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ABSTRACT: Secondary organic aerosol (SOA), a major
component of submicrometer particles, is critical to the climate
and human health. SOA can form through nucleation of low-
volatility organic compounds, following atmospheric oxidation, or
by condensing these vapors onto existing particles. In either of
these cases, the formation of SOA particles could be affected by
atmospheric conditions (e.g., relative humidity (RH)) and particle
liquid water content. This study examines the effects of RH on the
formation and composition of SOA from dark α-pinene (C10H16)
ozonolysis, as a canonical system, with or without ammonium
sulfate (AS, (NH4)2SO4) seed particles across varying RH levels.
Using online extractive electrospray ionization mass spectrometry,
we identified monomers (C7−10) and dimers (C15−20) in the SOA
with high chemical and temporal resolution. In both cases, high RH (>90%) promotes dimer formation in the particle phase, while
they appear at the beginning of the experiment when (NH4)2SO4 seeds are present. The prompt increase in dimers in high RH seed
containing experiments (60−65% dimers), which are absent at low RH (10%), suggests that intraparticle reactions are responsible
for the dimer formation.
KEYWORDS: Terpene oxidation, α-pinene, dimers, autoxidation, peroxides, SOA formation, particle phase reactions, chamber studies

■ INTRODUCTION
Aerosols are harmful to human health1,2 and impact the
climate.3 Submicron aerosols mainly consist of organic
molecules and inorganic ions such as ammonium nitrate
(NH4NO3) and ammonium sulfate ((NH4)2SO4). Inorganic
aerosols typically form through the oxidation of sulfur dioxide
(SO2) and nitrogen oxides (NOx), resulting in sulfuric
(H2SO4) and nitric (HNO3) acids that can form new particles
or condense onto existing aerosols. Organic aerosols may be
directly emitted from incomplete combustion or generated
within the atmosphere through oxidation of biogenic and
anthropogenic volatile organic compounds (VOCs), forming
secondary organic aerosol (SOA). SOA, which constitutes a
significant portion (20−90%) of global atmospheric aerosols
by mass,4 often originates from the oxidation of biogenic
VOCs (BVOCs) emitted by vegetation.

Monoterpenes (C10H16) are an important class of BVOCs,
of which α-pinene is thought to have the largest contribution
to SOA formation.5 α-Pinene, specifically, represents a major
source of SOA even in isoprene rich areas.6,7 α-Pinene is
rapidly oxidized by ozone (O3), hydroxy radicals (OH), or

nitrate radicals (NO3) to form peroxy radicals (RO2). RO2
radicals can undergo autoxidation, which involves sequential
intramolecular hydrogen transfers and molecular oxygen
additions, resulting in highly oxygenated radicals.8,9 The
process ends with bimolecular reactions that generate oxy-
genated organic molecules (OOMs), including monomers or
covalently bound low, extra-low, and ultralow volatility dimers
(ROOR′).10 Autoxidation and dimerization are key for new
particle formation, and their importance for SOA mass needs
to be determined.

Beyond gas-phase formation, prior research has observed
that OOMs and dimers also evolve in the particle phase. For
example, using extractive electrospray ionization time-of-flight
mass spectrometry (EESI-TOF), Pospisilova et al.11 demon-
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strated that condensed-phase reactions rapidly alter the
composition of OOMs. Kenseth et al.12 further confirmed
particle-phase dimer formation using synthesized standards.
However, the relative contributions of gas-phase versus
particle-phase processes to the formation of the OOMs and
dimers remain unclear.

Furthermore, biogenic SOA frequently interacts with pre-
existing particles, mixing with inorganic aerosols, which can
influence SOA composition and physical properties.13,14

Inorganic salts that are often present in seed particles, such
as sulfate (SO4

2−) and nitrate (NO3
−), contribute to the

particle composition in several ways. First, they increase liquid
water content due to their higher hygroscopic growth factors
(>1.5 at 84% relative humidity (RH))15 compared to SOA
(∼1.1 at 84% RH).15 Second, inorganics may react with
condensed-phase organics to form, e.g., organosulfates.16−18

Additionally, inorganics affect aerosol pH, which can promote
dimer formation and other reactions under acidic condi-
tions.19,20 In laboratory settings, inorganic seed particles
increase available surface area, competing with chamber walls
for condensable vapors.21,22

Surdu et al.23 recently showed that water taken up into the
particles at elevated RH acts as a plasticizer, reducing viscosity
and increasing molecular diffusivity in the particle phase,
thereby promoting SOA formation. These findings underscore
the importance of understanding how both inorganic seeds and
water impact SOA composition and reactivity. Despite the
prevalence of water in the troposphere and its significant role
in SOA formation, only very few chamber experiments have
been conducted at high humidity (>75% RH).24 Some studies
include the work by Qin et al.25 who reported no dependence
of chemical composition of α-pinene SOA on RH. Their study
employed an aerosol mass spectrometer (AMS) used for the
chemical speciation of the particle phase, a technique based on
a hard ionization method. As a result, molecular formulas could
not be directly determined. Instead, particles were classified
into broad categories (CxHy, CxHyO, and CxHyOz) which,
together with O:C and H:C ratios, were used to infer
compositional changes. While informative, this approach
limited detailed insights into chemical processes. Zhang et
al.26 reported a series of experiments where unsubstituted and
deuterated α-pinene were oxidized at 40% RH using an
oxidation flow reactor. While this study provided valuable
insight into intramolecular hydrogen shift as a driver of OOM
formation, no comparison between different humidities was
made. Zhang et al.27 carried out α-pinene ozonolysis in a
chamber, sampled the SOA using a PILS system and, using
LCMS, reported temporal profiles of SOA components. They
showed a slight increase in SOA yield with rising RH, and they
further identified prompt formation of SOA dimers, which they
attributed to particle phase reactions. Though none of these
studies included inorganic seed particles, which can signifi-
cantly modulate aerosol liquid water content. Recently, Luo at
al.28 compared the absence and presence of ammonium sulfate
(AS, (NH4)2SO4) seed particles and the relative humidity on
the α-pinene ozonolysis system in a series of flow tube
experiments utilizing EESI-TOF, allowing for chemical
speciation. They found that, in the presence of AS seeds, RH
has no significant impact on SOA chemical composition, while
in the absence of AS seeds, increasing RH leads to a larger
fraction of monomers (C4−10) versus dimers (C16−20).
However, their analysis is limited to the first 15 min after
the VOC injection. While these studies provide some insight

into the complex interplay between RH, inorganic seed
particles, and α-pinene ozonolysis, their detailed investigation
is still lacking. Therefore, further studies are required to
elucidate these effects, since they can have profound impacts
on SOA composition, as we will demonstrate here.

In this study, we investigate the interplay among RH,
inorganic seed, and SOA chemical composition. The evolution
of the chemical composition of SOA under different conditions
(RH and inorganic seeds) provides insight into the impact of
intraparticle reactions during the formation and aging of α-
pinene SOA. An electrospray ionization time-of-flight mass
spectrometer (EESI-ToF)29,30 was used for the high temporal
and molecular-level identification of condensed phase
oxidation products, including monomers (C7−10) and dimers
(C15−20). We show that both RH and seed particles affect the
ratio of monomers to dimers formed. Increased RH generally
promotes dimer formation, whereas ammonium sulfate seed
particles compete with the walls for condensable organic
vapors and influence condensed-phase reaction time scales,
promoting faster appearance of dimers in the particle phase.
Furthermore, we explore these differences to hypothesize
about the formation pathway of the dimers (e.g., gas phase vs
condensed phase).

■ MATERIALS AND METHODS
SOA Formation and Aging Experiments. Experiments

were carried out in an ∼9 m3 atmospheric simulation chamber,
consisting of a fluorinated ethylene propylene bag housed in an
enclosure that was temperature-controlled to 18 ± 0.5 °C for
all experiments described herein.31,32 Prior to each experiment,
the chamber was flushed with dry, VOC, and NOx free air at
50 L min−1 from a zero-air generator (737−250 series;
AADCO Instruments, Inc., USA). This resulted in aerosol
number concentrations below 10 particles cm−3, as verified
using a scanning mobility particle sizer (SMPS, consisting of a
model 3081 differential mobility analyzer and a model 3775
condensation particle counter; TSI, Inc., USA). The chamber
was then filled with either dry or humidified air to achieve
either low or high RH conditions. Humidified air was
generated by passing 20−30 L min−1 zero air through a 2 L
round-bottom flask containing 18.2 MΩ·cm Milli-Q water
(MilliporeSigma, Germany), while chamber RH was moni-
tored using a humidity sensor (HMP 110, Vaisala, Finland).
For low RH experiments, the chamber was kept below 10%
RH. For high RH experiments, the chamber was set between
90% and 95% RH, which ensured that the aerosol remained
deliquesced throughout the experiment.

At both low RH and high RH conditions, experiments were
performed where SOA was formed and aged in both the
presence and absence of AS seed particles. A detailed
description of the seed experiments can be found in Garner
et al.33 Briefly, at the beginning of the seed experiments,
polydisperse seed particles were directly nebulized into the
chamber from an aqueous solution containing 1 ppm of AS
(Sigma-Aldrich, purity > 99.5%) in 18.2 MΩ cm Milli-Q water,
using a home-built nebulizer. Seed particles were added until a
dry mass concentration of ∼130 μg m−3 was reached, as
continuously measured by SMPS, assuming a density of 1.77 g
cm−3. For further analysis of the SOA, a density of 1.2 g cm−3

was used.34 O3 was generated and added to the chamber by
passing dry air through a UV lamp (UVC, 254 nm) and
continuously measured by an O3 monitor (TEI 49C, Thermo
Environmental Instruments, USA). For the nonseeded experi-
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ments, this step occurred immediately after the desired RH was
reached in the chamber. Using a syringe, 3.2 μL of α-pinene
(TCI, purity >97.0%), corresponding to a mixing ratio of ∼50
ppb, was then injected through a heated septum (80 °C),
where it evaporated immediately and was flushed (60 L min−1)
into the chamber by clean air from the zero-air generator. The
mixing ratio of O3 and α-pinene was kept constant for both
seeded and nonseeded experiments. The experimental
conditions chosen avoided new particle formation during the
seeded experiments.

No OH scavenger was used in the experiments presented in
this work, since adding an OH scavenger does not decouple
the OH and O3 chemistry in a straightforward way.35 Figure S4
in the Supporting Information shows a modeled comparison of
the reactivity of both OH and O3 toward α-pinene, showing
that O3 accounts for ∼80% of the α-pinene reactivity, making
us confident that the results reported are representative for α-
pinene ozonolysis.

Aerosol Measurements. Throughout the experiments, the
particle number size distribution was continuously monitored
using a SMPS. The SMPS was equipped with a Nafion dryer
upstream of its inlet, such that the reported aerosol mass
corresponds to dried particles. The SOA chemical composition
was measured with an online extractive electrospray ionization
time-of-flight mass spectrometer (EESI-ToF; Tofwerk, Swit-
zerland).29,30 The EESI-TOF consists of a home-built EESI
inlet29 coupled to an atmospheric pressure interface time-of-
flight mass spectrometer (API-TOF; Tofwerk, Switzerland),
which has a resolution of ∼5000 ΔM/M. Aerosol was
continuously sampled from the chamber at a flow rate of
∼0.8 L min−1. The flow was sampled into a plume of charged
droplets, generated by the electrospray probe from a 100 ppm
solution of NaI in 18.2 MΩ cm of Milli-Q water. Positive ion
mass spectra were recorded at 1 Hz, and all ions were detected
as adducts with Na+. Spray stability was ensured by observing
the reagent ion Na2I+ at 172.88 m/z prior to α-pinene
injection. The electrospray was operated at 2850 or 2900 V,
and the voltage was kept constant throughout the entire
experiment.

Analysis of EESI-ToF data were performed using Tofware
version 3.2.5 (Tofwerk, Switzerland). 1 Hz data were averaged
to 10 s before high-resolution peak fitting was performed for
the m/z range of 95 to 535. Fitted peaks were assigned to
molecular formulas with carbon number ranging from C2 to
C20. The 5 min sample intervals were alternated with 90 s
background intervals by sampling chamber air through a high
efficiency particulate air (HEPA) filter to remove particles. For
both sample and background measurements, the airflow went
through a multichannel extruded carbon denuder (6 mm inner
diameter 5 cm long), which was baked every 2 weeks at 200 °C
while passing N2 through it. The denuder removed gaseous
species and ensured an ∼10 s response when shifting from the
sample to the background and back to the sample. Reported
signals were determined as the difference between the sample
and the average background signal immediately before and
after each measurement period. Data were then averaged over
the 6.5 min total sampling time (sample plus background),
resulting in one data point per sample interval. Additionally,
data were normalized to the primary ion, which was Na2I+ in
all our experiments. EESI-ToF signals are reported as a mass
flux of ions (in attogram per second; ag s−1) reaching the mass
spectrometer microchannel detector. To determine the ion

mass flux, φm, the measured EESI-ToF signal was converted as
follows:

M
N

EESI(Hz) 10
m

18

a
= · ·

(1)

where M is the molar weight of the ion and Na is Avogadro’s
number (6.022·1023 mol−1).

Modeling the Depletion of Gas Phase α-Pinene. The
depletion of gas-phase α-pinene was simulated using the F0AM
0D atmospheric box model.36 The model was run using a
subset of the Master Chemical Mechanism (MCM, version
3.3.1),37,38 which included 314 species and 942 reactions
pertinent to the α-pinene reactions. Initial conditions were set
to 50 ppb α-pinene and 300 ppb of O3, and model simulations
were run at both low (5%) and high (95%) RH to simulate the
depletion of α-pinene under the different experimental
conditions covered in this work.

■ RESULTS AND DISCUSSION
SOA Formation. Figure 1 shows the time series of the

average aerosol mass generated by dark ozonolysis of α-pinene

at low and high RH, in both the absence and presence of AS
seed particles. The reported SOA mass for the experiments in
the presence of AS seeds only includes the organic mass
fraction. It was determined by subtracting the inorganic seed
mass measured at the time of α-pinene injection from the total
particle mass as measured by SMPS. All experiments are
corrected for particle-phase wall losses, as described in the
Supporting Information (SI) Section S1.

In the absence of AS seeds, a 40 μg m−3 SOA mass rapidly
formed within 30 min of α-pinene injection under both low
and high RH conditions. For the remainder of the experiment,
the particulate mass remained effectively constant. In contrast,

Figure 1. Time series of average organic aerosol mass (μg m−3)
generated by dark ozonolysis of α-pinene at low and high RH in the
absence and presence of polydisperse ammonium sulfate seed
particles, as measured by SMPS. Uncertainties (±1 standard
deviation) are indicated by shaded regions.
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in the presence of AS seeds, a maximum of ∼80 μg m−3 was
formed at both low and high RH values within the first ∼60
min. In Table S2, we show the SOA yields for each
experimental condition. This illustrates that substantially
more SOA mass was formed in the presence of the AS
seeds. The enhanced SOA formation in the presence of seeds
is expected, given that seed particles provide a surface for the
gas-phase oxidation products to partition to, competing with
loss of vapors to the chamber walls.22 In seeded experiments
under high RH, the mass drops, indicating the potential
consumption of oxidation products with subsequent evapo-
ration.

Chemical Composition of SOA Formed in the
Absence and Presence of AS Seed Particles. Figure 2

shows a correlation matrix of EESI-ToF mass spectra recorded
after 1 h of SOA formation, corresponding to the moment at
which the maximum mass was reached in the seeded
experiments. Details about its construction are given in Section
S2 in the Supporting Information. The matrix highlights
strong, positive correlations with R > 0.9 between repeat
experiments under identical conditions, demonstrating high
experimental reproducibility. In contrast, experiments under
different conditions show more variability, particularly between
low and high RH, where R drops to 0.7, highlighting that RH
modulates the SOA molecular composition.

Figure 3 summarizes the chemical composition of the SOA
mass spectra along with the key monomer (C7−10HxOy) and
dimer (C15−20HxOy) species. Under all conditions, the
dominant compounds were C9H14O4−6 and C10H16O4−6
monomers The appearance of C10H16O4−6 is expected since
α-pinene’s molecular formula is C10H16, while C9H14O4−6
molecules were previously reported.27,28 Nevertheless, in low
RH experiments, C10H16Ox molecules were the most abundant
carbon series, whereas in high RH experiments, C9H14Ox
molecules dominated. This was independent of the presence
or absence of seed particles, indicating that this shift in

composition toward C9H14Ox is driven by differences in
aerosol water content.

Without accounting for sensitivity differences between
monomers and dimers (likely underestimated here)39 under
low RH conditions and in the absence of seed particles (Figure
3A), in terms of mass weighted signal (ag s−1), approximately
60% of condensed-phase organic species are monomers and
40% are dimers. Among the dimers, contributions from C17,
C18, C19, and C20 were nearly equal (∼10%, respectively). In
comparison, in the presence of seed particles (Figure 3B),
about 71% of the organic species detected were monomers
(31% C7−9 and 40% C10), with a notable increase in C10
species at the expense of C15−18 compounds. This shift from
dimers to monomers may be attributed to enhanced
partitioning, as the increased aerosol surface area facilitates
the condensation of more volatile species. Figure S5 in the
Supporting Information illustrates the increase in surface area
due to increasing RH. As shown in Figure 1, the presence of
seed particles generates approximately 50% more particle mass,
explaining part of the shift in the monomer-to-dimer ratio (i.e.,
ΣC7−10HxOy/ΣC15−20HxOy).

Figure S2 further compares these two scenarios at earlier
stages (15 and 30 min) of particle formation, when wall loss
effects are greatest for low-volatility species. In the absence of
seed particles, the monomer-to-dimer ratio remains relatively
stable. However, with seeds present, the monomer fraction
rises significantly, from 52% at 15 min to 71% at 60 min,
coinciding with an increase in aerosol mass from ∼30 to 75 μg
m−3 (Figure 1). This shift reflects further partitioning of
volatile-gas-phase monomers as particle mass increases. In the
absence of seeds, these monomers are likely lost to the
chamber walls, reducing the availability for particle growth and
resulting in the observed lower monomer-to-dimer ratio.

Comparing the low RH no-seed condition (Figure 3A) to
the high RH no-seed condition (Figure 3C), we observed a
shift toward more monomers, primarily driven by an increase
in C7−9 monomers, particularly C9H14O4 and C9H14O5. There
is also a noticeable shift toward less oxygenated species, with a
marked reduction in O7+ species, consistent with the findings
of Surdu et al.23 Figure 3D shows the high RH condition with
seed particles. The trend toward a (relative) increase in C9
molecules remains consistent with that observed for the high
RH no-seed case (Figure 3C). Additionally, a significant
increase in dimers is observed, now constituting approximately
49% of the total signal.

The compositional changes going from low to high RH
conditions observed for both seeded and unseeded experi-
ments cannot be attributed solely to a reduced dynamic
viscosity of the SOA material and enhanced gas-to-particle
partitioning. Unlike the findings of Surdu et al.,23 where only
low-oxygen components increased in the particle phase, here,
we observed a clear shift from C10- to C9-dominated
composition with added water. This suggests that particle-
phase reactions involving fragmentation and dimer formation
are occurring within the aerosol. Of course dimer decom-
position could also result in formation of these species at high
RH, but the general increase in dimers when seeds are present
and the constant fraction of dimers when going from low to
high RH when no seeds are present suggest that if this is an
important pathway it must be equally compensated by another
dimer formation pathway. Decomposition and loss of highly
oxygenated molecules (HOMs) could be a source of OH
radicals, which would contribute to the observed fragmentation

Figure 2. Correlation matrix showing the Pearson correlation
coefficient between average mass spectra measured by the EESI-
ToF, calculated for all independent experiments (small squares) that
were performed under a given experimental condition. The different
experimental conditions investigated are indicated on the left and top
axes and include experiments without and with ammonium sulfate
(AS) seeds and low and high relative humidity (RH) conditions,
respectively.

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.5c00064
ACS EST Air 2025, 2, 1565−1574

1568

https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00064/suppl_file/ea5c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00064/suppl_file/ea5c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00064/suppl_file/ea5c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00064/suppl_file/ea5c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00064/suppl_file/ea5c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00064/suppl_file/ea5c00064_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00064?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00064?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00064?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00064?fig=fig2&ref=pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.5c00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(e.g., C10 to C8 and C9) and possibly enhanced dimer
formation.

Temporal Evolution of Monomer and Dimer Compo-
sition. In the next section, the time series showing the gas
phase consumption of α-pinene will be compared against the
time series of the different aerosol components to provide
insight into what drives the formation of various monomer and
dimer species. At present, because the relative importance of
condensed phase reactions cannot be quantified, we decided to
forego a discussion about the mechanistic impacts. Since we
only obtain molecular formula information from our EESI-MS
data, we are unable to elucidate the exact reaction pathways
that others have been able to show (e.g., Kenseth et al.12); this
would require information on the functionality and structure of
our condensed phase species. This makes us reluctant to over
interpret our results in this paper. Additionally, this level of
analysis is not unlike other recent literature for aerosol phase
reactions, e.g., Zhao et al.40 We are currently working on using
thermal desorption (TD) EESI to study monomers and dimers
more quantitatively39 and plan to study these reaction
pathways in more detail in the future.

In Figure 4, we show the relative monomer (C7−9 and C10)
and dimer (C15−18 and C19−20) time series for selected
experiments. Additionally, we show the corresponding time
series on an absolute scale in Figure 5, in addition to the
consumption of α-pinene in the gas phase modeled by F0AM.

For the two low-RH conditions (Figure 5A,B), monomer
trends generally follow the consumption of α-pinene, while the
dimer region shows notable differences. In the no-seed
experiment, there is a steady increase in the C15−18 fraction
(light green), which is absent in the seeded experiment. Figure
4A,B highlights the overall higher monomer fraction in the
seeded experiment, likely due to increased monomer
partitioning as discussed above. In the no-seed low RH
experiment, the absolute dimer signal steadily increases (Figure
5A), but the dimer fraction only rises slightly from 40% to 45%
(Figure 4A), driven exclusively by the C15−18 compounds. This
suggests that continued dimer formation involves particle-
phase reactions, where C17−18 likely forms from C10 + C8−7 or
C9 + C8−9 precursors, while C15−16 forms from fragmentation
of C17−18 compounds.

Figures 4C and 5C show the time series for high RH
conditions without seed particles present, and the temporal
evolution of both monomer classes depicted follows the
depletion of α-pinene vapors. In contrast, the formation of
dimers (both C15−18 and C19,20) initially proceeds more slowly
than the depletion of gas phase α-pinene. However, at longer
aging times, the dimer formation is observed to continue after
the plateau of the monomers. In Figure 4C, the fraction of
dimers slowly increases from 40% to 50% at the end of the
experiment. Since steady formation well after the consumption
of α-pinene is observed, processes other than gas-phase

Figure 3. Bar graphs of key monomers and dimers 1 h after the start of SOA formation under the different experimental conditions: (A) low RH,
no AS seed particles; (B) low RH, AS seed particles; (C) high RH, no seed particles; (D) high RH, AS seed particles. The pie charts show the
relative contributions of the representative monomers and dimers.
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reactions, i.e., formation due to intraparticle reactions (e.g.,
fragmentation or dimer formation), must be responsible.

Figures 4D and 5D show the time series for the high RH
seeded experimental conditions, reiterating the initially much
larger prevalence of dimers already seen, which in Figure 3D
showed a much larger prevalence of dimers. The monomer
evolution is qualitatively similar to the time series shown in
Figure 5C (high RH, no seeds) and in agreement with Figure
3C,D. However, Figures 4 and 5D show that the C19−20 dimers
are promptly observed upon oxidation and then decay
throughout the experiment. The strong initial dimer formation
is not observed in the dry seed case, suggesting that a fraction
of these dimers is likely formed promptly in the particle phase.
The prompt decay of C19−20 dimers in comparison to all other
experiments suggests that seed particles (and potentially their
high liquid water content) facilitate the reactions of these
dimers. The C15−18 dimers increase steadily at a rate similar to
that of the gas phase α-pinene consumption, though the
correlation between C15−18 dimers and the α-pinene
consumption could be misleading, as the (promptly) formed
C19−20 dimers could fragment to form C15−18 products. Overall,
the dimers begin by making up 70% of the SOA composition
in 15 min, which changes to 40% in 2 h (Figure 4D). The
decrease in the dimer fraction coincides with the increase in
the concentration of C9 compounds, probably resulting from
fragmentation.

The difference in the dynamics of the dimers between the
two seed experiments indicates that the presence of water plays
a significant role in the formation and evolution of dimers. This
should be reflected in changes in the volatility distribution,
meaning that at high RH (with a large fraction of dimers) the
volatility of the SOA should be substantially lower than under
low RH conditions (dominated by monomers). Similarly,
aging will also decrease the volatility of the particle-phase
compounds through steady reactions taking place within the
aerosol phase, but this is expected only to occur to a significant
degree within SOA at high RH. This hypothesis was confirmed
in volatility measurements of α-pinene SOA (without seeds)
fresh and after 1 day of aging.41 In these experiments, the
volume fraction remaining after 24 h of evaporation, which
comes from nonvolatile material (e.g., dimers and higher order
oligomers), increased more when aged at 90% RH (from
∼18% to 60%) in comparison to the limited changes observed
within the α-pinene SOA aged at 0% RH (from ∼30% to
40%). Overall, this indicates that the liquid water content plays
an important role in the formation of dimers (or oligomers)
and their dynamics within the aerosol phase.

Luo et al.28 employed EESI-ToF to study α-pinene SOA
formed under low and high RH and in both the presence and
absence of AS seed particles, analogous to our present study.
Unlike our study, they found no strong dependence on RH for
SOA formed in the presence of AS seed particles. It should be

Figure 4. Monomer (brown shades) and dimer (green shades) fraction time series under the different experimental conditions: (A) low RH, no
seed particles; (B) low RH, AS seed particles; (C) high RH, no seed particles; (D) high RH, AS seed particles. Time 00:00 corresponds to α-pinene
injection.
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noted, however, that they carried out their experiments in a
flow tube with a residence time of 15 min and that they report
EESI results for only the first 15 min after VOC injection. As is
evident from Figures 4 and 5B,D, the first 15 min after VOC
injection exhibit considerable variability. Moreover, it takes
about 1 h for the changes in the monomers and dimers to
become apparent. These results further underline the need for
online instruments with both high temporal and chemical
resolution when studying the α-pinene ozonolysis system such
as the EESI-TOF used in the present study.

Atmospheric Implications. Overall, our results demon-
strate that both the presence of water and AS seed particles can
considerably influence the composition and evolution of α-
pinene SOA on a molecular level. Although exact changes in
molecular structure and functionality cannot be determined
here, we demonstrate that there are indeed changes to the
molecular formula of the species observed within α-pinene
SOA, indicating that condensed-phase chemistry takes place.
Specifically, the formation and evolution of large molecular
weight dimers (C15−20) are particularly sensitive to the
presence of water and seeds, with high RH conditions
promoting their formation either during the initial formation
(in the presence of seeds) or steadily over time (without
seeds). The dynamics of dimer formation are particularly of
interest because they represent species that will not readily

undergo partitioning from the particle phase back to the gas
phase. Thus, dimer species are more likely to undergo long-
range transport within aerosols. Furthermore, they can act as
an organic phase to promote partitioning of semivolatile
organics and contribute to the total particulate aerosol mass,
with implications for air quality and climate.

In addition to changes in the chemical composition of
particles, the dynamics associated with dimer formation likely
impact microphysical aerosol properties, e.g., viscosity and
phase state.42 As such, the stark differences in SOA
composition observed here warrant further investigations into
the role of both water content and inorganic seed composition
to determine if these specific observations are consistent across
many different types of SOA or if they are specifically of
interest in α-pinene SOA.

This study provides critical insight into SOA formation in
the atmosphere by purely changing 2 common parameters
(humidity and inorganic seed particles). The stark differences
in the chemical composition of SOA observed here underscore
the need to better understand the dynamics of SOA
composition with relevant atmospheric water content and
pre-existing seed particles. Moving toward more quantitative
results would afford a better picture of the importance of
aerosol condensed (or particle) phase reactions. Though as a
first step, reducing uncertainties in SOA formation and

Figure 5. Particle phase time series for monomers (brown shades) and dimers (green shades) for selected experiments under the different
experimental conditions: (A) low RH, no seed particles; (B) low RH, AS seed particles; (C) high RH, no seed particles; (D) high RH, AS seed
particles. Time 00:00 corresponds to α-pinene injection. The consumption of gas phase α-pinene, as modeled by F0AM 0D, is shown as a dotted
line.
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evolution requires an understanding of the processes occurring
when forming on pre-existing particles under a variety of
humidities, which extends beyond the range of conditions
explored in most atmospheric simulation chamber experiments
to date.24
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