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A Multi-layered Problem
Hyun Gu Kang

To welcome gases, the bulk must flow,
but more oxygen makes tangles grow.
And how to make model aerosols shrink?
We achieve with many layers inter-linked.

While we seek what aerosols hide underneath,
we find intertwined fates go beyond skin-deep.
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Abstract

Atmospheric aerosols drive air quality and act as nuclei onto which cloud droplets
form. Thus, aerosols also impact climate by regulating the reflective and scattering
properties of clouds, and a large fraction of atmospheric aerosol consist of secondary
organic aerosol (SOA). SOA are formed by secondary processes in the atmosphere,
primarily via the oxidation of volatile organic compounds (VOC) and the condensation
of the resulting oxygenated organic molecules (OOM). This gas-particle partitioning
describes the exchange of molecules between the gas and particle phases to reach
equilibrium based on the vapor pressures of the molecules. A large variety of VOC are
present in the atmosphere, and the chemical diversity of their oxidation products is
high. Laboratory studies often categorize OOM by their vapor pressures and report the
SOA mass yields (Ys0a) for VOC common in the atmosphere, such as monoterpenes,
which is a class of biogenic compounds. The Yspa are reported for individual VOC, and
models that estimate atmospheric SOA formation often presume that the Ysoa from
different VOC are linearly additive and that gas-particle partitioning is rapid.

However, experiments have found that gas-particle partitioning can be kinetically-
limited when the particles are viscous, which alters the particle composition and growth.
Furthermore, OOM react with each other to form accretion products, and the OOM of
different VOC cross-react such that Ysoa is not linearly additive. There are also emerging
organic pollutants, like decamethylcyclopentasiloxane (Ds), whose SOA formation are
not as well-studied. In this thesis, I used the kinetic multilayer model of multiphase
chemistry (KM3C) to study the effects that particle phase state has on the multiphase
chemistry of SOA. I also addressed how the presence of multiple organic precursors
affects SOA formation and the potential of D5 to form SOA in the atmosphere. Key
findings of this thesis include:

1. The immediate oxidation products of D5 are volatile and need to undergo fur-
ther oxidation to form secondary organosiloxane aerosol (SOSiA). D5 is an
emergent pollutant and is commonly emitted from household chemicals. How-
ever, the experimental SOSiA mass yields (Ysosia) are inconsistent, with some
studies reporting negligible SOSiA formation, while others find much higher
values. To reconcile these Y5osia, we oxidized D5 with OH under different OH
exposures (OHexp) in a flow reactor. We also developed a chemical mechanism
for a simple chemical kinetic box model that includes multigenerational chemical
aging reactions, which progressively reduce volatility with increasing oxidation.
We explained the divergent Ysosia between different experiments as a result of
the different OHexp, conditions, where higher OHexp results in higher formation of
low-volatile products and thus higher Ysog;a.

2. SOA phase state and multiprecursor effects need to be accounted for to accu-
rately describe SOA formation and evolution. Monoterpene + NO; chamber

ix



experiments have found that SOA would not quickly evaporate with increasing
temperatures and that the Yspp were not linearly additive when two different
monoterpenes are oxidized together. We introduced an empirical relationship
between SOA volatility and particle-phase bulk diffusion, and KM3C explained
the slow evaporation of SOA via slow diffusion and the formation of a viscous
surface "crust." Furthermore, the model attributed the nonlinear Y50 to cross reac-
tions between the different precursor-derived intermediates, resulting in accretion
products. In addition, we modeled the thermal desorption of SOA collected in a
filter inlet for gases and aerosols connected to a chemical ionization mass spec-
trometer (FIGAERO-CIMS). We modeled both the SOA evolution in the chamber
and parallel thermal desorption measurements using a single kinetic multilayer
model and a single kinetic parameter set, which helped to constrain the parameter
optimization.

In a related study, we modeled the SOA growth and evaporation data from
the chamber with an empirical viscosity parameterization that relates the SOA
components’ vapor pressures and glass transition temperatures (7). This parame-
terization resulted in a much stronger surface crust formation, highlighting the
need for additional research to constrain relationships between volatility and 7.

. Kinetically-limited condensation of OOM and changes in OOM volatility ex-
plains the nearly-uniform nanoparticle growth across different gas-phase OOM
concentrations. Previous measurements of new particle formation have found that
the growth of sub-10 nm particles appear to be nearly independent of gas-phase
OOM concentrations. This finding was unexpected as higher OOM concentra-
tions should result in faster growth. Here, we used KM3C to model the growth
rates of newly-formed nanoparticles reported in the literature. We found that the
growth of viscous nanoparticles are kinetically limited and that lower-volatile
OOM forms at higher temperatures and vice versa. This interplay results in an
apparent near-constant growth rate of nanoparticles.



Zusammenfassung

Atmosphdrische Aerosole beeinflussen die Luftqualitdt und dienen als Kristallisa-
tionskeime fiir Wolkentropfchen. Sie wirken sich somit auch auf das Klima aus, indem
sie die Reflexions- und Streueigenschaften von Wolken regulieren. Ein Grofiteil der
atmosphaérischen Aerosole besteht aus sekundéren organischen Aerosolen (SOA). SOA
entstehen durch sekundéare Prozesse in der Atmosphére, vorwiegend durch die Oxida-
tion fliichtiger organischer Verbindungen (VOC) und die Kondensation der dabei entste-
henden sauerstoffhaltigen organischen Molekiile (OOM). Diese Gas-Partikel-Verteilung
beschreibt den Austausch von Molekiilen zwischen der Gas- und der Partikelphase,
bis sich ein Gleichgewicht basierend auf den Dampfdriicken der Molekiile einstellt.
In der Atmosphare ist eine Vielzahl von VOCs vorhanden, und die chemische Di-
versitadt ihrer Oxidationsprodukte ist hoch. Laborstudien kategorisieren OOM héufig
anhand ihrer Dampfdriicke und geben die SOA-Massenausbeuten (Yspa) fiir in der
Atmosphére hiufig vorkommende VOCs an, wie beispielsweise Monoterpene, eine
Klasse biogener Verbindungen. Die SOA-Massenausbeuten (Ysoa) werden fiir einzelne
VOCs angegeben, und Modelle zur Abschidtzung der atmosphérischen SOA-Bildung
gehen haufig davon aus, dass sich die Yspa verschiedener VOCs linear addieren und
die Gas-Partikel-Verteilung schnell erfolgt.

Experimente haben jedoch gezeigt, dass die Gas-Partikel-Verteilung kinetisch limi-
tiert sein kann, wenn die Partikel viskos sind, was die Partikelzusammensetzung und
das Partikelwachstum beeinflusst. Dartiber hinaus reagieren OOM miteinander und
bilden Akkretionsprodukte. Die OOM verschiedener VOCs reagieren kreuzreagieren,
sodass sich die Yspa nicht linear addieren. Es gibt auch neuartige organische Schadstoffe
wie Decamethylcyclopentasiloxan (Ds), deren SOA-Bildung weniger gut untersucht
ist. In dieser Arbeit habe ich das kinetische Multischicht-Modelle der Multiphasen-
chemie (KM3C) verwendet, um die Auswirkungen des Partikelphasenzustands auf
die Multiphasenchemie von SOA zu untersuchen. Ich habe aufSerdem untersucht, wie
das Vorhandensein mehrerer organischer Vorldufer die SOA-Bildung beeinflusst und
welches Potenzial D5 zur SOA-Bildung in der Atmosphére besitzt. Zu den wichtigsten
Ergebnissen dieser Arbeit gehoren:

1. Die unmittelbaren Oxidationsprodukte von D5 sind fliichtig und miissen weiter
oxidiert werden, um sekundires Organosiloxan-Aerosol (SOSiA) zu bilden. Ds
ist ein neuartiger Schadstoff und wird haufig von Haushaltschemikalien freige-
setzt. Die experimentell ermittelten SOSiA-Massenausbeuten (Ysosia) sind jedoch
inkonsistent: Einige Studien berichten von vernachldssigbarer SOSiA-Bildung,
wiahrend andere deutlich hohere Werte finden. Um diese unterschiedlichen Y5og;ia-
Werte zu klédren, oxidierten wir D5 mit OH unter verschiedenen OH-Expositionen
(OHexp) in einem Stromungsreaktor. Wir entwickelten aufserdem einen chemis-
chen Mechanismus fiir ein einfaches chemisches kinetisches Boxmodell, das
mehrstufige chemische Alterungsreaktionen beriicksichtigt, welche die Fliichtigkeit
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mit zunehmender Oxidation schrittweise reduzieren. Wir erklarten die unter-
schiedlichen Ys5osia-Werte zwischen verschiedenen Experimenten mit den unter-
schiedlichen OHeyp-Bedingungen, wobei hthere OHexp-Werte zu einer starkeren
Bildung von schwerfliichtigen Produkten und damit zu hoheren Ysogis-Werten
fiihren.

. Um die Bildung und Entwicklung von sekundiren organischen Aerosolen
(SOA) prazise zu beschreiben, miissen der Phasenzustand und die Effekte
mehrerer Vorldufer beriicksichtigt werden. Experimente in Monoterpen- und
NO;-Kammern haben gezeigt, dass SOA mit steigenden Temperaturen nicht
schnell verdunstet und dass die Y5ogia nicht linear additiv sind, wenn zwei ver-
schiedene Monoterpene gemeinsam oxidiert werden. Wir haben eine empirische
Beziehung zwischen der SOA-Fliichtigkeit und der Diffusion in der Partikelphase
eingefiihrt. Das KM3C-Modell erkldrt die langsame Verdunstung von SOA durch
langsame Diffusion und die Bildung einer viskosen Oberflachenkruste. Dartiber
hinaus fiihrt das Modell die nichtlinearen Ysogia auf Kreuzreaktionen zwischen
den verschiedenen Vorldufer-abgeleiteten Zwischenprodukten zuriick, die zu
Akkretionsprodukte fithren. Zusétzlich haben wir die thermische Desorption
von SOA modelliert, die in einem Filtereinlass fiir Gase und Aerosole gesam-
melt wurde, der an ein chemisches Ionisationsmassenspektrometer (FIGAERO-
CIMS) angeschlossen ist. Wir modellierten sowohl die Entwicklung sekundarer
organischer Aerosole (SOA) in der Kammer als auch parallele thermische Des-
orptionsmessungen mithilfe eines einzigen kinetischen Multischicht-Modelle und
eines einzigen kinetischen Parametersatzes. Dies trug zur Einschrankung der
Parameteroptimierung bei.

In einer dhnlichen Studie modellierten wir das Wachstum und die Verdamp-
fungsdaten der SOA aus der Kammer mit einer empirischen Viskositdtsparametri-
sierung, die die Dampfdriicke der SOA-Komponenten und die Glasiibergang-
stemperaturen (7y) verkniipft. Diese Parametrisierung fiihrte zu einer deutlich
starkeren Oberfldchenkrustenbildung und unterstreicht damit den Bedarf an weit-
erer Forschung zur Bestimmung der Zusammenhénge zwischen Fliichtigkeit und
Ty.

. Die kinetisch limitierte Kondensation von OOM und Anderungen ihrer Fliichtig-
keit erkldren das nahezu gleichmiflige Nanopartikelwachstum bei unterschied-
lichen OOM-Konzentrationen in der Gasphase. Frithere Messungen der Neubil-
dung von Partikeln ergaben, dass das Wachstum von Partikeln unter 10 nm nahezu
unabhéngig von der OOM-Konzentration in der Gasphase zu sein scheint. Dieser
Befund war unerwartet, da hohere OOM-Konzentrationen zu einem schnelleren
Wachstum fiihren sollten. In dieser Studie modellierten wir mithilfe des KM3C-
Modells die in der Literatur beschriebenen Wachstumsraten neu gebildeter Nano-
partikel. Wir fanden heraus, dass das Wachstum viskoser Nanopartikel kinetisch
limitiert ist und dass sich bei hoheren Temperaturen weniger fliichtige OOM
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bilden und umgekehrt. Dieses Zusammenspiel fiihrt zu einer scheinbar nahezu
konstanten Wachstumsrate der Nanopartikel.
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1. Introduction

1.1. Atmospheric aerosol

Aerosols are solid or liquid droplets suspended in gas. The collection of aerosols present
in ambient air is often referred to as particulate matter (PM), and PM can be categorized
by aerodynamic diameter, where these size categorizations come from how likely the
particles are to be inhaled into the lungs (Seinfeld, 2016; Schraufnagel, 2020). Particles
with aerodynamic diameters of 10 um or smaller are considered coarse (PM10), 2.5 um
or smaller are fine (PM2.5), and 100 nm or smaller are ultrafine (PM0.1). These ultrafine
particles are small enough to diffuse through the lipid bilayer of cell walls (Oberdorster
et al., 2002; Schraufnagel, 2020). Exposure to PM is known to increase mortality and
the likelihood of cardiovascular (Zhao et al., 2025) and pulmonary diseases (Pope et al.,
2019; Safiri et al., 2022).

Atmospheric aerosols have complex effects on climate (Calvin et al., 2023), where
aerosols can serve as nucleating surfaces for cloud droplet formation (Berkemeier et al.,
2014) or directly scatter solar radiation (Li et al., 2022), both of which increase Earth’s
albedo. On the other hand, darker particles absorb infrared radiation and have a net
warming effect (Feng et al., 2013). The composition of atmospheric aerosol is complex,
where organic compounds, ammonium, sulfate, nitrate, sea salt, mineral dust, and black
or elemental carbon are the predominant components (Pdschl, 2005).

1.2. Secondary organic aerosol

A large fraction of atmospheric organic aerosol (OA) are secondary organic aerosol
(SOA, Jimenez et al., 2009). Volatile organic compounds (VOC) in the atmosphere
react with hydroxyl radicals (OH), ozone (O3), nitrate radicals (NOs), and chlorine
radicals (Cl) to produce oxygenated organic molecules (OOM, Shrivastava et al., 2017;
Stolzenburg et al., 2025). Low-vapor pressure OOM from those reactions condense to
form SOA (Seinfeld, 2016; Berkemeier et al., 2020), and SOA is estimated to be > 20 % of
PM2.5 in urban environments (Nault et al., 2021). In addition to gas-phase reactions,
SOA is also formed in the particle-phase through multiphase chemistry, which is the
chemical interaction of species present in different phases (George and Abbatt, 2010;
Shiraiwa et al., 2013; George et al., 2015; Abbatt and Ravishankara, 2023). This chemistry
takes place on the surface of particles and within the particles (Ravishankara, 1997;
Abbatt and Ravishankara, 2023). OOM also react with each other to form larger accretion
products, both through gas-phase dimer formation and particle-phase oligomerization



(Berkemeier et al., 2020). Large molecules, indicative of accretion products, have been
found in laboratory (Srivastava et al., 2022) and ambient particle samples (Kourtchev
et al., 2016), highlighting the need for these species to be accounted for in chemical
mechanisms (Heitto et al., 2022).

In the laboratory, SOA can be synthesized in flow reactors or in chambers, which
are chemical reactors where SOA precursors are injected and SOA formation observed
(Stolzenburg et al., 2022; Kenagy et al., 2024; Zhang et al., 2024). As for the VOC pre-
cursors, experiments with biogenic precursors like isoprene (CsHg) and monoterpenes
(C10H1¢), like a-pinene and limonene, are available in the literature (Jokinen et al., 2015;
Berkemeier et al., 2020; Takeuchi et al., 2022), but there remain VOC that are not as
well-studied. SOA can be chemically analyzed with mass spectrometry (Thoma et al.,
2022), and the filter inlet for gases and aerosols chemical ionization mass spectrometer
(FIGAERO-CIMS) is used to study the composition of SOA by thermally desorbing
SOA collected on a Teflon filter (Lopez-Hilfiker et al., 2014; Schobesberger et al., 2018;
Takeuchi et al., 2022). Furthermore, the desorption temperatures reveal information
about the vapor pressures of the SOA components (Lopez-Hilfiker et al., 2014). However,
accretion products are suspected to undergo thermal decomposition in the FIGAERO-
CIMS (Hall and Johnston, 2012), and models need to include this decomposition to
model thermograms.

The SOA mass yield (Yspa) is the ratio of the mass of SOA produced over the mass
of VOC reacted, and air quality models use Yspoa derived from laboratory experiments
to estimate atmospheric SOA formation. These experiments often quantify Ysoa for
individual VOC, and models presume that the Yspos of different VOC are linearly
additive and that the OOM from different precursors do not cross-react (Takeuchi et al.,
2022). However, multiprecursor experiments (Ahlberg et al., 2017; McFiggans et al.,
2019; Takeuchi et al., 2022) have found that the total Y50 from the different precursors
are not necessarily a linear sum. Models that address multiprecursor effects on Ysoa and
experiments to quantify the SOA formation potential of less-studied VOC are needed to
improve estimates of SOA formation.

1.3. Volatile chemical products

A large portion of VOC in urban environments come from anthropogenic sources
(AVOC, Coggon et al., 2021), and common examples include benzene and toluene
from vehicle emissions (Huang et al., 2015). However, volatile chemical products (VCP,
McDonald et al., 2018), which are AVOC emitted from everyday consumer products,
such as personal care products, cleaning agents, paint, pesticides, glue, etc., are emerging
as a dominant source of AVOC (Seltzer et al., 2021). In addition to being precursors to
PM (Nault et al., 2021), AVOC are precursors to tropospheric ozone production (Bufalini
et al., 1976; Coggon et al., 2021), and the US Environmental Protection Agency sets
emissions rules based on the species’” 0zone formation potential (Chen and Luo, 2012).



Coggon et al. (2021) found that VCP accounts for more than 50 % of AVOC emissions
and are driving urban ozone production in New York City.

Siloxanes, which are entirely synthetic molecules composed of silicon, oxygen, and
alkyl groups, are emitted from silicone production and commercial chemicals, such
as cosmetics and lubricants (Riicker and Kiimmerer, 2015; Brunet et al., 2024). Of the
siloxanes, decamethylcyclopentasiloxane (Ds) is a common emerging pollutant that is
used as a VCP tracer species (Coggon et al., 2021), since Ds is emitted from personal care
products and is a precursor to making silicone rubber (Coggon et al., 2021). D5 reacts
with OH in the atmosphere (Riicker and Kiimmerer, 2015) and is predicted to produce
formaldehyde (HCHO) during oxidation (Fu et al., 2020), and HCHO contributes to
ozone formation (Bufalini et al., 1976). Despite the predicted HCHO production, D5
is not suspected to contribute to surface ozone formation (Carter et al., 1993; McDon-
ald et al., 2018), and the production of HCHO has not been experimentally verified.
Furthermore, D5 produces secondary organosiloxane aerosol (SOSiA) in laboratory ex-
periments, but the SOSiA mass yields (Ysosia) reported in the literature are inconsistent
(Wu and Johnston, 2017; Janechek et al., 2019; Charan et al., 2022). The experiments
were also performed at different OH exposures (OHeyp), which is the multiple of the
OH concentration and experiment time. Higher OHex, may increase the oxidation state
and reduce the volatility of the products (Donahue et al., 2006; Robinson et al., 2007),
and chemical mechanisms need to address the effect of OHexp 0n Ysosia-

1.4. Partitioning theory

Molecular exchange between the gas and particle phases is called gas-particle partition-
ing. The fraction of an organic species condensed in the particle phase at equilibrium is
found with absorptive partitioning theory (Pankow, 1994), which assumes a homoge-
neous and rapidly-mixed particle bulk and that condensing species are solvated into
the bulk immediately (absorption). At equilibrium, the mass fraction of a species in
the particle phase (Fp) can be calculated using the OA mass loading (Coa), which is
the mass concentration of OA, and the effective saturation mass concentration (C*). C*
is a unit conversion of vapor pressure into mass concentrations (Donahue et al., 2006;
Stolzenburg et al., 2022). In general, molecules with higher numbers of hydrogen-bond
forming functional groups and larger molecules have lower vapor pressures (Pankow
and Asher, 2008). As Eq. 1.1 shows, higher mass fractions of species with lower vapor
pressures will be in the particle-phase and vice versa.

1

C*
1+ Coa

Fp= (1.1)

The chemistry behind atmospheric SOA formation is complex, in part due to the
number of precursors involved and the chemical diversity of OOM, and identifying
each partitioning species is challenging. For reference, the Generator for Explicit Chem-
istry and Kinetics of Organics in the Atmosphere (GECKO-A) mechanism for the OH



oxidation of dodecane (CgH1g) contains >10° species (Aumont et al., 2012), and the Mas-
ter Chemical Mechanism (MCM, Saunders et al., 2003) contains thousands of species
and more than ten thousand reactions. This chemical complexity makes implementing
SOA chemistry in large-scale air quality models challenging. As a result, a variety of
approaches to simplify the chemical mechanisms behind SOA formation have been
proposed, such as the volatility basis set (VBS, Donahue et al., 2006; Stolzenburg et al.,
2022).

The VBS simplifies estimating SOA formation and is used in air established quality
models, such as the Community Multiscale Air Quality model (CMAQ, Koo et al., 2014;
Woody et al., 2016) and the ECHAM /MESSy Atmospheric Chemistry general circulation
model (EMAC, Pozzer et al., 2022). The VBS parameterization works by distributing
the mass yields of OOM (¢;) into pre-designated and logarithmically-spaced "volatility
bins" (Donahue et al., 2006; Stolzenburg et al., 2022), where these bins are defined
by their C*. The condensed fraction at equilibrium (Eq. 1.2) can be calculated With
absorptive partitioning theory (Pankow, 1994; Donahue et al., 2006), and the sum of
these condensed product fractions equals Ysoa.

Yson =)

The o; for each volatility bin needs to be determined, and experiments (Schobesberger
et al., 2018; Stolzenburg et al., 2022) or modeling the products from chemical mecha-
nisms are used to derive the ¢;. Laboratory experiments collect Yspoa for different VOC
(Stolzenburg et al., 2022), and the o; are optimized using that data. Explicit chemical
mechanisms, such as GECKO-A (Lannuque et al., 2018), predict OOM structures and
yields, and the vapor pressures of these predicted OOM can be estimated (Pankow and
Asher, 2008; Compernolle et al., 2011; Kriiger et al., 2025) to retrieve ¢;. Furthermore, the
VBS allows for chemical aging reactions to be easily applied in chemical mechanisms
(Donahue et al., 2006). For example, the decrease in vapor pressure of a molecule by the
addition of polar functional groups (Pankow and Asher, 2008) can be represented via
"bin-hopping" reactions (Robinson et al., 2007; Sommers et al., 2022).

(04
1+ 5

Coa

(1.2)

1.5. Phase state of organic aerosol

Atmospheric and synthetic SOA can be viscous (Shiraiwa et al., 2011, 2017; Li et al., 2020;
Galeazzo et al., 2024), and the gas-particle partitioning timescales can exceed experiment
or reaction timescales. Such non-equilibrium scenarios follow adsorptive partitioning
(Poschl et al., 2007), where a monolayer of adsorbing species covers the surface, but
the adsorbed species do not immediately solvate into the bulk. These adsorbed species
are uptaken into the bulk based on the local bulk diffusivity near the surface. Particles
under dry or cold conditions are suspected to be semi-solid or "glassy," particularly
above the tropospheric boundary layer (Shiraiwa et al., 2017; Schmedding et al., 2020),
which lies about 1 km above the surface depending on regional meteorology (Zhang



et al., 2025). Under such conditions, mixing timescales for such nanoparticles may be on
the order of months to years (Shiraiwa et al., 2011), and the assumption that SOA are
absorptive does not hold. The phase state of atmospheric particles need to assessed to
improve the predictions of air quality models.

Dy, is the bulk diffusion coefficient, which is used to calculate the mass transfer rate
at which molecules move through the interior of a material, in this case the SOA bulk.
Parameterizations based on particle composition have been proposed to estimate the Dy,
of SOA. Studies have found that there is a log-log relationship between viscosity and
vapor pressures (Mitra, 1954; Woodman et al., 1960; Frank, 1962; Johnston and Sargent,
1970), suggesting there is a similar relationship between D}, and C*. Li et al. (2020) found
an empirical second-order polynomial relationship between modeled glass transition
temperatures (7y) and C* of chemical standards, where Ty refers to the temperature
where the material bulk changes from a glass-like solid state to a viscous-fluid state.
Ty can be converted into D}, using a modified version of the Vogel-Fulcher-Tammann
equation (Eq. 1.3 and 1.4, Li et al., 2020) and the Stokes-Einstein equation (Eq. 1.5,
Einstein, 1905). Here, k;, is the Boltzmann constant, ry, is the molecular radius, T is the
temperature, 7 is the Vogel temperature, 7 is the viscosity, and D is the unitless fragility
parameter, which is often assumed to be 10 for organic mixtures typical for atmospheric
aerosol (Shiraiwa et al., 2017).

39.17><T0

_ 27t 13
" D+39.17 (13)

Ty x D
logio(1) = —5+0.434 x 2~ (1.4)
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1.6. Kinetic multilayer models

To address scenarios where diffusion in a material is slow, kinetic multilayer models
have been developed, where the bulk phase is divided into multiple layers, and mass
transfer between those layers is explicitly calculated (Shiraiwa et al., 2013, 2017). This
multilayer approach is based on the Poschl, Rudich, and Ammann (PRA, Poschl et al,,
2007) framework and simulates the effects that slow mass transport may have on
chemical outcomes. The PRA framework provides general flux-based rate equations
and parameters to address mass transport and chemical reactions, which enables a
molecular process-level description of interfacial processes.

Examples of kinetic multilayer models used for aerosols include the kinetic multi-
layer model of aerosol surface and bulk chemistry (KM-SUB, Shiraiwa et al., 2010)
and the kinetic multilayer model of gas-particle interactions in aerosols and clouds
(KM-GAP, Shiraiwa et al., 2012). In addition to atmospheric aerosols, these kinetic
multilayer models have been applied to other reaction-diffusion systems, such as films



(Mishra et al., 2025), epithelial lung fluid (Mishra et al., 2023), and oleic acid ozonolysis
(Berkemeier et al., 2021). Heterogeneous reactions on the surfaces of soot particles can
also be explicitly modeled, like in the case of KM-GAP-CARBON (Berkemeier and
Poschl, 2024).

However, numerical stiffness can arise when a model layer approaches depletion. To
resolve this issue, the model needs a numerical method to adaptively resize the model
layers as the particle grows and evaporates. Furthermore, kinetic models may invoke
large sets of parameters which are difficult to constrain (Berkemeier et al., 2017, 2021), so
global optimization algorithms are necessary to optimize for multiple parameters. The
Monte Carlo genetic algorithm (MCGA) is an example of such an algorithm (Berkemeier
et al., 2017). AG Berkemeier has developed the Kinetic multilayer meta model (KM-
MEMO), which is a kinetic multilayer model file generator written in Matlab that
simplifies the model development process and global optimization.

1.7. Research objectives

This interdisciplinary PhD project encompasses laboratory experiments, computational
model construction, and numerical method development between physics and atmo-
spheric chemistry. Understanding gas-phase oxidation, particle-phase reactions, and
diffusion are important across these multiphase chemical systems. The primary research
obejectives of this thesis are:

1. Develop a chemical mechanism with multigenerational chemical aging to explain
the divergent SOSiA mass yields reported in the literature, and perform D5 + OH
experiments with an oxidation flow reactor under different OHeXp conditions.
Quantify Ysosia and the gas-phase formation of HCHO.

2. Investigate the effects of a viscous phase state on the growth and evaporation
of SOA from a-pinene and limonene + NOj in chamber experiments and the
thermal desorption of that SOA. Address the effect of cross reactions on Y5oa.
Resolve numerical stiffness that arises as a model layer approaches depletion,
and implement parameterizations to relate the diffusivity of model layers to
composition.

3. Explain the near-uniform nanoparticle growth rates found in experiments and
ambient air measurements with a kinetic multilayer model. Address the effects of
slow particle-phase diffusion on nanoparticle growth.



2. Resulis

2.1. Overview

The findings of this PhD project are described in the following four sections of this
dissertation. Three sections are manuscripts published in internationally-renowned
peer-reviewed academic journals, two of which are first-author publications and one
where I am the second author. The last section is a manuscript under preparation, where
I will be the second author. Each section of this thesis starts with a quick summary of
the findings, and the below figure (Figure 2.1) is an overview of this thesis.

Kang et al. Schervish et al.

Legend (2026) (2026)
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Figure 2.1.: Overview of the PhD project, where each paper is a section in this thesis. The arrows indicate develop-
ments in the model and boxes indicate the data used, the key achievements, and papers in this thesis.

The studies in this PhD project involve experiments and kinetic models of organic
aerosol, which includes chemical mechanism development and the multiphase chem-
istry of SOA. An outline of the thesis is shown below:



Section 2.2 is an experimental study of SOSiA formation from D5 + OH, where we
also developed a chemical-aging model to explain the wide range of Ysosija found at
different OHeyp. We found that a chemical mechanism which accounts for reductions in
volatility with increasing OHexp, reconciles the wide range of Ysosia. The experiments in
this study were performed in collaboration with Prof. Dr. Hwajin Kim at Seoul National
University.

Section 2.3 describes the development and application of KM3C to model the growth
and evaporation of monoterpene + NO3 SOA in chambers and thermal desorption in
the FIGAERO-CIMS. We concluded that SOA phase state and multiprecursor effects
need to be addressed. This paper was the result of an international collaboration with
Prof. Dr. Nga Lee Ng at the Georgia Institute of Technology.

Section 2.4 shows the kinetic modeling results of the limonene SOA chamber data
in Berkemeier et al. (2020), where we used an empirical 7,—C* relationship to estimate
Dy,. We found that surface crust formation explains the slow evaporation observed in
the data. This study results from an international collaboration with Prof. Dr. Manabu
Shiraiwa at the University of California, Irvine.

Section 2.5 is a not-yet-published modeling study on the near-uniform initial growth
rates of newly-nucleated particles, regardless of OOM concentrations. We used KM3C
conclude that kinetically-limited uptake and changing volatility distributions with
temperature explain the observations.



2.2. Volatile oxidation products and secondary
organosiloxane aerosol from D5 + OH at varying OH
exposures

This section has been published as a research article in the journal Atmospheric Chemistry
and Physics, where I am the first author. I performed the experiments with assistance
from Dr. Yanfang Chen and Yoojin Park. I analyzed the experiment data under the
supervision of Prof. Dr. Hwajin Kim and developed and optimized the kinetic box
model under the supervision of Dr. Thomas Berkemeier. I produced the figures and
wrote the manuscript in collaboration with co-authors, and the supplement to this work
is in Appendix B.1.

Kang, H. G., Chen, Y., Park, Y., Berkemeier, T., Kim, H.: Volatile oxidation products
and secondary organosiloxane aerosol from D5 + OH at varying OH exposures, Atmos.
Chem. Phys. 23, 14307-14323 (2023).

In this experiment and modeling study, we reconciled the discrepant Ysosia reported
in the literature, where we noticed that the experiments were performed under varying
OHexp. We conducted our own D5 + OH experiments in a flow reactor, developed an
aging-VBS mechanism, and performed global optimizations of the model parameters.
We found that the initial oxidation products are volatile and that multigenerational
chemical aging of the D5 products explains the higher Ysogia found in high OHeyp
experiments.
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Abstract. Siloxanes are composed of silicon, oxygen, and alkyl groups and are emitted from consumer chem-
icals. Despite being entirely anthropogenic, siloxanes are being detected in remote regions and are ubiquitous
in indoor and urban environments. Decamethylcyclopentasiloxane (Ds) is one of the most common cyclic con-
geners, and smog chamber and oxidation flow reactor (OFR) experiments have found Ds + OH to form secondary
organosiloxane aerosol (SOSiA). However, there is uncertainty about the reaction products and the reported
SOSiA mass yields (Ysosia) appear inconsistent. To quantify small volatile oxidation products (VOPs) and to
consolidate the Ysosia in the literature, we performed experiments using a potential aerosol mass OFR while
varying D5 concentration, humidity, and OH exposure (OHexp,). We use a proton transfer reaction time-of-flight
mass spectrometer to quantify D5, HCHO, and HCOOH and to detect other VOPs, which we tentatively identify
as siloxanols and siloxanyl formates. We determine molar yields of HCHO and HCOOH between 52 %-211 %
and 45 %—127 %, respectively. With particle size distributions measured with a scanning mobility particle sizer,
we find Ys0sia to be <10 % at OHexp < 1.3 x 10" secm™3 and ~ 20 % at OHeyp, corresponding to that of the life-
time of D5 at atmospheric OH concentrations. We also find that Ysosia is dependent on both organic aerosol mass
loading and OHexp. We use a kinetic box model of SOSiA formation and oxidative aging to explain the ¥sosia
values found in this study and the literature. The model uses a volatility basis set (VBS) of the primary oxidation
products as well as an aging rate coefficient in the gas phase, kuge,gas, Of 2.2 x 1072 cm? s~ and an effective
aging rate coefficient in the particle phase, kage particle, Of 2.0 x 1072 ¢m3 s~ 1. The combination of a primary
VBS and OH-dependent oxidative aging predicts SOSiA formation much better than a standard-VBS parame-
terization that does not consider aging (root mean square error =42.6 vs. 96.5). In the model, multi-generational
aging of SOSiA products occurred predominantly in the particle phase. The need for an aging-dependent param-
eterization to accurately model SOSiA formation shows that concepts developed for secondary organic aerosol
precursors, which can form low-volatile products at low OHexp, do not necessarily apply to D5 + OH. The re-
sulting yields of HCHO and HCOOH and the parameterization of Ysosija may be used in larger-scale models to
assess the implications of siloxanes for air quality.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Graphical abstract: schematic of the kinetic box
model
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1 Introduction

Organosiloxanes are molecules composed of silicon—oxygen
bonds with alkyl groups on the silicons and encompass linear
and cyclic species, some of which have vapor pressures on
par with volatile organic compounds (VOCs). Siloxanes are
entirely anthropogenic pollutants (Riicker and Kiimmerer,
2015) commonly used in consumer and industrial chemi-
cal products (Seltzer et al., 2021a; Gkatzelis et al., 2021)
and their emissions are projected to increase in the com-
ing decades (Tansel and Surita, 2017). Decamethylcyclopen-
tasiloxane (Ds, C19H300s5Sis), where “D” refers to silicon
center atoms bonded to two oxygens, is a ubiquitous cy-
closiloxane in the ambient environment.

Siloxanes have been detected in the indoor environment
(Tang et al., 2015; Tran and Kannan, 2015; Arata et al.,
2021; Katz et al., 2021; Kaikiti et al., 2022; Wang et al.,
2022), near landfills (Schweigkofler and Niessner, 1999), and
near sewage treatment sites (Lee et al., 2014; Horii et al.,
2019). Siloxanes are also found in outdoor urban air (Xiang
et al., 2021), and organosilicon compounds have been found
in varying amounts in ambient particulates in China (Lu et
al., 2019; Cheng et al., 2021; Meng et al., 2021; Song et
al., 2022; Xu et al., 2022) and the United States (Milani et
al., 2021).

Siloxanes are suspected to be environmentally persistent
or emitted continuously to appear as such (Howard and Muir,
2010; Xiang et al., 2021), while other studies have found
that methyl siloxanes would be removed on timescales of
days to weeks (Graiver et al., 2003; Whelan and Kim, 2021).
Reaction rate coefficients of Ds with atmospheric oxidants
have been reported, and Atkinson (1991) found Ds to be ef-
fectively unreactive with atmospheric concentrations of O3
(kps+03 <3 x 1072 cm?s™!) and NO; radicals (kps+No,
<3x 10719 cm3 s~!) at ~ 298 K. While Ds is reactive with
OH and Cl, Alton and Browne (2020) calculated that the
removal of Ds by ClI radicals would only be a few percent
of that by OH radicals at typical ambient oxidant concentra-
tions.

Atkinson (1991), Safron et al. (2015), Xiao et al. (2015),
Kim and Xu (2017), and Alton and Browne (2020) have mea-
sured kpston at ~298K to be 1.55 x 10712, 2.6 x 10712,
246 x 10712, 1.46 x 10712, and 2.1 x 1072 em?s™!, re-
spectively. These measurements are summarized in Table S1

Atmos. Chem. Phys., 23, 14307-14323, 2023
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in the Supplement. Xiao et al. (2015) derived kps4+0oH com-
putationally as 2.90 x 107'2cm?s~!. In this paper, we use
kps+on = 2.0 x 1072 cm?s~!, which is a rounded average
of the empirically determined rate coefficients. This kp,4on
corresponds to a D5 atmospheric lifetime of about 4 d via re-
moval by OH, assuming a daily average OH concentration
([OHIaye) of 1.5 x 106 cm 3.

Ds is expected to suppress O3 formation in urban envi-
ronments. Carter et al. (1993) performed a series of cham-
ber experiments mimicking urban air conditions and found
that Ds siloxane would inhibit ozone formation by suppress-
ing the OH radical. In contrast, formaldehyde (HCHO) is
known to contribute to O3 formation (Derwent et al., 1996).
Fu et al. (2020) predicted the formation of HCHO as a prod-
uct of D5+ OH in low-NO/HO3 conditions using quantum
chemical calculations and kinetics modeling, but an experi-
mental yield of HCHO from D5+ OH has not been reported.
Atkinson (1991) proposed HCHO as a product of the silox-
ane alkoxyl radical (RO) pathway, assuming an analogous
mechanism to that of VOCs. Sommerlade et al. (1993) sug-
gested that HCHO may arise from siloxane RO decomposi-
tion and from ROOH rearrangement in the presence of acids
and H,O. Alton and Browne (2022) predicted HCHO as a
product of RO, rearrangement in the case of D3 siloxane.
Because HCHO is a secondary product, the O3 formation po-
tential of Ds may differ between at a source and at downwind
locations.

Formic acid (HCOOH) is a common acid catalyst in the
atmosphere (Hazra et al., 2014) and a particle-nucleating
species (Yu, 2000). Studies have identified some HCOOH
sources in the atmosphere (Millet et al., 2015; Franco et
al., 2021); however, HCOOH is suspected to have uniden-
tified anthropogenic sources in the troposphere (Millet et al.,
2015; Chen et al., 2021) as some urban sources remain un-
accounted for (Le Breton et al., 2012; Yuan et al., 2015).
Chandramouli and Kamens (2001) proposed that the RO,
initially formed from Ds+ OH makes a siloxanyl formate
(D4T(OCHO), where “T” refers to a silicon center bonded
to three oxygens) that reacts with H,O to form a siloxanol
(D4T(OH)) and HCOOH. However, we are unaware of ex-
perimental HCOOH yields reported for D5 + OH.

Whelan et al. (2004) used known siloxane chemistry in a
partitioning model to assess the atmospheric fate of siloxanes
and found that silanols are the predominant oxidation prod-
ucts. These silanols are generally water soluble and either
removed from the atmosphere via wet deposition or undergo
a pH-dependent process of hydrolysis, forming smaller and
smaller silanols (Whelan et al., 2004). Eventually, the small
silanols are converted to SiO», H>O, and CO, through pho-
tolytic reactions in water or biological processes in soil (Spi-
vack et al., 1997; Stevens, 1998; Graiver et al., 2003).

The intermediate products between Ds and those small
silanols are less studied, and the OH-oxidation rate coeffi-
cients of these intermediates have not been reported. Som-
merlade et al. (1993) and Alton and Browne (2022) used

https://doi.org/10.5194/acp-23-14307-2023
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mass spectrometry to study the gaseous products of D5 ox-
idation in chambers, while Fu et al. (2020) used quantum
chemistry modeling. These studies found that gaseous inter-
mediates are composed of a variety of alcohols, aldehydes,
esters, and hydroperoxides. Given that such volatile oxida-
tion products (VOPs) in experiments with higher OHeyp are
likely to undergo multiple oxidation steps, there is a need to
address their subsequent oxidation rate coefficients. More-
over, while the formation of HCHO and HCOOH has been
predicted in mechanisms, it has not been quantified.

Secondary aerosol mass yield (Y, Eq. 1) is defined as the
ratio of produced aerosol mass (Am(SOSiA)) to reacted pre-
cursor mass (Am(Ds)), which we adopt here for secondary
organosiloxane aerosol (SOSiA). Reports about secondary
aerosol formation from Ds siloxane seem conflicting, with
some experiments reporting much higher Ysosia than oth-
ers. For instance, Wu and Johnston (2017) and Janechek
et al. (2019) saw maximum Ysosia of 23 % and 50 %, re-
spectively, in their photo-oxidation chamber and oxidation
flow reactor (OFR) experiments, albeit at different OH ex-
posures (OHexp). Charan et al. (2022) found a Ysosia of
158 % with their OFR at an OHexp of 3.2 x 1012 sem ™3, Av-
ery et al. (2023) reported a wide range of Ysosia values (2 %—
146 %) from their OFR experiments.

Am(SOSiA)

Ysosia = Am(Ds) ()
In contrast, Charan et al. (2022) reported almost negligi-
ble Ysosia (<5 %) from their chamber studies where [OH]
was on the order of ~ 10%cm™3, which is closer to [OH]
found in ambient conditions (Peng and Jimenez, 2020). Han
et al. (2022) conducted OFR experiments and found that
Ysosia would be 2% at [OH] of 4.6 x 108 cm™ or OHeyp
of 5.5 x 10'19 s cm™3. The variation of Ysosia reported in the
literature suggests that oxidation conditions need to be con-
sidered to accurately parameterize Ysosia, especially given
that Ds is being considered in air-quality models as a part
of volatile chemical product inventories (Pennington et al.,
2021; Seltzer et al., 2021a, b).

In this study, we aim to assess the OH oxidation of Dj
by determining the rate coefficients of secondary reactions
of VOPs with OH (i.e., chemical aging) and providing a
first quantification of HCHO and HCOOH yields. We also
measure Ysosia under diverse OHexp and [Ds]o conditions.
Lastly, we develop parameterizations of SOSiA yield using a
kinetic model with a chemical aging reaction scheme to rec-
oncile the reported Ysosia from D5+ OH in the literature and
for use in air-quality models.

https://doi.org/10.5194/acp-23-14307-2023

12

14309

2 Method and materials

2.1 Experiments

The Aerodyne Research (Billerica, MA, USA) potential
aerosol mass OFR (PAM-OFR) (Kang et al., 2007) has a
volume of 13.3L and is made of chromated aluminum (Xu
and Collins, 2021). We operated the PAM-OFR in OFRI185
mode (Peng and Jimenez, 2020), where 185 nm lamps that
also emit 254 nm light (GPH436T5VH, LightSources, Or-
ange, CT, USA) generate OH and O3z with injected H,O
vapor from a Nafion humidifier (FC-100-80-6MKK, Perma
Pure, Lakewood, NJ, USA). There were two of these 185 nm
lamps placed across from each other in clear fused quartz
sleeves. The 185 nm lamps were wrapped with covers at even
intervals to reduce the UV intensity so that 90 % of the lamp
surface was covered. We operated the PAM-OFR at residence
times (Twes) of 120 and 180s with flow rates of 6.65 and
4.43Lmin~!, respectively. Additional details about the ex-
periment setup are summarized in Fig. S1 and Sect. S1.

We use the D5 siloxane trace measured from the proton
transfer reaction mass spectrometer (PTR-MS) to calculate
OHeyp with Eq. (2), where kp+on = 2.0 x 10712 cm3 571,
[Ds]o and [Ds]gnal are the D5 concentrations before and after
the exposure to OH.

1 D
OHexp __ «In ([ 5]ﬁnal> (2)
kps-+oH [Dslo

Prior to experiments, we checked the background particle
and Ds concentrations with the scanning mobility particle
sizer (SMPS) and PTR-MS. In all experiments, the back-
ground particle number concentrations were < 10cm™3, and
the background [Ds] values were below the limit of detection
(30 = 80ppt). Then, we injected D5 with a syringe pump
while monitoring the PTR-MS, with major ions at m/z 371
and m/z 355. We performed the experiments with a target
[Ds]o of 50, 100, or 200 ppb. With these target [Ds]y val-
ues, we get external OH reactivities (OHRex¢) of 2.5-9.8 g1
at 298.15 K and 1 atm, where OHR¢y; is the reactivity caused
by the injection of D5 into the PAM-OFR (Peng and Jimenez,
2020). With these OHR¢y values, we reduce the risk of OH
suppression and VOCs photolysis (Peng and Jimenez, 2020).

When the Ds trace stabilized near the target [Ds]g, we be-
gan the experiment by turning the UV lamps in the PAM-
OFR on at either 2.4 or 8.0 V. We waited 30 min for the UV
lamps to stabilize and for the PAM-OFR walls to equilibrate
with gaseous species. The Ysosia values (Eq. 1) were calcu-
lated using the average SOSiA mass concentration from four
SMPS cycles following that 30 min. We obtained Am(Ds)
as the difference between [Ds]o and [Ds]fna. At the end of
an experiment, we turned off the UV lamps to check the D5
trace return.

To clean the PAM-OFR between experiments, we stopped
the syringe pump and removed the syringe from the glass
bulb while keeping the humid airflow in the PAM-OFR. We
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turned on the PAM-OFR UV lamps and connected the outlet
directly to the exhaust, until D5 and particle number concen-
trations were below the limit of detection. We used Igor Pro 9
(WaveMetrics, Portland, OR, USA) for data post-processing
and visualization.

2.2 Instrumentation

221 PTR-MS

To measure Ds and VOPs, we used a PTR-MS (PTR-TOF
1000, IONICON Analytik, Innsbruck, Austria) equipped
with the extended volatility range (EVR) option (Piel et al.,
2021), where the wetted inlet components and the drift tube
are passivated with a silicon coating. The PTR-MS also had
an ion transfer lens between the drift tube and time-of-flight
mass spectrometer (Jordan et al., 2009). An internal perme-
ation source (PerMaSCal) emitted a steady stream of 1,3-
diiodobenzene into the mass spectrometer for mass calibra-
tion scale adjustments. Additional PTR-MS details are in
Sect. S1.

To reduce H>O clusters at high humidities, we operated
the PTR-MS at 137 Td (Ugsife = 600 V; Td is the Townsend
unit where 1 Td = 10~!7 V ecm?) for quantification. The drift
tube pressure and temperature were set to 2.30 mbar and
80°C. For the reagent ion source, we set the Us, Uso, and
H,0 flow rate to 150V, 80V, and 6.00sccm respectively.
The ion source hollow-cathode discharge current was set
to 5.0mA. The PTR-MS drift tube was 9.6cm long, and
at 137 Td the [HoO]H' reaction time (Ar) was 94 us (de
Gouw et al., 2003). We calculate the primary reagent ion
signal, [HO]H™, by multiplying the signal of its isotope,
[H®OJH™, by 500.

We use the PTR-MS data for the quantification of Ds
(m/z 371), HCHO (m/z 31), and HCOOH (m/z 47), where
the primary reagent ion counts were normalized to 109
counts per second (ncps). For Ds, we used a calibration
gas cylinder (Apel-Riemer Environmental, Miami, FL, USA)
containing Ds to calibrate the PTR-MS. We also calculate
the normalized measurement sensitivity (ncps ppb~!) of Ds,
HCHO, and HCOOH using Eq. (3) adapted from de Gouw
and Warneke (2007). Iivoc)u+ and In,0)H+ are the ion
counts of the protonated VOCs and the reagent ion, respec-
tively. Additional details on the mass spectra interpretation
and quantification are in Sects. S1.5 and S3.

I +
I(VOC)H % 106
(Hy0)HF

Sensitivity = [VOC]

3)
We tested the instrument sensitivity response with humidity
by keeping the species concentrations constant while chang-
ing the sample air humidity. The sensitivity of Ds at m/z 371
was not heavily affected by humidity at 137 Td, and we did
not correct for humidity in the D5 quantification (Fig. S5).
On the other hand, HCHO and HCOOH sensitivities varied
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with humidity, and we corrected their sensitivities as detailed
in Sect. S3. Prior to experiments, we tuned the micro-channel
plate (MCP) to prevent signal bias against higher-mass ions
(Miiller et al., 2014). We adjusted the MCP voltage in steps
to increase the signal strength at m/z 331, a diiodobenzene
ion, until the relative signal increase was < 20 %.

2.2.2 Scanning mobility particle sizer

An SMPS 3938 (TSI, Shoreview, MN, USA) equipped with
an impactor (0.0508 cm) measured the particle mobility
diameter size distribution between diameters of 14.3 and
723.4nm. The SMPS consisted of a model 3082 electro-
static classifier, a model 3081A differential mobility ana-
lyzer (DMA), a model 3088 soft X-ray neutralizer, and a
model 3756 ultrafine condensation particle counter. We set
the SMPS sheath flow at 3.0Lmin~! and the aerosol flow
rate at 0.3 L min~!, and the DMA voltage ranged from 10.6
to 9921.4 V. The SMPS scanned for 150, followed by a 5s
retrace and 10 s purge while recording on a 3 min cycle. We
referred to the manufacturer’s recommendations when decid-
ing these SMPS settings (TSI Inc., 2012), and a sample par-
ticle size distribution from experiment 12 (Table 1) is shown
in Fig. S4.

For the Ysosia calculations, we convert the SMPS inte-
grated particle volumes into mass using a SOSiA mass den-
sity (psosia) of 1.07 g cm 3 forall experiments. We obtained
this psosia from PAM-OFR experiments separate from the
ones described here, where we weighed the masses of SOSiA
collected on filters and obtained particle volumes with the
SMPS. Additional details on pgosia are available in Sect. S2.

2.3 \Volatility distribution parameterization

Janechek et al. (2019) and Charan et al. (2022) fitted their
Ysosia data to the Odum two-product model (Odum et al.,
1996), and we follow the same methodology for compari-
son with the literature (Sect. S4). Similarly, we fit the stan-
dard volatility basis set (VBS) parameters « (Donahue et al.,
2006) in Eq. (4) to the measured Am(SOSiA) using the mea-
sured Am(Ds), where ¢; is the product mass yield for volatil-
ity bin i.

n
Am (SOSiA) = Am (Ds) x ¥

i=1 14

o
m
G

Coa

“4)

In the experiments, the organosiloxane aerosol mass loading
(Coa) was equivalent to the SOSiA mass concentrations. As
the produced aerosol mass in the experiments ranged from
3.7 to 965.7ugm™3, we use six logarithmically spaced ef-
fective saturation mass concentration (C*) bins ranging from
0.1 to 10000 ug m—3 at 298.15 K to cover the low- and high-
volatility products. For reference, D5 liquid has a vapor pres-
sure of 20.4Pa at 298.15K or C* =3.05x 10° ugm=3 (Lei
et al., 2010). Since the experiments had slight variations in
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Table 1. Summary of SOSiA mass yields (Ysosja) With aerosol sampling line corrections assuming pgosia =1.07 g em 3 for all experi-
ments. [H,O] is the molar mixing ratio of H>O in air. For Cpa and [Ds] the errors are the standard deviation of the data points averaged,
while for Ysogia they are calculated with error propagation. For reference, at 25 °C and 1 atm, 1 ppbof Dsis~15ug m~3and 1d equivalent
of OHexp is ~ 1.3 x 10! sem™3 at a daily [OH]ayg of 1.5 x 10% cm™3.

Experiment ~ Ysosia (%)  [H201 (%) Coa (ugm™) OHexp (sem™)  [OH] (em™3)  [Dslo (ppb) 1 - [Dslsna/[Dslo
1 5.4+09 0.892 10.5+0.7 1.73 x 1011 959 x 108 434+13 0.292
2 46+0.6 0.828 19.0+0.6 1.90 x 101! 1.06 x 10°  85.7+25 0.316
3 3.1+£0.6 0.742 17.7+0.5 1.26 x 1011 6.99 x 108 165.8+4.5 0.222
4 183+1.5 1.95 752+1.9 4.66 x 1011 259%x10°  44.0+1.7 0.606
5 28.0+2.7 2.06 1792 +£3.1 3.80 x 10! 211x10°  783+32 0.532
6 255+1.8 2.09 286.2+7.1 3.12 x 1011 1.73x10°  157.8+3.6 0.464
7 8.0+0.5 0.733 36.8+1.3 5.76 x 1011 320x 10°  438+1.3 0.684
8 17.8+1.7 0.736 118.6+5.6 4.00 x 101! 222x 109  789+32 0.550
9 21.1+1.1 0.797 304.5+2.8 4.19 x 1011 233x10°  166.8+4.1 0.567
10 38.0+2.2 1.93 212.9+8.1 9.01 x 101! 500x 10°  438+14 0.835
11 45.6+1.9 2.08 420.2+3.0 7.78 x 1011 432x10° 765+22 0.789
12 523424 2.15 965.7 +25 7.39 x 1011 410x10°  156.9+3.9 0.772
13 42417 0.712 3.9+0.3 8.70 x 1010 725% 108 379+16 0.160
14 1.7+£04 0.718 41+03 1.09 x 101! 9.10x 108 80.8+23 0.196
15 1.0+£0.3 0.704 3.7+0.7 8.29 x 1010 691 x 108  162.8+4.9 0.153

temperature, we correct for temperature impacts on C* be-
tween experiments using the Clausius—Clapeyron equation
and an enthalpy of vaporization of 60 kJ mol~!, which is that
of Ds siloxane (Lei et al., 2010).

As the experiments were performed for a range of OHeyy,
the products between experiments may have varied due to
multi-generational aging (Zhao et al., 2015). To account for
aging and parameterize Ysosia as a function of OHexp, We
also analyze the yield data using a kinetic box model with
four chemical reactions (Reactions R1-R3) written in MAT-
LAB (MathWorks, Natick, MA, USA).

Ds +OH — Zai X prod(i)

(kD5+0H —2.0x 10~2cm? s—l) (R1)
(1 — fi) xprod(i) +OH — (1 — f;)
x prod(i — 1) (kage,gas, i=2,..., 6) (R2)
fi xprod(i)+ OH — f; x prod(i — 1)
(Kage, particier i =2, ..., 6) (R3)

Reaction (R1) describes the initial oxidation of D5 and im-
mediate formation of products of varying volatility. Here,
prod(i) refers to the sum of products (gas + particle) in
volatility bin i, which are formed with a molar branching
ratio «;. We assume that prod(i) values have the same molec-
ular weights (g mol—1) as Ds, and so the «; values are equiv-
alent to the product mass yields at OHex, — 0. In the model,
a fraction f; of each oxidation product partitions instanta-
neously from the gas phase to the particle phase according to
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absorptive partitioning theory (Donahue et al., 2006) (Eq. 5).

. 1
i: —
1+ =

®)

*
i
OA

Reactions (R2) and (R3) describe how OHeyp, causes volatil-
ity to decrease (Robinson et al., 2007). This decrease in
volatility via “bin hopping” (Sommers et al., 2022) oc-
curs at a rate proportional to the chemical aging rate co-
efficient for the gas-phase (kage, gas. cm? s_l) and an ef-
fective aging rate coefficient for the particle-phase species
(kage, particle cm? s~!). Here we assume that products in the
lowest-volatility bin (i = 1) cannot be removed from that
bin and that the highest-volatility bin (i =6) does not re-
ceive product with aging. The [OH] values are set by divid-
ing the experimental OHexp from Eq. (2) by the PAM-OFR
residence times.

We use kage, gas and kage particle as aggregate chemical ag-
ing rate coefficients, not specific to any species or volatility
bin. Studies on chamber experiments (Robinson et al., 2007)
and ambient measurements (Sommers et al., 2022) have ap-
plied chemical aging only to the gas phase as heterogeneous
aging is slower. However, studies have found that the high
oxidant concentrations in OFRs would appreciably oxidize
organic aerosol (OA) within experiment timescales (Kessler
et al., 2012; Kroll et al., 2015). To accommodate OH up-
take to the bulk phase, we include particle-phase aging that
also decreases the volatility of particle-phase products. The
timescales and atmospheric relevance of heterogeneous ox-
idation in OFRs are areas of ongoing research (Zhao et al.,
2019; Peng and Jimenez, 2020), but for now we opt to fit

Atmos. Chem. Phys., 23, 14307-14323, 2023
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chemical aging rate coefficients for each phase. Note that
surface and bulk accommodation processes are not explic-
itly resolved in the kinetic model and k,ge particle acts on the
concentrations of particle-phase products per unit gas vol-
ume (Sect. S1.6).

We fit kage, gas» Kage, particle, and a;in the aging-VBS model
to the experimental SOSiA mass using the Monte Carlo ge-
netic algorithm (MCGA) (Berkemeier et al., 2017). We ob-
tain a best model fit and a fit ensemble consisting of 1059
parameter sets for which the model’s root mean square error
(RMSE) is below the threshold of 50. We find this ensem-
ble to estimate the parametric uncertainty associated with the
model fit (Berkemeier et al., 2021).

We use the OFR chemistry template with KinSim (Peng
and Jimenez, 2020) to estimate the RO, fates and expect the
fates to have been uniform across the experiments (Sect. S5).
Although there are uncertainties in the RO, reaction rate co-
efficients for siloxanes, we expect that the variation in Ysosia
is not driven by RO, fate in these experiments. We also report
the condensational sink and condensation lifetimes (Palm et
al., 2016) calculated using the particle size distributions in
Sect. S1.3.

3 Results and discussion

3.1 Volatile organic products (VOPs)

3.1.1 Siloxanol and formate ester trends

In Fig. 1, the PTR-MS signals before and after D5 is oxidized
are displayed relative to the protonated Ds ion at m/z 371 on
the y axis. We perform this scaling because the isotopologues
of the product fragment ions overlap with the isotopologues
of Ds. Thus, changes in signal intensity are caused by both
product formation and D5 oxidation. We choose to normalize
the spectra at m /z 371 because we assume that no product ion
peaks overlap with the [Ds]H™ signal at m /z 371. While this
scaling makes the product peaks appear larger, the changes
in the mass spectrum are also qualitatively highlighted. For
example, D5 loses a methyl group during the PTR, which
forms a large signal at m/z 355. The isotopologues of the -
CH, fragment of [Ds]H™ overlap with fragments of VOPs.
By scaling the mass spectrum with the ratio of [Ds]H™ sig-
nal before and after oxidation, the signal of the VOPs is sep-
arated from that of remaining Ds.

Using the mass spectra and species reported by Al-
ton and Browne (2022), we attribute the indicated ions in
Fig. 1 to siloxanol (D4T(OH)), siloxanediol (D3T2(OH),),
siloxanyl formate (D4T(OCHO)), and siloxanolyl formate
(D3T2(OH)(OCHO)). Here, D and T refer to silicon cen-
ters bonded to two and three oxygen atoms, respectively.
The multifunctional VOPs are reported to arise from multi-
ple steps of oxidation (Alton and Browne, 2022). The red and
pink shaded areas in the inset of Fig. 1 refer to the enhance-
ment in signal over that of the -CHy4 fragment of [Ds]HT,
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Figure 1. Example PTR-MS mass spectra from experiment 12 and
proposed VOP ions. For visualization, the signal intensities before
(black) and after (gray) oxidation are shown relative to the maxi-
mum signal intensity of the [Ds]H™T ion at m/z 371, which is set
to 1. The multifunctional species (blue, pink) are expected to be
formed through multiple steps of OH oxidation. The red and pink
areas in the inset each refer to the enhancement in signal attributed
to D4T(OH) and D3T,(OH); over that of the -CHy fragment of
[Ds]H™ and isotope signals, respectively.

which we attribute to the -H,O fragments of [D4T(OH)JH™
and [D3T,(OH);]H™, respectively. We use the masses of
the -H>O fragments of the protonated siloxanols as large
alcohols dissociate during the PTR (Brown et al., 2010).
We also attribute the ions in the blue- and yellow-dotted
boxes to the -H,O fragments of [D3;T2(OH)(OCHO)JH*
and [D4T(OCHO)[H™.

As we did not have calibration standards to quantify these
VOPs, we calculate the molar yields of the VOPs relative to
that of protonated D5 siloxane at m/z 371 to study the trends
of siloxane VOPs (Fig. 2). For each VOP, we choose a char-
acteristic peak in the mass spectrum and calculate the change
in signal due to VOP formation (Sect. S1.5). Then, we calcu-
late the ratios of the changes in the VOP and Ds signals to get
the relative molar yields (Yre1,vop;)- In the right-side panels
for each VOP in Fig. 2, the Ye vop; decreases with increas-
ing OHexp (x axes). This decrease in VOP signal is consis-
tent with these gaseous products undergoing further oxida-
tion or increased gas—particle partitioning due to higher Coa
at higher OHexp. We use the colors to highlight the functional
groups on the Ds backbone.

In the left-side panels for each VOP in Fig. 2, the relative
signals of the VOPs (y axes) decrease with increasing OHexp
(color scale). Then, assuming that [OH] is constant through-
out the PAM-OFR, that D54 OH is the rate-limiting step in
VOP formation, and that removal via gas—particle partition-
ing is negligible (Alton and Browne, 2022), we can consider
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Figure 2. Relative molar yields of VOPs as a function of OHexp and D5 consumed: (al, a2) D4T(OCHO), (b1, b2) D3T>(OH)(OCHO), (c1,
c2) D3T>(OH);, and (d1, d2) D4T(OH). The colors correspond to the attributed mass ions and molecular structures shown at the top. We
did not have a calibration for the suspected VOPs, so the y axes are relative molar yields (ncps / ncps) calculated with the change in signal
attributed to each VOP and that of D5 at m/z 371. The relative molar yields decrease with OHexp, which is used to fit their OH-oxidation

rate coefficients and y; (black lines).

a simplified Ds+ OH chemical mechanism, Reactions (R4)
and (R5).

Ds -+ OH — "y, VOP; (kD5+OH =2.0x10""%cm’ S_l> (R4)

VOP; + OH — (kvopi+on) (R5)

In Reaction (R4), y; is the relative molar yield of a given
VOP; found by extrapolating Ye vop; (¥ axes in Fig. 2) to
OHexp — 0. With ordinary differential equations (Egs. 6 and
7) from these reactions and experimental inputs, we fit y; and
the VOP; + OH rate coefficient (kyop;+0H, cm? s~1). The fits
are shown as black lines in the right-side panels of each VOP
in Fig. 2.

d[D
51— ki, o Ds][OH] ©)
d[VOP;
% = yikps+oH [Ds] [OH]
— kvopi+on[VOP; ][OH] )

The fitted kyvopi+on Vvalues for each VOP are on the or-
der of ~10~12cm3s~! (Table S7) but faster than kDs+0H,
which suggests that these VOPs have atmospheric lifetimes
shorter than that of D5. Alton and Browne (2022) have esti-
mated these VOPs to be volatile with quantitative structure—
activity relationship models. However, there are uncertainties
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in those models, and the VOPs may have lower-saturation
mass concentrations than expected. Moreover, the chemi-
cal mechanism might be more complex than the one out-
lined with simple Reactions (R4) and (R5). Consequently,
we present these kyop;+on values as estimates for secondary
chemistry in this simplified reaction scheme, and future work
using quantitative measurements should improve the calcu-
lated lifetimes of these intermediate Ds+ OH products in the
atmosphere.

3.1.2 Formaldehyde (HCHO) yields

As shown in Table S8 and Fig. 3, the experimental molar
yields of HCHO (Yucuo, AHCHO/ADs in ppb ppb_l) ex-
ceed 100 % at low OHex, and decrease with higher OHeyyp.
We attribute the decreasing YycHo with increasing OHeyp to
HCHO removal by OH in the PAM-OFR. HCHO has a life-
time of 0.91d at [OH]vg = 1.5 x 10 cm—3 (Atkinson et al.,
2006) or 78 s at [OH] = 1.5 x 10° cm 3. In such high-[OH]
conditions, some HCHO is oxidized while being produced,
which is consistent with the decreasing Yycho with increas-
ing OHexp (Fig. 3a). However, HCHO formation likely oc-
curs over multiple oxidation steps (Fu et al., 2020), and how
VOP -+ OH branches to produce HCHO and the rate coeffi-
cients for those reactions are not experimentally constrained.

Atmos. Chem. Phys., 23, 14307-14323, 2023
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Figure 3. Experimental molar yields of selected VOPs: (a) HCHO and (b) HCOOH as functions of OHexp. The blue shaded area in (b) is
the range of Ygcoon (< 10 %) measured by Friedman and Farmer (2018) with monoterpenes under low-RH and low-NO conditions. The
pink shaded area refers to Yycoon from isoprene + OH chamber experiments (Link et al., 2020) at lower OHexp.

Consequently, we implement a simplified mechanism (Re-
actions R6-R8) where Ds+ OH produces a representative
VOP (VOPyp) and yields HCHO at each oxidation step. The
subsequent VOP;¢,+ OH reactions share the same rate coef-
ficient as Ds+ OH and produce HCHO with the same yield
(vucho)- This yhcHo is the cumulative molar yield of HCHO
or the molar yield of HCHO as OHexp — 0. This yucHo is
also used to correlate satellite column retrievals of HCHO
with VOC emissions (Millet et al., 2006) where an empirical
value can be used to constrain uncertainty.

Ds + OH — VOPyep + yucuoHCHO
(kD5+OH =2.0x 107"%cm? s_l) (RO)

VOP;¢ + OH — VOPyep + ycoHCHO  (kpston) (R7)

HCHO + OH — (kucHo+on = 8.5

x 107 2em?s™!) (RS)
We fit yacho to be 223 % (black line in Fig. 3a), assuming
a constant [OH] in the PAM-OFR and that HCHO removal
via partitioning or reactive uptake is negligible. This ygcHo
is consistent with the modeled yields of those for VOCs used
by Millet et al. (2006), who used ygchHo from chemical mod-
els ranging from 60 %—230 % for a variety of VOCs. Thus,
D5 has a comparable ypcpho to that of isoprene or aromatic
VOCs. An improved mechanism and additional rate coeffi-
cients are needed to accurately model HCHO formation.

Fu et al. (2020) proposed a mechanism for D3 siloxane
where high Yycpho is produced under low-NO/HO; condi-
tions. In that mechanism, RO, rearrangement and RO H shift
is fast, and HCHO is produced at each rearrangement step.
The yHcHo exceeding 100 % in these D5 experiments is con-
sistent with HCHO production over multiple rapid oxidation
steps. The results we report suggest that a similar HCHO pro-
duction mechanism exists for Ds.

Atmos. Chem. Phys., 23, 14307-14323, 2023

Mao et al. (2009) found that models under-predicted tro-
pospheric HCHO during their aircraft campaign studying
Asian pollution outflows into the Pacific Ocean. This dis-
crepancy between the measurements and calculations was
pronounced near the surface and up to 2 km. They proposed
that there is some missing OH reactivity and that the unac-
counted species would be reactive with OH and yield HCHO
when oxidized. Based on the Ds experiments present here,
the inclusion of siloxane species may reduce the HCHO for-
mation gap; Coggon et al. (2021) already noted that includ-
ing volatile chemical products in their model would increase
HCHO production.

The large formation of HCHO may entail D5 siloxane con-
tributing to O3 formation, albeit indirectly. We were unable
to observe O3 enhancement due to the high concentrations
of O3 produced from the PAM-OFR internal chemistry itself
and the lack of NO,. Given that kp;4oH is relatively slow
compared to that of other common anthropogenic VOCs, we
suspect that the oxidation of D5 will occur downwind of ur-
ban sources in low-NO, conditions or in cases of air stagna-
tion. Whether Ds has a net positive or negative effect on O3
formation in these VOC/NO, scenarios needs to be assessed
with models. To get a rough estimate of O3z production, we
consider a case where 20 ppt of Ds reacts with OH to form
40 ppt of HCHO, which also fully reacts. This D5 concentra-
tion is within the range reported by Coggon et al. (2018) in
ambient urban air. The molar maximum incremental reactiv-
ity of HCHO under high-NO, conditions is ~ 20 % (Carter
et al., 1995), which makes HCHO a prominent precursor for
tropospheric O3. By multiplying the maximum incremental
reactivity with the HCHO reacted with OH, we can estimate
an O3 formation potential of 8 ppt from D5 in urban air.
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Figure 4. Application of standard-VBS and aging-VBS models to experimental data. (a) Ysosja as a function of Cgp, where the Ygosia
appears to be correlated with OHexp. The standard-VBS model is shown in blue, and the aging-VBS model is shown with OHexp (color
scale) as it is a kinetic model. (b) VBS product mass yields for each volatility bin. For the aging-VBS model, the values are those of
the first-generation products. (¢) Comparison of SOSiA mass concentrations and (d) comparison of Yg5osja between the aging-VBS and
standard-VBS models against measurements. The error bars indicate the minimum and maximum values from the parameter fit ensemble.

The aging-VBS model shows a lower RMSE and higher RZ.

3.1.3 Formic acid (HCOOH) yields

We find molar yields of HCOOH (Yacoown,
AHCOOH/ADs ppbppb~!)  between 45%—127%, as
shown in Fig. 3b, although a trend with OHey, is not
obvious (Fig. 3b). We assume HCOOH loss via OH
oxidation to be minor given the rate coefficient of
kuacoonton =4.5x 107 B cem3s™! at 298.15K  (Atkin-
son et al., 2006), which corresponds to 17d of OHeyp at
[OH]avg = 1.5 % 10°cm™3 or an OH-oxidation lifetime
of 440s in our highest-OHeyxp experiment. In addition to
D4T(OCHO) hydrolysis, HCOOH may have been produced
by heterogeneous reactions of HCHO at the surface of the
SOSiA or the OFR walls in these humid experiments. In the
atmosphere, HCOOH is presumed to form heterogeneously
from HCHO and methanediol (HOCH,OH) in the presence
of wet particles (Franco et al., 2021).

The Yncoon values from Ds+ OH we report are higher
than the values from isoprene + OH (Link et al., 2020)
or monoterpene + OH reported by Friedman and Farmer
(2018), who quantified the Ygcoon of seven monoterpenes
at varying OHexp without NO,. The range of Yxcoon val-

https://doi.org/10.5194/acp-23-14307-2023

18

ues from these references is shown as shaded areas in
Fig. 3b. The Yycoou from D5 is on par with the humid iso-
prene ozonolysis cases reported by Link et al. (2020). Fried-
man and Farmer (2018) also used a PAM-OFR, but with
254nm UV lamps in dry conditions (~ 1 % RH), and Link
et al. (2020) used a reaction chamber, which limits a di-
rect comparison with our results. Nevertheless, Friedman and
Farmer (2018) found Yucoon of 0.64 %—8.5 % at OHexp =
2.0 x 10" sem™3. Aside from the different precursor VOCs
and mechanism, Friedman and Farmer (2018) may have en-
countered less heterogenous production of HCOOH due to
the dry OFR conditions. While D5+ OH may produce more
HCOOH than isoprene + OH, the global emissions of Ds
(McLachlan et al., 2010) are about 4 orders of magnitude
smaller than those of isoprene (Guenther et al., 2012). Never-
theless, the product class of siloxanes may constitute a minor
atmospheric HCOOH source in urban locations, especially if
emissions were to increase.
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3.2 SOSIA mass yields

3.2.1 Volatility basis set parameterization

The Odum two-product model does not accurately capture
the Ysosia in the literature in the high Coa range (Sect. S4),
so we apply a VBS model. Figure 4a shows the fitted aerosol
mass yield curve (blue line) using a standard-VBS model
(Eq. 4), but the experimental Ysosia (¥ axis) appears to de-
pend on both Cpa (x axis) and OHeyp (color scale). To ad-
dress whether accounting for the varying OHeyp in these ex-
periments would improve the VBS model outputs, we fit the
produced SOSiA mass using a standard-VBS model (Eq. 4)
and a kinetic model with VBS and chemical aging rate co-
efficients (“aging-VBS model”, Reactions R1-R3) based on
OHexp and [D5]g (Table 1).

We fit kage gas and kage particle in the aging-VBS model
to be 2.2 x 1072 cm3 s~ ! and 2.0 x 1012 cm3 s~ respec-
tively. The fitted aging-VBS model parameters are summa-
rized in Table S11. Figure 4a also shows the aerosol mass
yield curves calculated with the aging-VBS model over vary-
ing OHexp. Since the aging-VBS model is kinetic, the Ysosia
values are dependent on both [Ds]o and OHeyp, and we cal-
culate three yield curves using the approximate experimen-
tal [Ds]o. The yield curves generated with the aging-VBS
model are more consistent with the experiments and show
how Ysosia, [Ds]o, and OHexp are intertwined in the pro-
posed aging mechanism.

Secondary organic aerosol (SOA) mass yield often ex-
hibits a maximum as a function of OHeyp, after which the
yield decreases due to fragmentation becoming dominant at
high OHexp (Isaacman-VanWertz et al., 2018). We do not
find such a maximum in the range of OHeyp studied, which
suggests that an even higher Ysosja could have been found
at higher OHexp. Moreover, SOSIA is reported to be non-
hygroscopic compared to SOA (Janechek et al., 2019), and
we do not see an obvious relationship between the experi-
ment humidity conditions and aerosol formation.

In both the standard and aging-VBS model fits (blue and
red, respectively, in Fig. 4b), ~ 95 % of the D54 OH product
mass is in the gas phase at a Coa of 10pugm™3. The high
fraction of gaseous products is consistent with low Ysosia
in the lower-OHexp experiments, whereas additional oxida-
tion in the higher-OHeyp experiments leads to a shift towards
products that partition into the particle phase, thus increasing
Ysosia. The optimized «; values for the aging-VBS model
are shown as markers in Fig. 4b. The error bars indicate the
minimum and maximum values of the fitted ¢; in the ensem-
ble parameter sets, which are further expanded in Fig. S12a.
The fit ensemble suggests that products from Ds+ OH must
be largely volatile (C* > 103 pgm™3) in order to reproduce
the experimental SOSiA yields.

Figure 4c and d show comparisons of the standard and
aging-VBS models with experimental SOSiA mass concen-
trations and Ysosia. The error bars indicate the range of
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Figure 5. Evolution of the volatility distribution with OHexp. The
standard-VBS model parameterization (blue bars) is dominated by
the C* = 1000 pg m—3 volatility bin. In the aging-VBS model, the
first-generation volatility distribution is dominated by the highest-
volatility bin (C* = 10000 ug m~3) but decreases with increasing
OHexp (red bars).

model outcomes within the fit ensemble. We see an im-
provement in the RMSE and R? with the aging-VBS model
over the standard-VBS model, suggesting that incorporating
OHexp into the yield parameterization improves model per-
formance. Figure 5 compares the standard-VBS model with
the aging-VBS model for a range of OHeyxp, showing that
product volatility gradually decreases with increasing OHexp
in the aging-VBS model. The high volatility of the initial
products is consistent with the lack of the rapid formation
of low-volatile species, such as highly oxygenated molecules
known to form SOA (Isaacman-VanWertz et al., 2018).

We find that the model is sensitive t0 kage particle» and
a larger rate coefficient results in higher SOSiA formation
(Fig. S11a). When fitting the model with deactivated particle-
phase aging (kage,particle = 0), model-experiment RMSE is
slightly increased (Fig. S11b). Thus, the fitting process pro-
vides a weak constraint on the parameter value (Fig. S12c¢).
The numerical value of the fitted Kage, particle is physically rea-
sonable as it corresponds to an effective uptake coefficient of
OH molecules colliding with the particle surface in the range
of 0.1-1 (Sect. S1.6). On the other hand, kyge gas is very in-
fluential on the model output and tightly constraint in the en-
semble of model fits around a value of 2 x 1072 cm?s~!
(Fig. S12b). We hence postulate that multi-generational ag-
ing of in the gas phase is likely an important process for
SOSiA formation, while particle-phase aging may only play
a minor role under the investigated conditions.

3.2.2 Consolidating literature Ysosia

To address the variation in the literature Ysosia and to gen-
erate parameters for air-quality models, we fit the parameters
in the aging-VBS model with all available data in the litera-
ture and those from our experiments. Given that the literature
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Figure 6. Comparison of experiments, model results, and literature values: (a) Ysosja and (b) SOSiA mass concentrations as a function of
[Ds]o and OHexp. The aging-VBS model is fit using experimental data from (1) this study and (2) those in the literature. SOSiA formation
generally increases with [Ds]p and OHexp. The aging-VBS model can capture the broad range of Ysog;ja reported in the literature.

used differing psosia values to calculate Ysosija from SMPS
data, we adjust the Ysosia and Coa reported in the literature
to that of the psosia used here (psosia = 1.07 g cm~3 ). Simi-
larly, we re-calculate the OHexp in the literature using Eq. (2)
and the [Ds]g and [Ds]gna values.

Figure 6 shows experimental values (markers) and model
outputs (contours) of Ysosia (panels al and a2) and SOSiA
mass concentrations (panels bl and b2) as a function of [Ds]g
and OHeyp. Figure 6al and bl are generated using the aging-
VBS model fit using only data from experiments presented
in this study, while Fig. 6a2 and b2 show a fit including data
from the literature. The aging-VBS model captures the in-
creasing Ysosia with increasing [Ds]o and OHexp. At a given
[Dslo, Ysosia and the SOSiA mass concentrations increase
with higher OHeyp,. Figure 6a2 shows that the relatively high
Ysosia (> 50%) is feasible at OHexp > 10! scm3. More-
over, the aging-VBS model predicts that Ysosia is almost
negligible (< 5 %) under atmospheric concentrations of Dj
and OHexp.

Figure S8 shows that the aging-VBS model used here leads
to a much higher correlation between modeled and exper-
imental values for SOSiA mass concentration compared to
the same analysis with a standard-VBS model (RMSE = 189
vs. 378). The better correlation suggests that the volatil-
ity distribution evolves with OHexp and that chemical aging

https://doi.org/10.5194/acp-23-14307-2023

20

should be considered when evaluating the volatility distribu-
tion of SOSIA from D5 + OH.

We note that bulk-phase chemistry is more complex than
logarithmic shifts in volatility with OHexp and is not fully
captured in the proposed aging-VBS parameterization. For
example, Wu and Johnston (2017), Avery et al. (2023), and
Chen et al. (2023) characterized Ds+ OH SOSiA with mass
spectrometry and found spectra indicative of oligomers. The
formation of oligomers may reduce the bulk volatility by
more than one bin and change the gas—particle equilibrium
timescales (Berkemeier et al., 2020). Here, we incorporate
kage,gas and a simple bin hopping approach to illustrate that
a change in the volatility distribution with OHexp can ade-
quately capture the Ysosja variation in the literature. Future
work with more sophisticated chemical models should close
that gap further.

4 Conclusions and atmospheric implications

With a PAM-OFR, PTR-MS, and SMPS, we studied the for-
mation of VOPs and SOSiA under various OHexp conditions.
Using a simplified VOP oxidation scheme (Reactions R4 and
RS5), we find that the VOPs of tentatively identified siloxanols
and formate esters have shorter OH-oxidation lifetimes than
their precursor D5 (Table S7). In addition, we find the mass
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yield of HCHO of Ds comparable to that of isoprene or aro-
matics (Millet et al., 2006), suggesting that D5 siloxane is a
potential O3-contributing species in downwind scenarios. We
find Yycoon ranging from 45 %-127 %, which suggests that
Ds+ OH is a source of atmospheric HCOOH, albeit smaller
than isoprene, which is emitted in higher amounts by orders
of magnitude.

An aging-VBS model incorporating OHexp and chemi-
cal aging adequately describes gas—particle partitioning at
atmospheric OHexp and Coa. Based on these experiments,
low-NOy Ys0sia should be < 5 % under commonly observed
atmospheric OHexp < 5 X 10" sem™3 (Fig. 6al). The first-
generation products of D5s+ OH are likely volatile, but their
volatility decreases with increasing OHexp, (Fig. 5). This evo-
lution in volatility suggests that further oxidation of sec-
ondary products would reduce the volatility enough to form
SOSiA. Unlike a-pinene (Isaacman-VanWertz et al., 2018)
or other precursors for SOA, Ds+ OH does not appear to pro-
duce low-volatile species within a single oxidation step. In-
stead, additional OHeyy, is needed to form aerosol, which sug-
gests that multiple oxidation steps lead to a gradual decrease
of product volatility. Hence, concepts that can be success-
fully applied to SOA formation may not accurately capture
SOSiA formation, for which models must consider chem-
ical aging. In the atmosphere, SOSiA from D5+ OH may
be easier to detect downwind of urban sources due to the
higher OHexp and dilution and/or removal of competing OH-
reactive species.

Based on KinSim calculations (Sect. S5), we expect that
the RO, fate is dominated by RO+ HO, and RO,+ OH,
which is consistent with the calculations performed by Av-
ery et al. (2023). However, we note that the reaction rate
coefficients of RO, and its subsequent products are uncer-
tain for D5, and we cannot directly address the atmospheric
relevance of these calculated RO, fates at this time. To im-
prove Ysosia parameterizations for the atmosphere, there is a
need to study the impact NO, has on siloxane RO, chemistry,
given that siloxanes are likely emitted from urban sources
where [NO,] is high. In such scenarios, RO+ NOj is likely
an important fate (Peng et al., 2019; Newland et al., 2021).
Han et al. (2022) found that the addition of N,O into their
OFR would reduce Ysosia, although the cause is unclear.
However, Charan et al. (2022) did not find Ysosia to change
with NO, in their chamber experiments, which is consistent
with rapid RO formation across RO; fates. Quantifying sec-
ondary species across RO, fates and identifying their sub-
sequent oxidation reactions may also be useful to adapt the
Ds oxidation mechanism into more sophisticated chemical
kinetics models.

We find that the aging-VBS model is very sensitive to
kage,gas (Fig. S12), suggesting that photochemical aging in
the gas phase should be considered in these models. The con-
densation timescale calculations suggest that the loss of low-
volatile species to the wall is small (Sect. S1.3); however,
these calculations assume a high mass accommodation coef-
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ficient for SOSiA and do not account for particle nucleation.
Should particle nucleation be delayed or happen slowly, the
gas wall loss may be higher than expected, leading to under-
quantification of SOSiA. Furthermore, the aging-VBS model
assumes that kage ¢as is uniform across products or that chem-
ical aging results in a 10-fold decrease in volatility.

While the proposed model assumes that the particles are
internally well mixed, the high [OH] used in OFRs may
induce faster radical reactions and dimerization near the
particle surface (Zhao et al., 2019), which affects particle
composition and equilibrium timescales. While dimers and
oligomers have been found in SOSiA (Wu and Johnston,
2017; Avery et al., 2023; Chen et al., 2023), the model cur-
rently does not account for particle-phase oligomer forma-
tion. How oligomerization in the Ds+ OH SOSiA system
evolves the volatility distribution and particle properties is
currently not considered in the aging-VBS model. Moreover,
high degrees of oxidation should lead to fragmentation and
increasing volatility (Isaacman-VanWertz et al., 2018), which
is also not considered in the aging-VBS model. Hence, mul-
tiphase modeling to evaluate SOSiA chemistry and translate
experimental findings to atmospheric conditions remains a
direction for future research.
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Appendix A: Abbreviations

Coa: organic aerosol mass loading

c*: effective saturation mass concentration
Ds: decamethylcyclopentasiloxane

EVR: extended volatility range

Ds4, I135:  flux of 254 and 185 nm photons

ncps: normalized counts per second

NO,: nitric oxide and nitrogen dioxide

OA: organic aerosol

OFR: oxidation flow reactor

OH: hydroxyl radical

[OHlavg:  24h average daily hydroxyl
radical concentration

OHexp: hydroxyl radical exposure

OHRx¢: external hydroxyl radical reactivity

0O3: ozone

PAM: potential aerosol mass

PTR: proton transfer reaction

PTR-MS: proton transfer reaction mass spectrometer

RH: relative humidity

RMSE: root mean square error

RO: alkoxyl radical

RO;: peroxyl radical

SMPS: scanning mobility particle sizer

SOA: secondary organic aerosol

SOSiA: secondary organosiloxane aerosol

[OAY ultraviolet radiation

VBS: volatility basis set

VOPs: volatile oxidation products

Yucuo: formaldehyde molar yield from D5

Yacoon:  formic acid molar yield from Ds

Yrel,voP: relative molar yield of VOP from Ds

Ysosia: SOSiA mass yield from Ds

y: molar yields extrapolated to when OHexp — 0
PSOSIA: SOSIiA aerosol mass density

Tres: residence time
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2.3. Multiphase chemistry and phase state explain
nonlinear effects in the formation and evaporation of
SOA from mixed monoterpene precursors

This section has been published as a research article in the journal ACS ES&T Air,
where I am the first author. Under the supervision of Dr. Thomas Berkemeier, I further
developed the model and VBS mechanism based on previous studies and ported the
model into the KM-MEMO and KM3C frameworks. I also developed the adaptive
layer resizing and moving-boundary algorithms under the supervision of Dr. Thomas
Berkemeier. I performed all model calculations and global optimization of parameters. I
also produced the figures and the text with input from co-authors. The supplement to
this work can be found in Appendix B.2.

Kang, H. G., Takeuchi, M., Ng, N. L., Péschl, U., and Berkemeier, T.: Multiphase
Chemistry and Phase State Explain Nonlinear Effects in the Formation and Evapora-
tion of SOA from Mixed Monoterpene Precursors. ACS ES&T Air, in press (2026).

This modeling study describes the condensation, evaporation, and particle-phase
diffusion of SOA from a-pinene and limonene + NOj, where the data came from
previous studies (Berkemeier et al., 2020; Takeuchi et al., 2022). To resolve difficulties
with the numerical treatment of evaporating aerosols, we developed KM3C. We con-
cluded that the slow evaporation of SOA in these chamber experiments was due to
the formation of a viscous surface crust, which arose as higher-volatile species evapo-
rated from the particle surface. This viscous crust kinetically limited the evaporation of
volatile species. Furthermore, we found that cross reactions between the a-pinene- and
limonene-derived intermediates that lead to accretion products explain the nonlinear
Ys0a found in multiprecursor experiments.
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ABSTRACT: A large fraction of airborne particulate matter consists of
secondary organic aerosol (SOA), which can be highly viscous, leading to
kinetic limitations in gas—particle partitioning and chemical reactivity. The
underlying processes, however, have not been fully resolved and quantified in
computational models. We use experimental data and the kinetic multilayer
model of multiphase chemistry (KM3C) to investigate SOA formation by
oxidation of limonene and a-pinene with the nitrate radical (NO;). The
model explicitly treats gas—wall loss, gas—particle partitioning, as well as gas-
and particle-phase chemistry, and includes a novel method for parametrizing

“\\'\brium Partjy;
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precursors

bulk diffusivity from particle composition. KM3C utilizes and reproduces the

temporal evolution of particle mass and thermal desorption mass spectrometry data (FIGAERO-CIMS) obtained in chamber
experiments. The model can explain the observed slow evaporation of limonene SOA through slow bulk diffusivity and predicts the
formation of a viscous surface crust. In mixed-precursor experiments, KM3C attributes nonadditive SOA mass yields to cross-
reactions between a-pinene- and limonene-derived intermediates, leading to accretion products. We conclude that particle phase
state, oligomerization, and multiprecursor effects have to be resolved to accurately describe and predict atmospheric SOA formation.

KEYWORDS: organic aerosol, diffusion, partitioning, viscosity, oligomerization

1. INTRODUCTION

Air quality models use absorptive partitioning theory to
estimate organic aerosol (OA) formation." Donahue et al.”
built on absorptive partitioning theory to introduce the
volatility basis set (VBS), which parametrizes secondary
organic aerosol (SOA) formation by categorizing volatile
organic compound (VOC) oxidation products by their vapor
pressures. A VBS can be derived using SOA growth data from
oxidation reactors or thermal desorption data from instruments
such as the filter inlet for gases and aerosols chemical
ionization mass spectrometer (FIGAERO-CIMS).>* While
absorptive partitioning theory assumes rapid gas and particle
equilibria and homogeneous particles,' particles from experi-
ments and ambient air can be viscous and may not reach
equilibrium with the surrounding gas phase within their
atmospheric lifetimes.”~’

Berkemeier et al.” reacted a-pinene and limonene with the
nitrate radical (NO;) in the Georgia Tech Environmental
Chamber (GTEC), which can be temperature-controlled
between S and 42 °C. They derived the oxidation product
volatility distribution using the SOA growth and evaporation
data with a kinetic model. However, the model considered only
data from a scanning mobility particle sizer (SMPS), and the
effects of a viscous particle phase state were only explored in a
sensitivity study. As a consequence, the model required rapid
and near-complete oligomerization of the limonene SOA to fit
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the experimental data. Schobesberger et al.” developed a model
to calculate FIGAERO-CIMS thermograms from volatility but
assumed that the particle bulk is well-mixed. Here, we describe
SOA growth and evaporation in a reaction chamber and
parallel thermal desorption measurements with FIGAERO-
CIMS using a single kinetic multilayer model and a single
kinetic parameter set and explicitly account for the evolution of
the particle phase state over time.

Typical accretion reactions in the particle phase of SOA are
peroxyhemiacetal formation from hydroperoxides and carbon-
yls, esterification from alcohols and carboxylic acids,”~"" and
acid-catalyzed aldol condensation.'"’ Bakker-Arkema and
Ziemann® mixed extracted SOA from a-pinene + O, with a
hydroperoxide probe molecule and found that the oligomeriza-
tion equilibrium was reached within an hour. However, there
are remaining uncertainties in both oligomerization rates and
equilibrium constants, and a wide range of oligomer mass
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fractions have been reported, such as >50% for a-pinene + O,
SOA 1415

Kinetic multilayer models can account for how bulk
diffusivity (D,) affects chemistry'®™"® and partitioning,'**°
In such models, the particle bulk is divided into layers in the
form of spherical shells, which can exchange mass through
diffusional transport. Kinetic multilayer models have been used
previously to study the effects of diffusivity in SOA growth and
evaporation,””°~ in addition to related applications such as
the cloud formation ability,'* oxidative aging,'®*°"** and
photochemical aging of OA.'®***° This multilayer bulk
structure better explains scenarios where rapid mixing of the
particle bulk cannot be assumed,”' ™** but the computational
expense of the model increases steeply with the number of bulk
layers. Especially for SOA formation chemistry, where
hundreds of chemical reactions and oxidation products play
a role, a multilayer treatment of aerosol particles can quickly
become infeasible.

VBS-based chemical mechanisms can help reduce the
number of chemical compounds that must be considered
when modeling the formation of SOA. VBS approaches often
presume that each precursor VOC oxidizes to form products
independent of the presence of other VOCs, thus assuming
that the total SOA mass yield (Y0, ) is the sum of the yields of
the individual precursors.” However, experiments have found
Yson to not be a linear sum.***™*" Takeuchi et al.*® used
FIGAERO-CIMS thermograms and Ygo, collected during
chamber experiments similar to those described in Berkemeier
et al.® to conclude that reactions between the condensed a-
pinene and limonene oxidation products lead to nonadditive
Ys0a. The authors proposed that cross-reactions between gas-
phase intermediates or particle-phase products of the two
monoterpenes may cause the nonlinearity, but such chemistry
was not explicitly modeled.

The oxidation of gaseous species tends to reduce the vapor
pressure of these species bZ adding functional groups onto
their molecular backbones.”® In a VBS-based model, such
oxidative aging can be reflected through shifts in the volatility
distribution toward products with lower effective saturation
mass concentrations (C*).”*” This “volatility bin-hopping” has
been used to model the shift in the volatility distribution of
siloxane oxidation products*’ and oil sand emissions’ by
photochemical aging.

In this study, we use the kinetic multilayer model for
multiphase chemistry (KM3C) to model the SOA growth and
evaporation data from Berkemeier et al.® and the FIGAERO-
CIMS thermograms reported in Takeuchi et al.*® with a single
chemical mechanism and a set of kinetic model parameters.
We explore the effects of mixed-precursor dimer production
from gas-phase peroxy radical reactions (RO, + RO,),
oligomerization in the particle bulk, gas-phase NO; aging,
and composition-dependent diffusivity. The Monte Carlo
genetic algorithm (MCGA)* is used to derive optimal
model parameters from the experimental data.

2. METHODS

2.1. Experiments

Details on the experiments conducted at the Georgia Tech
Environmental Chamber (GTEC) facility are described in Berkemeier
et al.® and Takeuchi et al*® In brief, a-pinene and/or limonene
reacted with NO; via molar excess injections of N,Os (4:1 of N,O; to
double bond) into a dry and dark Teflon chamber in the presence of
ammonium sulfate seed particles. Since a-pinene has lower Yso, than

limonene when reacted with NO;, experiments were performed with
higher concentrations of @-pinene than those of limonene to achieve
similar SOA mass loadings.

Experiments started at a temperature of about 5 °C that increased
to 42 °C in two steps over the course of hours. A scanning mobility
particle sizer (SMPS) was used to monitor SOA growth and
evaporation, and the data was adjusted for particle—wall loss.*”
Four types of experiments were conducted: two where each
monoterpene was oxidized separately (APN and LIM), one where
both monoterpenes were oxidized together (MIX), and one
sequential experiment where limonene was oxidized after a-pinene
(SEQ).

A filter inlet for gases and aerosols chemical ionization mass
spectrometer (FIGAERO-CIMS) was used to collect and thermally
desorb particles on a Teflon filter in intervals of 60 min throughout
the course of the experiment. We use a FIGAERO-CIMS thermogram
from each chamber temperature set point (5, 25, and 42 °C), which is
three thermograms for each experiment, for kinetic modeling.

2.2. Kinetic Multilayer Model for Multiphase Chemistry
(KM3Q)

The kinetic multilayer model for multiphase chemistry (KM3C)
explicitly describes the temporal evolution of a multiphase chemical
system by solving ordinary differential equations (ODEs) that contain
transport fluxes and rates of chemical production and losses. The
differential equations were solved using Matlab software (odelSs
solver). The model builds on the earlier work by Shiraiwa and co-
workers.*”** The model code is automatically generated using the
kinetic multiphase meta-model (KM-MEMO) code generator, which
is a Matlab package program developed in-house to produce model
files based on user inputs without having to manually compose the
model code.*’

We build on the model from Berkemeier et al.,® where the previous
model assumed that particles are well-mixed, by having multiple bulk
layers to account for Dy. We also incorporate adaptive layer resizing
and moving—boundary algorithms, which allow for the particles to
grow and shrink dynamically while avoiding numerical stiffness. As for
the model compartment structure, we follow the one in Berkemeier et
al,,® which subdivided a reaction chamber into the wall, gas-phase, and
particle-phase compartments. Thin gas layers surrounding the
chamber wall and the particle bulk allow for the treatment of gas
diffusion. Gas—wall loss is treated following Huang et al.** Separate
chemical mechanisms are employed in the gas and particle phases.
The particle bulk was further subdivided into thin diffusion layers.

The depth of the near-surface particle bulk layer increases and
decreases as the organic species adsorb and desorb. When the near-
surface bulk layer becomes very thin due to evaporation, numerical
stiffness increases sharply, which often leads to failure of the
numerical ODE solver. We address this issue by adopting an adaptive
layer resizing algorithm (Figure 1b), which merges adjacent bulk
layers when the volume of a layer falls below a lower threshold.
Likewise, the algorithm splits a layer when it exceeds an upper volume
threshold, resulting in a dynamic number of bulk layers.

Note that the merging of bulk layers can lead to numerical
diffusion,*® i.e,, increased transport of matter compared to the real
physical system, if concentrations in neighboring layers are different.
The impact of numerical diffusion can generally be minimized by
using a sufficient number of bulk layers so that concentrations
between neighboring layers differ only slightly. The systems
investigated in this study, however, exhibit steep concentration
gradients at the particle surface, and merging of the topmost into the
second bulk layer then leads to a sudden increase in evaporation of
volatile species that were trapped under the near-surface layer. To
resolve this issue, we incorporate a moving-boundary algorithm,
similar to that used by Couvidat and Sartelet,”® where the volume of
the near-surface layer does not shrink as a result of net desorption at
the surface (Figures SI and S2). The moving-boundary algorithm is
described in detail in Section SI.

KM3C is also used to model thermal desorption in FIGAERO-
CIMS explicitly. The model runs are initiated with the exact
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Figure 1. (a) Compartments and processes in the kinetic multilayer
model KM3C and (b) illustration of the adaptive layer resizing
scheme. KM3C subdivides a reaction chamber into the wall, gas, and
particle phase compartments and models mass transport between and
reactions inside each model layer. Particle-phase bulk layers split or
merge as they exceed upper or lower size thresholds, respectively,
leading to a dynamic number of layers throughout the calculation.

b)

composition of particles (including internal diffusion gradients) from
the chamber model runs, taken at a specific experimental time that
coincides with the sampling interval of the FIGAERO-CIMS
thermogram. The thermal desorption behavior of the particles when
flowing pure nitrogen gas into the FIGAERO device is then simulated.
KM-MEMO is also equipped with parameter optimization algorithms,
including the Monte Carlo Genetic Algorithm (MCGA),* which is
used in this study to obtain globally fitting kinetic parameter sets
(Section S4) using the chamber experiment bulk mass time series and
the FIGAERO thermograms. In the first step, we use MCGA to
optimize all kinetic parameters necessary to describe the pure
precursor systems on the respective experimental data (APN and
LIM). The parameters exclusive to the mixed precursor systems (i.e.,
properties of heterodimers) are optimized in a second optimization
step only to the mixed precursor experimental data (MIX, SEQ). A
sensitivity study of the optimized model parameters is shown and
discussed in Section SS.

2.2.1. Chemical Mechanism. The reaction mechanism used in
this study builds on the mechanism presented in Berkemeier et al.,’
which was based on Master Chemical Mechanism v3 (MCM).*” The
semiexplicit mechanism bins intermediates and oxidation products
into categories based on molecular structural features (e.g., alkoxy
radicals RO, peroxy radicals RO,) and volatility, respectively. We
simplify aspects of the Berkemeier et al.* mechanism by removing the
distinction between the non-nitrated and nitrated organic species.
Instead, all products are distributed across a single volatility basis set
(VBS), which significantly reduces the number of model parameters
and calculation time. We set logarithmically spaced volatility bins for
condensing monomers in the range C;;S =1x10*-1x10° ug
m3, where Cj is the effective saturation mass concentration at 298
K.> We also assign a separate bin for high-volatile species that do not
partition. The C* are adjusted for temperature following Epstein et
al.*® From the FIGAERO-CIMS data, we find that a large fraction
(>80%) of detected ions in each experiment contain nitrogen (Figure
$16) and so use a single VBS for nitrated and non-nitrated chemical
species.

30

The precursor VOCs react with NO; to form peroxy radicals
(RO,), which undergo further radical chemistry until they eventually
terminate into stable oxidation products that are represented by VBS
species. Specific details are available in Section S3, and a schematic of
the mechanism is shown in Figure S3. The mechanism also includes
dimer formation through RO, ,,, + RO,j,, = ROORy,, reactions,
where the volatility bin branching is linearly interpolated and the C3q
of ROOR;,, is optimized for between those of ROOR,,, and
ROOR;,. To address potential nonlinear effects in heterodimer
formation, we include a fit adjustment factor (yrosrop) for the
RO, 4 + ROy, reaction, eq 1. We set the bounds of ypos.ro, to be
within an order of magnitude of kgoy,rosmy Which covers the range
between Krozirozmpn a0 kroairozjim and reflects the wide range of
krozsroz reported in the literature.” '

kROZ+R02,het = kR02+ROZ,lim X yR02+R02 (1)

The gas-phase chemical mechanism includes aging of oxidation
products with NOj; by the volatility bin assigned to them. We assume
that hydrogen abstraction by NO; adds a functional group, such as —
OH or—OOH, to the molecule and reduces the molecule’s Cig by 2
orders of magnitude.*® We optimize for the NO;-aging rate coefficient
(kaging) for each monoterpene precursor in a range consistent with
aliphatic species.”>**

In the particle phase, oxidation products can react to form
oligomers, which we presume do not evaporate. Following Berkemeier
et al,® we assume reverse oligomerization to occur as first-order
reactions and the forward oligomerization as second-order reactions
by multiplying a first-order rate coeflicient with the mass fraction of
monomeric reaction partners in a given model layer (M;). We fit the
forward and reverse oligomerization rate coefficients (kfwd'ohg and
krev’olig) and energies of activation (E,zq and E,,). Oligomers
decompose into the original monomers, and the mechanism includes
reactions between a-pinene and limonene monomers to form particle-
phase hetero-oligomers. The rate coeflicients for the hetero-oligomer
formation and dissociation are assumed to lie between the values for
the pure a-pinene and limonene systems (eqs 2 and 3), which we
denote as “scale” in the below equations. We include a fitted
adjustment factor (Yaygolg and Yrevorg) to the rate coefficients to
address nonlinear effects.

Kfuud,olig het = Yawd,olig X Scale(kfwd,olig,apn! kfwd,olig,lim) X Mg

o exp| Dafwdhet X[L_l]
TR 298 T (2)

k X scale(k k

rev, olig, het = yrev, olig rev, olig,lim)

Ea,rev,het ( 1 1 )
Xexpl —— X | — — —
R 298 T 3)

2.2.2. Composition-Dependent Bulk Diffusivity (D). Kinetic
multilayer models allow assigning distinct Dy, for every model layer
based on molecular composition.'>'? A gradient of diffusivity based
on composition has been proposed for systems analogous to
SOA,*** and SOA with higher fractions of low-volatiles have been
observed to be more viscous.’

Previous studies found a log—log relationship between vapor
pressure and viscosity, where less volatile species tend to have higher
viscosities.”” "®" We thus prescribe a linear relationship between the
decadal logarithms of the effective saturation mass concentration of
species i at 298 K, Clys;, and the self-diffusivity at 298 K, Dy, 595

rev,olig,apn’

log 10(Dy, 595,,) = m X log 10(Cyo) + b (4)

The slope (m) and intercept (b) of this log—log relationship (eq 4)
are obtained by fitting to the experimental data, and we use the same
relationship to calculate the Dy ,95; of the monomers and dimers
(Figure S4). As oligomers are nonvolatile in this model, they are
assumed to contribute with a Dy, 595, that is a fraction x,y;; of the Dy, 55,
from the lowest volatility bin of the model.
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Figure 2. SOA mass concentrations and model results for bulk composition in the chamber for LIM (left column) and APN experiments (right
column). Panels (a,b) show the time evolution of SOA mass concentrations obtained from SMPS data (markers) and the model (gray line).
Subdivisions of the filled area underneath the modeled SOA mass concentrations denote the contribution of monomers, gas-phase dimers, and
particle-phase oligomers to the total mass. The temperature during the model runs is shown as an orange dashed line. Panels (c,d) use color-coding
and subdivision of the filled area underneath the modeled SOA mass concentrations into individual model layers to show the composition-
dependent D, for each bulk layer. Likewise, panels (e,f) display the molar fraction of all low-volatile species and oligomers (Cijq; < 0.1 g m?) in
each bulk layer. The model shows surface crust formation for both pure monoterpene precursors, which can be accredited to the increased

concentration of low-volatile species and oligomers at the particle surface.

To calculate the diffusivity of a given bulk layer [ at 298 K (D}, 595,
from the composition of that bulk layer, we use the Vignes
equation'®®* (eq 5), which is a logarithmic mixing rule that weighs
Dy 95, with the molar fraction «;; of species i inside layer I

Db,z9s,1 = H (Db,298,i)xi'l (5)

We adjust Dy, for temperature with the Clausius—Clapeyron eq (eq 6),
where AH® is the effective enthalpy of diffusion and R is the gas
constant. We fit AHY between 50 and 150 kJ mol™, a range
consistent with that of water—sucrose solutions.*>

AHY (1 1
Dy, = Dy 505 X exp| — R \T ™ 298 ©)

3. RESULTS AND DISCUSSION
3.1. Phase State Effects on SOA Growth and Evaporation

The time series of SOA mass concentrations in the pure
precursor experiments (LIM, APN) is well-captured by the
kinetic model, including the evaporation upon increase in
chamber temperature (Figure 2ab). The APN experiment

shows sensitivity to k., due to the higher percentage of
products of higher volatility (Figure S12); the model is
sensitive to the monomer volatility distributions in both, APN
and LIM, experiments (Figure S10). While Berkemeier et al®
also achieved a good fit with the SOA mass, the previous
model did so with a rapid and high degree of oligomerization.
Here, the optimized model has a lower degree of
oligomerization. The formation and evaporation occur more
gradually for limonene SOA than for a-pinene SOA. The
model finds that the bulk diffusivity in the APN experiment
(Figure 2d) is initially higher than in the LIM experiment
(Figure 2c) and that evaporation of a-pinene SOA is initially
not diffusion-limited. In both experiments, diffusivity in the
particle phase decreases with time as semivolatiles evaporate.
Especially, the D, of the near-surface bulk layer becomes
suppressed compared to the underlying layers upon an increase
in chamber temperature. The model suggests this surface crust
forms by accumulation of low-volatile species and non-
partitioning oligomers at the surface (Figure 2e,f). A viscous
surface crust (Dy &~ 1 X 1077 cm?® s7!) forms upon the first
increase in chamber temperature to 25 °C for the LIM
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Figure 3. SOA mass concentrations and model results for bulk composition in the chamber for MIX (left column) and SEQ_experiments (right
column). Panels (a,b) show the time evolution of SOA mass concentrations obtained from SMPS data (markers) and the model (gray line).
Subdivisions of the filled area underneath the modeled SOA mass concentrations denote the contribution of monomers, gas-phase dimers, and

particle-phase oligomers to the total mass. The temperature during the

model runs is shown as an orange dashed line. Panels (c,d) use color-coding

and subdivision of the filled area underneath the modeled SOA mass concentrations into individual model layers to show the composition-
dependent D, for each bulk layer. The model slightly underpredicts Yo, in the MIX experiment. (e,f) show the sum of the molar fractions of

heterodimers and hetero-oligomers.

experiment and upon the second increase in chamber
temperature to 42 °C in the APN experiment, each time
slowing evaporation considerably. The formation of the crust
in APN at higher temperatures coincides with oligomerization
and the evaporation of more volatile species. These crusts
delay the evaporation of underlying species, similar to the
diffusion-limited evaporation found in polymer—solvent
systems.55

Li et al.°* used EPISuite to calculate the glass transition
temperatures and vapor pressures of organic compounds and
provided an empirical relationship between glass transition
temperature and vapor pressure (Section S6). The D, — C*
relationship (eq 4) is largely consistent with the data analyzed
by Li et al. (2020) for the range of Cjys in this study and does
not require an upper viscosity limit (Figure S11). However, the
data set is sparse for low C3j species, and KM3C is sensitive to
the composition-dependent bulk diffusivity parameters (Sec-
tion SS, Figure S15). Thus, further research is needed to better
constrain the relationship between viscosity and volatility of
organic compounds.

The model also fits the MIX and SEQ_experiments with
reasonable accuracy (Figure 3a,b), using the same kinetic
model parameters as for the pure precursor experiments, APN
and LIM. In the MIX experiment, the model finds that the
surface crust forms early on (Figure 3c), like with LIM, and the
distribution of a-pinene and limonene species throughout the
particle is more homogeneous compared with that of SEQ
(Figure SS). Note that we find a-pinene oxidation products to
condense slightly before the monomeric limonene oxidation
products due to the faster oxidation chemistry of a-pinene in
the gas phase (Figure SSa,b). Furthermore, accretion products
of oxidation products from both monoterpenes (hetero-
oligomers) form efficiently, which titrate away the less
numerous monomeric limonene oxidation products near the
core of the particle (Figure 3e). For SEQ, the model finds that
a more viscous limonene SOA phase forms on the top of the
less viscous a-pinene SOA (Figure 3d) and that heterodimers
do not initially form. At 5§ °C, both phases hardly mix, as
hypothesized by Boyd et al,** and this division persists until
the chamber temperature is increased to 25 °C where mixing
happens of both phases occurs (Figure 3f). Consequently, the
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more volatile a-pinene species are trapped under the limonene
species at the start, and hetero-oligomers do not form until the
particle mixes (Figure SS). Both systems show formation of a
viscous surface crust upon heating,

To test the effect that slow bulk diffusion has on
partitioning, we run the model with a single well-mixed bulk
layer but otherwise the same model parameters (Figure 4 and
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Figure 4. Effect of gas—wall loss and bulk diffusivity on SOA
formation in LIM. Solid and dotted lines are results from the full
multilayer model and a simplified monolayer version, respectively.
When the particle is well-mixed in the monolayer model, less SOA is
formed as repartitioning of species to the gas phase is facilitated,
leading to gradual loss to the chamber walls. In the full multilayer
model, slow bulk diffusivity can shield semivolatile species from being
lost to the walls.
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Figure S6). The model is sensitive to both slope and intercept
of the Dy — C* relationship (eq 4), where slower diffusion
generally results in slower evaporation (Figure S11). In the
case of LIM (Figure 4), gas—particle equilibrium is rapidly
achieved in the monolayer model, not capturing the observed
gradual decrease in particle mass. The SOA mass after 24 h,
however, is very similar in both simulations. A monolayer
model run for the APN experiment is fairly comparable with
the result of the multilayer model (Figure S6), which is
consistent with the earlier finding that evaporation of fresh a-
pinene SOA is not diffusion-limited. However, we note crust
formation in the model is a consequence of the D, — C*
relationship (eq 4), where a steeper slope would result in a less
diffusive crust. In the absence of additional data, we cannot
definitively assert whether slow bulk mixing or diffusivity
gradient formation are unique solutions to explain the
observed data. Nevertheless, diffusion-limited evaporation via
crust formation is proposed in other particle systems” and
offers a plausible explanation for the slow SOA evaporation
examined in this manuscript.

Furthermore, we find that peak Ygo, is higher in the
simulation with the multilayer model. This result is counter-
intuitive as semivolatile organics on the surface of a viscous
particle may be incorporated more slowly into the particle
bulk, which may result in slower SOA growth. As shown in
Figure 4, there is more SOA formation in LIM without gas—
wall loss (red solid and dotted lines), and there is no significant
effect of bulk diffusion on peak Ysu,. The reason that slow bulk
diffusion can increase Yso, in chamber experiments is that
gas—particle repartitioning is slowed by bulk diffusion and thus

semivolatile species are shielded from gas—wall loss, and
similar results are found with the other scenarios (Figure S7).
This result highlights the findings in McVay et al,*® where
both kinetically limited condensation and gas—wall loss time
scales need to be considered when modeling SOA formation.

3.2. Nonadditivity of Ysoa

Figure S compares the SOA mass yield (Ys0,) obtained with
the kinetic model to the data reported in Berkemeier et al.* and
in Takeuchi et al.*® We generate the yield curves by adjusting
the initial VOC and N,Ojg concentrations while keeping the
ratio [VOC]/[N,O;] constant. We report total Yo, for all
experiments. For the mixed precursor experiments (MIX,
SEQ), we also report yields for the individual precursors,
attributing the gas- and particle-phase heterodimers in equal
parts to a-pinene and limonene.

When accounting for cross-reactions between a-pinene and
limonene oxidation products to form heterodimers, we find
that the modeled Ygo, agrees well with the experimental
results. The model reproduces a small enhancement in the
SOA yield of a-pinene in the MIX experiment compared to
that in the APN experiment, but the same enhancement is not
found in the SEQ experiment (Figure 5a). The model suggests
that mixing between the monoterpene products is initially
limited in the SEQ experiment, causing a limonene SOA shell
to form around an a-pinene core (Figure SSd,e). The spatial
separation of oxidation products in the particle phase and the
temporal separation of peroxy radicals in the gas phase leads to
reduced formation of heterodimers from cross-reactions
(Figure 3f). Previous studies®”*® suggested that incomplete
mixing or phase separation may affect Yo, in multiprecursor
experiments. Here, the model assumes full thermodynamic
miscibility between limonene and a-pinene oxidation products,
and spatial separation is only due to diffusion limitations in the
particle phase.

The model returns a decrease in limonene SOA yield in the
SEQ_experiment (Figure 5a), in line with the experimental
observations by Takeuchi et al.>® This is due to a shift in the
product spectrum toward a lower abundance of gas-phase
dimers in the particle phase (Figures 3b) caused by lower
limonene precursor (and thus RO,) concentrations. Surpris-
ingly, while limonene oxidation products do not fully mix into
the existing a-pinene SOA particles, the viscous phase state
does not reduce limonene SOA yield in the SEQ experiment
(Figure S8a). This is because of the effect of shielding
semivolatiles from gas—wall loss discussed for the LIM
experiment above (Figure 4), which leads to an overall
increase in SOA yield due to the viscous phase state. Note that
the partitioning of low-volatile species, which almost fully
condense, is hardly affected by particle phase state in the
model.

When the heterogeneous reaction parameters are linearly
interpolated between a-pinene and limonene, there is a
marked reduction in the simulated SOA mass throughout the
MIX experiment, while the SEQ experiment shows faster
evaporation at the 42 °C temperature set point (Figure Sb,c).
Thus, based on the global optimization results in this study
(Section S4), we propose that the reaction rate coefficients of
cross-reactions between a-pinene and limonene oxidation
products must be faster than one would obtain from linear
combination of the same reactions leading to the homodimers.
The MCM assigns a kpoy,roz of 9:20 X 107 cm® 57! for the
pure systems of a-pinene and limonene. The global model
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Figure 5. (a) SOA mass yield (Yg0,) curves (lines) obtained using KM3C and compared to measured values (markers) from Berkemeier et al® and
Takeuchi et al.*® The shaded areas indicate the modeled uncertainty assuming £10% error in the initial VOC and N,Oj concentrations. Total
refers to Ygo4 calculated with the sum of @-pinene and limonene mass reacted. For SEQ and MIX, Takeuchi et al.*® used mass spectra to separate
the a-pinene and limonene SOA, and we draw Yy, for each monoterpene. SOA mass concentrations in the chamber for (b) MIX and (c) SEQ
experiments in modified model simulations in which the rate coefficient parameters for the heteroproduct formation reactions are linearly
interpolated between those of a-pinene and limonene. For the MIX experiment, model results are notably lower than experimental measurements,
which indicates nonlinear effects in the rate coefficients of cross-reactions.

optimization in this study suggests an enhanced rate coeflicient
for the gas-phase cross-reaction, RO, 0 + ROy, of 7.18 X
107" em® 57"

Reported RO, + RO, rate coefficients vary widely in the
literature and depend on the molecular structures.*”*° Some of
the enhancement in the rate coefficient we infer from the
model results may be reflective of the differences in the
structures between RO, ,,, and RO, ;.. For instance, Franzon
etal’! find that kpo,, o, for reactions involving an acyl peroxy
radical can reach 107'' cm® s7'. The particle-phase
oligomerization parameters are summarized in Table 1. The

Table 1. (a) Optimized First-Order Rate Coefficients (s™')
and Energies of Activation (kJ mol™') for Forward and
Reverse Oligomerization Reactions

a-pinene limonene heterogeneous
Ktwd olg 1.11 x 107 3.00 x 107¢ 9.52 x 107¢
Krex,olig 3.03 X 107¢ 3.53 x 1078 8.08 x 1077
E,fua 55.0 98.6 98.4
E 2.1 442 43.1

current optimized values suggest that the rate coefficients for
the formation of heterodimers are more consistent with the
slightly higher formation rate of a-pinene homodimers than
with the formation rate of limonene homodimers. We find that
the model is sensitive to heterodimer formation in the MIX
experiment (Figure S14), where stronger formation of
heterodimer results in stronger initial SOA growth. As a
consequence, the MIX experiment shows a higher oligomer
content than the LIM experiment.
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In the ambient atmosphere, many VOCs are oxidized
simultaneously; thus, atmospheric conditions likely resemble
more the MIX experiment than the SEQ experiment.
Nonlinearity of Yo, has been found in other VOC
mixtures.”””’ As part of the nonadditivity arises from gas-
phase dimer formation, future studies should look into the
effects of RO, fate” on Ygo, in precursor mixtures.
Nevertheless, we find that Yo, nonlinearity is not only due
to gas-phase kinetics but also due to the phase state of the
particles as the formation of heterodimers can be limited by
slow diffusion, as shown in the SEQ_experiment. We conclude
that particle phase state needs to be considered in order to
accurately model the growth and fate of atmospheric SOA,
which is particularly relevant in dry and cold environments.”
Although the relationship between bulk diffusivity and
volatility presented in this study applies directly to SOA
under dry conditions, the plasticizing effects of water, which
increase diffusivity coefficients, must be considered at higher
relative humidities.””" An approximate mathematical descrip-
tion has previously been achieved using the k-Kohler theory
and the Gordon—Taylor equation;'”**”>”* however, a full
description of the relationships of volatility, hygroscopicity,
and diffusivity in SOA—water mixtures remains to be
determined and is a subject of future studies.

3.3. Thermal Desorption

We use KM3C to model FIGAERO-CIMS sum thermograms
based on the composition calculated during SOA growth and
evaporation in the chamber experiment. The model is overall
able to capture the FIGAERO-CIMS thermogram shapes and
their temporal evolution (Figure 6). We show one thermogram
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Figure 6. FIGAERO-CIMS thermograms of (a) LIM, (b) APN, (c) MIX, and (d) SEQ experiments. Lines and markers indicate the model and
normalized data from the three temperature steps in the chamber experiment (5 °C: blue, 25 °C: black, 42 °C: red). The legend refers to the

temperatures in the chamber during the sampling period.

from each temperature step, where the black, red, and blue
colors correspond to the 5, 25, and 42 °C temperature set
points in the chamber, respectively. Overall lower desorption
temperatures in the thermogram for the APN experiment
(Figure 6b) suggest that SOA is composed of more volatile
species compared to SOA in the LIM experiment (Figure 6a).
The thermogram distribution shifts to higher temperatures as
the experiment progresses. While the APN thermogram
exhibits a single peak, the LIM, MIX, and SEQ_thermograms
show two peaks. In the model, the first thermogram peak
results from the desorption of semivolatile monomers and the
second peak in the thermograms results from the evaporation
of low-volatile monomers, dimers, and dissociating oligomers.
When describing FIGAERO-CIMS data, the model is sensitive
to the activation energies of the forward and reverse
oligomerization reactions, E g4 and E_ ., (Figure S13), as
oligomer decomposition is driven by these parameters at the
higher temperatures of the FIGAERO. The first peak generally
decreases relative to the second peak with every heating step,
which is consistent with the model result that semivolatile
monomers evaporate predominantly. Notably, a-pinene SOA
shows pronounced particle-phase oligomerization in the model
when heated to 42 °C, causing a shoulder of the first peak to
develop. We note that different chemical species can have
different sensitivities to the iodide CIMS,”* which is not
accounted for in this study and may explain part of the
discrepancy between the model and the experiment. For
instance, Song et al.”® found that iodide CIMS sensitivity
increases with the addition of polar functional groups. The
addition of such functional groups onto a molecule decreases
the molecule’s vapor pressure,”® and such low-volatile

molecules likely desorb at higher temperatures in the
FIGAERO. Accordingly, the second desorption peak seen in
the LIM, MIX, and SEQ experiments may include a greater
number of such highly functionalized molecules that the iodide
CIMS is more sensitive to, which may skew the fitted model
toward low-volatile species.

While KM3C predicts a surface crust as a reason for slow
evaporation in the LIM experiment, Berkemeier et al®
achieved a good fit to the SOA mass data with a model that
assumes a well-mixed particle bulk. This monolayer bulk model
attributed the slow evaporation to the decomposition of
particle-phase oligomers. When refitting KM3C with a single
bulk layer, we reproduce this result from the earlier study
(Figure S9a). However, the FIGAERO thermograms simulated
with the particle composition from these well-mixed bulk
calculations do not exhibit the double-peak behavior observed
in the LIM experiment. Instead, the high degree of
oligomerization results in a single peak desorbing at high
temperatures (Figure S9b). Thus, the addition of FIGAERO-
CIMS data adds a strong and important constraint on the
model parameter space, further building evidence that the bulk
diffusivity can have a pronounced effect on the evaporation of
SOA. Furthermore, the KM3C model results show how slow
bulk diffusion can affect the mechanistic interpretation of SOA
evolution in chamber experiments. Here, KM3C attributes the
slow evaporation of limonene SOA in the chamber to
kinetically limited evaporation caused by formation of a
viscous surface crust, while a model that was fitted to the data
without accounting for slow bulk diffusion® attributed the
phenomenon to strong oligomer formation and decomposi-
tion.
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In addition to laboratory chamber experiments, bulk
diffusivity affects cloud formation and chemical fate in the
atmosphere.'®'? Zaveri et al.” studied urban plume measure-
ments from aircraft campaigns over the Amazon and found
that the growth of sub-10 nm particles into cloud condensation
nuclei (CCN) is driven by the partitioning of semivolatile
oxidation products of biogenic precursors into viscous
particles. The authors modeled the impact that this enhance-
ment of CCN has on cloud formation and found that the
transition of shallow to deep convective cloud is enhanced
while precipitation is suppressed. Furthermore, Shiraiwa et al.”
found that gas—particle interactions in viscous particles may be
kinetically limited. This effect would also increase ice
nucleation and enable regional transport of pollutants that
are trapped in the particles.”” Thus, to accurately model cloud
formation and chemical exposure, air quality models may need
to consider effects of high viscosity and slow bulk diffusion.
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2.4. Surface crust formation controls evaporation kinetics
of secondary organic aerosols

This section has been published as a research article in the journal Environmental Science
and Technology, where I am the second author. Under the supervision of Dr. Thomas
Berkemeier, I performed model calculations and global optimization with the limonene
SOA data originally reported in Berkemeier et al. (2020). I contributed to the production
of the figures and the writing. The supplement to this work can be found in Appendix
B.3.

Schervish, M., Kang, H. G., Wingen, L. M., Nguyen, K., Begay, C., Wilson, J., Shri-
vastava, M., Chen, Y., Schilling, J. E., Ng, N. L., Poschl, U., Berkemeier, T., Zelenyuk,
A., Shiraiwa, M.: Surface Crust Formation Controls Evaporation Kinetics of Secondary
Organic Aerosols Environ. Sci. Technol. 60, 7995-8006 (2026).

This study used kinetic multilayer models to show the interwined effects of particle
composition, diffusion, and evaporation. Co-authors studied the evaporation of SOA
from a-pinene + O3 and polyethylene glycol (PEG) nanoparticles, and we contributed
the limonene SOA model, where the evaporation in the chamber was slow. Unlike
the model in Section 2.2, the limonene SOA model in this section used an empirical
T;—C* relationship, which resulted in a much less-diffusive crust. We concluded that a
surface crust emerged as lower-volatile compounds accumulated at the particle surface
while higher-volatile species evaporated, which explains the near size-independent
evaporation.
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ABSTRACT: Gas-particle partitioning is critical for the evolution of secondary SOA evaporation leads to surface crust formation
organic aerosols (SOA) in the atmosphere. SOA particles evaporate more slowly

than expected at nearly size-independent rates, but the underlying mechanism

remains controversial. Here, we apply kinetic multilayer modeling to simulate _ —
evaporation of a-pinene SOA, demonstrating that surface crust formation,

emerging from accumulation of low-volatility compounds at the particle surface,

leads to slow evaporation and reduced size dependence of the evaporation rate.

While evaporation induced by decomposition of oligomers would naturally lead to

size-independent evaporation rates, we observe and simulate nearly size-independent slow evaporation of polyethylene glycol
mixture particles containing polymeric species that do not decompose, confirming the relevance of composition-dependent
diftusivity for size-independent, slow evaporation. Slow evaporation of limonene SOA was also observed in environmental chamber
experiments, and model simulations demonstrate strong surface crust formation with bulk diffusivity being depressed by up to S
orders of magnitude compared to the inner bulk. We present experimental evidence using a surface-based mass spectrometry
technique that shows that the particle surface becomes enriched in high molecular weight compounds upon evaporation of
monomers. Our findings imply that viscous surface crusts may also limit the growth and chemical transformation of SOA particles,
influencing their impacts on air quality and climate.

KEYWORDS: secondary organic aerosol partitioning, phase state, heterogeneous chemistry, kinetic modeling

B INTRODUCTION state.””"" While slow SOA evaporation was mostly observed
at low RH,""'* Wilson et al. also observed limited evaporation
even at high RH.” Notably, SOA evaporation rates were
observed to be nearly independent of particle size, which was

Secondary organic aerosols (SOA), formed from oxidation of
volatile organic compounds and gas-particle partitioning of the
oxidation products, account for a large fraction of atmospheric

partlculate matter, impacting climate, air quality, and public unexpected, as smaller particles with larger surface area-to-
health."” The evolution of SOA is a complex multistep process volume ratios should evaporate faster relative to their initial
that involves chemical reactions and mass transport in the gas size even prior to reaching sizes small enough for large Kelvin
phase, at the particle surface, and in the particle bulk.” The effects. The evaporation kinetics of SOA are influenced by the
multiphase chemistry of SOA is one of the most challenging volatility distribution of the SOA constituents as low-volatility
problems in the current understanding of atmospheric aerosol compounds evaporate more slowly,'""*™"> and by the
processes.” Despite extensive research efforts, SOA processes decomposition of oligomers that precedes the evaporation of
and properties still represent major uncertainties in atmos- more volatile monomers. Oligomers are high molecular weight
pheric models investigating aerosol effects on clouds, radiation, molecules with low volatility and high viscosity, and can be
climate, air quality, and public health.”’ formed in the gas phase via peroxy radical accretion reactions

Traditionally, SOA particles were assumed to be well-mixed
liquid droplets, but laboratory and field measurements have
shown that SOA particles can exist in highly viscous semisolid
or amorphous solid phase states dependlng on chemical
composition and environmental conditions.”” High viscosity
can lead to slow evaporation or condensation, resulting in long
equilibration time scales in the gas-particle partitioning of
semivolatile species.” For example, SOA particles derived from
a-pinene and limonene were observed to evaporate very
slowly, which was attributed to a highly viscous phase

or in the condensed phase via particle-phase chemistry such as
esterification.'® Some particle-phase oligomers are also
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susceptible to decomposition both thermally and chemically
on time scales of hours."”

Attempts have been made to simulate slow evaporation of
SOA with computational models by including slow decom-
position of oligomers,'® by using obstruction theory that treats
oligomers as nondiffusing species, and by using reduced mass
accommodation coeficients."*'” In a complex mixture of
organic compounds with different volatilities, evaporation of
the more volatile species leads to an increase in the viscosity of
the particle over time, as suggested by modeling studies that
resolve time-dependent viscosity but assume a homogeneous
particle bulk.'"*® Previous modeling work has shown that
during condensation, concentration gradients can persist in
viscous particles even beyond the time scale for gas-particle
equilibration.”*” Therefore, the SOA particle bulk may
become heterogeneous in composition and bulk diffusivity
upon partitioning, but modeling attempts rarely have been
made to simulate SOA evaporation by resolving bulk profiles,
often due to the computational demands of such simula-
tions.'®**** Despite its importance for SOA fate and burden in
the atmosphere, there is still a lack of mechanistic and process-
level understanding of SOA evaporation including the relative
contribution of viscous phase state and oligomer decom-
position and the potential role of particle inhomogeneity on
evaporation kinetics.””*’

In this work, we present new experimental results on
evaporation of hexaethylene glycol (HEG, C;,H,,0;), where
we observe the expected size-dependent evaporation, and
polyethylene glycols (PEGs, mixtures of polymers with a range
of chain lengths with different average molecular weights),
which exhibit nearly size-independent evaporation. By applying
a kinetic multilayer model that resolves the time-dependent
evolution of radial bulk diffusivity in radial profiles, we
demonstrate that the diminishment of size-dependent
evaporation is caused by the faster increase in viscosity of
smaller particles due to faster relative change in composition
during the evaporation of compounds with higher volatility
and accumulation of compounds with lower volatility. We then
simulate the evaporation of @-pinene and limonene SOA with a
higher viscosity at the onset of evaporation, showing the
formation of a surface crust made up of lower volatility
compounds. Finally, we present experimental evidence of
surface crust formation by measuring the evolution of surface
composition upon evaporation of a-pinene SOA.

B MATERIALS AND METHODS

PEG and SOA Particle Generation and Analysis

PEG 200, 300, and 400 particles were generated by atomization of the
neat liquids, while PEG 1000 particles were generated by atomization
of PEG 1000 solution in nanopure water and subsequently dried using
a silica gel diffusion dryer. a-pinene SOA particles were formed by
homogeneous nucleation initiated by injecting 200 ppb of a-pinene,
~500 ppb of ozone, and ~250 ppm of cyclohexane, used as an OH
scavenger, into a clean 100 L Teflon bag filled with zero air. Particles
were size-selected with a differential mobility analyzer, passed through
two activated charcoal denuders, and loaded into the 7 L stainless
steel evaporation chamber, partially filled with activated charcoal.
Activated charcoal was used to continuously remove gas-phase
organics and avoid the gas—wall repartitioning. Low particle number
concentrations in the chamber (~10—150 particles cm ™) provide the
means to follow room-temperature evaporation kinetics of individual
size-selected aerosol particles. A single-particle mass spectrometer,
SPLAT 1II or miniSPLAT, was used to measure vacuum aerodynamic
diameter (d,,), density, shape, and mass spectra of individual particles
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as a function of evaporation time, as described elsewhere by Vaden et
al.'%* Particle evaporation kinetics was quantified by measuring
changes in particle d,, with 0.5% accuracy and precision.

KM-GAP

The kinetic multilayer model of gas-particle interactions in aerosols
and clouds (KM-GAP) is used to simulate the evaporation of different
organic aerosol particles. The details of KM-GAP can be found in
previous work,”” so here we will give a brief description as well as the
updates and specific implementation in this study. KM-GAP explicitly
treats the processes of gas-phase diffusion, adsorption and desorption,
surface-bulk exchange, and bulk diffusion within the particle. KM-
GAP consists of a gas phase, a near-surface gas phase, and a particle
phase with a sorption layer, a near-surface bulk layer, and several bulk
layers. The number of bulk layers is set such that the outer half of the
particle volume initially consists of layers of 1 nm thickness for high
resolution near the surface, while the inner half of the particle volume
contains § layers for computational efficiency. Gas-phase diffusion
from near-surface bulk to the gas phase is resolved, and vapor loss to
activated charcoal in the evaporation chamber is treated as a first-
order irreversible process. KM-GAP does not require the
simplification of assumptions about steady-state conditions and
homogeneous radial mixing, which are often applied in other aerosol
models. KM-GAP allows for the implementation of a time-dependent,
composition-dependent diftusivity in each layer of the particle bulk.

We simulated the composition-dependent diffusivities by assigning
glass transition temperature values to each individual species and
assigning the T, in each layer using a mass fraction weighted average.
The viscosity of each layer is then calculated using the modified
Vogel—Fulcher—Tammann (VFT) equation and subsequently the
diffusivity in each layer is calculated using the Stokes—Einstein
equation”®* (see Supporting Information (SI) for details). We
carried out an additional PEG 400 evaporation simulation using a
number fraction-based approach as in Vignes et al., discussed in the SI
to show a similar fit can be achieved using this method (Figure S5).

For simulation of the PEG mixtures and a-pinene SOA evaporation
experiments, the total number concentration of monodisperse
particles was set to 100 cm™ to match the low number concentrations
(10—150 cm™) in those experiments. A set of parameters for each
species were optimized using the Monte Carlo Genetic Algorithm
(MCGA) as described in the SL*° These parameters include the glass
transition temperature, volatility, and initial mass fractions for four
semivolatile and one nonvolatile species (Tables SI and S2). In these
cases, the volatility was optimized separately independently from the
glass transition temperature to allow for variability not provided in a
parametrization given the good agreement of the best fit with
measured glass transition temperature values as discussed in the
Results and Discussion section. For the a-pinene SOA evaporation
simulation, the first-order rate constant for oligomer decomposition
was also determined by fitting.

The KM-GAP model for simulation of limonene oxidation uses a
chemical mechanism based on Berkemeier et al.,>° which in turn was
modified after the Master Chemical Mechanism,” incorporating
gaseous dimer formation from RO, + RO, and oligomerization in the
particle phase. Product volatility is described using a volatility basis set
(VBS) approach.’”” We modify the model and chemical mechanism
from Berkemeier et al. with an aging mechanism in which reaction of
NOj; with a gas-phase organic oxidation product reduces the species’
volatility by 2 orders of magnitude.**** We further simplify the
product VBS by combining organonitrates and non-nitrated organics
into a single volatility distribution. Further details of the model, as
well as a full list of model optimization parameters, are given in the SI

(Table S3).
SOA Surface Composition Measurements

Ozonolysis of a-pinene was carried out in the presence of glutaric acid
particles, which act as both a condensation surface and a soft
ionization matrix. The evolution of the SOA coating during
evaporation was measured with matrix-assisted ionization in vacuum
(MAIV)-mass spectrometry. Particles were generated in a flow reactor
with a volume of 1.6 L (4.6 cm ID x 95 cm length). A syringe pump

https://doi.org/10.1021/acs.est.5c11018
Environ. Sci. Technol. 2026, 60, 7995—-8006

41



Environmental Science & Technology

pubs.acs.org/est

1 . .

@ [——709 nm

——661 nm
08f g 550 nm| |

——508 nm

438 nm

E 06 322 nm

= NS 300 nm
045 ——200 nm| |

L)
0.2
° L]
0 .
0 50 100 150
time (min)

VFR

0.8
06
0.4r
PEG 400  PEG 300
—200 nm ——322 nm
0.2 — 300 nm 437 nm
437 nm ——550 nm
——550
0 nm )
0 500 1000 1500
time (min)

Figure 1. (a) Volume fraction remaining (VFR) during evaporation of size-selected single-component HEG particles in the evaporation chamber
(measured data points) and simulated using KM-GAP (lines). (b) VFR during evaporation of size-selected PEG 300 and PEG 400 particles in the
evaporation chamber (measured data points) and simulated using KM-GAP (lines) with a dynamic diffusivity.

was used to introduce liquid (+)-a-pinene (Sigma-Aldrich, >99%)
into a flow of 0.7 L min™" clean air to evaporate the liquid before it
entered the flow system. a-pinene was further purified before use by
passing the liquid through a small column of alumina powder to
remove potential oxidation products. Ozone was generated by flowing
oxygen (Praxair, 99.993%) through a mercury Pen-Ray lamp (UVP,
model 11SC-2) and introduced at a rate of 0.3 L min™". Glutaric acid
(GA) matrix particles used for MAIV mass spectrometry were
atomized from a solution of 30 mM GA (Sigma-Aldrich, 99%) in
water (Nanopure, 18 MQ-cm) and dried with two silica gel diffusion
dryers (TSI, model 3076) before entering the flow system at 3.5 L
min~". The initial concentrations of a-pinene and O; were both ~7
ppm in a total air flow of 4.5 L min™".

While uncoated GA matrix particles exhibit a number of peaks
(Figure S15a), SOA particles without the matrix are not detected with
MAIV (Figure S15b) and a-pinene vapors alone are also not detected
(Figure S15c). MAIV measurements in the absence of GA matrix
particles used a flow of 3.5 L min~" of clean air in place of the particle
flow to maintain the same total flow rate of 4.5 L min~". Evaporation
of the particles was carried out by passing the particles through several
honeycomb charcoal denuders (Novacarb; Mast Carbon, Ltd. and
Aerodyne) at room temperature. The evaporation times achieved at
this flow rate are on the order of seconds.

B RESULTS AND DISCUSSION
PEG Evaporation

Evaporation experiments were performed at room temperature
in an evaporation chamber and particle size was measured
periodically using a single-particle mass spectrometer.'” Figure
la shows the observed volume fraction remaining (VFR, the
ratio of particle volume to initial particle volume, V,/V,) of
HEG particles with different initial particle diameters varying
from 200 to 709 nm. HEG is composed of a semivolatile
species with a measured volatility from literature (C*) of 3 ug
m~> and molecular weight of 282 g mol™', adopting a liquid
phase state.” As expected in this single-component and liquid
system, we observe size-dependent evaporation rates, where

. . VER \ .
the relative change of the particle volume (dT) is faster for

smaller particles than for larger particles, similar to the
observations of evaporation kinetics of liquid dioctyl phthalate
particles measured using the same experimental approach.'’
Thus, while larger particles will lose mass and volume faster
due to their larger surface area, smaller particles will exhibit a
faster relative change in volume due to their larger surface-area-
to-volume ratios.
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We simulated the observed evaporation kinetics using the
kinetic multilayer model of gas and particle interactions (KM-
GAP), which explicitly treats the processes of mass transport
between the gas and particle phases.”” The particle bulk is
divided into multiple layers to simulate mass transport based
on the bulk phase diffusivity, which is assumed to be 10™* cm?
s7!, characteristic of liquid particles. As shown by solid lines,
the model reproduces the size-dependent evaporation very
well. As HEG particles are only composed of a single species,
evaporation does not lead to a change in viscosity, and
evaporation is driven by the volatility and surface area, with
smaller particles evaporating more rapidly due to their larger
surface area-to-volume ratios.

We also investigate the evaporation of multiple PEG
systems, including PEG 200, PEG 300, PEG 400, and PEG
1000, which are mixtures of polyethylene glycol polymers with
average molecular weights of 200, 300, 400, and 1000 g mol™},
respectively. These multicomponent mixtures include larger
polymers that do not decompose at or near room temper-
ature.”® Figure 1b shows the evaporation kinetics of PEG 400
and PEG 300, which exhibit fast initial evaporation, followed
by slow evaporation over time. PEG 300 has a similar average
molecular weight to HEG; however, the PEG 300 particles
evaporate to ~50% of their initial volume after 5 h and to
~35% of their initial volume after ~1 day, in contrast to HEG
particles that evaporate to 0—10% of their initial volume in
50—150 min, depending on initial size. PEG 200 particles
evaporate to ~10% of their initial volume within 2—3 h, while
PEG 400 particles evaporate to ~80% of their initial volume,
and PEG 1000 particles evaporate only to approximately 90%
of their initial volume in the same time frame (Figure S1).
Size-selected PEG 200, PEG 300, PEG 400, and PEG 1000
particles are all observed to evaporate with much smaller size
dependence compared to HEG. Especially stark is the
similarity in the change in VEFR for the 322 and 550 nm
PEG 300 particles compared to the same sizes of HEG. Given
the similar average molecular weights of PEG 300 and HEG,
we would expect similar average volatilities, which highlights
the importance of the multicomponent nature of PEG 300
(i.e, the presence of longer polymers) in reducing both the
magnitude and size dependence of the evaporation rate. Note
dVFR ),

dt
) of all investigated

that opposed to the relative volume evaporation rates (

av,

the absolute volume change rates ( "

https://doi.org/10.1021/acs.est.5c11018
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Figure 2. (a) Schematic of evaporation of SOA with low-volatility monomers (dark blue circles), semivolatile species (light blue), and oligomers
that may decompose to semivolatile compounds (orange, shown as dimers). As evaporation proceeds, the particle shrinks due to volatilization of
the semivolatile species and the low-volatility compounds are left at the surface forming a crust. (b, c) Volume fraction remaining (VFR) during a-
pinene SOA evaporation for four initial particle sizes. Data points are from Vaden et al. Panel b shows the best fit with dynamic diffusivity and
oligomer decomposition. Panel ¢ shows cases with a constant diffusivity (D, = 107 cm? s7!) and oligomer decomposition (solid lines) and no
oligomer decomposition with a dynamic diffusivity (dashed lines). Different colored points and lines are for evaporation experiments of different
particles sizes. (d, e) Time evolution of radial profiles of bulk diffusivity upon evaporation of a@-pinene SOA particles with initial particle diameter of
(d) 125 nm and (e) 251 nm, as simulated by KM-GAP. The y-axis (r/ rP) is the distance from the particle center normalized by the particle radius

(r/r, = 1 at the surface).

particles are clearly size-dependent as shown in Figure S2. A
detailed discussion of the evaporation kinetics of HEG, PEG
300, and PEG 400 particles is given in the SI and shown in
Figures S2—S4.

The solid lines in Figure 1b show modeling results obtained
with KM-GAP, which captures the evaporation kinetics with
reduced size dependence for PEG 300 and PEG 400 particles.
We treat PEG mixtures as four semivolatile species and one
nonvolatile species each with different volatility (C*) and glass
transition temperature ( Tg). The initial mole fractions of these
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five species, as well as their C* and T, were determined by
fitting the model to the observations using the Monte Carlo
Genetic Algorithm.”® The estimated volatilities of PEG 400
components were in the range of ~0.007 to 105 ug m™>, which
is consistent with measured range of volatilities.”” PEG 300 is
overall more volatile and less viscous than PEG 400, consistent
with the lower average molecular weight of PEG 300. The
estimated T, values are in the range of 117-220 K,
corresponding to an initial bulk diffusivity of ~1077 cm?® s
for PEG 300 and ~107® cm? s~ for PEG 400, which would

https://doi.org/10.1021/acs.est.5c11018
Environ. Sci. Technol. 2026, 60, 7995—-8006
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correspond to a liquid phase state consistent with measure-
ments of PEG 300 and PEG 400 viscosity at room
temperature.g’g’39

We find that in smaller particles, bulk diffusivity decreases
more rapidly and thus leads to an earlier reduction in
evaporation rate compared to the larger particles, which causes
the relative evaporation rates of these particles to become
similar. Over ~20 h of evaporation, the average diffusivity of
each PEG 400 particle decreases by approximately 1 order of
magnitude, with the smaller particles becoming more viscous
more rapidly than the larger particles (Figure S6). The
different behaviors of the rates of change of particle diameter
for the multicomponent PEG 300 and PEG 400 systems
compared to the single-component HEG system, shown in
Figure S2, indicate that the composition change of the
multicomponent systems drive the differences between the
evaporation behavior of HEG in Figure la and PEG 300 and
PEG 400 in Figure 1b. HEG particles exhibit the same
evaporation behavior at a specific size, independent of initial
size of the particle. PEG 300 and PEG 400 particles evaporate
differently at the same size depending on their initial size
because of different compositions at that size. When the bulk
diffusivity is fixed throughout evaporation and homogeneous
throughout the particle bulk, even allowing for different
volatilities and mass fractions does not lead to a reasonable fit,
and the relative volume change depends more on particle size,
as shown for PEG 400 particles in Figure S8. Thus,
composition-dependent diffusivity was essential to fully
reproduce the experimental data with the kinetic model.

a-Pinene SOA Evaporation

We simulate the observed evaporation kinetics of SOA
generated via a-pinene ozonolysis.'” A schematic of evapo-
ration with oligomer decomposition is shown in Figure 2a,
showing the surface enrichment of high viscosity compounds
upon evaporative depletion of low viscosity compounds. The
measurements of Vaden et al. show that a-pinene SOA initially
evaporates rapidly, losing about 10% volume in the first few
minutes.'’ Evaporation then proceeds more slowly with the
particles losing approximately 50% of their volume after ~2 h,
with about 30% of the volume fraction remaining (VFR) after
24 h (Figure 2b). The model estimates that a-pinene SOA
contains 29% of nonvolatile species by mass, leading to the
convergence of all of the different initial size particles to the
same VFR after ~10 h (Figure 2b). While the PEG systems
shown in Figure 1b will also converge to their nonvolatile
fraction, we observe more rapid convergence in the a-pinene
SOA system due to oligomer decomposition. This relative
evaporation rate was observed to be nearly size-independent
for particles with diameters between 125 and 251 nm. Using
KM-GAP, we simulate the evaporation of the a-pinene SOA
by resolving the dynamic evolution of bulk diffusivity profiles
and oligomer decomposition.

As a-pinene SOA is known to contain oligomers, the effect
of oligomer decomposition must be considered. In a particle
with no mass transport limitations, the evaporation rate may be
controlled by the oligomer decomposition rate, which should
be size-independent. Here, oligomer decomposition is treated
as a first-order process with a low-volatility oligomer (species 4
in Table S1) decomposing into two semivolatile species
(species 1 and 2 in Table S1). This was done so as not to
increase the number of species adding additional complexity to
an already multiparameter fit. It should be noted that due to
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the wide range of measured SOA oligomer decomposition
rates and product pathways and with no measurements in the
observations to constrain this process, this simplified approach
represents a limitation in this work. Note that we found little to
no difference in the fit by instead choosing the two middle
volatility species as the decomposition products, indicating that
the precise value of the decomposition product volatility was
not critical for achieving a good model fit. We represent a-
pinene SOA with four semi- to low-volatility species and one
nonvolatile species by assigning volatility, glass transition
temperature, and initial mass fraction (see Table S1). The best
fit reproduces the full time series with slow evaporation at later
times due to increased bulk diffusion limitations and slow
evaporation of lower volatility species. A zoom-in of the initial
200 min of evaporation is shown in Figure S9.

The fit parameters for this case are broadly consistent with
experimental measurements for the a-pinene SOA. T, for the
monomer species are estimated to be in the range of 187-236
K and those for the oligomer species are in the range of 250—
301 K, which is consistent with the T, values measured and
predicted for a-pinene SOA species.25$’40‘41 Given this good
agreement and the variability in T, values for species with a
given C° value, we optimized these parameters separately for a-
pinene SOA. The best fit volatility distribution contains almost
75% low-volatility to nonvolatile species by mass, with the
roughly 25% remaining mass being semivolatile species. The
high mass fraction of low-volatility species is consistent with
previous studies of volatility and oligomer content for a-pinene
SOA 4243

Figure 2b shows the best fit case for a-pinene SOA
evaporation, and Figure 2d,e shows the evolution of the bulk
diffusivity over the course of evaporation for the smallest and
largest particle size. All particles have an initial bulk diffusivity
of 4 X 10713 cm? 57!, characteristic of a semisolid phase state,
which facilitates fast initial evaporation of semivolatile species.
This process leaves behind oligomers and low-volatility species
at the surface, leading to a decrease in bulk diffusivity, as
shown in the schematic in Figure 2a. In contrast to the PEG
400 case, the lower initial D, of a-pinene SOA leads to
significant mass transfer limitations in the particle as it
evaporates, resulting in large inhomogeneities in the radial
composition profile of the particle bulk. We refer to the region
at the surface with low bulk diffusivity and high viscosity as a
“surface crust,” which hinders semivolatile species in the inner
particle bulk from evaporation. Note that this “surface crust” is
distinct from an organic shell in a phase-separated core—shell
particle, as it requires organic phase heterogeneities in
composition, unlike in a phase-separated particle where the
organic phase may be fully homogeneous. Additionally, a
surface crust may be formed through fully kinetic processes
rather than the thermodynamic phase separation of immiscible
species. We calculate the time for the outermost layer to reach
a diffusivity below 10™'> cm? s™' as previous experimental and
computational work observed significant bulk diffusion
limitation to partitioning with bulk diffusivities below ~107"°
cm? s394 This diffusivity is achieved at the surface in ~
85 and ~101 min for the 125 and 251 nm particles,
respectively (Figure 2d,e). The reduced size dependence of
the relative evaporation rate is due to a surface crust forming at
different times for different particle sizes: small particles
evaporate quickly leading to more rapid surface enrichment in
high viscosity compounds, limiting additional evaporation.
Larger particles will evaporate slower leading to slower surface

https://doi.org/10.1021/acs.est.5c11018
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Figure 3. Modeled formation and evaporation of limonene SOA in an environmental chamber experiment with varying temperature. Panel (a)
shows SOA mass concentrations, (b) shows the particle radius, and (c) shows faster particle evaporation when the bulk has a uniform Dy, y9gx of 1 X
107 em? s™". Colors in panel (a and ¢) distinguish monomers and dimers/oligomers and in panel (b) indicate the composition-dependent bulk
diffusion coefficient, log 10(D;,). The model suggests that a layer of low diffusivity at the particle surface can be formed, preventing volatile species

from evaporating.

enrichment, allowing them to catch up to the smaller particles.
At the onset of surface crust formation in the 251 nm particles,
the innermost particle bulk layer has a diffusivity ~5 times
higher than the outermost bulk layer and then will grow to
over an order of magnitude difference within a few minutes of
surface crust formation in each initial size case. Once a surface
crust forms, different diffusivities for different particle sizes in
the more viscous outer layers control the evaporation rate. It
should be noted that the whole particle bulk viscosity has also
increased gradually with the surface crust formation, leading to
a gradient in particle bulk diffusivity near the surface (Figure
2d,e). As evaporation proceeds to longer time scales, some
semivolatile species trapped in the particle bulk can reach the
surface and evaporate, leading to more viscous inner particle
bulk layers. Inhomogeneity in the particle bulk persists even
after 24 h, consistent with experimental observations of
semivolatile species trapped in a-pinene SOA during
evaporation.”** At its minimum, the surface diffusivity of the
251 nm particles reaches ~107'® cm? s7' after 1500 min of
evaporation. The innermost layer at this time has a diffusivity
approximately a factor of 50 higher, and diffusion limitations
then persist throughout the entire particle bulk, leading to
hindered mass transport even in the innermost layers. While
limited evaporation throughout the evaporative process is due
to all of these factors in combination and reproducing the
observations requires an increased viscosity of the entire
particle bulk over time, the diffusivity is lowest at the surface,
and evaporation is controlled by transport to the particle
surface.

In Figure 2c in solid lines, we use the volatilities and mass
fraction from the best fit case shown in Figure 2b, but fix the
diffusivity to be 107'® cm* s™* to be consistent with previous
measurements of a-pinene SOA viscosity at <5% RH."** The
presence of bulk diffusion limitations and the large proportion
of low-volatility species still let the model match the
measurements at long observation times, but the size-
independent evaporation phenomenon cannot be reproduced
at this viscosity, despite using the same parameters for
oligomer content and decomposition. A case with a fixed
diffusivity of 107" cm? s™" is shown in the Figure S9c, but still
does not reproduce the measurements. In Figure 2¢ in dashed
lines, composition-dependent diffusivity is implemented but
the oligomer decomposition rate constant is set to 0 s7! to
remove the effect of oligomer decomposition. Evaporation is
rapid initially as higher volatility species evaporate but slows
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down once these are depleted leading to slower evaporation of
lower volatility species. The extent of evaporation is hindered
as oligomers are low volatility and do not fully evaporate on
this time scale. Despite this lack of agreement, there is still a
reduction in the size dependence with the implementation of a
composition-dependent diffusivity compared to the fixed
diftusivity. The results in Figure 2¢ indicate that both oligomer
decomposition and the resulting changes in bulk diffusivity are
needed to accurately simulate the evaporation of a-pinene
SOA particles.

Overall, we show that surface crust formation and oligomer
decomposition, in concert, can explain the observed, limited,
and nearly size-independent evaporation behavior of a-pinene
SOA at low RH. While these low RH conditions are
uncommon in the atmosphere, observations of evaporation
at high RH show similar size-independence, indicating that a
low viscosity of a-pinene SOA at the onset of evaporation due
to the high RH can also lead to size-independent evaporation,”
similar to the PEG system. Experimental results have observed
limited and size-independent evaporation for other systems as
well, including limonene ozonolysis SOA at both low and high
RHs, indicating that surface crust formation is likely to occur in
other types of SOA.” Other studies, however, have observed
that diffusion limitations diminish at high RH, leading to rapid
evaporation of SOA."""*'7*” While not the direct focus of this
work, treating a heterogeneous particle bulk with dynamic
diftusivity is key to resolving this discrepancy in observations.

Limonene SOA Evaporation

Slow evaporation of SOA was also observed in the environ-
mental chamber experiments of the NO; radical-initiated
oxidation of limonene."*** In these experiments, the chamber
temperature was increased in two steps from S to 25 °C and
from 25 to 42 °C over the course of 23 h. Evaporation of
limonene SOA mass did not follow the temperature—time-
profile, which was explained by slow decomposition of particle-
phase oligomers in previous model simulations.'® We use KM-
GAP to simulate the growth and evaporation of SOA in the
limonene + NO; chamber experiments and test whether slow
diffusion and surface crust formation would explain the
observed SOA growth and evaporation kinetics.

We fit a range of KM-GAP model parameters, including a
volatility basis set with 8 bins and reaction rate coefficients of
particle-phase oligomerization, to match model outputs of
SOA mass to the experimental data measured by a Scanning

https://doi.org/10.1021/acs.est.5c11018
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Mobility Particle Sizer (SMPS). We correct the SMPS particle
size distributions for wall loss using a particle size-dependent
correction method and explicitly model vapor-wall partitioning
to account for gas-wall-loss effects.””*° The model assumes
that the particles have a uniform effective radius. The initial
particle size is calculated using the seed particle mass and
number concentrations. Composition-dependent diffusivity is
calculated using a polynomial relationship between T, and
log(C*) as proposed by Li et al.>* The model captures the time
evolution of particle growth and evaporation (Figure 3a) and
shows strong surface crust formation throughout the
simulation, with diffusion coefficients in the first bulk layer
being depressed by up to 5 orders of magnitude compared to
the inner bulk layers of the particle (Figure 3b). The model
finds that SVOCs evaporating from the surface result in low-
volatility monomers (C* < 0.1 ug m™3), dimers, and oligomers
accruing at the surface, forming a crust (Figure 3b). If the
model is run with uniform Dy, yog¢ of 1 X 107" cm® s (Figure
3c) a crust does not form and particles equilibrate faster, which
shows that a surface crust increases equilibrium time scales.
Once again, as in the a-pinene SOA case, the relatively low
initial bulk diffusivity of limonene SOA can lead to a
sufficiently low surface diftusivity to form a large gradient in
bulk diffusivity, in contrast to the less viscous PEG mixtures.
Note that bulk diffusivity generally decreases throughout the
particle during the constant temperature phases and increases
during temperature ramping phases, providing evidence that a
surface crust can form even when evaporation is driven by an

8001

46

increase in temperature rather than dilution of the surrounding
air at room temperature, as in the a-pinene SOA evaporation
case.

To address whether the experimental data can also be
reconciled without oligomerization, we performed a global
model optimization with oligomerization disabled. We find
that the model can fit to the data well while also exhibiting
crust formation (Figure S12). However, the model is also able
to achieve fits without crust formation when using a modified
T, and C* relationship (Figure S13). The strength of surface
crust formation in this system is a consequence of the slope in
the T, vs C* relationship, with a stronger dependence leading
to stronger crust formation. This highlights the need for future
research into the relationship between volatility and viscosity.
Nevertheless, the limonene SOA model with the established
relationship between T, and C* shows clear formation of a
surface crust.’’ Prior studies have found additional evidence
for nonequilibrium partitioning of SOA from limonene +
NO;.> We find that surface crust formation is a plausible
explanation for the slow evaporation of limonene SOA in
environmental chamber experiments, which was previously
only possible using oligomer decomposition as the sole cause.
Future experiments with size-dependent evaporation should
help quantify the impacts of oligomerization and surface crust
formation.

https://doi.org/10.1021/acs.est.5c11018
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Experimental Evidence for Surface Crust Formation

To provide further experimental evidence of surface crust
formation, matrix-assisted ionization in vacuum-—mass spec-
trometry (MAIV-MS) was used to detect the surface
composition of a-pinene SOA condensed onto matrix particles
in real-time before and after passing the particles through
carbon denuders.”® This unique technique allows us to probe
only the surface and near-surface-bulk composition of SOA
particles without being influenced by inner bulk composition.
Details on the MAIV-MS technique are provided in the
Supporting Information. As shown in Figure 4, the low
molecular weight condensed-phase SOA products in the
monomer region initially contribute 9% of the total intensity
(Figure 4a), while after evaporation at room temperature for 3
s, low molecular weight species decrease to about half their
initial value (Figure 4c). The relative peak intensities in the
higher molecular weight dimer and oligomer regions are not
significantly impacted during evaporation, and the oligomer
contribution to the total spectrum increases from 37% to 45%
(Figure 4c). While the short evaporation time scale does not
result in decreases in diameter (Figure S14), it demonstrates a
change in surface composition toward a more oligomeric
coating. As the film composition evolves during evaporation,
there is a progressive loss of total ion intensity from both the
matrix particles and a-pinene oxidation products (Figures 4
and S16), suggesting that the composition of the remaining
coating inhibits underlying matrix evaporation and ionization.
These experimental results clearly demonstrate the transition
to a higher molecular weight surface composition upon the
rapid evaporation of low molecular weight compounds and the
accumulation of high molecular weight compounds.

Implications

In this work, we provide evidence for surface crust formation
upon the evaporation of multiple SOA over a wide range of
time scales, causing nearly size-independent evaporation
kinetics. The formed surface crust should affect subsequent
condensation and growth of the particles. Chen et al. observed
that isoprene SOA, that was evaporated for 20 min and
subsequently exposed to fresh isoprene semivolatile organic
compounds (SVOCs), grew much slower than the initial SOA
formation rate.”’ Using KM-GAP, we achieve good agreement
between observed and simulated organic aerosol concen-
trations of isoprene SOA when a surface crust is formed during
evaporation (Figure S17 and Table S4). The subsequent
growth of isoprene SOA was reproduced by considering
dynamic evolution of bulk diffusivity; particle growth is initially
hindered by the surface crust, but the growth is facilitated as
the surface becomes softened upon condensation of SVOCs
acting as plasticizers.””>* If particles are assumed to be
homogeneously liquid or semisolid with constant diffusivity
after evaporation, condensation can be significantly over- or
underestimated, respectively, as shown in Figure S17. In Chen
et al,, growth of isoprene SOA after evaporation is reproduced
well by assuming a constant diffusivity that is lower than that
during the initial growth period. In this work, we show that
size-independent evaporation can be explained by surface crust
formation during the evaporation of a range of multi-
component systems. Thus, it is likely that a surface crust was
formed in the isoprene SOA experiments by Chen et al. as well.
Garofalo et al. observed the appearance of a bimodal size
distribution during the oxidation of catechol by O; and NO;,
but they were unable to determine whether the different
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growth rates of different size were due to thermodynamic
immiscibility between the oxidation products or kinetic
limitations at the surface™: in this case, condensation might
have led to particle-phase heterogeneities with surface crust
formation. A proper consideration of particle heterogeneity,
composition-dependent diffusivity, and thus the potential for
surface crust formation is necessary to accurately simulate all
aspects of SOA evolution beyond just total mass; further
studies are warranted to elucidate the effect of surface crust on
the particle size distribution dynamics and chemical
composition of SOA particles.

The nearly size-independent and slow evaporation of SOA
particles has implications for the probability of small particles
remaining active as cloud condensation nuclei (CCN). We
show that small particles can become more viscous or form a
surface crust more rapidly than larger particles, limiting further
evaporation. This will allow small particles to survive during
atmospheric transport and dilution. Additionally, Zaveri et al.
showed that diffusion limitations in larger particles can
facilitate growth of small particles to CCN-relevant sizes,
impacting cloud formation and precipitation.*®

In addition to evaporation, a surface crust can also be
formed due to heterogeneous reactions, as shown by several
previous studies. Particle viscosity heterogeneity and the
formation of viscous surfaces have been observed during
ozonolysis of oleic acid particles via fluorescence lifetime
imaging microscopy”’58 and Raman microscopy.59 Kinetic
modeling has suggested that heterogeneous ozonolysis of fatty
acid particles and films leads to solidification and crust
formation at the particle surface.®” Similarly, it was
demonstrated that reactive uptake of ammonia by a-pinene
SOA particles resulted in the formation of ~4 nm thick solid
crust that inhibited further ammonia uptake and prevented
coagulating particles from coalescing for over 2 days; a depth-
profiling approach was used to demonstrate the differences in
composition, viscosity, and volatility of crust as compared to
the particle inner volume.* Multiphase reactivity of polycyclic
aromatic hydrocarbons (PAHs) against ozone was shown to be
controlled by phase separation to form a hiéghly viscous surface
layer that causes bulk diffusion limitations.”’ The surface crust
and high viscosity of SOA can protect PAHs from further
multiphase degradation and evaporative loss,">%* facilitating a
long-range transport as has been demonstrated by chemical
transport modeling.***®

Ozone uptake by biomass burning organic aerosols (BBOA)
can lead to whitening of brown carbon and this time scale can
be extended with the increasing viscosity of the outer
hydrophobic shell.”® Limited ozone uptake was observed
upon photoirradiation of BBOA due to an increase of particle
viscosity.”” It has also been shown that exposure to UV
irradiation and photoaging can increase SOA particle viscosity
substantially.”® BBOA has been observed to contain oligomers
generated through particle-phase chemistry.”” Dilution in
biomass burning plumes causing evaporation of semivolatile
species could therefore lead to surface crust formation and
subsequent hindering of whitening of brown carbon in the
particle bulk. Thus, surface crust formation may impact
atmospheric loading of aerosol particles and the CCN budget.
While our work focuses on evaporation-driven surface crust
formation which is likely to occur via atmospheric dilution,
surface crust formation may also occur under a broad array of
atmospheric processes including heterogeneous and multi-
phase reactions.””®" Further laboratory experiments, field
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observations, and large-scale chemical transport modeling are
required to probe and quantify the extent of such effects in
future studies.
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2.5. Temperature-dependent multiphase chemical kinetics
explain uniform atmospheric nanoparticle growth rates

This section is a draft manuscript, where I am the second author. Under the supervision
of Dr. Thomas Berkemeier and Prof. Dr. Ulrich Poschl, Dr. Zhigiang Zhang and I devel-
oped the KM3C model code building on previous studies, and I applied the adaptive
layer resizing and moving-boundary algorithms. I also contributed to the figures and
text, and after further revisions with co-authors, the manuscript will be submitted to a
peer-reviewed journal.

Zhang, 7., Kang, H. G., Poschl, U., Berkemeier, T.: Temperature-dependent multi-
phase chemical kinetics explain uniform atmospheric nanoparticle growth rates, in
preparation.

We used KM3C to explain the uniform growth rates of newly-formed particles found
in a-pinene + O3 chamber experiments performed at different temperatures and in
boreal forest air, despite differing gas-phase OOM concentrations (Stolzenburg et al.,
2018, 2025). We found that the initial growth was kinetically limited by diffusion and that
the OOM composition and volatility changed with temperature. The slower particle
growth from the more-volatile OOM formed at lower temperatures was effectively
balanced by the faster growth with the less-volatile OOM in higher temperatures. This
interplay has led to an apparent near-constant growth rate of nanoparticles.

52



Abstract

Aerosols have a profound influence on weather, climate, and human health, but new
particle formation in the atmosphere has remained a scientific conundrum. In particular,
the growth rates of atmospheric nanoparticles are often smaller and less dependent on
condensable vapor concentrations than expected.

Here, we take a new approach to analyze observational data from field measure-
ments in Hyytidld, Finland, and from the CERN CLOUD experiment. We show that
atmospheric nanoparticle growth can be accurately predicted when the distribution
of chemical species and volatilities, the multiphase mass transport kinetics including
particle phase state and bulk concentration profiles, and the relevant temperature de-
pendencies are taken into account. The previously unexplained observations can be
reconciled by inclusion of vapors that fall into the semi- and intermediate volatility
ranges at room temperature, but are sufficiently low-volatile to contribute to particle
growth at low temperatures. Furthermore, the rates of vapor uptake and particle growth
can be limited by slow bulk accommodation due to diffusion-limited surface-to-bulk
transport in semi-solid particles.

This study reveals an important fundamental dynamic in atmospheric aerosol growth,
where oxidation chemistry at lower temperatures leads to less oxidized molecules,
which is effectively balanced by lower volatility, leading to a convergence of nanoparticle
growth rates.

1 Introduction

Atmospheric aerosols consisting of airborne particles in the nanometer to micrometer
size range have a strong influence on air quality, public health, and climate (Team et al.,
2023; World Health Organization, 2023). Large fractions of airborne fine particulate
matter consist of secondary organic aerosols (SOA) formed by gas-to-particle conver-
sion of organic precursor molecules in the atmosphere (Jimenez et al., 2009; Riipinen
et al., 2011). Over the past decades, numerous studies have been performed to elucidate
and characterize the processes and effects of atmospheric new particle formation and
growth (Kulmala et al., 2004, 2014). The rates of nanoparticle growth, however, have
remained elusive/enigmatic and constitute a major gap in the scientific understanding
and assessment of atmospheric aerosols and their effects on health and climate (Gordon
et al.,, 2017). In particular, the growth rates of SOA nanoparticles observed in field
measurements and laboratory experiments could not be explained by the traditional
kinetic models applied in earlier studies (Stolzenburg et al., 2023, 2025). These models
describe the uptake of condensable organic vapors at the particle surface, but they do
not resolve mass transport and concentration gradients for different species inside the
particle. Here, we develop and utilize a new kinetic multilayer model of multiphase
chemistry (KM3C) (Kang et al., 2026), which fully resolves the reactivity, diffusivity,
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and differential concentration gradients of different chemical species across the gas
phase, interface, and condensed phase. We analyze observational data from field mea-
surements and laboratory experiments, and we find that SOA nanoparticle growth
can be accurately predicted when the relevant processes, properties, and temperature
dependencies are taken into account.

2 Results

2.1 Slow nanoparticle growth in ambient air

Figure 1 illustrates how previously unexplained discrepancies between field measure-
ments and model predictions of condensable organic vapor concentrations and nanopar-
ticle growth rates can be reconciled by elucidating condensed phase diffusivity and
concentration gradients. As reported by Stolzenburg et al. (Stolzenburg et al., 2025)
and illustrated in Figure 1a, the previous kinetic model failed to capture the field
measurements of relatively low growth rates, despite accounting for systematic uncer-
tainties from the quantification of measured condensable vapors, activity coefficients,
decomposition reactions as well as limited bulk diffusion. Incomplete mass closure in
atmospheric nanoparticle growth rates have been reported, and including potentially
unaccounted oxygenated organic molecules (OOMs), modelling results would further
deviate upward form measurements.

In this study, by reducing the bulk diffusion to (Dp29sx = 8 x 1 cm? s71), a
general mass closure in nanoparticle growth rates is achieved. SOA particles can ex-
ist in an amorphous glassy phase state, leading to low diffusivity in the condensed
phase(Virtanen et al., 2010). Further incorporating measurement uncertainty by shifting
full VBS by + 1 bin, we could reliably capture measured nanoparticle growth rates right
after nucleation. As shown in Figure 1b, there are differential concentration gradients
within modelled nanoparticle. In the process of nanoparticle growth, growth rates are
primarily governed by surface to bulk transportation, and surface to bulk transportation
rate is proportional to diffusivity in particle phase, which substantially slow down
nanoparticle growth rates compared to high particle phase diffusivity (D}, 298 x = 10~1°

cm? s~ !) scenario as shown in Figure S1.
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2.2 Weak concentration-dependence of nanoparticle growth

Figure 2 shows the laboratory experiments of dark o-pinene ozonolysis conducted at the
Cosmics Leaving Outdoor Droplets (CLOUD) chamber at the European Organization
for Nuclear Research (CERN) (Stolzenburg et al., 2018). Experiments were performed
at three different temperatures (25, 5, and -25 °C). Proton transfer reaction (PTR3) and
nitrate chemical ionization mass spectrometers (nitrate-CI) were used to measure the
gas-phase species. At 25 °C, the nitrate-CI could measure the majority of the OOMs in

2
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the condensed phase following absorptive partitioning theory (Pankow, 1994). However,
at -25 °C, only a minority of the OOMs was measured by the nitrate-CI.

As shown in Figure 52, KM3C is unable to reproduce the observed nanoparticle
growth rates when constrained solely by the concentration of OOMs measured by
nitrate-CI. The discrepancy is most pronounced at -25 °C, where nitrate-CI detects only
a minor fraction of OOMs and relatively high-volatility species (SVOCs) can increasingly
contribute to particle growth. By additionally incorporating OOMs measured by PTR3,
KM3C can generally capture most of the measured nanoparticle growth rates (Figure
3). Furthermore, particle phase diffusivity is a crucial factor to achieve an even better
mass closure in nanoparticle growth rates (Figure 3), particularly the nanoparticles from
cluster size (diameter from 1.5 nm to 3 nm), which is the decisive stage for nanoparticles
becoming climate-relevant.

A positive correlation between OOMs concentration and temperature was observed
in field studies across China (Tang et al., 2025), which could be explained by high
temperature often accompanied by enhanced solar radiation likely increase OOMs
concentration (Bianchi et al., 2019). However, alternatively, lower apparent OOM con-
centrations at lower temperatures may result from undetected species, as indicated
in Figure 2 (Stolzenburg et al., 2018; Trostl et al., 2016). Figure 4 shows that in low-
temperature environments, incorporating undetected OOMs measured by PTR3 (Figure
2), in addition to those captured by nitrate-CI, reconciles previously underestimated
nanoparticle growth rates (indicated by the bottom left arrow in Figure 4). Under
warmer conditions, as found in previous studies (Stolzenburg et al., 2025; Cai et al.,
2026), observed growth rates are slower than the previous simpler modelling results. In
this study, by taking low bulk diffusivity into consideration, slower growth rates can be
reproduced (indicated by the upper right arrow in Figure 4).

By accounting for variations in particle-phase diffusivity and measurement uncer-
tainty, the majority of observed field nanoparticle growth rates can be captured , as
indicated by the grey shaded area in Figure 4. The upper bound of the shading area
corresponds to high particle-phase diffusivity combined with a -1 bin shift of the full
VBS, which offers a mechanistic explanation for the empirical scarcity of atmospheric
nanoparticle growth rates exceeding 10 nm h~!. Whereas the lower bound represents
low particle-phase diffusivity with +1 bin shift. Very low growth rates not captured may
result from even lower particle-phase diffusivity, right-shifted VBS bins, or measure-
ment uncertainties. The modelling results in this study (solid line and grey shading area)
shows an apparent independence of nanoparticle growth rate on OOMs concentration
incompletely measured by nitrate-CI. This behavior can be attributed to temperature-
dependent volatility, contributions from undetected OOMs as noted in few previous
studies, and, critically, the low particle-phase diffusivity explicitly accounted for in our
kinetic modelling.
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2.3 Atmospheric implication

Nanoparticle growth from cluster size immediately after nucleation represents the deci-
sive stage to become climate-relevant. This study resolves the long-standing scientific
conundrum of atmospheric nanoparticle growth by reconciling discrepancies between
theoretical predictions and chamber and field measurements with KM3C kinetic multi-
layer model. We demonstrate that the apparent observed near-constant growth rates
result from a complex interplay between measurement uncertainty, temperature depen-
dence on volatility, and diffusion limitation in the particle phase.

This study yields critical insights into the mechanisms governing secondary organic
aerosol formation mechanism. We demonstrate that while lower temperatures lead to
less oxidized organic molecules, this is effectively balanced by a decrease in saturation
vapor pressure. Semi-volatile organic compounds, often undetected by nitrate-CI can
contribute significantly to growth at low temperatures, leading to mass closure in
nanoparticle growth. Our model highlights the decisive role of the particle phase
state and particle phase diffusivity. Incorporating low bulk diffusivity (Dp 293k = 8
x 10729 cm? s71) reproduces the suppressed growth rates observed under warmer
conditions, which traditional simpler models previously would overestimate. The
internal concentration gradients caused by surface-to-bulk mass-transfer limitations are
essential for capturing the growth kinetics of nanometer-sized particles. This study also
provides a mechanistic explanation for the empirical scarcity of growth rates exceeding
10 nm h~!. In summary, accurate characterization of nanoparticle growth and its climatic
implications necessitates the integration of advanced measurement techniques with
explicit modelling of multiphase transport processes.
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Figure 1: Atmospheric nanoparticle growth rates observed in a field experiment (Hyytiild, 17th August 2020).

(A) Aerosol size distributions were measured in combination with condensable vapor concentrations
(Stolzenburg et al., 2025). Observed growth rates (blue diamond markers and error bars representing
arithmetic mean values and standard deviations) were substantially lower than the vapor concentration-
based predictions obtained with a traditional kinetic model (Stolzenburg et al. 2025; brown line and
shading for best estimate and uncertainty range by shifting full VBS by & 1 bin). In contrast, the new
multiphase kinetic model resolving the diffusivity and differential concentration gradients of different
species inside the particles (KM3C; blue line and shading for best estimate and uncertainty range by
shifting full VBS by & 1 bin) correctly predicts the observed growth rates within experimental and model
uncertainties. (B) Differential concentration gradients inside growing nanoparticles, where ultra-low
and extremely low volatile organic compounds (ULVOC + ELVOC) are enriched in the particle core
with very low diffusivity, while low volatile organic compounds (LVOC) with relatively higher volatility,
diffusivity, and gas phase abundance are enriched near the surface. These differential gradients effectively
delay the penetration and equilibrium uptake of species with relatively higher volatility and abundance
(LVOC), thus keeping the growth rate lower than expected under the assumption of a well-mixed and
thus rapidly equilibrating condensed/particle phase.
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Figure 2: Volatility distributions of three experiments in the CERN CLOUD chamber. Experiments were conducted
at (A) 25°C, (B) 5 °C and (C) -25 °C reported by Stolzenburg et al. (2018). Shaded areas and numbers
above the bars indicate fractions that partition into the particle phase (F,) at an aerosol mass loading

of 0.002 pg m=3, corresponding to 103 particles cm™3 with 3 nm diameter, and the grey vertical lines
indicate the volatility where F, = 0.5.
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Figure 3: KM3C captures measured nanoparticle growth rates in CERN CLOUD chamber. Nanoparticle growth
rates (GR) in laboratory chamber experiments in the CERN CLOUD chamber (circular markers) and in
the KM3C kinetic model (square markers, colored solid lines). Data is plotted against the concentration
of oxygenated organic molecules (OOMSs) as measured by nitrate-Cl, which are a subset of the total
condensable organic matter. Colored solid lines are obtained by linearly scaling the combined OOM
concentrations (nitrate-CI + PTR3) in the model at the three respective temperatures (-25, 5 and 25°C).
Upper and lower boundaries of the shaded areas are obtained by scaling the bulk diffusion coefficient
Dy, 208k within the semi-solid phase state range.
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Figure 4: KM3C captures apparent independence of nanoparticle growth rates on OOMs concentration. Illustration
of the consequence of using the full volatility basis set (VBS), temperature-dependence and diffusivity in
the kinetic multilayer model of multiphase chemistry (KM3C, black solid line and square markers), leading
to an apparent independence of nanoparticle growth rate as a function of concentration of oxygenated
organic molecules (OOMs) as seen in laboratory (circular markers) and field data (diamond markers),
which is not captured by simpler kinetic models (black dashed line).
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3. Conclusions and outlook

Through this PhD project, we conclude that the viscous phase states of secondary organic
aerosol (SOA) drastically lengthen gas-particle partitioning equilibrium timescales.
Longer equilibrium timescales violate a key assumption in absorptive partitioning
theory (Pankow, 1994), which presumes that particles are well-mixed and that gas-
particle partitioning is fast. We showed with KM3C that the evaporation of higher-
volatile organics from the surfaces of SOA from limonene + NOj leaves behind a
viscous surface crust, under which higher-volatile species were trapped. We report that
the chemical composition of SOA changes when partitioning is kinetically limited by
diffusion. We also find that the initial growth rates of newly-formed viscous particles
are kinetically limited by surface-bulk transfer, and particle phase state ought to be
considered when modeling sub-10 nm nanoparticle growth.

In addition, cross reactions between the oxidation products originating from different
VOC alter the resulting product volatility distribution by changing RO, fates and accre-
tion product formation. We showed that accretion products from cross reactions explain
the nonlinear Yspa found in multiprecursor experiments, which is consistent with other
studies (Ahlberg et al., 2017; McFiggans et al., 2019). However, some experiments have
found that linear additions of Y504 from different VOC can adequately describe SOA
formation (Odum et al., 1996; Emanuelsson et al., 2013). Clarifying the cross reactions
and fate of intermediate oxidation products from different VOC and revising chemical
mechanisms in air quality models to include those cross reactions may improve model
estimates of SOA formation.

Lastly, we conclude that the wide range of secondary organosiloxane aerosol (SOSiA)
formation reported in previous studies (Wu and Johnston, 2017; Janechek et al., 2019;
Charan et al., 2022) is the result of the different OH exposures (OHexp, [OH] x time). We
found that the immediate oxidation products of D5 siloxane, which is an emerging an-
thropogenic pollutant, is too volatile to form secondary organosiloxane aerosol (SOSiA).
We used a kinetic box model and chemical mechanism that incorporates chemical-aging
reactions, where progressive oxidation of the D5 + OH products reduces the volatility
of those products, to conclude that the high SOSiA formation reported in previous
studies (Wu and Johnston, 2017; Janechek et al., 2019; Charan et al., 2022) was driven
by high OHexp. While such high OHey,, are feasible in laboratory experiments, in the
atmosphere, these conditions are more representative of air downwind of D5 emissions
sources. Thus, SOSiA is not likely a contributor to urban PM but may contribute to PM
in downwind air. We recommend future D5 + OH experiments consider the impact
of multigenerational chemical aging on SOSiA formation, and ambient measurements
searching for SOSiA should target the downwind of emissions sources. Furthermore,
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we detected the production of HCHO in these experiments, which has been predicted
for similar siloxanes by Fu et al. (2020), and quantified experimental HCHO yields
upwards of 200 %. HCHO is known to contribute to tropospheric O3 formation (Carter
et al., 1993), and further study is needed to assess the effects of D5 on air quality.

In this PhD project, we were able to use empirical D,—C* and T,—C* relationships
(Frank, 1962; Li et al., 2020) to calculate the composition-based Dy, in the model. How-
ever, the self-diffusivity data of the low C* species these parameterizations are based
on is sparse, and the calculated Dy, can be better constrained with improved parame-
terizations. Furthermore, SOA is generally hygroscopic, and many parts of the global
atmosphere are humid (Shiraiwa et al., 2017), while the experiments modeled here were
dry. The plasticizing effects of water increases particle-phase diffusion (Berkemeier et al.,
2016), and a full description of the relationships between SOA volatility, hygroscopicity,
and diffusivity in SOA-water mixtures needs to be developed to account for particle
phase affects in the the global atmosphere. Future studies thus will be able to reduce
uncertainty in the modeling of organic aerosol phase state by by providing diffusivity
coefficients through direct measurements (e.g., Evoy et al., 2021) or through simulations,
such as molecular dynamics (e.g., Siachouli et al., 2025), with a focus on more complex
mixtures and changing relative humidity.
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S1 Experiment and Set Up Details
S1.1 PAM-OFR

Fig. S1 shows the experiment set up. During these experiments, the laboratory room temperatures and pressures were 17 —
21 °C and ~1020 hPa (1 atm) respectively. In this manuscript, we used 1 atm for unit conversions and in KinSim. We passed
different flow ratios of dry and humid zero air through the passivated 15 mL glass bulb to get the desired experiment
humidity conditions. Mass flow controllers (MFC, MC and MCS series, Alicat Scientific, Tucson, AZ, USA) controlled the
input air flow rates. Air coming out of the PAM-OFR and instrument outlets went to the exhaust or through scrubbers to
minimize O3 and aerosol exposure in the room. Ultra-high purity N2 from a gas cylinder (Sinyang Oxygen Company, Seoul,

South Korea) regulated to 30 psig purged the UV lamps.

The PAM-OFR was connected to an Os monitor (Model UV-100, 2B Technologies, Boulder, CO, USA) via the outlet side
port. For the 120 s zs experiment, a pump was attached to the outlet side port for additional flow. The PTR-MS inlet and the
aerosol sampling line was connected at the OFR outlet center port (Fig. S1). We used perfluoroalkoxy alkane (PFA) tubing
(6.35 mm (1/4”) OD, 4.35 mm ID, Sungjin Rubber Industrial, Seoul, South Korea) for the connections to the OFR inlet. The
OFR was equipped with conductive Teflon flow rings at both the inlet and the outlet side ports, and the Ds and humid air

were injected through the inlet side port.

We used Ds (97 %, CAS#541-02-6, Sigma-Aldrich, Saint Louis, MO, USA) as the VOC precursor and stored the Ds in a
refrigerator (~1 °C) when not in use. A syringe pump (Fusion 4000, Chemyx, Stafford, TX, USA) equipped with a 10 uL
gas-tight microliter syringe (Model 1801, Hamilton, Reno, NV, USA) continuously injected Ds into the PAM-OFR. The
syringe fed into the passivated glass bulb through a polytetrafluoroethylene-faced (PTFE) septa (13 mm, Scilab, Seoul,
South Korea) at room temperature. At the injection speeds and air flow rates used, we did not visually observe any Ds build-

up in the bulb.

For cleaning, making atomizer solutions, and generating humid air for the PAM-OFR, we used Type 1 deionized water (DI
water, >18.2 MQ cm resistivity at 25 °C) from a purification system (Milli-Q Direct 16, Merck, Darmstadt, Germany). We
rinsed the microliter syringe between experiments with acetone and DI water and dried them at room temperature in the
fume hood. The passivated glass bulb was also rinsed with acetone and DI water and heated in a drying oven before the

experiments.

Zero air came from a generator (Model 8301P, Acoem Ecotech, Victoria, Australia) coupled with a catalytic converter set to
520 °C (Model HTO-1000HC, Acoem Ecotech, Victoria, Australia). The zero air also passed through scrubbers filled with

1
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activated molecular sieves (4 A 4 — 8 mesh, Sigma-Aldrich, Saint Louis, MO, USA), NaMnO, oxidizing media (Purafil SP,
Purafil, Doraville, GA, USA), and activated carbon (Purakol, Purafil, Doraville, GA, USA). Lastly, the zero air went through
a filtered air supply (Model 3074B, TSI, Shoreview, MN, USA) prior to injection to the PAM-OFR and the Nafion
humidifier (FC-100-80-6MKK, Perma Pure, Lakewood, NJ, USA).

To assess the OHexp range, we conducted an offline calibration on the PAM-OFR with calibration CO gas (UnionGas,
Gyeonggi-do, South Korea) with a Serinus 30i CO analyzer (Acoem Ecotech, Victoria, Australia). We used humidity
conditions close to that of the experiments (Fig. S2). We used the Ds siloxane trace as a direct measure of OHeyp during the
experiments themselves and found the OHey, assessed with Ds to be consistent with the offline calibration with CO. We did
not operate the CO analyzer during the experiments to avoid the risk of siloxanes fouling its catalytic converter (Dewil et al.,
2006).

S1.2 Aerosol Sampling Line

The aerosol sampling line was connected at the PAM-OFR center outlet port and lead to the SMPS. The sampling line
consisted of a O3 denuder and a Nafion dryer (PD-200T-12MSS, Perma Pure, Lakewood, NJ, USA) with conductive
connections and fittings in between. We installed the Oz denuder in the sampling line to prevent Oz damage to the SMPS,
and it was a diffusion denuder filled with hopcalite pellets (3 mm, Purelyst MD-101, Pure Sphere, Chungcheongnam-do,
South Korea). The custom-made diffusion denuder was cylindrical in shape at 52 cm long and 6.5 cm in diameter, and the
wet particles would pass through a 12.7 mm (1/2”) ID center line made of stainless mesh. Prior to experiments, we passed

filtered compressed air through the O3 denuder at 10 L min for ~30 min to remove any loose particles.

We assessed the Oz removal by comparing the concentrations entering and exiting the O3z denuder filled with fresh hopcalite
pellets. The flow rate through the Oz denuder matched that of experiments (3.0 L mint), and we used the same O3 monitor
used on the PAM-OFR. To generate Os, humid air was fed into the OFR with 185 nm lights on without siloxanes or seed,
and the OFR outputted 2.1 ppm of Os. We found that the denuder would remove ~90 % of the O3 by concentration at these

test conditions.

We used the particle loss calculator (von der Weiden et al., 2009) with the dimensions of the aerosol sampling line to
calculate the size dependent losses in the line (Fig. S3). Given that we did not know at what point when the SOSIA was
formed in the PAM-OFR, we only applied the particle loss in the aerosol sampling line to correct the Ysosia. The particle loss
corrections to the Ysosia were done by applying the particle loss at the experiment SOSIA volume mode with that from the

calculator.
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To prevent siloxane contamination from conductive silicone tubing (Timko et al., 2009; Yu et al., 2009; Asbach et al., 2016),
we used conductive PFA tubing (6.35 mm (1/4”) OD, 4.76 mm (3/16”) ID, Fluorotherm Polymers, Parsippany, NJ, USA)
and stainless-steel compression fittings for the connections in the aerosol sampling line. In this experiment set up, we only
used conductive silicone tubing (12 cm, 9.53 mm (0.375”) OD, 4.8 mm (0.19”) ID, TSI, Shoreview, MN, USA) at the inlet
of the SMPS and for connections between the SMPS components.

S1.3 Condensational Sink and Condensation Lifetimes

We follow the instructions in Section 3.3 of Palm et al. (2016) to calculate the condensational sink (CS, s*) and low-volatile
organic compound (LVOC) condensation lifetimes (zcs, S), where we use the particle number size distribution from the
SMPS. In Eq. (S1), r is the wet particle radius (m), N is the particle number size distribution (m=at each particle diameter),
and g is the dimensionless Fuchs-Sutugin correction factor (Seinfeld and Pandis, 2006). We also use the same gas diffusion
coefficient (Dg) used by Palm et al. (2016) of 7 x 10 m? s%, which represents LVOC. In Eq. (S3), a is the dimensionless

accommodation coefficient that is assumed to be 1 (Liu et al., 2019).

CS = 4nD, [ rB(r)N(r)dr = 4Dy £ rB(r)N(r) (S1)
Tcs = é (S2)
B(r) = (S3)

0.377Kn+1+§a—11(n2+§a—11(n

To obtain f, we calculate the dimensionless Knudsen number (Kn), the mean free path (g, m), and the mean thermal velocity
(wavg, m s) for LVOC at each r. In Eq. (S6), T refers to the temperature (K) in the PAM-OFR and R is the gas constant (R =
8.3145 kg m? s2 Kt mol™?). Since particles were dried before being detected by the SMPS, we obtain r in Eq. (S1) and (S4)
by multiplying the dry particle radius with the growth factor (GF), which is the ratio of the wet particle diameter versus
when the particle is dry (Fig. S5).

Kn = T (34)
— 3Pg
3= (55)
R’
Wayg = % (S6)
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We find GF with Eq. (S7), where « is the dimensionless hygroscopicity parameter and ay is the dimensionless water activity
approximated via aw = RH %/100. For «, Palm et al. (2016) used a value representing that of SOA (x = 0.13), but Janechek et
al. (2019) found SOSIA to be non-hygroscopic (x = 0.01). Consequently, we calculate the CS for both the LVOC and SOSIA
cases, with molecular weights (M) of LVOC, 0.200 kg mol~, and of Ds, 0.370 kg mol* The calculated GF for both cases are
shown in Fig. S5 and Table S3.

k= (GF® - 11— ay)ayt (S7)

The PAM-OFR has an estimated LVOC eddy diffusion wall loss lifetime (zwan) of 400 s (Palm et al., 2016), while the
calculated zcs ranged up to ~136 s when using the particle size distribution measured during experiments (Table S3). Palm et
al. (2016) recommended using the average of the particle size distributions entering and exiting the OFR, which would
double the aforementioned zcs since we did not use seed aerosol. Either case, we expect the loss of LVOC to the walls to

have been small since zcs < zwarl.

S1.4 PTR-MS Inlet and Settings

The PTR-MS inlet was made of SilcoNert 2000-coated (SilcoTek, Bellefonte, PA, USA) stainless steel inlet tubing (1.59
mm (1/16”) OD, 1.0 mm (0.040”) ID) at 1.2 m in length. The PTR-MS was connected immediately at the center outlet of the
OFR with SilcoNert 2000-coated fittings (Swagelok, Solon, OH, USA) and conductive PFA tubing (Fluorotherm Polymers,
Parsippany, NJ, USA). We set the flow rate into the PTR-MS inlet to 0.43 L min using its built-in inlet flow controller and
inlet pressure controller. The PTR-MS inlet was equipped with a heating hose set to 60 °C and a dust filter to prevent
clogging, especially at the high SOSiA masses. The single stage filter holder was made of PFA (Savillex, Eden Prairie, MN,
USA) and held a 25 mm PTFE filter (5 um pore, Synspec, Groningen, Netherlands) that was replaced daily.

The mass spectrometer extraction time and maximum flight times were 2.0 and 20.0 ps respectively, with the maximum
mass at m/z 632.0. The mass spectra were integrated and recorded every 1000 ms. For the PTR-MS mass scale calibration,
we used (H220O)H* (m/z 21.0221), (H20)H* (m/z 37.0284), (CeHal)H* (m/z 203.9431), and (CeHal)H* (m/z 330.8475)
during the data analysis. We used ioniTOF 4.0 to control the instrument and PTR-MS Viewer 3.4.4 (lonicon Analytik,

Innsbruck, Austria) to process the PTR-MS mass spectra.

S1.5 PTR-MS Mass Spectra Interpretation

Ds has isotopologues (Fig. 1) whose ion masses overlap with those of VOP. Additionally, large alcohols fragment during the
PTR (Brown et al., 2010), and the reported siloxanol (D+T(OH)) or siloxanediol (DsT2(OH),) may have fragmented if they
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behave like saturated organic alcohols. Since we did not have siloxanol calibration standards, we opt to use the -H,O

fragmentation behavior of organic alcohols to assess the qualitative trends of the proposed VVOP.

We use the -H,0 fragment of [D4T(OH)]H* at m/z 355, the -H,O fragment of D3T»(OH), at m/z 357, and the -H,O fragment
of [D3To(OH)(OCHO)]H" at m/z 385 to assess the relative trends of these VOP (Table S4). However, the signal at m/z 355
overlaps with the -CH, fragment of protonated Ds [CoH27OsSis]*, as noted by Coggon et al. (2018). As for m/z 357, this
signal overlaps with an isotopologue of the -CH,4 fragment of [Ds]H* and the -H,O fragment of [D4T(OH)]H*. To retrieve the
signal of D4T(OH) and DsT»(OH),, we subtract the fragment and/or isotopologue signals from the total signal at the
designated ion masses. For m/z 355, we subtract the -CH, fragment of [Ds]H* using the signal ratios of Ds at m/z 355 and m/z
371 found prior to each experiment. For m/z 357, we subtract the [CoH270sSis]* isotopologue signal fraction.

For the quantification of Ds, we opt to use the main Ds ion ([C1oHz30Sis]H*) at m/z 371, as opposed to the -CH, fragment ion
at m/z 355. Coggon et al. (2018) used the fragment ion for their ambient air measurements due to higher ion counts there.
[CoH270sSis]™ had a higher ion count than [CioH30Sis]H* during our calibrations and experiments as well, but the Ds
concentrations in these experiments are sufficiently high for quantification at m/z 371. Additionally, Since the -H,O fragment
ion of [D4T(OH)]H* has the same elemental composition of the -CH, fragment of [Ds]H*, we choose the m/z 371 ion to

avoid potential overlaps in the Ds quantification.

The PTR-MS is limited in the species it can detect and resolve. The PTR-MS configuration restricts the volatility range of
identifiable species, where species are not fragmented during the PTR or lost on the surfaces of the instrument and inlet.
Moreover, the PTR is known to fragment peroxides (Li et al., 2022), which limits their detection. Saturated alcohols larger
than ethanol and unsaturated alcohols are also known to undergo fragmentation during ionization in the PTR-MS (Brown et
al., 2010; Demarcke et al., 2010). Consequently, we cannot rule out that some Ds VOP fragments are being misattributed in

the trends that we report.

For example, methanediol (CH2(OH)) is the hydrated form of HCHO and has been observed to largely fragment to a -H,0O
PTR ion that overlaps at m/z 31 (Franco et al., 2021). Although CH2(OH), may be formed in the gas phase through HCHO +
H20 via HCOOH catalysis (Hazra et al., 2013), the gaseous compound is thought to have evaporated after being formed
heterogeneously (Franco et al., 2021). Franco et al. (2021) also fitted the gaseous unimolecular dehydration (CH2(OH), —
HCHO + H;0) rate coefficient kcrzony2 to be 8.5 x 105 s, which gives the species a unimolecular dehydration lifetime of
0.14 days, which is longer than the experiment residence times of the PAM-OFR. The dominant products from CH2(OH). +
OH are HCOOH and HO via the decomposition of the RO, and so this diol is practically an intermediate between HCHO
and HCOOH.
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Given the humid PAM-OFR conditions, CH2(OH), may have been present, and the -H,O fragment ion may have led to the
over-quantification of HCHO; the fragmentation of CH2(OH), during the PTR needs to be characterized to constrain this
uncertainty. However, Franco et al. (2021) found that CH,(OH), + OH has a rate coefficient of Kcrzomye+on = ~7.5 x 1072
cmd s, and so we expect CHx(OH), to have a OH-oxidation lifetime less than that of zs at the [OH] in the PAM-OFR.
Consequently, we do not expect the CH(OH), -H,O fragment interference to the HCHO quantification to be large.

S1.6 Upper Limit Estimation of Kage particle

Surface and bulk accommodation processes are not explicitly resolved in the kinetic model and Kage paricie acts on the
concentrations of particle-phase products per unit air volume. To address whether the numerical value of the fitted Kageparticle
is reasonable, we calculate its upper physical limit as the collision flow of OH onto the particles in one cm? of air (Feon,on,
cm3s1) derived from gas kinetic theory (Pdschl et al., 2007).

2o Aparticle [OH] (88)

Fcoll,OH = 4

Here, won is the mean thermal velocity of OH in cm s (Eq. (S6)) and Agaricee is the particle surface area density (cm? cm)
measured with the SMPS at the outlet of the PAM-OFR. This flow must always be larger than the heterogeneous reaction

flow of OH with the particle surface in one cm? of air (Fheton, cm= s1).

Fheton = kage,particle Cparticle [OH] (S9)

Accordingly, we find the following condition for Kage particle-

k ide <—22— A v S10
age,particle 4 Cparticle particle ( )

Here, Cparticte, (cM3) denotes the concentration of total SOSIA products in the particle phase in one cm?® of air. The estimated

upper limit Kage particte are summarized in Table S12.

S2 SOSIA Mass Density (psosia)

In a separate series of experiments, we collected SOSIA filter samples from the PAM-OFR on pre-weighed PTFE filters (47
mm, 2 um pore, PT48P-KR, MTL, Minneapolis, MN, USA), where we also operated the SMPS. Then, we stored the filter
samples in a desiccator placed inside of a temperature and humidity-controlled micro-balance room for a day to remove mass

interference from condensed water. Each filter was weighed ten times on a semi-micro balance (+ 0.01 mg, ME204, Mettler
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Toledo, Columbus, OH, USA), and we calculate the mean psosia by dividing the masses of SOSIA (300 — 740 pg) over
integrated SMPS volumes.

From five filter samples, we find a mean (+ standard deviation) psosia Of 1.07 + 0.08 g cm™. We note that existing
publications used discrepant psosia values, which are summarized in Table S9. That range includes those representing SOA
(Charan et al., 2022) or Ds itself (Janechek et al., 2019). Wu and Johnston (2017) did not explicitly state the psosia they used.
Han et al. (2022) used particle size and mass data from an SMPS and an AMS to get psosia Of 1.6 — 1.8 g cm™ for SOSIA
from different siloxane precursors. Avery et al. (2023) used the SOSIA elemental ratios from the AMS with the method
described by Kuwata et al. (2012) to obtain psosia of 1.59 — 1.78 g cm™,

For reference, Fytas and Wang (1984) measured the density of several methylphenylsiloxane oligomers, which ranged from
0.99 — 1.10 g cm3, while He et al. (1988) used a polydimethylsiloxane density parameterization based on molecular weight
that maximizes to 0.97 g cm=3. Dee et al. (1992) measured the densities of polydimethylsiloxane oligomers and found values
between 1 to 1.14 g cm™. One of the silanols formed in the siloxane degradation process is dimethylsilanediol (DMSD,
C2Hs0,Si), and Mazzoni et al. (1997) calculated DMSD to have a density of 1.023 g cm™ at 20 °C using a group
contribution method. Lamers et al. (2021) found that dimethylsiloxane oligomers of varying lengths would have densities of

~1gcm’,

While the psosia We report are in line with literature siloxane/silanol densities, they are lower than those reported by Han et
al. (2022) and Avery et al. (2023). Some of the difference between their and our psosia measurements may be explained by
the different experiment conditions, such as OHeyp, Since aerosol density is expected to increase with higher oxygenation
(Kuwata et al., 2012; Nakao et al., 2013). Moreover, Han et al. (2022), Avery et al. (2023), and this study uses different
methods to measure psosia. Lastly, volatile species may have evaporated from the collected particles while the filters were in

the desiccator, which would lead to an undermeasurement of the particle masses and thus SOSIA density.

S3 PTR-MS Calibration

For HCHO, we used a paraformaldehyde permeation tube (CAS#30525-89-4, VICI Metronics, Poulsbo, WA, USA) and a
calibration gas generator (Model 150 Dynacalibrator, VICI Metronics, Poulsbo, WA, USA) set to 70 °C to produce HCHO
calibration gas with ultra-high purity N2 as the carrier gas. To achieve a steady output, we conditioned the permeation tube in
the calibration gas generator for a week at the temperature and carrier gas flow rate to be used during the calibration. The
HCHO calibration gas was diluted dynamically to achieve target concentrations with zero/humid air and MFCs, and we
correct the HCHO quantification for humidity using Eq. (S11) from Vlasenko et al. (2010), where Ky is the fitted reverse
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PTR rate coefficient (cm® s%), [H2O]ar is the H20 concentration (cm®) in the drift tube when sample air is dry, [H20] is the

water concentration (cm) in the drift tube when sample air is humid, and At is the drift tube reaction time (9.4 x 105 s).

Sensitivitymeas _ [HzO]dry(l—e —krev[HzO]At)

(S11)

Sensitivitygry [HZO](1_e‘kreV[H20]dryAf)

To obtain [H2O]ary, we follow the method described in Vlasenko et al. (2010), where we fit a quadratic polynomial (Eq.
(S12)) to (H20).H* (ncps) against the sample air absolute humidity (Fig. S6.B3). Then, we take the fitted y-intercept (=
4000) and linearly approximated the corresponding absolute humidity at 2xy-intercept, which comes to be ~0.005 mol/mol.

Lastly, we convert the [H2O]ary mixing ratio to cm using the drift tube pressure (2.30 mbar) and temperature (80 °C).
Ith20)20+ = A + Bx + Cx? (S12)

For HCOOH, a 1 % (w/w) aqueous solution of HCOOH (>98.0 %, CAS#64-18-6, Tokyo Chemical Industry, Tokyo, Japan)
was injected into the VOC bulb with a syringe pump and zero/humid air flowing through the bulb. Like Baasandorj et al.
(2015), we find the PTR-MS sensitivity at m/z 47 to be affected by humidity, with sensitivity decreasing with higher RH at
137 Td. Consequently, we adjust the HCOOH quantification for H,O cluster effects with the method outlined in Baasandorj
et al. (2015). We fit the parameters in Eq. (S13), where X is l20y2H+/ 1 H20)H+-

Sensitivity = A X (Blexp(Clx) + Bzexp(sz)) (S13)

S4 Odum two-product Model

Eq. (S14) shows the Odum two-product parameterization (Odum et al., 1996) for aerosol mass yields, in this case for SOSIA.
Janechek et al. (2019) and Charan et al. (2022) fitted their data, and we also parameterize the experimental Ysosia with the
two-product model in Eq. (S14) for comparison. The partitioning coefficient (K, m® pg?) is the inverse of the saturation mass
concentration C* (ug m), Coa is the OA mass loading (ug m?), and « is the product yield for each corresponding K. The
fitted values and the literature comparison is shown in Fig. S7, and the Ysosia have been adjusted for psosia = 1.07 g cm3,

K K
Ysosia = COA( e ) (S14)

1+K1Coa 1+K2Coa

We fit the two-product model with the psosia-adjusted data from Han et al. (2022), Avery et al. (2023), and all literature

values combined, including those we report. The existing literature values and fit two-product model parameters are
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summarized in Tables S9 and S10. As shown in Fig. 4, the two-product model parameters provided by Charan et al. (2022)
are consistent with those of Han et al. (2022) and Avery et al. (2023) at ambient surface Coa (0 — 30 pg m3) with low Ysosia.
However, the two-product model fit of Janechek et al. (2019) predicts less volatile products, resulting in higher Ysosia at
those Coa. Our two-product model fit predicts more volatile products, which is consistent with that of Charan et al. (2022),
Han et al. (2022), and Avery et al. (2023).

However, for the high Coa cases, the literature diverges with experimental Ysosia ranging from 10 to 100 % at ~200 pug m3,
and our Ysosia Yield curve lies between the curves from the literature (Fig. S7). The intercorrelation of OHeyy With Ysosia is
also visible in Fig. S7, where the higher Ysosia measurements occur not only when Coa is high, but also as OHe, increases
(color scale). The two-product model here does not explicitly account for chemical aging with OHexp, SO We use the aging-
VBS approach.

S5 Modeling ROz Pathways with KinSim

A potential explanation for the Ysosia discrepancies in the literature is the RO, fate, where high [OH] in OFR experiments
may have pushed the RO, fate towards a pathway that forms more condensing species. However, Alton and Browne (2022)
found in their chamber that RO, + HO,, RO, + NO, and unimolecular pathways would yield similar fractions of siloxanol
and formate ester, suggesting these pathways make similar products, likely through RO; Alton and Browne (2022) suggests
that the dominant products of RO, + HO; are RO, OH, and O, instead of ROOH.

In OFR185, the RO, + OH pathway is feasible due to high [OH] and the atmospheric relevance of this pathway is debated
(Peng and Jimenez, 2020). However, Fittschen (2019) suggests that RO, + OH is an atmospherically relevant pathway in
low-NOy environments, and the dominant product is expected to be RO (+ HOy). That being said, Assaf et al. (2018) found
that the dominant product of RO, + OH is ROOOH for RO with more than 3 carbon atoms, but we are unaware of any
documentation of siloxane RO, forming ROOOH. The dominance of RO products across RO, fates leading to comparable

aerosol mass yields has been reported with monoterpene nitrate oxidation as well (Day et al., 2022).

To assess the RO, fates in these experiments, we adopt analogous reactions from the literature and added those RO, fates
into an OFR mechanism template (Peng and Jimenez, 2020) for KinSim 4.16, a chemical kinetics simulator (Peng and
Jimenez, 2019). Table S5 shows the additional RO, reactions and rate coefficients appended to the OFR mechanism. The
results suggest that RO, + HO, and RO, + OH pathways dominated across the experiments, but we encounter an issue

reconciling the measured OHeyp using (2) and the OHexp from KinSim.
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To input the 254 and 185 nm photon fluxes (l2s4 and l1gs) in KinSim, we follow the recommendations in Rowe et al. (2020)
With Iossmax = 3.0 x 10%° cm? s and l1gsmax:l25amax = 0.0664. Next, we multiply lzsamax and ligsmax by 0.1 to account for the
shrink wrap lamp covers and by the ratios of the experiment irradiance and O3 outputs versus the maximum values at 8V
(Table S6). However, we find that with the above photon flux inputs, KinSim calculated the OHex, to be too high and [Ds]ina

to be too low compared with measurements, although the modeled [Os] are consistent with measurements (Fig. S9).

Given that we are interested in probing the RO, fates, we multiply ligs and I2s4 by a factor of 0.1 to bring the OHey, and
[Dsfinar in line with measurements. We use ligs of 3 x 101 — 2 x 10*2and l,s4 of 1 x 10'2— 3 x 10 cm2 st in the case where
l1gs and l2s4 are multiplied by a factor of 0.1, and the initial fluxes are summarized in Table S6. However, this adjustment
leads to the output [O3] being underestimated. To assess the impact of the adjustment on RO, fates, we model both cases

where l1gs and I2s4 are and are not adjusted (Fig. S10).

In both UV flux cases, KinSim finds RO, + HO, and RO, + OH to be the dominant reaction pathways across the
experiments (Fig. S10). A potential explanation for the OHex, discrepancy is the formation of secondary products that are
also reactive with OH, which are not included in OHRex: calculated with injected Ds. Since we observe the formation of OH-
reactive species like HCHO and the proposed VOP appear to be removed with OHeyy, We suspect that the KinSim
mechanism is incomplete, and that a more complete mechanism with subsequent OH-reactive species should improve the

KinSim calculations.

For these experiments, we expect RO, + HO2 and RO, + OH to have been the dominant pathways across the experiments,
based on the findings by Alton and Browne (2022) and the KinSim calculations. Avery et al. (2023) also found similar RO,
fates with KinSim for their experiments, and the common product of these pathways is RO. We note that the inclusion of
VOP into the OFR mechanism or when calculating OHRex may be needed to reconcile measured OHeyy and model
expectations. Peng and Jimenez (2020) suggest that using measured OHeyy is preferred over modelled values due to
uncertainties in the OFR residence time, mixing, and OH recycling. We also use RO; reactions and rate coefficients in the
OFR mechanism based on those of organics, and that the RO, fates are subject to change as the Ds + OH system is further

constrained.
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Table S1. Summary of literature Ds + OH rate coefficients and measurement methods. We used the empirical values to calculate
the average kps+on. GC-FID: gas chromatography-flame ionization detector. GC-MS: gas chromatography-mass spectrometry.
CIMS: chemical ionization mass spectrometry.

Reference Method kos+on at ~298 K (cm?® s)
Atkinson (1991) CH3NO2+ UV in 6400 L Teflon chamber, GC-FID, 1.55 x 1012
rate relative to cyclohexane.
Safron et al. (2015) 0O3/H,0 + UV in 140 mL quartz chamber, GC-MS, 2.6 x 1012
rate relative to cyclohexane.
Xiao et al. (2015) 03/H,0 + UV in 140 mL quartz chamber, GC-MS, 2.46 x 1012
rate relative to trimethylpentane.
Computed with Spartan 10 and Merck Molecular 2:90-x10*
Force Field molecular mechanics.
Kim and Xu (2017) 03/H,0 + UV in 134 L SilcoNert-coated stainless 1.46 x 10°%2
steel chamber, GC-MS, rate relative to n-hexane.
Alton and Browne (2020) | Os/H20 + UV in 1000 L Teflon chamber, CIMS, rate 2.1x1072
relative to propionic acid/MEK.
Average 2.0x 107
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Table S2. Summary of PAM OFR experiment conditions.

Experiment | tres | Lamp | RH T Os Irradiance | Volume | Surface | Aerosol Particle
(sec) | Voltage | (%) °C) | (ppm) | (W em?) | mode mode sampling | number
(nm) (nm) line loss | concentration
(%) (cm?)

1 180 | 2.4 33.27 | 22.44 | 218 £ | 0.95+0.05 | 68.5 57.3 8.49 9.17 x 10*
+ + 0.02
0.07 | 0.07

2 180 | 24 33.53 | 21.09 | 2.37 £ | 0.93+£0.05 | 85.1 66.1 6.74 1.21 x 10°
+ * 0.02
0.07 | 0.09

3 180 | 2.4 3245 | 19.84 | 2.29 + | 0.83+0.08 | 82 66.1 6.96 1.34 x 10°
+ + 0.03
0.03 | 0.16

4 180 | 24 82.47 | 20.39 | 1.80 £ | 0.56 £ 0.05 | 98.2 79.1 5.82 3.24 x 10°
+ * 0.02
0.20 | 0.12

5 180 | 24 81.96 | 21.37 | 1.98 + | 0.84 £ 0.08 | 131 101.8 4.33 3.83 x 10°
+ + 0.03
0.11 | 0.08

6 180 | 24 82.34 | 21.57 | 1.82 + | 0.61+0.03 | 151.2 121.9 3.80 3.83 x 10°
+ + 0.02
0.11 | 0.06

7 180 | 8.0 28.67 | 21.66 | 12.62 | 12.36 + | 882 71 6.52 1.60 x 10°
+ + +0.15 | 0.11
0.30 | 0.22

8 180 | 8.0 28.82 | 21.63 | 10.65 | 9.37+0.11 | 140.7 113.4 4.02 1.84 x 10°
+ + +0.12
0.16 | 0.22

9 180 | 8.0 28.58 | 23.08 | 11.04 | 9.80+0.07 | 187.7 145.9 3.15 2.14 x 10°
+ * +0.05
0.17 | 0.19

10 180 | 8.0 75.62 | 21.61 | 8.88 £ | 12.18  + | 121.9 101.8 4.67 4.62 x 10°
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* * 0.08 0.08
051 |0.29

11 180 | 8.0 7491 | 23.03 | 8.00 + | 9.68 +0.06 | 151.2 117.6 3.80 5.18 x 10°
+ * 0.06
033 |0.18

12 180 | 8.0 75.64 | 23.40 | 8.03 £ | 9.67+0.10 | 194.6 151.2 3.04 6.64 x 10°
* * 0.04
0.34 | 0.20

13 120 | 2.4 30.57 | 20.15 | 1.69 £ | 0.87+0.03 | 51.4 42.9 11.7 6.30 x 104
* * 0.01
013 | 014

14 120 | 2.4 2897 | 21.16 | 1.62 + | 0.84+0.06 | 55.2 47.8 10.7 5.56 x 104
* * 0.01
0.07 | 0.08

15 120 | 2.4 28.48 | 21.10 | 1.54 £ | 0.69+0.05 | 57.3 49.6 10.4 4.39 x 104
* * 0.01
0.05 | 0.06
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Table S3. Summary of experiment condensational sinks, LVOC condensation lifetimes, and growth factors calculated with the

particle size distribution exiting the PAM-OFR as described in Section S1.3.

Parameters SOA, LVOC SOSIA, Ds
x=0.13, M = 0.200 kg mol* x=0.01, M =0.370 kg mol*

Experiment CS (sh zcs (S) Growth Factor CS(s?) zcs (S) Growth Factor
1 2.57 x 102 38.8 1.02 1.88 x 102 53.3 1.00
2 3.99 x 1072 25.1 1.02 2.92 x 10 34.3 1.00
3 3.88 x 102 25.76 1.02 2.84 x 102 35.2 1.00
4 0.173 5.77 1.17 0.101 9.85 1.02
5 0.303 3.30 1.17 0.182 5.50 1.02
6 0.394 2.54 117 0.239 4.19 1.02
7 6.68 x 102 15.0 1.02 4.95 x 107 20.2 1.00
8 0.138 7.27 1.02 0.104 9.63 1.00
9 0.250 3.99 1.02 0.192 5.20 1.00
10 0.338 2.95 1.12 0.217 4.61 1.01
11 0.522 1.92 1.12 0.342 2.93 1.01
12 0.913 1.09 1.12 0.605 1.65 1.01
13 1.25 x 1072 80.1 1.02 9.06 x 107 110 1.00
14 1.23 x 102 81.3 1.02 8.96 x 1078 112 1.00
15 1.01 x 1072 99.3 1.02 7.35 x 1073 136 1.00
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Table S4. Proposed PTR-MS VOP ions and identities. Here, “D” and “T” refer to silicon center atoms bonded to two and three
oxygen atoms respectively.

lon Formula lon Unit Mass (m/z) Description
[HCHO]H* 31 Formaldehyde

[HCOOH]H* 47 Formic acid

[CoH27OsSis]* 355 [Ds-CH4]* and [D4T(OH)-H20]*

[CsH2506Sis]* 357 [DsT2(OH)2-H.0]*
[C10H3005Sis]H* 371 [Ds]H* dominant isotope
[CoH2806Sis]H* 373 [D4T(OH)]H* dominant isotope or H,O cluster of m/z 355
[CsH2607Sis|H* 375 [D3T2(OH)2]H* dominant isotope

[CoH250-Sis]* 385 [DsT2(OH)(OCHO)-H.0]*
[C1oH2507Sis]H* 401 [D4T(OCHO)]H* dominant isotope
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Table S5. Reactions and rate coefficients added to the KinSim OFR mechanism template. The rate coefficients (k) have units of
cm? s and s for bimolecular and unimolecular reactions respectively. Ziemann and Atkinson (2012) notes that the rates of ROz +
ROz varies by orders of magnitude depending on the structure of the ROz and that the products are uncertain. Here, we assumed
that the initial ROz from Ds + OH is analogous to secondary alkyl RO2. Alton and Browne (2022) proposes the majority product of
RO2 + HO:z is RO. The ROz + OH rate is for the propylperoxy radical (Fittschen, 2019). For isomerization, we used a value in the
range of calculated 1,5 H-shift rates in alkanes, which can vary by orders of magnitude depending on the molecule’s
functionalization (Otkjeer et al., 2018).

Reference Reaction Products k
RO + O, + OH (90 %)
Alton and Browne (2022) RO; + HO» 1.7 x 101
ROOH (10 %)
ROH + R=0
Ziemann and Atkinson (2012) RO + RO, 2RO + O, 5x10%°
ROOR + O;
) ROOOH
Fittschen (2019) RO, + OH 1.4 x 1010
RO + HO,
Alton and Browne (2022) RO, rearrangement RO + HCHO 8.0 x 10°®
Otkjeer et al. (2018) RO, isomerization R’02 1x10%
Atkinson et al. (2006) HCHO + OH HO, + CO 8.5 x 102
Atkinson et al. (2006) CO + OH HO, + CO; 1.5x 101
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|ab|eS tU I S I | S"l .

Experiment [Os] matched
1 _ - OHexp matched
3.441 x 10% -
: 2.375 x 10%3 -
s 3.441 x 101
3 2.325 x 10%3 o
3.615 x 10%? hish
4 2.075 x 10%3 .
e 3.615 x 10M
5 1.400 x 1013 .
e 4.038 x 101
6 2.100 x 1013 B
i 4.442 x 101
7 1.525 x 1013 e
e 4.083 x 101
8 3.090 x 101 e
o 1.992 x 10%
9 2.343 x 10%4 e
i 1.681 x 10%
10 2.450 x 10%4 .
A 1.743 x 10%
0 i 2.450 x 10%3
R 1.992 x 10%
: il 3.045 x 10%3
S 1.795 x 10%
13 2.418 x 10%4 —,
o 1.801 x 10%
14 2.175 x 1013 i
ey 5.534 x 101
15 2.100 x 103 it
e 5.304 x 101
1.725 x 10*®
5.042 x 101
1.725 x 10%?
23

102




Table S7. Fit first generation relative molar yields (yi) and kvori+on of proposed VOP. Here, “D” and “T” refer to silicon center
atoms bonded to two and three oxygen atoms respectively.

Proposed VOP ?i kvorisor (cm? st
D4T(OCHO) (m/z 401) 0.0514 457 x 1012
D3T2(OH)(OCHO) (m/z 385) 0.518 5.26 x 1012
DsT2(OH), (m/z 357) 0.343 5.73 x 102
D, T(OH) (m/z 355) 111 7.53 x 1012
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Table S8. Experimental molar yields of HCHO and HCOOH. As these species are formed in the OFR at an unknown point, there
may be some loss through oxidation with OH. Consequently, the OHexp determined with Ds may not represent the OHexp these
VOP experienced.

Experiment AHCHO/ADs (ppb/ppb) AHCOOH/ADs (ppb/ppb)
1 1.79+0.25 0.94+£0.15
2 1.35+0.15 0.69 + 0.09
3 1.21+0.21 0.52+0.09
4 1.52+0.11 0.90 +0.09
5 1.28£0.11 0.83+0.09
6 0.96 £ 0.06 0.62 +£0.05
7 1.06 £ 0.06 0.68 + 0.05
8 1.18 £ 0.09 0.80 £ 0.07
9 0.88 + 0.04 0.60 + 0.04
10 0.69 +0.03 1.27+£0.11
11 0.55+0.02 0.84 £ 0.06
12 0.52+0.02 0.68 + 0.04
13 2.11+£0.76 0.98 +£0.37
14 111+0.24 0.49+0.12
15 1.15+0.29 0.45+0.12
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Table S9. Summary of low-NOx SOSIA experiments as reported in the literature. The Ysosia and Coa from the literature are
multiplied during the analysis by 1.07/(psosia used in the reference) to compare with the values from this study. Wu and Johnston
(2017) did not provide a psosia nor an OHexp, and so we assume their psosia to be the same used here (psosia = 1.07 g cm™) and
calculated OHexp using their estimated AD5 and residence time. Moreover, we convert the ADs they report from ppb to pg m-23with
370.8 g mol?, 298 K, and 1 atm to calculate their Ysosia. Janechek et al. (2019) conducted experiments with and without
ammonium sulfate (AS) seed and found that the SOSIA mass concentration would increase with the addition of seed aerosol. We
re-calculate their OHexp using the ADs they provide. Charan et al. (2022) does not provide a summary of Coa, so we calculate them
using the values in their Table 1 at 1 atm, and we use the Ysosia from their oxidation flow tube with the particle wall loss
corrections. Also, we update their OHexp with their reported ADs and residence times. Han et al. (2022) provided a range of psosia
of 1.6 — 1.8 g cm™for a variety of cyclosiloxane precursors, and we use a value of 1.7 g cm for the psosia adjustment. We also
adjust their OHexp using their reported [OH] and ADs.

Reference Experiment Set Up Ysosia OHexp (scm®) | Coa (Mg m®) | Seed psosia (g cm®)
(%)
Wu and Johnston | PFA photo-oxidation | 7.9 1.0 x 10™ 1.2 None N/A, assumed
(2017) chamber (50 L, e = 15 | 9.9 1.5 x 101! 3.3 None to be the same
min) 12.7 1.5 x 10! 5.6 None used here.
14.3 1.8 x 10% 8.0 None
15.8 2.4 x 10 12.0 None
13.8 1.1 x 101 2.3 AS
15.1 9.5 x 101° 3.2 AS
17.5 1.1 x 101 4.5 AS
21.8 1.5 x 101! 9.6 AS
23.1 1.7 x 101! 12.6 AS
Janechek et al. | PAM-OFR (13.3 L, zres = | 33 2.0 x 10% 245 N/A 0.959
(2019) 2.7 or 3.8 min) 27 1.5 x 10%? 94 N/A
25 1.6 x 102 119 N/A
56 1.6 x 102 202 N/A
27 1.7 x 10%? 76 N/A
Charan et al. | FEP chamber (19 m®) 1.1 9.9 x 10% 14. AS 1.52
(2022) 4.0 9.3 x 10%° 31. AS
0 4.7 x 10% 0 AS
1.8 4.2 x 10% 13. AS
Charan et al. | Caltech photo-oxidation | 1.3 1.5 x 10%° 1.6 None 1.52
(2022) flow tube (zres = 671 3) 2.0 1.5 x 101! 21 None
6.5 1.6 x 10! 72 None
4.7 2.4 x 104 72 None
13 4.6 x 101 321 None
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23 5.5 x 10% 603 None
34 6.2 x 101 978 None
111 1.8 x 10%? 4024 None
111 2.0 x 10*2 4091 None
97 3.2 x 10% 1215 None
90 3.3 x 10% 1127 None
Han et al. (2022) | Environment and Climate | 1.3 5.5 x 10% 0.3 None 1.6-1.8
Change Canada OFR (16 | 1.3 1.4 x 101! 1.1 None
L, 7res = 2 min) 6.9 3.5 x10% 11 None
17 5.0 x 10 31 None
22 6.0 x 101! 43 None
29 6.8 x 10 61 None
38 9.0 x 10 107 None
44 1.2 x 10% 144 None
47 1.3 x 10%? 160 None
50 1.7 x 1012 178 None
50 1.8 x 10% 172 None
1.3 5.5 x 10% 0.5 AS
0.6 1.4 x 101 1.3 AS
Avery et al. PAM-OFR (13.3 L, zres = | 1.2 1.15 x 10% 2.3 None 1.78
(2023) 130's) 10 2.42 x 1012 18 None | 1.67
24 3.77 x 10%? 44 None 1.64
28 4.55 x 10%? 51 None 161
55 5.23 x 10*2 100 None 1.60
70 6.21 x 10*2 126 None 1.60
98 8.23 x 10%? 180 None 1.59
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Table S10. Odum two-product model fit values. These two-product parameterizations do not account for OHexp. Janechek et al.
(2019) and Charan et al. (2022) state the values below, and Charan et al. (2022) provided 2 fits: with/without particle wall-loss
corrections. Han et al. (2022) and Avery et al. (2023) did not provide two-product parameterizations, so we fit their data that was
adjusted to psosia = 1.07 g cm3; the original psosia are in Table S9. We also perform a fit with all values, including those in the

literature.
Reference o a2 K1 K2
Janechek et al. (2019)
0.14 0.82 1.05 0.00207
(psosia = 0.959 g cm?)
Charan et al. (2022)
0.056/0.044 7.7/5.5 0.022/0.027 4.3 x10%6.0 x 10°
(psosia = 1.52 g cm®)
Han et al. (2022)
0.4598 1.284 1.432 x 102 8.546 x 10
(,OSOSiA =1.07 g cm'3)
Avery et al. (2023)
5.301 9.756 3.161 x 10 4.209 x 10
(psosia = 1.07 g cm®)
This paper
0.2266 0.6864 0.01478 9.611 x 10
(psosia = 1.07 g cm®)
All Values
0.3814 1.631 0.02551 1.965 x 10*
(psosia = 1.07 g cm®)
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Table S11. Fit VBS product mass yields (ai) and chemical aging rate coefficients (Kagegas). The Kage,gas is for the aging-VBS model
where OHexp is explicitly parameterized with the and “bin-hopping” as described in Sect. 3.2. We perform fits using the data from
our experiments and all values, which includes those in the literature. For ai smaller than 10°, we mark them as 0.

Cc* 0.1 1 10 100 1000 10000 kage,gas kage,particle
This study 8.47
) 0 0.119 0 0.704 0.176 N/A N/A
ai (no aging) x 10
This study 4.20 3.22 7.33 9.05 1.02 0.698 2.18 1.99
ai x 1073 x 10 x 1073 x 1072 x 10 ' x 10712 x 10712
This study
) 1.11 2.82 1.41 6.84 2.48 0.916 2.64 0
“lomamce | 108 | xa00 | w102 | x102 | x10¢ | x 1042
= O)
All values 4.69 2.31
) 0 0 0.953 0 N/A N/A
ai (no aging) x 1072 x 10
All values 1.27 7.81 2.10 7.77 1.93 0.911 2.10 1.98
ai x 107 x 107 x 107 x 107 x 10 ' x 1012 x 1012
29

108




Table S12. Experiment particle surface area densities and OH to particle collision flow, which we denote as the maximum
observable Kage particle. These maximum values are calculated assuming an effective OH uptake coefficient of 1, and the surface area
densities are calculated using the particle size distributions measured with the SMPS. The corresponding effective uptake
coefficients are calculated from the ratios of the maximum observable Kage,particie and the fit Kage,particle.

Experiment | Surface Area Density (cm? cm=?) | Max Kageparticle (cm® s?) Estimated Uptake
Coefficient
1 6.23 x 10°° 5.50 x 1012 0.362
2 9.84 x 10°° 4,78 x 1012 0.416
3 9.56 x 10 4,98 x 1012 0.400
4 3.48 x 10°® 4,25 x 1012 0.468
5 6.41 x 10° 3.30 x 1012 0.603
6 8.64 x 10°° 2.79 x 1012 0.714
7 1.69 x 10°° 4.23 x 10%2 0.470
8 3.71x10° 2.89 x 1012 0.688
9 7.22 x10° 2.19 x 1012 0.907
10 7.63 x 10° 3.31x 10712 0.601
11 1.24 x 10* 2.73 x 1022 0.730
12 2.28 x 10 2.19 x 1022 0.910
13 2.97 x 10°® 7.00 x 1022 0.284
14 2.95 x 10 6.57 x 1022 0.303
15 2.42 x 10°® 6.02 x 1012 0.331
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Figure S1. PAM-OFR experiment set up. The Ds source was a syringe pump injecting into a passivated glass bulb. The side ports
were equipped with conductive Teflon flow rings on both ends of the PAM-OFR. We covered 90 % of the 185 nm UV lamps to

achieve lower irradiances and OHexp. We conducted experiments at zres = 120 s with 6.65 L min or 180 s with 4.43 L min!

respectively.
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Figure S2. Offline OHexp calibrations with CO at low and high humidity conditions. The OHexp measured during experiments with
Ds were consistent with the offline calibration values.
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Figure S3. Calculated particle losses with diameters (von der Weiden et al., 2009) using the dimensions of the aerosol sampling
line. The shaded area refers to the aerosol volume modes found during experiments.
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Figure S4. SOSIA particle size distribution for experiment 12, where [Ds]o and OHexp were high.
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Figure S5. Particle growth factor vs. RH (%) for x = 0.13 and 0.01. Palm et al. (2016) used the SOA hygroscopicity factor (x =
0.13), while Janechek et al. (2019) found SOSIA to be non-hygroscopic (x = 0.01).
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Figure S6. (al, bl, cl) Calibration curves of Ds, HCHO, and HCOOH. The PTR-MS response was linear under these
concentration ranges. (a2, b2, c2) Sensitivity variation with humidity. We found the Ds sensitivity at m/z 371 under 137 Td to be
consistent with changing humidity and did not apply a correction for the quantification. (b3) Polynomial fit to determine the H20
mixing ratio contribution from the PTR-MS ion source.
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Figure S7 Comparison of Odum two-product model parameterizations between this study and the literature. The blue line is from
the fit with all data, including those we report. The shaded area indicates the range of ambient OA concentrations commonly
observed in the lower troposphere (Porter et al., 2021). The figure shows the particle wall loss-corrected values from Charan et al.
(2022). Han et al. (2022) and Avery et al. (2023) did not provide two-product parameterizations, so we fit the values using their
psosia-adjusted data (Table S10). Wu and Johnston (2017) did not have measurements of OHexp or Ds and instead provided
estimates. The OHexp (color scale) are those reported by the literature.
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Figure S8. Comparison of the (1, 2) SOSIA mass and (3, 4) Ysosia from the (a) aging-VBS and (b) standard-VBS parameterizations
fit with values we report and those in the literature (Table S11). Panels (2) show the same data in Panels (1) but in log scale. Panels
(c) and (d) show the same Ysosia from the standard-VBS model plotted against Coa, but the x-axes are in linear and log scales
respectively. The R? and root mean square error (RMSE) of the aging-VBS model SOSIA is better than that of the standard VBS.
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Figure S9. Ratio of the KinSim model outputs vs. measurements for each experiment. The “OHexp match” and “Os match” refers
to the cases where the UV flux is and is not adjusted so that the KinSim outputs of OHexp and Oz are in line with measurements
respectively.
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Figure S10. KinSim estimations of RO2 fates across experiments. The top panel (a) has lz2ss and ligs multiplied by 0.1 (OHexp
matched), while the bottom (b) does not (Os matched). In both cases, KinSim calculated the RO: fates in all experiments to be
dominated by the ROz + HO2 and ROz + OH pathways.
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Figure S11. Sensitivity of the aging-VBS model to Kagepartice: (@) SOSIA formation at varying Kage partice @assumptions compared
using the optimized parameters found with the “base” model. The base model refers to the version where Kage,gas and Kage particle are
fit separately. (b) SOSIA formation using optimized parameters found under each Kagepartice assumption. The optimized
parameters produce comparable RMSE for each corresponding Kageparticle assumption. (¢) VBS found under each Kageparticle
assumption. The product mass yields vary only slightly. The purple markers and bars in panels (b) and (c) are from the aging-VBS
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Figure S12. Range of the optimized parameter sets of (a) ai and (b) the chemical aging rate coefficients in the fit ensemble. Panel
(c) shows the same data as panel (b) but only for the 100 best-fitting parameter sets in the fit ensemble. We find a shallow
minimum in RMSE for Kage partice around a value of 1 x 1012 cm?® s, “Optimized” values refer to the best-fit parameter set found
with MCGA global optimization. During the global optimization, we generate 768 000 Monte Carlo samples with randomly
assigned parameter values. Then, we find the parameter sets where the aging-VBS model outputs RMSE < 50 against SOSIA
measurements. We find small variation in the Kagegas While there is large variation in  Kageparticte, Suggesting the model is less
sensitive to Kage particle.
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B.2 Supplement of "Multiphase chemistry and phase state
explain nonlinear effects in the formation and evaporation
of SOA from mixed monoterpene precursors"
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1 Moving-boundary algorithm

With the moving-boundary algorithm, the desorption flux at the surface is counteracted by a
down-motion of all layer boundaries in the model, which will cause the inner-most bulk layer
to merge into the adjacent layer. Effectively, the algorithm increases diffusion from the inner-
most to the outer-most bulk layer when there is net desorption to keep the volume of the
near-surface bulk layer constant. While this practice still results in numerical diffusion, no
sudden spikes in evaporation occur (Fig. S1). We ensure that numerical diffusion has a minor
influence on the calculation results by performing calculations with increased layer resolution
to check for numerical convergence. This algorithm is similar to the mass redistribution
algorithm adopted by Couvidat and Sartelet! in the Secondary Organic Aerosol Processor
(SOAP) model, where the masses of the individual bulk layers are kept equal through mass
transport adjustments. However, Couvidat and Sartelet! did not use an adaptive layer
resizing algorithm like here, and the number of bulk layers was fixed. Furthermore, the
moving-boundary algorithm works to keep the volume of the near-surface bulk layer constant,
not those of all bulk layers.

A schematic of the moving-boundary algorithm is in Fig. S2. When there is net desorp-
tion from the particle, we calculate the molecular volume flow out of the near-surface bulk
layer (Fv out, cm?® s71) and increase the diffusion from the layer underneath to match Fy out
(Eq. S1). Here, yow and V4, are vectors of the component molecules and their molecular
volumes (cm?) in a given layer. W, is the volume of that given layer (cm?), and Aypiow 18

the interface area (cm?) between the given layer and the one above it.

Au -low
FV,out = kb,mvbd X Z(ylow : va)%1 (Sl)

We find the moving-boundary bulk diffusion rate coefficient (kp myba, cm s71) for each
bulk layer interface with Eq. S1. Then, we calculate the moving-boundary diffusion rate

(Eq. S2, s71), which is applied to every underlying layer and is added to the existing bulk
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diffusion rates in the ordinary differential equations.

Au -10W
Rate = Kpmvbd X Yiow ot (S2)
Viow

2 Adsorption and desorption rate coefficients

We explicitly model the mass transport between the near-surface gas and particle phases. For
the adsorption rate coefficient (k,;, cm s™!) of a partitioning species i, we use the molecular
collision rate (Eq. S3) like in Berkemeier et al.2. We assume a unity mass accommodation
coefficient®* for all partitioning species, where w; is the mean thermal velocity (cm s™!) of 4.

Wi

ka,i == OCZ (SS)

We use the equation for the desorption rate coefficient from particles in the chamber
(kd.chamber.i, cm s~') from Berkemeier et al.? (Eq. S4), where py,,; is the vapor pressure
(atm) of ¢ at temperature T' (K), Ny is Avogadro’s number (6.022 x 10* mol™!), R is the
gas constant (82.057 cm?® atm K~! mol™!), and [Y];, is the molecular number density of the

near-surface bulk layer (cm™2).

wi pvap,iNA (84)

k4 chamber,i = ar RTVT,

Desorbing gases are suspected to interact with the Teflon filter and surfaces in the FI-
GAERO.® We model this effect by including a resistance term to the denominator in the equa-
tion for kq chamveri- The resistance term ([Y]picagro) goes into the denominator (Eq. S5),

where [Y]ricarro represents the desorption delay caused by interactions between the des-

orbing species and FIGAERO surfaces.

W; pvap,iN A
Wi S5
4 RT([Y] + [Y]ricagro) (%)

ka4 FIGAERO, = &
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3 Chemical mechanism

A schematic of the chemical mechanism is in Fig. S3. For simplicity, the RO, terminate
to partitioning species or go down the RO pathway partitioning species that form the VBS
and dimers. For both a-pinene and limonene, the gas-phase reaction of ROy + RO, forms
either an alkoxy radical (RO) or dimers (ROOR), where the ROOR branches into three
logarithmically-spaced volatility bins. The RO; + RO; — ROOR branching is shown as
baimer in Table. S1).

The initial RO either terminates into VBS monomers or isomerizes and reacts with Oy to
form secondary RO,, whose termination products have C5yg that are two orders of magnitude
lower. This reduction in C5yg is consistent with the addition of an ~OH group onto a carbon
backbone.® The fit RO termination branching is by, in Table. S1. The RO termination
reaction produces a VBS monomer and either NOy or HO,, following the fate of NAPINBO
in the MCM, and this branching is fit (byoz 10ss in Table. S1).

As limonene possesses two double bonds, we assume the initial oxidation product retains
a double bond and is highly volatile. This intermediate is consistent with limonaldehyde in
the MCM, and limonone + NOj experiments report high yields of limonaldehyde.” ' The
(395 of this double-bond intermediate is optimized for, and the intermediate reacts with NOg

to form RO, and subsequent products.

4 Optimized parameters and MCGA

We use the Monte Carlo Genetic Algorithm (MCGA)™ to optimize the model parameters on
the RAVEN supercomputer, which we then locally optimize the result with the SIMPLEX
method. 2 For MCGA, we would randomly generate parameter sets on 288 CPUs, sampling
80 from each CPU. Then, each CPU would take 6 of the parameter sets and 1 randomly
generated one to form a subpopulation. The genetic algorithm would pull 5 parameter sets

from this subpopulation and optimize over 5 generations to find 1 best fit. The best fits
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across all CPUs would be pooled, and the genetic algorithm repeats until 30 generations is
reached.

As the multilayer model is quite slow, we optimize the LIM and APN scenarios separately
and combine the parameter sets to optimize the parameters for the heterogeneous precursor
reactions. Table. S1. summarizes the optimized values in the limonene and a-pinene mech-
anisms, and Table. S2 has the values for the heterogeneous species reactions and diffusivity

parameters.

5 Model sensitivity to parameters

To address the sensitivity of the model to optimized parameters, we provide model results
after changing model input parameters individually by +25 %. For the monomer volatility
distribution, we divide the monomer volatility bins into three groups (Cjeq < 1071, 107! <
Chos < 101, O30 > 10" ng m~3) and make the adjustment to each group for simplicity.

We find that the model is sensitive to the monomer volatility distributions (Fig. S10), the
composition-dependent bulk diffusivity parameters (Fig. S11), the NO3-aging rate coefficient
(Kaging, Fig. S12), oligomerization reaction parameters (Fig. S13), and ROg3apn + RO2 jim
reaction parameters (Fig. S14). In the case of the pure a-pinene experiment (APN), the
model is sensitive to Kaging, While the model did not exhibit a high sensitivity for the pure
limonene experiment (LIM). Given the lower bulk oligomer content from the best fit, the
bulk mass is not sensitive to adjustments in Kgwd,olig OT Arev,olig, Put the thermogram models
are sensitive to the energies of activation (FE,fwq and E,,ey) as oligomer decomposition is
sensitive to these parameters at higher temperatures. For the MIX experiment, the model
outcomes are sensitive to the RO apn + ROg jim cross-reaction parameters, while for the SEQ

experiment it is not due to the temporal separation of ROg »pn and ROg iy, formation.
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6 Comparison of Dy, — C* relationship with data

To compare the D,—C™* relationship in this model with data, we use the data summarized by
Li et al.'®. The authors used the MPBPWIN model in the Estimation Programs Interface
(EPI Suite) and the Boyer-Kauzmann rule to calculate the melting point, glass transition
temperature (T, K), and C* (ng m™?) of organic compounds. We convert the T} to viscosity
(n, Pa s) via the Vogel-Tammann-Fulcher equation (Eqs. S6 and S7) at 298 K'3. Here, Ty

is the Vogel temperature (K), and D is the unitless fragility parameter, assumed to be 10.

39.17 x T
o200 S6
07 D+39.17 (S6)
T, x D
logio(n) = —5 4 0.434 x = . (S7)

T—1T,
We convert the Dy 995 values used by KM3C to viscosities n with the Stokes Einstein

equation (Eq. S8), where k;, is the Boltzmann constant, T is the temperature, and ry, is

the molecular radius.

kT
D, = —
6mrmn

(58)

Results of this calculation are shown in Fig. S15, showing that the Dy—C* relationship
employed in this study overestimates the viscosity estimates from MPBPWIN at high C*
values. However, these high C* values are outside the range of the volatility distribution
in this study and irrelevant for condensation of SOA. At lower C* values, values from the

D,—C** relationship fall generally within the range of the data. Unfortunately, the MPBP-

WIN dataset is sparse and scatters immensely for these lower C* values.
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Table S1: Optimized values for each scenario. The values assigned to the VBS bins are
braching ratios for each bin. a-pinene does not have a double bond intermediate in the
mechanism. LB and UB refer to the lower and upper bounds set during the optimization.
Branching ratios across the VBS bins for the monomers and the dimers are normalized to 1
respectively.

Limonene a-pinene LB UB
Cios = 1071 (ng m ™) 0.280 0.002
Cios = 1073 (ng m ™) 0.003 0.004
Cis = 1072 (ng m ™) 0.016 0.006
Cios = 1071 (ng m™3) 0.219 0.010
023988 —10° (ug m ) 0.100 0.025 Norm. | Norm.
Ci9s = 10" (ng m™3) 0.001 0.040
Ci9s = 107 (ng m™3) 0.002 0.039
Cios = 10 (ng m ™) 0.379 0.013
Clos = o0 (ng m™) 0.000 0.860
Dimer bin 1 0.327 0.562
Dimer bin 2 0.392 0.100 Norm. | Norm.
Dimer bin 3 0.281 0.338
Intermed. Cjog (ng m™>) 4640 N/A 10° 10°
Dimer Cjos (ng m=?) 5.16 x 107° | 1.00 x 107> 107° 1073
baimer 0.0972 0.0144 0.01 0.1
bNO2 1oss 0.4472 0.474 0.2 1
bterm. 0.6797 0.937 0.2 1
Ktwa,olig (s71) 3.00x107% | 1.11 x107° |1 x107%| 1072
Frev.olig (S71) 3.53x 107" | 3.03x107% | 1x107%| 1072
F,wa (kJ mol™) 98.6 55.0 30 150
FEarev (kJ mol™) 44.2 42.1 30 150
Kaging (cm® s71) 6.51 x 1071 | 2,53 x 1071 | 10717 1074
7
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Table S2: Optimized values for heterogeneous reactions and Dj,. The slope (m) and intercept
(b) are used in Eq. 4 to correlate Dy 095 wWith Cjg. Since particle-phase oligomers do not
partition in the model, we assume that they have a self-D), that is a multiple of that of the
C39s = 107* ng m™> monomer. The bgimer het, Cog Of ROORbet, Fafwdhet a0d Ey oy net are
scaled between the values for a-pinene and limonene, and so the LB and UB are set to those
values.

LB UB
bdimer het 0.0970 0.0144 0.0972
ERO2+RO2,het 718 x 10713 1 92 x 107" | 92 x 1071
ROORne; Clgs (Rg m2) | 1.19 x 105 | 1.00 x 1075 | 5.16 x 107
Etwd olighet (S71) 9.52 x 107% | 6.00 x 107 | 5.55 x 10~°
Frev.olighet (S™7) 8.08 x 1077 [ 6.06 x 10~7 | 1.77 x 10~*
Fa fwdnet (kJ mol™t) 98.4 55.0 98.6
Farevinet (kJ mol™!) 43.1 42.1 44.2
Slope (m) 0.761 0.4 1
Intercept (b) 14.9 13 16
Dy, multiple for olig. 3.91 x 1073 1074 1
AHY (kJ mol™?) 150 50 200
[Y]FIGAERO (Cm_3> 9.54 x 10%* 10%! 10%°
8
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Figure S1: Smoothing of model outputs with the moving-boundary algorithm on an example
FIGAERO thermogram. The black and red lines show the model results with and without
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(1 ) FV,out (2) Fvabd = FVout (3)

=y Ff- N

Figure S2: Illustration of the moving-boundary algorithm. When there is a positive net
volume leaving the near-surface bulk layer (AVy,,), diffusion from the lower layers towards
the surface is increased to keep the volume of the near-surface bulk layer constant. The red
arrows show the resulting shift in the bulk layer boundaries.
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Figure S3: Mechanism schematic. Limonene follows a two-step RO5 process as the molecule
has two double bonds. The mechanism includes reactions where a-pinene and limonene
products react to form heterogeneous species.
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Figure S4: (a) Relationship between Cjeq and Dja9s. (b) Illustration of Vignes and linear
mixing rules with an example two species mixture. Species 1 and 2 have self Dy, of 1 x 107!2
and 1071* cm? s7! respectively.

12

134



(,-Jow jow) syonpoid-ose}eH

©
[=}

o
o
~
—
o

f._oE jow) saroads "uid-o

—

[=]
o
-

—

Ko}

a) 1004

¥ e N o«
o o©o o o

o o o o
(&) © ~ ©

(wu) snipey

©® © < o
o o©o o o

o o o o
(&) (s3] ~ ©

(wu) snipey

r._oE Jow) sajoads "wi

©® © < o
o o o o

o o o o
(o] (s3] ~ ©

(wu) snipey

o

50

o

o

50

15

10
Time (h)

Time (h)

Time (h)

(,-low |ow) syonpoud-oie}eH

©
=}

¥ ®o© o
c ©o o o

o
o
—
Py
G

AT_oE Jow) saroads "uid-o

—

€) 100+

1

T T T
o o o [=}
(&) «© ~ ©

(wu) snipey

© © ¥ o
o o©o o o

(wu) snipey

A—._oE Jow) saroads “wi

© © < o
o o o o

d)100

T T T
o o o o
[} @ ~ ©

(wu) snipey

o

50

o

o

50

10

10

10

Time (h)

Time (h)

Time (h)

Figure S5: Limonene, a-pinene, and heterogeneous species molar fractions in each layer for

(a,b,c) MIX and (d,e,f) SEQ.
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Figure S6: (a) LIM and (b) APN results from a monolayer bulk model while using fit

parameters from the multilayer bulk model.
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Figure S7: Multilayer (solid line) and monolayer (dotted line) model results for (a) LIM, (b)
APN, (c¢) MIX, and (d) SEQ. Blue and red lines are results with and without gas-wall loss.
The increase in SOA formation in APN and SEQ with the monolayer model come from the
NOgs-aging of semi-volatiles evaporating with the increase in chamber temperature.
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Figure S8: (a) Multilayer (solid line) and monolayer (dotted line) model results of limonene
SOA in SEQ, and (b) limonene dimer fraction of limonene SOA by mass in SEQ (blue) and
LIM (red). Here, the model limonene SOA and dimer masses include the limonene portion
of heterogeneous species.
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Figure S9: Optimized monolayer bulk model results of the chamber and FIGAERO scenarios
for (a,b) LIM, (c,d) APN, (d,e) MIX, and (f,g) SEQ. While the model fits well with the SOA
formation and evaporation in the chamber, the first peak that appears around 340 K in the
LIM thermograms are not captured by the model. The first peak in the MIX and SEQ are
attributed to the a-pinene species.
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Figure S10: Model sensitivity to the monomer VBS distribution for the APN (a, b, ¢) and

LIM chamber experiments (d, e, f). Each column shows a £25 % adjustment to the volatility
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distribution Cjeg < 107! (a, d), 107! <

dark line shows the best fit result, and the shaded area shows the range of model outcomes
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when the parameters are adjusted within £25 %.
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Figure S11: Chamber bulk mass and FIGAERO-CIMS thermogram model sensitivity to
(a,b,e,f) the slope (m) and (c,d,g,h) intercept (b) in Eq. 4 for (a,b,c,d) APN and (e,f,g,h)
LIM. The dark line shows the best fit result, and the shaded area shows the range of model
outcomes when the parameter is adjusted within +25 %.
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Figure S12: Model sensitivity to the NOs-aging rate coefficient (kaging) in the APN experi-
ment. The model suggests that a higher kaging results in higher initial SOA growth. The
dark line shows the best fit result, and the shaded area shows the range of model outcomes
when the parameter is adjusted within +25 %.
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Figure S13: Model sensitivity to (1) kfwd,olig; (2) Krev.oligs (3) Eafwd, and (4) Ey ey in the APN
(a, b), LIM (¢, d), MIX (e,f), and SEQ (g, h) experiments. While the simulated SOA masses
in the chamber are not very sensitive due to the slow Efyq olig resulting from the optimization,
the FIGAERO-CIMS thermogram results are sensitive to the energies of activation of the
forward and reverse oligomerization reactions.
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Figure S16: SOA thermograms measured with the FIGAERO-CIMS for each experiment,
where dark and light lines represent all ions and the CHON ions, respectively. Across ex-
periments, a large fraction (> 80 %) of detected ions contain nitrogen, suggesting that most
are organonitrates.
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Additional description of methods

Calculation of diffusivity based on 7;. In this work, we base the calculated the viscosity of the mixture
on optimized individual species’ glass transition temperatures (7). This approach has been validated and
widely utilized for calculating viscosities and diffusivities of complex SOA mixtures . T, represents an
intrinsic property of the species and therefore is the appropriate optimization parameter. The glass transition
temperature, Tym, of the mixture of components in layer m is given by the mass fraction weighted average

of the individual component glass transition temperatures

Tg,m = z ) fi,ng,i (1
i

Where f; ,, is the mass fraction of species i in layer m and Tg; is the glass transition temperature of species
i. The viscosity of each layer (1,,) can then be computed from the average glass transition temperature of

that layer using the modified Vogel-Fulcher-Tammann (VFT) equation.

39.17 T, m
T, =—8M 2
0m = p4+39.17 ()
Ty, D
log(m) = —5 + 0.434 - TiLTO (3)
,m

Here Ty, is the Vogel temperature, D is the fragility, here assumed to equal 10 ¥, and T is the temperature.
The model parameter controlling mass transport is the bulk diffusivity in each layer (Dym) and so

we compute the diffusivity in each layer from the viscosity in each layer using the Stokes Einstein equation.

kT

Dpm = 4
b,m 6nanm ( )

Here k is the Boltzmann constant and « is the radius of the diffusing species, here assumed to be 1nm. The
Stokes-Einstein equation is known to break down in ultra-viscous solutions, predicting too low diffusivities.
In this work, while some pure-component diffusivities would be calculated to be this viscous, the mixture
viscosity leads to a minimum diffusivity of 10™'® cm? s™!, which is still physically relevant. The Stokes-

Einstein equation also show deficiencies when the diffusing molecules are much smaller than the molecules
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making up the solution matrix. In this work, the size difference between the smallest and largest species in
a system is no more than a factor of 3 and thus, we expect the Stokes-Einstein relationship to hold.

This method implicitly assumes that the pure-component bulk-phase diffusivity of species i
represents the diffusivity of every species in the mixture. As all the individual species have similar sizes,
this simplifying assumption is likely reasonable, however in systems with molecules that vary by over an
order of magnitude in size, the diffusivity would likely need to be computed for each individual species. A
strength of this approach over other multicomponent parameterizations (discussed in the following section),
is that treatment of species with different diffusivities within a matrix of a given viscosity can be readily
implemented by simply using a different radius for the diffusing species in the Stokes-Einstein equation.

Additionally, it is assumed that the organics form a non-interacting ideal mixture.

Other multicomponent diffusivity parameterizations. Previous work employing a composition-
dependent diffusivity methodology has employed a mole fraction-based geometric mean diffusivity
approach based on Vignes et al >*. This assumption will impact the specific parameters as the mass fraction
T, approach increases the importance of high molecular weight, highly viscous species in the viscosity
calculation, thus not requiring their actual mass and/or viscosity to be as high to form a surface crust as in
the mole fraction-based approach. A surface crust can be achieved using either approach and the overall

results are consistent across both approaches as shown in Fig. S5 for the PEG 400 evaporation case.

Evaporation rates of HEG and PEG particles. Figure S1 shows measured and modeled volume fraction
remaining (VFR) for the evaporation of size-selected PEG 1000, PEG 400, PEG 300, and PEG 200 for
different particle sizes. While simulations of most PEG systems lead to good agreement, the modeled PEG
200 evaporation plateaus early at a higher VFR than the observations. This is due to the relatively large
amount of low to non-volatile species needed to reproduce the initial slow evaporation as the highest

volatility species in PEG 200 will evaporate nearly instantaneously. While the model does not perfectly
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align with the observed evaporation behavior, it effectively captures the remarkable differences between
the evaporation of HEG and PEG mixtures.

Figure S2a-f show the time evolution of the diameter over the initial diameter (dy/dp0) and the
absolute diameter (d,) of HEG, PEG 300, and PEG 400 particles from measurements (points) and model
simulations (lines). The KM-GAP model reproduces the change in diameter over time well for all systems.
The change in particle diameter with time (dd,/dt) versus time (¢) is shown in Fig. S2g-i. The change in
particle volume with time (dV,/d¢) is shown in Fig. S2j-k. For a spherical particle dV,/d¢ will be dependent

on the net flux at the surface (Juet) as

—— = ~Jnet” Sp " Umolec (5)

where S;, is the surface area of the particle at a given time and vy is the volume of a single molecule. Juet

is the difference of adsorption flux and desorption flux (Juet = Jads - Jaes). From this the change in particle

diameter over time can be calculated as follows given that the surface area of a sphere is SA = ndpz.

rdd,’ )
g dt = —/net" T[dp " Umolec (6)
T dd
g' (3d132) ) d_tp = —Jnet " T[dpz " Umolec (7
ddp
T = —2Jnet " Vmotec ®)

The single-component HEG particles show a time- and size-dependent rate of diameter change (Fig S2d)
due to recondensation of evaporated gases, which are removed rapidly, but not instantaneously, leading to
a time-dependent net flux (Fig S3a). This time-dependence of the re-condensation flux, Jugs, is driven by
the decrease of gas-phase concentration over time (Fig. S3d). As further evidence, Fig. S4 shows dd,/d¢
versus ¢ when the gas-phase concentration and near-surface gas-phase concentration are assumed to be
constant, specifically Z, = Z,= 0 cm™, simulating instantaneous vapor loss. In this case, the rate of diameter
change for the single component HEG system is time- and size-independent as the net flux in Eq (8) is

constant in time.
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Smaller particles have faster net flux loss rates and thus larger diameter loss rates. Larger particles
lose more absolute mass due to their higher surface areas, leading to a larger gas-phase concentration as
shown in Fig. S3d. The gas phase concentration for each particle size decreases over time due to rapid wall
loss reducing recondensation and thus increasing the rate of diameter loss over time in Fig S3d. Initially the
multi-component PEG mixtures show the same behavior of smaller particles having higher diameter loss
rates, but as the composition of the smaller particles changes more rapidly due to rapid loss of volatile
species, the rate of diameter loss slows down and approaches 0 nm min™ earlier than the larger particles.
Once all the particles have lost the semi-volatile species initially present, their evaporation rates converge
and continue to approach 0 nm min™ at long timescales. The volume loss rate relative to the initial volume
or change in volume fraction remaining (VFR) over time (-dVFR/df) is shown in Fig S3m-o. For HEG
particles, dVFR/dt is clearly size-dependent. For PEG 300 and PEG 400 particles, small particles initially
lose their relative volume faster as in the single-component HEG particles, but within 2 mins of evaporation,
the relative volume loss rate becomes size independent.

The change in particle volume with time (dV,/df) versus particle diameter (d,) for HEG, PEG 300,
and PEG 400 particles is shown in Fig S7. For the single-component HEG particles, larger particles lose
volume faster due to their larger surface areas (Fig S7a). Critically because these particles are made up of
one species, their evaporation behavior is independent of the initial particle size, so when the initially 508
nm particles evaporate to 438 nm, their volume loss rate is identical to that of the initially 438 nm particles
because their composition is identical to that of the initially 438 nm particles. Larger multi-component PEG
300 and PEG 400 particles also lose volume faster due to their larger surface areas, however as the particles
shrink and lose the most volatile species, the rate of volume loss slows significantly (Fig S7b,c). Due to
this composition change, the volume loss rate at a specific particle size becomes dependent on the initial

particle size.

o-pinene SOA Oligomer decomposition. a-pinene SOA oligomer decomposition is implemented through

reaction of one low volatility species in the a-pinene SOA fit (species 4) to form two semi-volatile species
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(species 1 and 2). As both species 1 and 2 are highly saturated in the particle phase at the low SOA mass
concentrations in this work, both evaporate rapidly once at the surface and there is little change in the result
when two molecules of species 1 or two molecules of species 2 are formed from decomposition of one
molecules of species 4. The representation of oligomer decomposition is meant to depict the average
behavior as we only represent one oligomer species that is able to decompose. It should also be noted that
species 4 is the only low volatility species and should evaporate to some extent without decomposing on
the timescale of this experiment and thus its high initial mass fraction may be due to this species serving

these dual purposes in the evaporative process.

Monte Carlo Genetic Algorithm optimization. Experimental data was fit by varying specific model
parameters in KM-GAP using the Monte Carlo Genetic Algorithm (MCGA) °. In each evaporation
simulation, 5 species were present. The parameters chosen to vary in each data set were the pure-component
glass transition temperatures of each of the 5 species, the initial particle-phase mass fraction of each species,
and the volatility of 4 of the species, the fifth of which was assumed to be non-volatile. In the simulations
of a-pinene SOA evaporation, the oligomer decomposition rate constant was also fit. In all simulations, the
wall loss rate constant was fit, but as they were all fit within the range of 0.2-0.4 s™' and as this should be
consistent across all experiments, a constant value of 0.3 s™' is used. These parameters were randomly varied
within user defined ranges and the fitness of each parameter set was evaluated using a least-square
regression. Previous work has suggested that oligomers in SOA decompose with rate constants in the range
of 10°-1 s 112 A5 this is a wide range for parameter sampling and this is meant to represent an average
decomposition rate constant, we fit the decomposition rate constant in the range of 10*-102 s'. For the
PEG 300 and PEG 400 evaporation fits, volatilities were fit within a range of a factor of 5 of measured
volatilities of individual PEG species present in PEG 400 '*!*, One higher volatility, lower viscosity species
was included in the PEG 300 fit and one lower volatility, higher viscosity species was included in the PEG
400 fit, consistent with a higher volatility of short chain-length, lower molecular weight of PEG polymer

molecules. The other three species were fit within the same volatility and glass transition temperature
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ranges. For the a-pinene SOA evaporation fit, volatility ranges were set an order of magnitude around the
semi-volatile range of the VBS (0.1-100 pg m™) . The best-fit for each set of experiments was chosen
after 10000 parameters sets were generated and over 50 optimization rounds were completed. It should be
noted that multiple indistinguishable fits with different optimized parameters can be found for both PEG
400 and o-pinene SOA evaporation and without more constraints on any individual parameters it is
impossible to determine the “better” solution. The broad conclusions about surface crust formation remain
consistent through these different fits, but the individual parameter values are not unique and thus should

not be overinterpreted.

Limonene + NO3; mechanism. We adopt a mechanism from Berkemeier et al. (2020), where modifications
are made to allow for the decrease in the volatility of gaseous monomers through NOs-oxidation (Fig. S11)
16 In the model, low-volatile vapors condense onto ammonium sulfate seed, and bulk-phase monomers
react to reversibly form oligomers. The reverse oligomerization rate coefficient takes an Arrhenius form,
consistent with that proposed in previous studies '*'”. We assume that oligomers formed in the bulk-phase
do not partition into the gas phase, which is consistent with the oligomers thermally decomposing before
evaporation. Monomer species are distributed across logarithmically-spaced volatility bins with C* ranging
from 10 to 10* pg m™ and a gas-only bin. With the MCGA, we optimize the branching ratios to the VBS
bins, dimers, and RO, and RO pathways. We also fit the oligomerization kinetic parameters, and the fit
parameters are summarized in Table S2. The dimers from RO + RO, branch across three logarithmically
spaced volatility bins. The C* of the intermediate oxidative product (IOP), which is a species representing

monomers retaining a double bond, is fit.

Layer resizing and diffusivity. The model uses an adaptive layer resizing algorithm that merges adjacent
layers when one becomes too thin, while splitting a layer should it become too thick. This modification

prevents bulk layers near the surface from becoming too thin and inducing stiffness while allowing for
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diffusivity gradients to form dynamically. To calculate the diffusion between two model bulk layers, we

use the combined mass composition of the adjacent layers.

T, versus C* relationship. To calculate the diffusivity of each layer for the limonene SOA simulations,
we use the relationship proposed by Li et al. '*:

T, = 288.70 — 15.33 X log;((C*) — 0.33 X log,,(C*) 9
The layer 7, and diffusivity is then calculated using the mass fraction weighted composition for each layer.
However, we note that decreasing the intercept in the equation (230 K) would also result in a suitable fit to
the data (Fig. S13a,c), but a crust may not form (Fig. S13b,d). This method was not used for the a-pinene
SOA simulations as the best fit solution gave results within the spread of data for the 7, parameterization
based on the fit volatility. Additionally, this method was not used for the PEG 400 simulations as this
parameterization was not derived using large polymer species and thus its efficacy cannot be validated.

In Fig. 3¢, which shows the model output when a uniform Dy, across layers is applied, we assume

that Dy increases with increasing temperatures following the Arrhenius equation. We use an enthalpy of

diffusion of AHgi¢= 80 kJ mol™.

AHgr (1 1
Db = Db,298 X exp R X m — ? (10)

Matrix assisted ionization in vacuum — mass spectrometry (MAIV-MS). MAIV-MS requires the use
of matrix particles, which act as both an ionization agent and a condensation surface '°. Matrix particles are
generated by atomization, which leads to particles acquiring multiple charges through spray electrification
20-22 Briefly, matrix particles entering an MS with no external ionization source undergo evaporation as
they enter the low pressures and gentle heating (~40°C) in the mass spectrometer inlet within a probe depth
of ~15 nm. As the particles evaporate in the inlet, matrix molecules and co-adsorbed species are emitted
from the surface layers of the particles. This method leads to soft ionization, in which species are detected

as ammonium ion adducts, due to ammonia in the lab air, with some protonated adducts®. Glutaric acid
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has been observed to be an efficient matrix, likely aided by its low melting point which leads to increased
surface mobility and diffusion in the surface layers™.

A triple quadrupole mass spectrometer (Waters, Xevo TQ-S) with the ion source removed was used
to carry out MAIV-MS. Matrix particles were generated from the atomization (TSI, model 3076) of a
solution of 30 mM glutaric acid (GA) in nanopure water (18.2 MQ cm) and dried with two silica gel
diffusion dryers (TSI, model 3062). The inlet of the MS was operated at a cone voltage 30 V and a source
offset 50 V. The source temperature was operated at 70°C, which in practice exposes particles to a
somewhat lower temperature of ~40°C for ~0.1 seconds. Mass spectra were collected in positive ion mode

using 30 min. multichannel analysis (MCA) mode scans from m/z 20 - 700.

Generation and measurements of SOA-coated matrix particles. Ozonolysis of a-pinene occurred in the
presence of matrix particles, allowing condensation of oxidation products. The SOA-coated matrix
particles then entered the MS inlet either directly or after passing through several carbon denuders to
provide evaporation on second timescales.

As shown in Fig. S15a, uncoated GA particles exhibit typical peaks at m/z 87 [GA+H-H,O-CO]",
115 [GA+H-H,0]", 133 [GA+H]", 150 [GA+NH.4]", 265 [2 GA+H]", 282 [2 GA+NH4]", 414 [3 GA+NH.4]",
546 [4 GA+NH4]" and 678 [5 GA+NH,4]". These peaks remain in the SOA-coated GA particle spectra but
are omitted from the product distribution analysis.

Particle size distributions were measured using a Scanning Mobility Particle Sizer (SMPS, TSI
model 3938, which included a model 3082 electrostatic classifier with long DMA, model 3081A, and a
model 3756 ultrafine condensation particle sizer). Particle charge equilibration for these measurements
was provided by a Po-210 neutralizer (NRD, model P-2021) added at the SMPS inlet.

Further attempts to lengthen the evaporation time were attempted by the addition of another
denuder (Parallel plate carbon filter denuder, Sunset Laboratory Inc.) that added an additional 7 seconds of
evaporation time. This resulted in large decreases in the total ion count by a factor of ~10 and similar

decreases in the GA matrix peaks (Fig. S16). There are several reasons to explain such a decrease: (1)
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Large losses in the particle number concentration after passing through the additional denuder would
decrease overall ion signal; (2) coating thicknesses exceeding 15-20 nm tend to inhibit GA signal, as
observed in a previous study; and (3) low volatility coatings would also inhibit the surface melting of the
GA particles and/or slow the evaporation of the particles, leading to low ion signal °. Size distribution
measurements showed that passing the particle sample through an additional denuder led to only an
additional 10% loss of particles. The ion signal, however, decreased by approximately a factor of 10, as
shown in Fig. S16c. Size distributions also showed that the SOA coating thickness on GA was initially ~1
nm and did not change significantly after evaporation (Fig. S14). These data suggest that evaporation leaves

behind an increased oligomeric coating of SOA that inhibits GA ionization and leads to the decreased ion

signal.

Isoprene SOA evaporation and condensation

Chen et al (2023) observed that after allowing isoprene SOA to evaporate in the dark, subsequent
condensation of isoprene SOA was suppressed »°. In their work, they hypothesize that the isoprene SOA
becomes more viscous upon evaporation and achieve good agreement with observations by simulating
condensation on a more viscous homogenous particle bulk. Here, we simulate the evaporation and
subsequent condensation allowing for a heterogeneous particle bulk. As in the previous evaporation
simulations, we use 5 species in isoprene SOA and vary the volatility, glass transition temperature, and
initial mass fraction of each to achieve good agreement with observations of evaporation (Table S4). To
simulate condensation, 100 ppb of isoprene is introduced after 410 min and the OH concentration is fixed

at 2x10° cm? as described in Chen et al %

. Formation of semi-volatile and low volatility species is assumed
to proceed via successive OH oxidation steps with rate coefficient 10'° cm® s™' for each step *°.

We achieve good agreement for both the evaporation and condensation between the observed and
simulated organic aerosol concentration when a surface crust forms during evaporation and hinders the

following condensation process as shown in Fig. S17. If instead, the particle is assumed to be a

homogeneous liquid (D, = 10® cm? s') during condensation, the organic aerosol concentration is
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overestimated. If the particle bulk is assumed to be a homogeneous semi-solid (D, = 10”7 cm? s7), the

organic aerosol concentration is underestimated.

* 300 nm (PEG 1000)

e 508 nm

® 200 nm (PEG 400)
* 322nm
® 437 nm

® 550 nm

VFR

322 nm (PEG 300)
° 437 nm
® 550 nm
* 200 nm (PEG 200)

® 322 nm

® 437 nm

0 50 100 150 200
time (min)

Figure S1. Measured (data points) and modeled (lines) volume fraction remaining (VFR) for the
evaporation of size-selected PEG 1000 (red), PEG 400 (green), PEG 300 (orange), and PEG 200 (blue) for
different particle sizes.
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Figure S2. The top row shows diameter over initial diameter plots (dy/dp0) for a) HEG, b) PEG 300, and ¢)
PEG 400 and the second row show absolute diameter (d;,) for d) HEG, e¢) PEG 300, and f) PEG 400 for the
data (points) and model simulation (lines). The third row shows diameter loss rates (-dd,/dt) for g) HEG,
h) PEG 300, and i) PEG 400 over time. The fourth row shows absolute volume (solid lines) and volume
loss rate (-dV,/d¢, dashed lines) over time for j) HEG, k) PEG 300, and 1) PEG 400. The bottom row shows
the volume loss rate relative to the initial volume (dVFR/df) for m) HEG, n) PEG 300, and o) PEG 400.
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Figure S5. Best fit for PEG 400 volume fraction remaining (VFR) during evaporation using number
fraction weighted average diffusivities in each layer as per Vignes et al. Insert shows a zoom in of the first
200 mins of evaporation for comparison for Fig. S1.
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Figure S6. Evolution of the average diffusivity of the PEG 400 particles during evaporation for the best fit
case. The average diffusivity is calculated as the volume-weighted averaged diffusivity within the
inhomogeneous particle bulk.
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Figure S8. The best fit for the volume fraction remaining (VFR) during PEG 400 particles evaporation
assuming a fixed diffusivity throughout the particle bulk. Insert shows a zoom in of the first 200 mins of
evaporation for comparison for Fig. S1.
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Figure S9. a) Same as Fig 2b, volume fraction remaining (VFR) for evaporation of a-pinene SOA
particles zoomed in to see simulation and measurement agreement at early times. b) Temporal evolution
of volume of single particle (left axis, solid lines) and evaporation rate (right axis, dashed lines) for
evaporation of a-pinene SOA particles. ¢) VFR during evaporation of a-pinene SOA particles with a fixed
diffusivity of D, = 10" cm*s™.
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Figure S11. Model mechanism of limonene + NOs to SOA formation. The intermediate oxidation product
is a semi-volatile product representing monomers retaining a double bond. Monomers, dimers, and the
intermediate are partitioning species, while oligomers are formed in the bulk and do not evaporate.
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panel b) indicate the composition-dependent bulk diffusion coefficient, logio(Dy). Even without
oligomerization, the model is able to find a fit where a surface crust is formed.
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Figure S13. Model bulk masses and layer diffusivities as the intercept in the 7, versus C* relationship is
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panels ¢ and d exclude oligomerization. This model with a low 7} finds a reasonable fit (a, c), but results
in a well-mixed particle without crust formation (b, d).
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Figure S14. Particle size distribution measurements of bare glutaric acid matrix particles (orange), SOA-
coated matrix particles (black), and SOA-coated matrix particles after 2-3 seconds of evaporation (dark
blue, light blue, respectively). The SOA coating is ~1 nm.
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Figure S16. MAIV spectra of a) SOA-coated glutaric acid particles with no evaporation, b) after 3 s of
evaporation, and c) after 10 s evaporation with additional denuder.
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bulk diffusivity is immediately changed to 10® cm?® s (blue), 1077 cm? s (green), or allowed to proceed
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Table S1. MCGA fit parameters for all PEG 300, PEG 400, and a-pinene SOA fit simulations shown in
this work. C” is the volatility, T, is the glass transition temperature, D; is the bulk diffusivity, and f'is the
initial mass fraction in the particle phase for each species with subscripts 1-5 indicating species 1-5. Species
5 is assumed to be non-volatile. k. 1s the first-order vapor wall loss rate coefficient and kgecomp 1S the first-
order oligomer decomposition rate coefficient.

Parameters o-pinene SOA PEG 400 T, PEG 300 (Fig. PEG 400 number | PEG 400 no
T, (Fig. 2b) (Fig. 1b) 1b) fraction (Fig. S5) | dynamic

diffusivity
(Fig. S8)

C';(ug m>) 16.9 96.224.02 104.56 67.02.015 92.76

Cc 4.29 2.58 33.16 2.16 6.87

C’; 0.605 0.11 1.78 0.105 0.12

(o 0.012 0.007 0.094 0.021 0.0097

Dy, 1/Ty; (em? s'/K) | 187.2 124.37 116.98 2.99 x 107 1.08 x 107

Dy 2/ Ty,2 226.3 127.67 134.09 593 x 107" -

Dy 3/T, s 2359 154.92 152.14 8.75 x 107" -

Dy i/ Tyy 254.01 166.72 166.7 7.78 x 101 -

Dy,5/T s 300.1 219.71 220.44 1x10" -

fi 0.05 0.054 0.05 0.074 0.078

I 0.06 0.06 0.11 0.16 0.14

f3 0.15 0.14 0.23 0.12 0.073

4 0.44 0.06 0.27 0.2 0.35

fs 0.29 0.69 0.35 0.45 0.36

lwan 5" 0.3 0.3 0.3 0.3 0.3

Kaccomp (5™ 8.34x 107 - - - -

*fwan was fit to between 0.2-0.4 s in all runs and was fixed at 0.3 s™! in all simulations
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Table S2. MCGA fit parameters for PEG 200 and PEG 1000 fits. C" is the volatility, T, is the glass

transition temperature and f'is the initial mass fraction in the particle phase for each species with

subscripts 1-5 indicating species 1-5. Species 5 is assumed to be non-volatile. & s the first-order gas-
hase wall loss rate coefficient.

Parameters PEG 200 (Fig S1) PEG 1000 (Fig S1)
C'1(ug m?) 1656.54 2.98
C 33.17 0.0084
C'; 4.76 0.0014
(o 0.34 5.74e-5
T,.:(K) 208.6 150.3
T,, 239.0 201.2
T,; 258.8 248.1
T, 275.9 283.1
T,s 301.4 302.7
fi 0.26 0.20
12 0.30 0.28
fi 0.31 0.28
fi 0.073 0.065
fs 0.064 0.18
K (s™) 0.3 0.3
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Table S3 MCGA fit parameters for the limonene + NO; model.

Parameter With oligomerization . Wlth(.)m .
oligomerization
Monomer bin branching (1) 1 1
(C*= 10" g m™) 2.22 x 10 2.00 x 10
Monomer bin branching (2) 3 2
(C*=107 ugm) 3.57x 10 2.05 x 10
Monomer bin branching (3) 3 1
(C* =107 g m™) 1.94 x 10 1.02 x 10
Monomer bin branching (4) 1 1
(C*=10" ugm?) 1.48 x 10 1.53 x 10
Monomer bin branching (5) 1 1
(C*=10" pg m™) 241 x 10 2.32 x 10
Monomer bin branching (6) 1 1
(C*=10" pg m™) 1.86 x 10 1.96 x 10
Monomer bin branching (7) 1 2
(C*=10? pg m™) 1.73 x 10 1.38 x 10
Monomer bin branching (8) ) 2
(C* = 10° pg m™) 2.40 x 10 7.87 x 10
Monomer bin branching (9) 490 x 10 400 x 107
(gas only)
Dimer bin branching (1) 0.83 0.02
Dimer bin branching (2) 0.16 0.80
Dimer bin branching (3) 0.01 0.18
C* of IOP (ug m™) 1623 1914
C* of dimer (ug m™) 2.83 x 10 2.77 x 107
RO; + RO, — dimer branching 0.086 0.093
RO — product + NO, branching 0.95 0.90
RO — product branching 0.65 0.92
kewaotig (s 1.63 x 10 N/A
Kiev.otig (s™) 2.55 x 10" N/A
Oligomer dissociation el_llergy of activation (kJ 141 N/A
mol ™)
Kaging NO3 (cm3 S'l) 1.07 x 107 2.28 x 107
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Table S4. Parameters for isoprene SOA evaporation. C” is the volatility, 7, is the glass transition
temperature and f'is the initial mass fraction in the particle phase for each species with subscripts 1-5
indicating species 1-5. kyaris the first-order gas-phase wall loss rate coefficient and Kuecomp is the first-
order oligomer decomposition rate coefficient.

Parameters Isoprene SOA (Fig S17)

C'1(ug m™) 100

C 10

C’ 1

C' 0.05

T (K) 255

Ty 275

Tys 280

T4 295

Tgs 310

fi 0.27

) 0.2

bE 0.09

J1 0.38

fs 0.07

Kowanr (s) 10°

Kaecomp (5 1.2x 10
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Materials and Methods
Kinetic model

We apply a kinetic multilayer model of multiphase chemistry (KM3C) to estimate the
diffusion limitations affecting the initial steps of condensational growth of SOA right
after nucleation in the atmosphere. The detailed descriptions of the model could be
found in previous studies (Shiraiwa et al., 2012; Berkemeier et al., 2020). The model com-
partments consist of gas, near-surface gas, sorption layer, quasi-static surface (first outer
bulk layer) and several bulk layers (Figure S3). Generally, the model explicitly treats gas
phase diffusion, vapor-pressure based partitioning (adsorption and desorption) and
bulk diffusion. The model applies an adaptive layer-resizing algorithm that dynamically
splits layers when a layer grows too large and merges adjacent layers when they are too
thin. Desorption lifetime is calculated from the relationship between vapor pressure and
desorption energy (Knopf et al., 2024) as shown in Figure S4. The model also considers
Kelvin effect (Dyqp), temperature dependence of volatility (AHvap) and bulk diffusivity
(AHdif). We applied the kinetic model to a field observation in Hyytidld on 17th August
2020, and laboratory experiments of dark o-pinene ozonolysis conducted at Cosmics
Leaving Outdoor Droplets (CLOUD) chamber at European Organization for Nuclear
Research (CERN) (Stolzenburg et al., 2018). Measurements were fitted by optimizing
uncharacterized parameters with Monte Carlo Genetic Algorithm (MCGA, Berkemeier
et al., 2017).

Adaptive layer resizing and moving-boundary algorithm

KM3C implements an adaptive layer resizing algorithm that splits a layer when it
becomes too thick and reaches the upper threshold, and merges two adjacent layers
when the depths are too thin and drops below the lower threshold (Kang et al., 2026;
Schervish et al., 2026). This algorithm is able to account for diffusivity gradients dy-
namically when nanoparticles grow (or shrink) and can prevent numerical stiffness
when layers becoming too thin. To calculate the diffusivity between two bulk layers
in the model, for the bulk layer near the surface, we consider the mass composition of
that layer, while for the other inner layers, we combine mass composition of the two
adjacent layers.

We found nanoparticle growth is dominated by surface-to-bulk transposition. Based
on partitioning theory, the surface-to-bulk transfer rate coefficient (kg,) can be calculated
expressed as Eq. S1:

k Y RT
ke — dXZ[ Ib X

— S1
bs ka pvap NA ( )

in which, k4 and k, are the desorption and adsorption rate coefficients. Y [Y], is the
sum of the molecular concentrations of bulk-phase species (cm™2). py,p is the vapor

pressure (Pa) of the partitioning species, R is the gas constant (8.314x10° cm?® Pa K~!
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mol~!), T is the temperature (K), and N, is Avogadro’s number (6.022 x 10} mol ).
kps is the bulk-to-surface transfer rate coefficient, and can be calculated with Eq. S2:

2 X Db

‘= B 1 DQ) 52
where Dy, is the bulk diffusivity, D(1) is the depth of sorption layer, and D(2) is the
depth of the near-surface bulk layer. When nanoparticles grow to the threshold of
adaptive layer resizing algorithm, the near-surface bulk layer will split into two layers,
leading to a sudden increase in growth rate. To solve this problem, we implement
a moving-boundary algorithm (Couvidat and Sartelet, 2015; Kang et al., 2026). With
this algorithm, KM3C can keep the depth of the near-surface bulk layer constant by
increasing diffusion from the first bulk layer to the second bulk layer when particle grow
The diffusion rates calculated based on the molecular volume flow into the near-surface

bulk layer are applied when solving ordinary differential equations.

Temperature dependence of volatility

Temperature dependence of saturation mass concentration is according to Clausius-
Clapeyron equation.

AHyp 11
R (T 300))
AH,,, is the enthalpy of vaporization, and it can be linked with C5g, by an empirical
linear fit (Epstein et al., 2010). We optimize this relationship within reasonable range
according to literature (Stolzenburg et al., 2022), where nmpyap and bpyap are the slope
and intercept respectively. The optimized parameters are shown in Table S1.

Cr = Coogi X exp(— (S3)

AHyqp = MHvap X log ;0 Caogg + bHvap (54)
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(a) ¢ Measurement (Stolzenburg et al., 2025),

Model (Stolzenburg et al., 2025)
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Figure S1: Model overestimates nanoparticle growth rates in field measurement by assuming high particle phase
diffusivity. Same as Figure 1, but with high diffusivity (Dy, 295 x = 10~ P em?s~1).
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(@) Growth rate (1.5-3 nm) (b)  Growth rate (3-7 nm)
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Figure S2: Model underestimates nanoparticle growth in CERN CLOUD chamber with with OOMs only measured
by nitrate-CI. Same as Figure 3, but growth rates were modelled with OOMSs only measured by nitrate-
CL
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Figure S3: Description of KM3C kinetic model. Overview of the compartments and explicit processes incorporated
in the kinetic model implemented in this study.

Table S1: Optimized parameters in AH,q, — Csogy relationship.

Scenarios Parameters optimized values
Dj, — C* method MHvap -6.71
bHvap 135.78
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