds
in each system was expressed in logarithmically spaced bins
in the VBS framework as

C∗i =

(
1
fp,i
− 1

)
Ctot. (2)

In either of these approaches, the sum of the volatility bins
having C∗ < 1 µg m−3 was considered as low volatile or-
ganic compounds (LVOCs), the sum those between C∗ =
1− 102 µg m−3 were considered as semi-volatile organic
compounds (SVOCs) and the sum of those with C∗ > 102

were considered as intermediate volatile organic compounds
(IVOCs). It should be noted that in both volatility estimation
approaches, the bin with C∗ = 10−3 may also include any
extremely low-volatility VOCs (ELVOCs) present. Similarly,
in the TD results, the bin with C∗ = 102 may include com-
pounds with even higher volatility that belong in the IVOC
fraction.

2.5 SOA particle volatility prediction assuming additivity

The SOA particle volatility of the α-pinene/o-cresol and α-
pinene/o-cresol/isoprene systems was estimated based on ad-
ditivity that assumes no chemical interactions between the

products of the various precursors. More specifically, the pre-
dicted mass fraction (PMF) of the products of each individ-
ual precursor (VOCi) in the organic aerosol phase was es-
timated based on the VOC consumption (1VOCi) and the
SOA yields measured (YVOCi ) in the single-precursor exper-
iments as

PMFVOCi =

(
YVOCi ×1VOCi∑
YVOCi ×1VOCi

)
. (3)

Subsequently, the volatility distributions of the SOA products
of precursor i in the binary/ternary systems were estimated
by weighting the sum of the volatility distributions measured
in the single-precursor experiments with their predicted mass
fractions:

PC∗j =
∑

j

(
MFVOCi ×C

∗

VOCi,j

)
, (4)

where PC∗j is the predicted effective saturation concentra-
tion in the volatility bin j and C∗VOCi,j is the effective satu-
ration concentration of the products measured in the single-
precursor experiments of each VOCi involved at bin j .

The different total SOA concentrations (Ctot) in the exper-
iments conducted for each system and reactivity level (Ta-
ble 1) also affect the gas–particle partitioning of the species
(Pankow, 1994) and thereby the resulting measured volatil-
ity distributions. Therefore, in order to predict the volatility
distributions with this approach assuming additivity, all the
measured volatilities have to be adjusted to the same Ctot.
For the volatility distributions obtained by the TD, we can
adjust the measured volatility distributions by running sim-
ulations at the desired total absorptive mass concentration
(see Sect. 2.5). The volatility distribution measured by the
FIGAERO-CIMS at a certain Ctot can be adjusted to any de-
sired Ctot by calculating the partitioning coefficient (fp) of
each of the identified species, i, at the measured and desired
Ctot:

fi =

(
1+

C∗i

Ctot

)−1

, (5)

where C∗i is the estimated effective saturation concentra-
tion of each individual species derived from the partition-
ing approach at the Ctot levels of each individual experiment
(Eq. 2). By multiplying the particle-phase FIGAERO-CIMS
signal of each individual compound i by the ratio of the fp
at the desired to measured Ctot, we can estimate the signal
contribution of each compound due to the change in its par-
titioning behaviour as a result of the different Ctot.

3 Results

3.1 Single VOC system volatility at various reactivity
levels

Figure 1 shows the retrieved volatility distributions from the
TD and from the FIGAERO-CIMS along with the identi-
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Figure 1. SOA particle volatility distributions from (a) the TD mea-
surements (± retrieval uncertainty) and (b) the FIGAERO-CIMS
measurements in the α-pinene experiments conducted at half and
one-third initial reactivity. (c) All the products identified by the
FIGAERO-CIMS are shown as a function of their volatility (C∗)
and their average carbon oxidation state (OSc) sized by the square
root of their particle-phase signal.

fied compounds in the particle phase expressed in the two-
dimensional volatility basis set space (2D-VBS) for the α-
pinene experiments conducted at half and one-third initial
reactivity (see Sect. 2.1.).

The volatility distributions obtained by the two indepen-
dent methods in all experiments/systems were considerably
different, in line with previous studies (Stark et al., 2017; Vo-
liotis et al., 2021). Note that the volatility distributions from
the TD measurements were expressed as a function of the
total SOA particle mass whereas from the FIGAERO-CIMS
as a function of the total signal, assuming uniform sensitiv-
ity. Further, the signal-to-noise limitations of the FIGEARO-
CIMS can limit its ability to quantify compounds with low
concentrations and low C∗. Similar problems can also ap-
pear for more volatile compounds with low concentrations
(Du et al., 2022). This often results in an artificial narrow-
ing of the reported volatility distributions. In spite of these
limitations, the results from both approaches can be used to
assess the volatility changes when comparing such systems,
as discussed in detail in Voliotis et al. (2021).

The volatility distributions estimated in the α-pinene ex-
periments at the two initial concentration levels appeared
to be different according to the FIGAERO-CIMS. The es-
timated volatility distribution was shifted towards the lower-
volatility range as the SOA concentration was reduced from
the full reactivity experiments (Fig. S1 in the Supplement) to
the one third (Fig. 1). This is consistent with the predictions
of the partitioning theory (Donahue et al., 2006). The uncer-

Figure 2. SOA particle volatility distributions from (a) the TD mea-
surements (± retrieval uncertainty) and (b) the FIGAERO-CIMS
measurements in the o-cresol experiments conducted at half initial
reactivity. (c) All the products identified by the FIGERO-CIMS are
shown as a function of their volatility (C∗) and their oxidation state
(OSc) sized by the square root of their particle-phase signal.

tainty of the volatility distributions estimated from the TD
technique did not allow the differentiation of the volatility of
the two SOA systems in this case. The chemical composition
of the products identified supports these trends and suggests
that the lower the initial concentration, the stronger the con-
tributions of products with C∗ = 10 µg m−3 and OSc> 0.5.
On the other hand, at the higher concentration experiments,
compounds with C∗ = 100 µg m−3 and OSc≤ 0.5 appear to
contribute more to the total signal (Figs. 1c and S1).

Figure 2 shows the corresponding volatility and 2-D VBS
plots for the o-cresol experiment conducted at half reactivity.
The volatility derived from the FIGAERO-CIMS had sub-
stantial contributions at the C∗ = 10 µg m−3 volatility bin
and around 40 % of the signal was in the 102

− 104 µg m−3

range. The distribution from the TD also peaked at C∗ =
10 µg m−3 but suggested that 60 % of the SOA particle
mass had effective volatility less than or equal to 1 µg m−3.
The SOA particle volatility distribution retrieved by the TD
method was similar to that measured in the full reactivity
experiments of Voliotis et al. (2021) as shown in Fig. S1.
According to the FIGAERO-CIMS measurements, a little
higher contributions of more volatile material with C∗ >

10 µg m−3 were observed at the lower initial reactivity ex-
periment (40 % versus 17 % of the signal). The relatively nar-
row FIGAERO-CIMS volatility distributions in the o-cresol
experiments are partially due to the dominance of the prod-
uct(s) with elemental formula C7H7NO4, which accounted
for a substantial amount of the particle-phase signal. For
example, at the full initial reactivity experiments they ac-
counted for 48 % of the SOA particle signal (Voliotis et al.,
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2021). In the half reactivity experiment the C7H7NO4 prod-
uct(s) accounted for 34 % of the total particle-phase signal
and leading to the lower fraction of the compounds with
C∗ = 10 µg m−3 and the corresponding increase in the more
volatile fraction. The chemical characteristics of the com-
pounds identified in these systems, expressed in the O : C
versus H : C and the nC versus nO space showed somewhat
higher signal contributions of more oxygenated compounds
in the full initial reactivity experiments (Fig. S2).

3.2 Volatility and composition of the mixtures

Figure 3 shows the measured and predicted particle volatil-
ity distributions from the TD and the FIGAERO-CIMS in all
the systems investigated. The bars in the FIGAERO-CIMS
volatility distributions show the contributions of the prod-
ucts derived from each individual precursor, those that had
common elemental formulas between the systems, as well as
those that were only identified in each mixed system.

Although the SOA mass formed in the isoprene single-
precursor experiments was found to be below our back-
ground (∼ 1 µg m−3), in all the isoprene-containing systems
studied here we were able to attribute a small fraction of the
total FIGAERO-CIMS signal (≤ 6 %) to isoprene-derived
products. It is currently unclear whether the presence of
these products is significant and/or could be attributed to a
potentially high and/or differential sensitivity of our tech-
nique (e.g. Lee et al., 2014). Nonetheless, a likely explana-
tion could be the significantly higher levels of total absorp-
tive mass found in the binary systems opposed to the sin-
gle precursor isoprene, which would have favoured the par-
titioning of the more volatile species (Fig. S4). In support of
this, it can be seen from Figs. 4 and 5 that the majority of
the isoprene-derived products have C∗ ≥ 100 µg m−3, which
would cause these products to remain predominantly in the
gas phase in the single-isoprene experiments where the total
absorptive mass was ≤ 1 µg m−3.

The SOA particle volatility measured in the α-
pinene/isoprene system from the TD method peaked at C∗ =
10 µg m−3, while that from the FIGAERO-CIMS showed
the highest signal contributions in the C∗ = 100 µg m−3 bin.
About 33 % of the FIGAERO-CIMS total particle-phase sig-
nal can be attributed to products that were uniquely iden-
tified in the mixture, while about 42 % and 6 % were due
to products that have been identified in the α-pinene and
isoprene single-precursor experiments, respectively. The re-
maining ∼ 18 % is attributable to compounds with elemental
formulas that have been observed in both single-precursor
systems and the binary system (“common” compounds)
that our technique is unable to resolve. In this system, the
observed unique-to-the-mixture products (annotated as α-
pinene/isoprene in Figs. 3–5) had volatilities spanning a wide
range of 1 to 103 µg m−3, with the highest contributions in
the 10 and 100 µg m−3 bins. Figure 4a depicts all the iden-
tified compounds in the O : C versus H : C, nC versus nO,

nC versus OSc, and OSc versus C∗ spaces. The α-pinene-
derived products in the mixture had similar chemical charac-
teristics, though they exhibited higher signal contributions in
the nC≥ 10 and OSc=−1–0 ranges. The isoprene-derived
products in the mixture had low nC (nC≤ 6) and relatively
high OSc (OSc>−1.8). The unique-to-the-mixture prod-
ucts with the highest signal contributions mostly had 7–10
carbon atoms, moderate oxygen content (3–5 oxygen atoms),
and relatively high OSc (> 0.5) and H : C (> 1.5). Consid-
erable contributions are also observed for unique products
with six carbon atoms or less, high OSc(OSc> 0.5), and
O : C (O : C=∼ 1). Examples from these unique products
found in this binary system in descending order of signal
contributions had assigned elemental formulas: C8H14NO4,
C8H10O4, C7H12NO5, and C9H12O3.

The SOA particle volatility distribution measured in the
o-cresol/isoprene system from both techniques was rela-
tively broad. The volatility distributions obtained from the
FIGAERO-CIMS showed higher variability between the two
experiments conducted compared to the other mixed sys-
tems (Fig. S3). According to the TD technique, there were
substantial mass contributions in both the lower-volatility
(10−3

−10−2 µg m−3) and higher-volatility (10–100 µg m−3)
bins. On the other hand, according to the FIGAERO-
CIMS measurements, the SOA particles were considerably
more volatile, with a substantial fraction, around 20 %, of
the particle-phase signal being in the IVOC region (C∗ >
102 µg m−3). The SOA concentration in these experiments
was of the order of 10 µg m−3, so the presence of such high
concentrations of IVOCs in the particulate phase can be ex-
plained either by very high corresponding IVOC concentra-
tions in the gas phase or by a significant underestimation of
the less volatile SOA components by the FIGAERO-CIMS
technique.

A large number of unique-to-the-mixture products were
identified in the o-cresol/isoprene system that accounted for
around 46 % of the particle-phase signal, having a wide range
of volatilities and OSc. The largest fraction of these prod-
ucts had appreciable signal contributions (19 %) at high nC
(≥ 8) and O : C (≥ 0.7). Examples of such products identi-
fied in this system in descending order of signal contributions
had assigned elemental formulas: C10H11O2, C11H12O6,
C9H13O3 and C13H14O5. The o-cresol-derived products in
the mixture on the other hand were mostly centred at nC= 7
and H : C=∼ 1.1, at varying OSc and nO numbers, while
the isoprene-derived products had nC≤ 5 and H : C≥ 1.5
(Fig. 4b).

The particle volatility distribution retrieved from the
TD measurements in the ternary system (i.e. α-pinene/o-
cresol/isoprene) indicated that around 70 % of the SOA mass
was approximately evenly distributed in the 1–100 µg m−3

range, with the rest of the material having lower volatility.
The distributions derived from the FIGAERO-CIMS sug-
gested that around 80 % of the SOA signal was due to com-
pounds with C∗ in 10–100 µg m−3, a result relatively consis-
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Figure 3. Measured and predicted SOA particle volatility distributions from the TD measurements (± retrieval uncertainty) (top panels)
and from the FIGAERO-CIMS measurements (bottom panels) in all the mixed systems investigated. The volatility distributions from the
FIGAERO-CIMS with ±1σ are shown in the Supplement (Fig. S3). The coloured bars in the top and bottom panels represent the mea-
surements and the black bars the predictions. The coloured bars in the bottom panels are separated to show the signal contributions of the
products in each volatility bin. “Common” was classified as the products that were identified in each mixture as well as at the respective
single-precursor experiments of that mixture. The remaining products had elemental formulas that were unique to each single-precursor or
mixture system.

tent with that of the TD. According to the TD measurements,
LVOCs represented 29 % and SVOCs 71 % of the SOA parti-
cle mass, while according to the FIGAERO-CIMS there were
6 % LVOCs and 87 % SVOCs, and 7 % of the total signal was
IVOCs.

Figure 5 shows all the identified compounds found in the
ternary system in the O : C versus H : C, nC versus nO, nC
versus OSc, and OSc versus C∗ spaces. In this ternary sys-
tem, the SOA particle chemical composition was complex,
with 27 % of the total particle-phase signal of the FIGAERO-
CIMS being attributed to products with common elemental
formulas between experiments. Another 11 % was attributed
to α-pinene products, 15 % to o-cresol products, and 3 % to
isoprene products. The products that were found only in the
binary systems accounted for 22 % of the total signal: 6 %
for the unique products of the α-pinene/o-cresol, 5 % for the
o-cresol/isoprene, and 11 % for the unique products of the
α-pinene/isoprene system. Finally, 23 % of the signal was
due to products found only in the ternary mixture. The ma-
jority of these unique ternary mixture products had moder-
ate volatility (C∗ = 1 µg m−3) and a relatively high number
of carbons (more than seven). Their chemical characteris-
tics, as illustrated in Fig. 5, spanned across a wide range of
H : C, nO, and OSc. Their O : C was between 0.3 and 0.8.
Characteristic examples of the elemental formulas of such
products in descending order of signal contributions were

C12H10O4, C9H6O3, C6H7NO5, C8H13NO7, C13H15NO5,
and C14H15NO5.

4 Discussion

4.1 Influence of isoprene in binary mixtures

Considering that isoprene did not form any SOA particle
mass above our background levels in all the single-precursor
experiments using neutral ammonium sulfate seeds, the pre-
dicted mass contribution of its products in the binary mix-
tures is zero. Therefore, to investigate its influence on the
SOA particle volatility in the binary mixtures under such
conditions, we can predict the volatility distributions in all
the isoprene-containing binary systems as being equal to that
measured by the other precursor, adjusted at the same Ctot
levels. Considering that, in the binary systems, only half of
the total initial reactivity of the system was attributed to each
of the precursors, the experiments at half initial reactivity
were used to make such predictions.

In the α-pinene/isoprene mixture, the measured and pre-
dicted SOA volatility distributions estimated by both tech-
niques were similar to the single-precursor system (Figs. 1,
3, and S5), a result consistent with the almost identical total
SOA particle levels (∼ 60 µg m−3; Fig. S4). In particular, the
LVOC and SVOC mass fractions in the TD measurements
were about 28 % and 72 %, while in the FIGAERO-CIMS
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Figure 4. Hydrogen to carbon (H : C) by oxygen to carbon (O : C), number of carbon atoms (nC) by number of oxygen atoms (nO),
carbon oxidation state (OSc) by nC and OSc by effective saturation concentration (C∗) of all the individual products identified in the (a) α-
pinene/isoprene and (b) o-cresol/isoprene systems. The products that were uniquely found in the mixture are depicted with different colours.
All the symbols are sized based on the particle-phase signal of each product in the FIGAERO-CIMS.

measurements the LVOC, SVOC, and IVOC content was
about 0 %, 87 %, and 13 %, respectively (Fig. S5), though
caution should be employed in the interpretation of broad
volatility classification since differences in the detail may be
lost. This suggests that the addition of isoprene to the react-
ing α-pinene system had little effect on the volatility of the
produced SOA particles that can be predicted assuming ad-
ditivity. This may imply that any potential molecular interac-
tions are unimportant in terms of SOA particle mass and/or
that the unique-to-the-mixture products formed are contribut-
ing to the SOA particle mass appreciably, but their similar
volatility to the α-pinene products makes the net effect negli-
gible. This is relatively consistent with the results of Ylisirniö
et al. (2020), who reported minimal to modest changes in
the SOA volatility from mixtures of real plant emissions and
sesquiterpenes compared to single biogenic precursor exper-
iments.

Even if the change in the overall SOA volatility distri-
bution was small, the chemical information obtained in this
system suggested changes in the SOA particle composition.
More specifically, the products that appeared in the nC= 11–
14, OSc=−1–0.5 and C∗ < 100 µg m−3 space in the α-
pinene system were absent in the SOA particles of the bi-
nary system (Figs. 1 and 4). At the same time, unique-to-
the-mixture products with nC≥ 14 and OSc≥−0.75 and
C∗ < 100 µg m−3 were formed. Although previous works
have showed significant presence of molecules with nC= 15
in this system (e.g. Berndt et al., 2018b), here, we were not
able to reliably identify such molecules. This could be ei-

ther attributed to the potentially very low signal of those
products that were missed from our peak identification pro-
tocol and/or that these products were prone to thermal de-
composition during the FIGAERO desorption cycle. These
might also explain the relatively low signal fraction of the
nC> 10 products identified (4 %–5 %). Furthermore, unique-
to-the-mixture products with moderate nC and similar chem-
ical characteristics (i.e. H : C, O : C, OSc) and volatility with
those measured in the α-pinene single-precursor experiments
were also formed (Fig. 4). These observations indicate that
the mixing of isoprene with α-pinene can alter the chemi-
cal composition of the SOA particles however, the net effect
of these changes on the overall SOA volatility is minor. At
least partially, this can be attributed to the similar elemen-
tal composition and volatility distribution that the unique-to-
the-mixture products have with those found in the α-pinene
single-precursor experiments.

On the other hand, in the o-cresol/isoprene system, the
particle volatility derived from both methods was signifi-
cantly different to that obtained in the o-cresol system, which
resulted in different measured than predicted volatilities
(Fig. 3). In particular, the FIGAERO-CIMS measurements
showed that the o-cresol/isoprene system had a ∼ 10 % in-
creased measured than predicted IVOC signal fraction with a
corresponding decrease in the SVOC fraction. The TD mea-
surements showed a similar LVOC/SVOC split between the
measured and predicted volatilities, yet the measured volatil-
ity distributions exhibited significantly higher contributions
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Figure 5. Hydrogen to carbon (H : C) by oxygen to carbon (O : C), number of carbon atoms (nC) by number of oxygen atoms (nO), carbon
oxidation state (OSc) by nC, and OSc by effective saturation concentration (C∗) of all the individual products identified in the ternary system.
The dots are sized based on the square root of their particle-phase signal in the FIGAERO-CIMS. The products that were common between
all systems, those that were common between α-pinene, o-cresol, and their mixture, those that were associated with either precursor, those
that were unique products of each binary system, as well as those that were unique products of the ternary mixture are depicted with separate
colours.

in the C∗ ≥ 100 µg m−3 bin (18 % versus 11 % of the total
mass; Fig. 3).

Previous studies have showed that when isoprene is mixed
with another aVOC, the SOA particle yields can be reduced
(Jaoui et al., 2008; Vivanco et al., 2013; Ahlberg et al., 2017).
This may imply that either the potential molecular interac-
tions resulted in higher-volatility products that remained in
larger fractions in the gas phase, or that isoprene was scav-
enging the available OH, thus reducing the SOA particle
mass formed from the oxidation of o-cresol. In our set of ex-
periments SOA particle yield of o-cresol was reduced by the
presence of isoprene (Table 1), suggesting that both are likely
explanations. Another explanation could be that the presence
of isoprene could have altered the oxidation pathways of o-
cresol, leading to the formation of higher-volatility products
or a combination of the above. Clearly, these results high-
light the need for mechanistic studies investigating the SOA
formation from that binary system.

Alternatively, the increased IVOC fraction in this system
could be attributed to pronounced thermal decomposition of
its products (Stark et al., 2017). We have assessed the poten-
tial effect of thermal decomposition in our systems by adopt-
ing the parametrization provided by Yang et al. (2021) based
on the double-bond equivalent (DBE> 2), the nO (nO> 4),
and Tmax (Tmax > 72 ◦C). In all the systems investigated here,
∼ 0 %–3 % of the total IVOC signal can be attributed to con-
siderably thermally decomposed products. Therefore, this
suggests that the thermal decomposition that might be oc-
curring in the o-cresol/isoprene system is not significantly
higher than any other system and cannot explain the partic-
ularly high IVOC fraction that was observed. Of course, it
should be noted that the parametrization provided by Yang et
al. (2021) has been derived with a particular instrument under
certain operation conditions and might not be universally ap-
plicable. Still, it might be used here as a relative comparison
between the systems.

The chemical composition of the products identified in the
particle phase in each of the two systems (i.e. o-cresol and o-
cresol/isoprene) reveal significant differences. Almost all the
o-cresol-derived products observed in the single-precursor
experiment in the nC= 7 and OSc> 0.2 as well as those
in the nC> 7 and OSc=−0.8–1.5 space were not observed
in the mixture (Figs. 4 and S2). At the same time, a num-
ber of unique-to-the-mixture products were identified in the
nC> 7 and OSc>−1 and in the nC≤ 6 and at varying
OSc spaces. Furthermore, isoprene-derived and unique-to-
the-mixture products were also observed that had low nC and
high C∗. The majority of these products exhibited relatively
lower nC and O : C compared to the products identified in
the o-cresol system, which likely supports the increase in
the more volatile fraction of the mixture. These suggest, if
anything, that the potential molecular interactions of the ox-
idized products in the gaseous or particulate phase in this
system can increase the volatility of the mixture. Based on
our results, the most likely explanation is the formation of
unique-to-the-mixture products with different chemical char-
acteristics and higher volatility and the simultaneous scav-
enging of o-cresol products with lower volatility (Figs. 4 and
S2).

4.2 Influence of isoprene in ternary mixtures

To assess the influence of the effectively zero-yield isoprene
on the SOA particle volatility of the α-pinene/o-cresol mix-
ture, both precursors with appreciable particle yields, the
mass fractions of the SOA particles that correspond to each
precursor were estimated. Such estimations were achieved
assuming additivity based on the corresponding reacted VOC
concentrations measured in the mixed system and the yields
measured in the single-precursor experiments. Here, the high
SOA particle yields of α-pinene (Table 1) resulted in a high
predicted mass fraction of the corresponding products in the
SOA particles formed in the ternary system (∼ 73± 0.2 %),
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like in the α-pinene/o-cresol system (69± 3 %; see Fig. S6).
These fractions were then used as weighting factors for the
volatility distributions obtained in the single-precursor exper-
iments in order to estimate the expected volatility distribu-
tions of the mixtures based on the additivity. Here, the volatil-
ity distributions of the α-pinene at one-third initial reactivity
and the o-cresol at half reactivity were used to make such
predictions.

The high SOA particle volatility observed in the α-pinene
single-precursor system from both techniques contributed
substantially to the predicted volatilities in these systems that
were generally higher than those measured (Figs. 1, 3 and
S6). In the ternary mixture, the predicted volatility distribu-
tions from both techniques showed highest contributions at
C∗ = 10 µg m−3. The measured SVOC fraction was found
to be slightly lower compared to that predicted both in the
FIGAERO-CIMS (86 versus 92 % of the total signal) and the
TD measurements (71 versus 77 % of the total mass), with
a corresponding increase in the LVOC fraction. Therefore,
this suggests that the addition of isoprene has the potential to
reduce the volatility of this mixture.

In more detail, the TD measurements showed that the
ternary system had a similar SOA particle volatility to the α-
pinene/o-cresol system (Fig. S5), yet with somewhat higher
mass contributions in the C∗ ≤ 1 µg m−3 region (55 versus
49 % of the total mass, respectively; Figs. 3 and S6). Sim-
ilar trends are observed in the FIGAERO-CIMS measure-
ments, where considerably higher signal contributions in the
C∗ ≤ 10 µg m−3 region were observed in the ternary system
compared to the α-pinene/o-cresol (55 versus 30 % of the to-
tal signal, respectively; Figs. 3 and S6). This suggests that
the addition of isoprene in this system can affect the volatil-
ity of the SOA particles. Similarly to the other mixed sys-
tems, the Ctot in the ternary mixture was lower than that
measured in the α-pinene/o-cresol system, roughly by a fac-
tor of 2.5 (Fig. S4). The adjusted volatility distributions of
the α-pinene/o-cresol system to the Ctot levels of the ternary
system from either method were almost identical to those
measured (≤ 3 % of the total mass/signal; Figs. S6 and S7).
This demonstrates that any differences in the partitioning
behaviour of the species due to the different Ctot levels in
the experiments conducted in these systems had a relatively
small effect on the measured particle volatility distributions
that are expressed in logarithmic scale. Consequently, the ad-
dition of isoprene in the α-pinene/o-cresol system can further
reduce the volatility of the system (see Fig. S6).

An alternative approach to assess the additivity in this
complex system is to predict the SOA particle volatility
based on those measured in a single system and a bi-
nary system, for example based on the o-cresol and α-
pinene/isoprene systems. In this case, the weights (or pre-
dicted mass fractions) can be calculated based on the VOC
decay measured in the ternary system and the SOA parti-
cle yields of the o-cresol and α-pinene/isoprene systems.
This can be done for all possible pairs of single and bi-

nary systems, i.e. o-cresol+ (α-pinene/isoprene), α-pinene
+ (o-cresol/isoprene), and isoprene+ (α-pinene/o-cresol),
and such predictions are shown in Fig. S8 from both tech-
niques against the measured values. The measured volatil-
ity distributions are lower compared to those predicted in
all cases and for both techniques, further confirming that
the chemical interactions occurring in this system will lower
the resultant SOA particle volatility. Clearly, however, the
degree of the discrepancy between the measured and pre-
dicted volatility distributions is dependent on the calculation
method, e.g. higher deviation in the isoprene+ (α-pinene/o-
cresol) than in the α-pinene+ (o-cresol/isoprene). This il-
lustrates that the volatility prediction in mixed systems (and
perhaps similarly, the SOA particle yield predictions) is not
straightforward and likely, will be unable to capture the com-
plex interactions of the mixed systems. This should probably
be expected considering that the NOx trends and the produc-
tion of O3 at similar initial VOC /NOx can substantially vary
between single-precursor or mixture experiments (Voliotis et
al., 2022), suggesting that the chemical regime of the exper-
iments is system-dependent. Further, the differential reactiv-
ity of the oxidized products towards the OH and O3 along
with radical cross-reactions that evidently lead to the forma-
tion of unique-to-the-mixture products will ensure deviation
from the additivity to an unknown extent.

The chemical composition of the SOA formed in the
ternary mixture was highly complex. The oxidation prod-
ucts of α-pinene and o-cresol contributed to the SOA par-
ticles considerably, but nearly half of the FIGAERO-CIMS
particle-phase signal was attributed to unique products found
in the binary and/or ternary mixtures (Fig. 3). The elemental
compositions of all the unique products spanned a wide range
in the O : C, H : C, nC, and nO space, making the compari-
son between the systems challenging (Fig. 5). Overall, the
largest fraction, the unique-to-the-mixture products (about
80 %), appeared to have volatilities in the C∗ = 1–10 µg m−3

range, suggesting that they were semi-volatile. It is unclear to
what extent the identified unique-to-the-mixture products are
due to changes in the oxidation pathways of each precursor
involved due to the mixing or as radical cross-reaction prod-
ucts or a combination of both. Mechanistic studies and/or an-
alytical studies that can provide molecular structure informa-
tion might help identify the characteristics of those products
and their formation pathways.

Previously, we have shown that the unique products of the
α-pinene/o-cresol system have, on average, higher molecu-
lar weight, average carbon oxidation state, oxygen content
and consequently lower volatility than the products of either
precursor (Voliotis et al., 2021). The simultaneous scaveng-
ing of higher molecular weight and lower-volatility α-pinene
products in that system resulted in a volatility distribution
in between those measured in the single-precursor systems.
Here, we quantify that the molecular interactions of the prod-
ucts may lower the overall volatility of the α-pinene/o-cresol
system by ∼ 6 %–11 % (see Fig. S6). Expanding this to the
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ternary system with the addition of isoprene, we also find
that the molecular interactions still lead to the formation of
lower-volatility SOA particles than that predicted based on
the additivity, despite the interactions from the mixing of o-
cresol and isoprene likely leading to higher-volatility SOA
(Fig. 3).

The results shown above suggest that predicting the SOA
particle volatility based on the additivity cannot always rep-
resent all the mixtures of anthropogenic and biogenic precur-
sors. The molecular interactions that may occur between the
oxidized products in mixtures have therefore the potential to
alter the SOA composition and volatility. Clearly, mechanis-
tic studies are needed to unravel the nature of those interac-
tions and may help to develop advanced frameworks that can
capture their trajectories.

4.3 Atmospheric implications

The atmospheric environment is a complex mixture of thou-
sands of anthropogenic and biogenic VOCs, IVOCs, and
SVOCs reacting simultaneously. To date, the prediction of
the SOA mass loadings in chemical transport models has
been carried out assuming that the SOA particle yields of
one precursor for a given SOA concentration and VOC /NOx
ratio are not affected by the presence of the other organic
vapours (Tsimpidi et al., 2018). The results of this study
show that, upon mixing anthropogenic and biogenic precur-
sors, the underlying molecular interactions have the potential
to alter the SOA composition and volatility. The effect is less
pronounced in the biogenic–biogenic mixtures investigated
but can be noteworthy in anthropogenic–biogenic mixtures.
Previous ambient observations showed increased SOA par-
ticle contributions when anthropogenic and biogenic emis-
sions were mixed (Hoyle et al., 2011; Shilling et al., 2013;
Shrivastava et al., 2019). Our results show that the unique-
to-the-mixture products of the anthropogenic–biogenic mix-
tures may have either higher (i.e. o-cresol/isoprene) or lower
volatility (i.e. α-pinene/o-cresol) than those observed in the
respective single-precursor experiments. However, in more
complex mixtures (i.e. α-pinene/o-cresol/isoprene) the for-
mation of lower-volatility products likely outweighs the for-
mation of products with higher volatility. Consequently, it
may partly explain the increased SOA particle loadings when
biogenic and anthropogenic emissions are mixed.

It should however be noted that the experiments conducted
in this study were performed in a batch reactor using high
concentrations of VOC precursors, in order to form adequate
amounts of SOA particles. At the same time, the concen-
trations of the oxidants in our systems were at atmospher-
ically relevant levels. This resulted in appreciable amounts
of VOC(s) remaining at the end of each experiment (see
Fig. 2 in Voliotis et al., 2022). In turn, this might suggest
a continuous formation of earlier-generation products during
our experiments that might contributed to the relatively high
volatility observed.

Furthermore, the high initial VOC concentrations used in
our systems are expected to promote the RO2–RO2 cross-
reactions and suppress the RO2–HO2 reactions (Peng and
Jimenez, 2020; Schervish and Donahue, 2020), which are
thought to be the main radical termination pathway in the
atmosphere (Tan et al., 2018), in addition to RO2+NO on
certain occasions (Orlando and Tyndall, 2012). Therefore,
the increased fraction of unique-to-the-mixture products ob-
served in this study might be associated with the specific ox-
idative conditions defined by our experimental set-up. Con-
sidering that the unique-to-the-mixture products were found
to decrease the SOA particle volatility in the α-pinene/o-
cresol and in the ternary systems, while they increased the
volatility in the o-cresol/isoprene system, it could be hypoth-
esized that, in low-RO2 : HO2 conditions (i.e. RO2 : HO2 <

1), the effect could be suppressed to an unknown extent.
Although we are unable to quantify the mass fractions of
the unique products due to analytical limitations, our results
might still represent certain atmospheric conditions. Such an
example might be clean environments where the RO2 : HO2
has been found to be high (RO2 : HO2 > 1; Stevens et al.,
1997; Carslaw et al., 2002). Nonetheless, our scope here is
not to provide volatility distributions that can be extrapolated
globally but to demonstrate that the molecular interactions
have the potential to alter the SOA particle composition and
volatility, with consequent implications for the air quality and
climate predictions.

5 Conclusions

In this study, we extended our previous work on mix-
tures of α-pinene and o-cresol with the addition of a
low-yield precursor, isoprene, and we investigated the
SOA particle volatility in binary mixtures of biogenic–
biogenic (α-pinene/isoprene) and anthropogenic–biogenic
(o-cresol/isoprene) precursors in a batch reactor. We further
moved beyond the binary mixtures by combining the above
precursors simultaneously in ternary mixtures (α-pinene/o-
cresol/isoprene).

The α-pinene/isoprene system had a comparable volatility
distribution to that measured in the α-pinene single-precursor
experiments that resulted to similar volatility predictions as-
suming additivity. Therefore, the SOA volatility from the ox-
idation of α-pinene was not influenced by the addition of iso-
prene. Nonetheless, there were evident changes in the SOA
chemical composition with the suppression in the formation
of some of the α-pinene products and the formation of prod-
ucts that were uniquely observed in the mixture. The unique
products had a similar volatility distribution to the compo-
nents of the α-pinene SOA system thus potentially explain-
ing the small effect of their formation on the overall SOA
volatility formed in the binary system.

In contrast, the addition of isoprene to o-cresol reacting
system resulted in the increase in the contribution of higher-
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volatility components to the SOA particles. In particular, the
measured volatility was higher than the one predicted by up
to ∼ 5 %–15 % of the total mass/signal. The unique-to-the-
mixture products contributed significantly to the total signal
and a significant fraction of which had lower number of car-
bon and oxygen atoms and higher H : C compared the prod-
ucts identified in the o-cresol experiments, supporting the ob-
served higher volatility.

The measured SOA particle volatility of the ternary system
was lower than that predicted by∼ 6 % of the total mass/sig-
nal, demonstrating that the molecular interactions from the
addition of isoprene in the α-pinene/o-cresol reacting system
can reduce the overall volatility. The SOA chemical com-
position of that mixture was diverse, with contributions of
products from all the VOCs involved, unique products of all
the binary systems, as well as unique products of the ternary
mixture, making the comparison between systems challeng-
ing.

The results described in this study suggest that the changes
in the products formed when mixing anthropogenic and bio-
genic precursors might result in a net decrease or increase
in the overall SOA volatility that is system-dependent. On
the other hand, the similarity in the predicted and measured
volatility distributions in the mixed biogenic system (i.e.
α-pinene/isoprene) shows that the changes in the products
formed have a modest influence on the SOA volatility. There-
fore, the molecular interactions that result from the mixing
of anthropogenic and biogenic precursors can have a varying
effect on the SOA volatility distribution of the systems and
are not negligible. Clearly, the individual precursors involved
and thereby the resultant oxidation products determine the
magnitudes of those interactions as well as the characteristics
of the unique products formed, in turn affecting the volatil-
ity distribution of the SOA particles. The attribution of these
changes to specific processes remains unknown and high-
lights the need for mechanistic studies. The results presented
here capture only certain atmospheric conditions, and there-
fore the investigated chemical regimes, oxidants, and VOCs
should be extended.
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