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Abstract

The phase changes of hydrometeors can cause chemical exchange that may lead to
transport of certain water-soluble organic compounds (WSOC) between the lower
troposphere and the upper troposphere lower stratosphere (UTLS). Specifically, during
droplet freezing WSOC dissolved in the supercooled cloud droplets can be released into the
gas phase. Alternately, many volatile organic compounds can be removed from the UTLS via
ice phase deposition scavenging. These microphysical and multiphase chemical processes
may lead to the vertical redistribution of substances that become available for atmospheric
processes in the upper troposphere. Motivations for understanding the processes of chemical
retention and diffusional ice uptake as well as descriptions of them are detailed in this
dissertation as justification for their investigation through several publications. These
publications detail the measurement of retention coefficients and ice-gas partitioning
coefficients through the use of wind tunnel studies, acoustic levitator experiments, and
flowtube experiments. These measurements complicate the current understanding of the
relationship between chemical retention and Henry’s law solubilities as well as reveal
previously unknown entropy-enthalpy compensation behavior resulting from diffusional ice

uptake.



Zusammenfassung

Die Phasenénderungen von Hydrometeoren kdnnen einen chemischen Austausch
bewirken, der zum Transport bestimmter wasserldslicher organischer Verbindungen (WSOC)
zwischen der unteren Troposphéire und der oberen Troposphédre und unteren Stratosphére
(UTLS) fithren kann. Insbesondere konnen beim Gefrieren der Tropfchen die in den
unterkiihlten Wolkentropfchen gelosten WSOC in die Gasphase freigesetzt werden. Alternativ
dazu konnen viele fliichtige organische Verbindungen durch Eisphasenabscheidung aus der
UTLS entfernt werden. Diese mikrophysikalischen und mehrphasigen chemischen Prozesse
konnen zu einer vertikalen Umverteilung von Substanzen filihren, die fiir atmosphérische
Prozesse in der oberen Troposphére verfiigbar werden. Die Beweggriinde fiir das Verstindnis
der Prozesse der chemischen Retention und der diffusiven Eisaufnahme sowie deren
Beschreibungen werden in dieser Dissertation detailliert dargelegt, um ihre Untersuchung
durch mehrere Veroffentlichungen zu rechtfertigen. In diesen Verdffentlichungen wird die
Messung von Retentionskoeffizienten und Eis-Gas-Verteilungskoeffizienten anhand von
Windkanalstudien, akustischen Levitatorexperimenten und Flowtube-Experimenten
beschrieben. Diese Messungen verkomplizieren das derzeitige Verstdndnis der Beziehung
zwischen chemischer Retention und Loslichkeiten nach dem Henry'schen Gesetz und
offenbaren ein bisher unbekanntes Entropie-Enthalpie-Kompensationsverhalten, das aus der

diffusiven Eisaufhahme resultiert.



Summary of Dissertation “Chemical Retention and Diffusive
Deposition of Secondary Organic Aerosol Precursors in
Hydrometeors”

This dissertation is a collection of the following publications that I have authored or co-

authored:

2025, Seymore J., Szakall, M., Theis, A., Mitra, S.K., Borchers, C., Hoffmann, T. Gas-Ice
Partitioning Coefficients of Carbonyls during Diffusional Ice Crystal Growth. Accepted for

Publication after revision with Atmospheric Chemistry and Physics

https://doi.org/10.5194/egusphere-2025-1425

2025, Seymore, J., Gautam, M., Szakall, M., Theis, A., Hoffmann, T., Ma, J., Zhou, L., and
Vogel, A. Retention During Freezing of Raindrops, Part II: Investigation of Ambient Organics
from Beijing Urban Aerosol Samples. Accepted for Publication with Atmospheric Chemistry
and Physics https://doi.org/10.5194/egusphere-2024-3940

2025, Gautam, M., Theis A., Seymore, J., Hey, M., Borrmann, S., Diehl, K., Mitra, S.K., and
Szakall, M. Retention During Freezing of Raindrops, Part I: Investigation of Single and

Binary Mixtures, Accepted for Publication with Atmospheric Chemistry and Physics
https://doi.org/10.5194/egusphere-2024-3917

2024, Borchers, C., Seymore, J., Gautam, M., Dorholt, K., Miiller, Y., Arndt, A., Gommer,
L., Ungeheuer, F., Szakall, M., Borrmann, S., Theis, A., Vogel, A.L., and Hoffmann, T.,
Retention of a-pinene oxidation products and nitro-aromatic compounds during riming.
Published with Atmospheric Chemistry and Physics. Atmos. Chem. Phys., 24, 13961-13974,
https://doi.org/10.5194/acp-24-13961-2024

These publications concern the transport of organic compounds into the troposphere
and lower stratosphere through the possible pathways of chemical retention during deep
convective transport and associated cirrus formation. Chemical redistribution between the
liquid and gas phase during freezing as well as between the gas and ice phase during
diffusional ice crystal growth is not fully understood, particularly for the wide variety of
atmospheric organics. This is despite its relevance to the vertical redistribution of organics

across the planetary boundary layer and its support of new particle formation in convective
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outflows. Thereby, it plays an essential role in cloud condensation nucleation and the

radiation budget of the atmosphere, which has direct implications for climate processes.

The experiments presented in these publications were performed at the Mainz Wind
Tunnel Laboratory where I was either the main contributor or a significant contributor. These
experiments demonstrate (1) the measurement of retention coefficients through the use of the
Mainz Wind Tunnel or an acoustic levitation apparatus; (2) the measurement of gas-ice
partitioning coefficients through the use of a self-designed Flowtube apparatus; (3) and the
significance of these measurements for atmospheric processing and the associated transport

of the implicated organic species.



Zusammenfassung der Dissertation ,,Chemische Retention und
diffusive Deposition von sekundiiren organischen
Aerosolvorliufergasen in Hydrometeoren“

Diese kumulative Dissertation basiert auf den folgenden Verdffentlichungen, die ich verfasst

oder mitverfal3t habe:

2025, Seymore J., Szakall, M., Theis, A., Mitra, S.K., Borchers, C., Hoffmann, T. Gas-Ice
Partitioning Coefficients of Carbonyls during Diffusional Ice Crystal Growth. Angenommen
zur Verdffentlichung nach Uberarbeitung bei Atmospheric Chemistry and Physics
https://doi.org/10.5194/egusphere-2025-1425

2025, Seymore, J., Gautam, M., Szakall, M., Theis, A., Hoffmann, T., Ma, J., Zhou, L., and
Vogel, A. Retention During Freezing of Raindrops, Part II: Investigation of Ambient Organics
from Beijing Urban Aerosol Samples. Angenommen zur Verdftentlichung mit Atmospheric

Chemistry and Physics https://doi.org/10.5194/egusphere-2024-3940

2025, Gautam, M., Theis A., Seymore, J., Hey, M., Borrmann, S., Diehl, K., Mitra, S.K., und
Szakall, M. Retention During Freezing of Raindrops, Part I: Investigation of Single and
Binary Mixtures, Angenommen zur Veroffentlichung bei Atmospheric Chemistry and

Physics https://doi.org/10.5194/egusphere-2024-3917

2024, Borchers, C., Seymore, J., Gautam, M., Dorholt, K., Miiller, Y., Arndt, A., Gommer,
L., Ungeheuer, F., Szakall, M., Borrmann, S., Theis, A., Vogel, A.L., and Hoffmann, T.,
Retention of a-pinene oxidation products and nitro-aromatic compounds during riming.
Veroffentlicht bei Atmospheric Chemistry and Physics. Atmos. Chem. Phys., 24, 13961-
13974, https://doi.org/10.5194/acp-24-13961-2024

Die oben genannten Verdffentlichungen befassen sich mit dem Transport organischer
Verbindungen in die Troposphére und die untere Stratosphére. Insbesondere wurde die
chemische Retention beim Transport in hochreichenden konvektiven Wolken und der damit
verbundenen Zirrusbildung untersucht. Die chemische Partitionierung zwischen der Fliissig-
und der Gasphase wihrend des Gefrierens sowie zwischen der Gas- und der Eisphase
wihrend des diffusiven Eiskristallwachstums ist noch nicht vollstidndig verstanden. Dies gilt
insbesondere fiir die Vielfalt der organischen Stoffe in der Atmosphére. Die Kenntnis der

chemischen Partitionierung ist von besonderer Bedeutung um die vertikale Umverteilung von
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organischen Stoffen von der planetaren Grenzschicht in die obere Troposphéare und ihrer
damit einhergehenden Rolle bei der Bildung neuer Partikel in der Ausstrémungsregion von
hochreichenden konvektiven Wolken bestimmen zu kénnen. Dadurch spielt sie eine
wesentliche Rolle bei der Bildung von Wolkenkondensationskeimen und dem
Strahlungshaushalt der Atmosphire, was direkte Auswirkungen auf klimarelevante Prozesse

hat.

Die in diesen Veroffentlichungen vorgestellten Experimente wurden im Mainzer
Windkanal-Laboratorium durchgefiihrt, zu denen ich entweder den Hauptbeitrag oder einen
wesentlichen Beitrag geleistet habe. Diese Experimente beinhalten (1) die Messung von
Retentionskoeffizienten durch den Einsatz des Mainzer Windkanals oder einer akustischen
Falle; (2) die Messung von Gas-Eis-Verteilungskoeffizienten durch den Einsatz einer selbst
entworfenen Flowtube-Apparatur; (3) und die Bedeutung dieser Messungen fiir die
atmosphérische Prozessierung und den damit verbundenen Transport der untersuchten

organischen Spezies.



1. Introduction

1.1 Atmospheric Organics

Atmospheric organic matter is a critical constituent of the chemical composition of
Earth’s atmosphere. It has a vital role in many processes that moderate climate systems as
well as influence air quality and thereby public health. One of the most important and yet
unresolved issues in cloud chemistry and global models is understanding the transport of
atmospheric organic matter. Specifically, how does ice phase processing in tropical deep
convective clouds and in extratropical warm conveyor belts (WCBs) contribute to the
redistribution of atmospheric trace organic substances from the boundary layer to the upper
troposphere and lower stratosphere (UTLS)? To address this question, the understanding and
proper representation of the underlying microphysical, multiphase chemical aspects, and
macrophysical transport processes must be explored. Investigating these areas of interest is
especially important to furthering the understanding of the formation and the atmospheric life

cycle of organic aerosols (OA), and in particular secondary organic aerosol (SOA) particles.

Aerosols have a net cooling effect on the global climate and their reduction from
certain systems has been associated with climate warming (Wang et al., 2023). Of the many
processes that moderate climate systems, OA participates in direct and indirect influences on
Earth’s radiation budget through radiation forcing and altering cloud albedo by cloud
condensation nucleation (Kanakidou et al., 2005; Liu et al., 2018; Mahowald, 1952, 2011).
For radiative forcing, the optical properties of OA are its most relevant properties. This direct
influence on climate moderation concerns the light absorption (Andreae and Gelencsér, 2006)
and scattering of solar radiation by an OA (Chylek et al., 2019). These optical properties are
determined by the chemical composition of the organics comprising the OA as well as the
aerosol hygroscopicity (Cerully et al., 2015; Chan et al., 2005). Specifically, different
molecular compositions will influence the aerosol size distribution, particle shape, water

solubility, hygroscopicity, and refractive index (Lesins et al., 2002).

Organic compounds have been recognized for decades as active cloud condensation
and ice formation nuclei (Sun and Ariya, 2006). Cloud condensation nuclei (CCN) are known
contributors to cloud brightening in the natural environment via the Twomey effect (Mace et
al., 2023) and support cloud lifetime through the Albrecht effect (Albrecht, 1989; Lindsey
and Fromm, 2008). This effect results from the increased production of hydrometeors from

additionally available CCN, which creates smaller and more numerous cloud droplets. This



increases the amount of radiation that clouds can reflect. As such, by acting as CCN
atmospheric organics can have an indirect cooling effect on climate. However, the exact
understanding of which organics participate as CCN, how they participate, and what
properties they possess influence their abilities as CCN is complex. Factors such as surface
tension, impurities, volatility, morphology, contact angle, deliquescence, and oxidation are
considered in the theoretical prediction of an organic compound’s ability as a CCN (Sun and
Ariya, 2006). These factors however are not static and may be altered as OA undergo

secondary processing (Petters et al., 2016).

Secondary processing of atmospheric organics proceeds in a variety of pathways.
Some of the more general pathways tend to functionalize or oxidatively degrade large
nonpolar species into more water-soluble, less volatile species (John H. Seinfeld and Spyros
N. Pandis, 2019). Specifically, aqueous phase droplet chemistry is known to facilitate
condensed phase SOA formation from highly volatile species (McNeill, 2015). In contrast,
many freshly aged terpene oxidation products increase in volatility or see only small
decreases in vapor pressure with oxidation for their early generation products (Bilde and
Pandis, 2001; Kurtén et al., 2018; Wu et al., 2021). Additionally, oligomerization reactions
that produce high molecular weight, humic-like compounds are known to occur in the
presence of ozone via OA ozonolysis (Reynolds et al., 2006). These products are particularly
of interest as they may dominate the organic mass and hence aerosol chemical and optical

properties (Rudich et al., 2007).

While atmospheric organics influence many natural systems, their role in air quality
and public health is often the most publicly visible. In the form of particulate matter (PM)
and volatile organic compounds (VOCs)—the dominant forms of atmospheric organic
matter—it is an environmental factor that is associated with increased respiratory morbidity
and mortality (Heft-Neal et al., 2018a; Lelieveld et al., 2018; Rager et al., 2011). PM is
responsible for 3.7-4.8 million premature deaths worldwide (Cohen et al., 2017). Of these
deaths, 92% occur in low and middle income countries (Heft-Neal et al., 2018b; Landrigan et
al., 2018; Lelieveld et al., 2018) and 2.8 million of these deaths are due to biomass burning
for wood cookstoves (Gordon et al., 2014). VOCs have complex risk factors, supporting
ozone production (Carter and L Carter, 1994) and posing individual toxic and carcinogenic
risks (Barrefors and Petersson, 1995). High mass concentrations of PM and VOCs are
common indications of poor air quality and smog events (Chang et al., 2019; Kumar et al.,

2019).



The currently understood driving forces of PM toxicity are size fraction, mass
concentration, and composition/oxidative potential (Reiss et al., 2007; Steenhof et al., 2011;
Twigg and Phillips, n.d.). While government agencies like the EPA regulate PM based on
mass concentration (EPA, 2023), recent studies using in vitro exposure techniques now
suggest that PM mass concentration is not the only causal factor in health risks and that
overall PM toxicity differs from the toxicity of its individual components (Valberg, 2004). In
vitro exposure techniques in tandem with chemical and biological characterization have
begun to identify specific constituents of PM most relevant to overall toxicity (Lichtveld et
al., 2012a; Sotty et al., 2019; Steenhof et al., 2011). Current research has demonstrated that
secondary processing of aerosols, namely photochemical changes, result in differential in
vitro genomic responses, suggesting an increase in overall toxicity (de Bruijne et al., 2009;
Lichtveld et al., 2012b; Rager et al., 2011; Vizuete et al., 2015). For example, SOA from
isoprene photooxidation are demonstrated to significantly increase known inflammatory
biomarkers IL-8 and COX-2 mRNA levels in human bronchial epithelial cells (BEAS-
2B)(Arashiro et al., 2016).

1.2 Transport of Atmospheric Organics

With the many complex roles that atmospheric organics play in climate and public
health, it is then critical to quantify its transport through the atmosphere so that its availability
for these processes is better understood. However, recent studies raise the concern that under
certain conditions, such as in convective systems and WCBs, current models underestimate
available organic matter at high altitudes and are thus not accounting for certain transport
processes (Bardakov et al., 2021; Williamson et al., 2019). Specifically, nucleation-mode
particles—with sizes in the lower tens of nm—have consistently been observed in
concentrations of up to 10* cm™ from aircraft in the upper troposphere (Andreae et al., 2018;
Andrés Casquero-Vera et al., 2020; Clarke et al., 1999; Heitto et al., 2024; Weigel et al.,
2011; Williamson et al., 2019). These measurements significantly exceed the corresponding
concentrations in the planetary boundary layer and indicate that the main source of such ultra-
fine particles in the upper troposphere is in situ NPF rather than their direct transport from the

boundary layer (Bardakov et al., 2021).

The traditional explanation for this phenomenon has been that the reduction of
existing aerosol particles in deep convective clouds eliminates removal processes for small
particles and condensable vapors, supporting NPF (Clarke et al., 1998). However, Williamson

et al. (2019) also showed that even without these conditions, such as in tropical convection,



these newly formed particles can still be found. They then argue that most models
underestimate available organic matter at high altitudes and as a result predict less NPF in
these regions. If this NPF is the result of an overlooked mechanism of organic matter
transport, it is then critical to elucidate this mechanism that transports NPF precursors so to
constrain uncertainty around the influence of high altitude NPF from convective outflows

(Bardakov et al., 2021).

1.3 Chemical Retention and Ice Uptake of Organics

A potential mechanism for this organic matter transport is chemical retention during
droplet freezing. More specifically, organic compounds that are exchanged between the gas
and aqueous phase in cloud droplets can either be trapped in the ice phase during freezing—
washing them out by precipitation—or return to the gas phase by volatilization. This
revolatilization caused by the freezing process leads to a vertical redistribution and has the
potential to explain the occurrence of organic matter at high altitudes in regions with deep
convection. However, while theoretical models that try to describe this process exist in the
literature (Audiffren et al., 1999; Mari et al., 2000; Stuart and Jacobson, 2003, 2004) as well
as some basis of experimental data concerning inorganics (Von Blohn et al., 2011b, a; Snider
et al., 1992; Snider and Huang, 1998), the experimental data for organics and their associated

retention is limited (Borchers et al., 2024a; Jost et al., 2017a).

While revolatization caused by hydrometeor freezing may provide a transport source
of organics to the UTLS, the removal processes and sinks are just as critical to understand.
One such understudied process is the uptake of organics on ice particles, specifically its
adsorption to static ice and its codeposition with water vapor on growing ice particles. This
uptake of a compound on an ice particle that is growing from vapor-to-ice is known as
diffusional uptake. While there are many studies that investigate the diffusional uptake for
inorganic species (e.g. H2O>, HCIL, HNO;, etc.) (Bartels-Rausch et al., 2014; Conklin et al.,
1993; Diehl et al., 1995; Dominé and Thibert, 1996; Mitra et al., 1990; Santachiara et al.,
1998), there are only a few for organic compounds (Fries et al., 2007; Huffman and Snider ,

2004).

Previous investigations into how organics are transported in the atmosphere have
largely been hindered by the analytical instrumentation available. For instance, rainwater
dissolved organic matter (DOM) is a complex heterogeneous mixture of organic compounds,

the composition of which is considered less than 50% chemically characterized (Altieri et al.,

10



2009; Willey et al., 2000). Identifying the composition of organic species in atmospheric
waters has been held back largely by the difficulty of analyzing species present in very low
abundances in a complex matrix of thousands of unique compounds. Significant progress has
been made to identify the composition of complex DOM in organic aerosols and rainwater
DOM using Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS)
(Altieri et al., 2012; Mead et al., 2013, 2015; Willoughby et al., 2016), however these
methods have a low throughput and the resultant studies are limited in sample size (the
highest being seven samples (Altieri et al., 2012)). These methods also involve
preconcentration usually through solid-phase extraction (SPE), which contribute to analyte
loss particularly for higher oxygen content and more polar species (Li et al., 2019; Reemtsma
et al., 2008; Sleighter and Hatcher, 2008). Alternative high resolution mass analyzers in the
Fourier transform family such as the Orbitrap have started to become part of routine analysis
in numerous areas of research (Eliuk and Makarov, 2015; Martins et al., 2016). Orbitrap mass
spectrometry has now been used to characterize rainwater and riverine DOM as well as
ambient aerosols (Laskin et al., 2009; Nguyen et al., 2011; Remucal et al., 2012; Seymore et
al., 2023) and its high resolution, mass accuracy, and ability to be used in combination with
other mass selection technologies make it an ideal candidate for complex analysis and has

begun to garner global attention for its application in studying environmental systems.
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2. Theoretical Background

2.1 Chemical Retention

Ice growth in the atmosphere proceeds via a few distinct processes: (1) the collection
of supercooled cloud droplets by ice (riming), (2) direct liquid freezing, and (3) vapor-to-ice
growth by diffusion. While still in the liquid phase, water droplets in the atmosphere can
exchange their dissolved chemical components with their surroundings. This proceeds to an
equilibrium of the trace chemical substances present between the gas and aqueous phase in
cloud droplets. When these hydrometeors are uplifted such as in convective updraft, they
undergo freezing through riming or direct liquid freezing. The dissolved trace chemical
substances are then thought to either become trapped in the ice phase or return to the gas
phase by volatilization. By becoming trapped in the ice phase, these chemical constituents
remain in the hydrometeor and are then washed out of the atmosphere by precipitation. If
these chemical substances are instead revolatized to the gas phase, they are now available as
gas phase components at whatever altitude freezing occurred. This potentially results in a net
vertical transport of these chemical components where exchange happens at low altitudes and

freezing expulsion occurs at higher altitudes.

To understand this macrophysical transport process, the underlying microphysics and
multiphase chemistry need to be explored. On the theoretical basis, whether a substance is
retained in the ice phase or not can be thought of as a comparison of the freezing time and the
total time required for expulsion, which is estimated as a sum of the time required for a
chemical component to diffuse through the aqueous phase, exchange across the interfacial
boundary, and then proceed as a gas. Comparing freezing time and expulsion time produces a
value called a Retention Indicator (RI). This RI is used by theorists to model and estimate
what proportion of a substance will remain in the ice phase after freezing. Experimentally,
retention is described by a retention coefficient R which indicates the proportion of a
substance that remains in the ice during this phase change as a percentage of the trapped
substance with a value between 0 and 1 (Bela et al., 2018; Iribarne and Pyshnov, 1990; Snider
et al., 1992; Stuart and Jacobson, 2004).

Current experimental studies to determine retention coefficients for atmospheric
constituents and relevant SOA precursors have focused on inorganic species, small organics,
or single component mixtures with significantly higher than natural concentrations (Von

Blohn et al., 2011b, a; Snider et al., 1992; Snider and Huang, 1998). The few studies that look
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at complex mixtures are limited to compounds of similar families and only a handful of
species (Borchers et al., 2024b; Jost et al., 2017a). These studies have revealed that a species’
retention is influenced by its chemical properties, such as its dimensionless effective Henry’s
law solubility constant (H*), as well as the physical properties of the droplet and its
environment such as temperature, liquid water content, droplet size, and ventilation. One of
the most applicable findings across several studies is that substances with a small H* are
more likely to return to the gas phase during riming, which results in a lower retention
coefficient. Additionally, the external and physical conditions of the droplet disproportionally
influence the retention for these small H* substances (Jost et al., 2017b; Stuart and Jacobson,

2003, 2004).

H* is a unitless value derived from a temperature and pressure defined Henry’s law
solubility constant (Hs®?). This value is defined as the ratio of the aqueous-phase
concentration of a chemical to its equilibrium partial pressure in the gas phase (at infinite
dilution). While Henry’s law coefficients are available to describe the interactions with most
organic gases with liquid water (Sander, 2023), less is known about its relationship with ice
phase processes. Because of the findings of the experimental studies, the current models that
describe chemical retention use H* as one of the most important chemical parameters. Thus,
the most relevant and discussed model is the semi-empirical model of Stuart and Jacobson
(Stuart and Jacobson, 2003, 2004) which assimilated the most relevant factors on retention to
calculate RI. These factors include chemical properties such as H*, mass accommodation,
aqueous diffusivity, and gas diffusivity as well as physical factors such as temperature,
droplet size, and ventilation. This model and its further details are also explained in Jost et al.,

(2017a) and Stuart and Jacobson, (2003, 2004).

2.2 Semi-Empirical Modeling of Retention

This model primarily attempts to explain the retention of chemicals under dry growth
riming conditions, which is the mode of freezing where supercooled cloud droplets have little
time in the liquid phase when undergoing accretion with the rime collector (Brownscombe
and Hallett, 1967). To explain this semi-empirical model more thoroughly, the RI is
calculated by the ratio of the expulsion timescale (Texp) of a species from the liquid phase to
the freezing time (t.) of the droplets.

RI = =22 (1)

Tfrz
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The calculations for the individual timescales are less trivial and are comprised of
several terms that assimilate the chemical and physical factors. texp is calculated as the sum of
all the relevant timescales that characterize an individual substance’s path to leave the droplet
and enter the gas phase (Schwartz, 1986). This term accounts for all the expected chemical

influences that might impede expulsion. This is calculated formally as:

h’H* 4hH* K

Txp= ——s+ o+ —— 47
exp 3D, f  3Vay Dy f (2)
—_— —— —
T, T Tag

where h = 4a/35? is the spread droplet height, a the droplet radius, S the spreading
factor, H* the effective Henry’s law coefficient, /the mean gas-phase ventilation coefficient
(related to the collector’s fall speed), D, the diffusivity of the chemical in air, v the thermal
velocity of the chemical in air, a the mass accommodation coefficient, and D4 the diffusivity
of the chemical in water. The first term on the right-hand side of Eq. (2) describes gas-phase
mass transport (1g), the second term the interfacial mass transport (t1) and the third term the
aqueous-phase mass transport (1aq). Here, a fourth term (t;) which describes the kinetics of
aqueous-phase reactions (i.e., association, John H. Seinfeld and Spyros N. Pandis, 2019 or
reaction with NHs or CO», Jost et al., 2017a) is also included in the expulsion timescale. This
reaction timescale is often neglected (Stuart and Jacobson, 2003, 2004) because acid/base

reactions are generally fast compared to the other processes involved.

To estimate 15, (Stuart and Jacobson, 2003, 2004) use an iterative thermophysical
model that balances the total latent heat released due to drop freezing (g;-) with the heat loss
during the freezing time to both air (g..,) and the rime collector (gi»). This iterative model is
used because there is no closed solution for freezing time that accounts for both heat loss to
air and heat loss to the rime collector. This takes after an earlier model by Baker et al. (1987).

To briefly summarize this calculation, the energy balance of the heat transfer is calculated as:

Afrz — Qout — qin = € (3)

where ¢ is the convergence tolerance of the energy balance. The individual heat
transfers (g) are then estimated first with the assumption that either heat loss to the rime
collector or heat loss to the air is negligible (gi» or gour = 0). If either of these assumptions
cannot account for the energy balance such that € < 1% of ¢;-, the model repeats the

estimations of the individual heat transfers with a new guess for the freezing time through a
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series of multistep calculations until the heat balance converges with € < 1% of gs-. The new
guess for freezing time is set by the equation:

t = dfrz—Aqin (4)

dout

where gou 1s the rate of heat loss to air such that when multiplied with time (), it

produces the total heat loss to air (qous). The individual estimations for the heat transfer terms
are described in more detail in Stuart and Jacobson (2003, 2004), but the core idea is that they
use expressions for linear heat flow, latent heat of freezing, heat absorption capacity, and the
droplet geometry as a basis for these calculations. With the relevant timescales for texp and
determined, RI can be calculated from Eq. (1). However, RI spans a wide domain space (1 x
10" and 1 x 10", where n is a large number) such that it’s not directly applicable with the 0 to
1 range of the retention fraction (R, which is equivalent to the experimentally determined
retention coefficient). Thus to relate the theoretical value RI to the experimental R, Stuart and

Jacobson (2003, 2004) map RI to R with the expression:
R=1-exp (—K *RI) (5)

where K is a constant that produces the best fit value that relates the theoretical
calculations for RI with the available experimental data for R. Jost et al. (2017) however
suggests a smoother transition between high and low values of R and represents this R and RI

relationship by the equation:

-1
Rea = (1+(2)") ©
where a and b are the fit paraments of the relationship that best minimize the average

absolute error between R and Rri. Since this relationship minimized the error between the

available experimental results and the associated estimations for RI, the fit function in Eq. (6)

has been used in the experimental studies that followed Jost et al. (2017) (these being the

publications within this dissertation). Considering the experimentally revealed dependency of

R on H*, Jost et al. (2017) takes this further into account by directly describing the

relationship between Ry+ and H* with the same parameterization of Rgi:

py—1
Ry = (1 +(:) ) (7)
where a and b are the fit paraments of the relationship that best minimize the average

absolute error between R and Ry« The application of the Ry parameterization from Eq. (7) is
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often more accurate than the parameterization for Rr; from Eq. (6) and so is frequently used
in experimental studies exploring the relationship between R and H*. While the R+
parameterization is rather accurate for a first order approximation, it only accounts for the
characteristics that H* describes, which are aqueous solubility and dissociation. The Rri
parameterization also accounts for ventilation, temperature, droplet size, and liquid water
content. This parameterization for Ry« is believed to be accurate for measurements within
similar physical conditions because the temperature and ventilation effects are small for most
investigated substances. That is to say, R likely depends the most on changes in the expulsion
time (Texp) resulting from solubility and dissociation described by H* than it does on changes
in freezing time (tf), temperature dependent diffusivity, or mass transfer enhancement from

ventilation.

These mathematical descriptions provide a framework for the understanding of the
microphysics and multiphase chemistry of retention. The implications then to the
macrophysical transport are clearer. The vertical transport of these chemical components
resulting from the aqueous phase exchange at low altitudes and freezing expulsion at higher
altitudes primarily affects the transport of chemical species with sufficiently low H*. More
particularly, the main formation pathway of precipitation-size ice particles in convective
clouds is riming. Thus, riming retention is an important process for the vertical redistribution
of water-soluble organic compounds (WSOC). Convective clouds with warm bases favor the
formation of mm-sized drops by collision-coalescence (Lamb and Verlinde, 2011), which
subsequently can be uplifted in the updraft to regions with temperatures below 0°C. Once
beyond the freezing level they can freeze and thereby release dissolved matter into the gas
phase. This identifies freezing retention of mm-sized drops as a potential contributor to the
vertical redistribution of WSOC:s. In the literature, most current studies have only examined
retention for droplets in the size range found in natural clouds rather than raindrop sizes. This
highlights the differing physical conditions resulting from the freezing mode of riming and

direct liquid freezing as notable contributors to chemical transport.

Alternatively, earlier publications by Pruppacher and Klett (2010) and Snider and
Huang (1998) have suggested that complete sublimation of ice particles can also transport
‘retained’ compounds trapped in the ice phase and release them at high altitudes. This
demonstrates that the sublimation and depositional phase changes of hydrometeors are
possible transport pathways for chemical substances in the atmosphere. The release of

chemical components from complete sublimation of an ice particle is thought to equitably
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transport the retained compounds out of the ice phase. Afterall, a substance cannot remain in
the ice phase if the ice particle is completely sublimated. However, the deposition of a
volatile compound, particularly a VOC, to the ice phase can differ between compounds that

may have different potentials for ice uptake.

2.3 Diffusional Ice Uptake

The growth of ice via water vapor-to-ice deposition is often interchangeably referred
to as depositional growth or diffusional growth. To keep the meteorological use of
‘deposition’ and ‘precipitation’ distinct from their chemical usage, ‘deposition’ will hereafter
strictly refer to the process by which particles fall from the atmosphere to the ground either
directly or with rainfall or snowfall; ‘precipitation’ will strictly refer to water of any form that
falls from the atmosphere to the ground. The chemical usage of ‘deposition’ and
‘precipitation’ will be serviced by the terms ‘uptake’ and ‘phase change’ respectively. The
mode of freezing referenced above will be hereafter referred to as ‘diffusional growth’ or
‘diffusional freezing’. This mode of ice production is highly relevant as diffusional growth
ice is the responsible mechanism for all cloud formations in the upper troposphere
(Heymstfield et al., 2020; Miilmenstédt et al., 2015). Further, most precipitation in the
midlatitudes as well as all cloud formation in the upper troposphere is formed via ice and
subsequently indicates that diffusional growth ice is a significant contributor to the wet
deposition of trace atmospheric constituents (Franz and Eisenreich, 2000; Heymsfield et al.,
2020; Miilmenstidt et al., 2015). This process of diffusional ice crystal growth is considered
rather similar to the condensational growth of liquid cloud droplets as they are governed by

the same laws of vapor saturation.

Water vapor exists in equilibrium with respect to its other phases as defined by the
chemical properties of water as well as the temperature and pressure of the system it inhabits.
Water vapor saturation is met when a parcel of air contains the maximum density of water
vapor that can be held, i.e. any further addition of water vapor will result in the phase change
of some portion of the vapor in the system. This saturation is typically described by a
saturation vapor pressure which is the partial pressure of the vapor at which saturation is
achieved. For water, the saturation pressure can either be defined with respect to liquid water
or ice. Concerning a system that is below the temperature at which liquid water proceeds to
ice (<0 °C at 1 atm), the saturation pressure is normally defined with respect to ice. Thus, if
water vapor at these temperatures has a partial pressure above the saturation pressure (wrt

ice), it will proceed in a phase change from vapor-to-ice. There are several equations that
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exist to calculate the pressure of water vapor over a surface of liquid water or ice, such as the
WMO, Hardy, Buck, Hyland and Wexler, or Sonntag parameterizations (WMO), 2011). One
of the most commonly used equations to describe the saturation pressure of water vapor over

ice is the Sonntag parameterization (Sonntag, 1994).

Sonntag (1994) presents a few of the several iterations to thermodynamically
calculate saturation vapor pressures before it presents the set of equations developed by D.
Sonntag (1990) that was then incorporated into the World Meteorological Organization’s
No.8 “Guide to Meteorological Instruments and Methods of Observation” 6" ed. This
parameterization is still in wide use and the most relevant here being the parameterization

over the given temperature range of —100.0 to + 0.01°C. This is given as:
loge; = —6024.5282 /T (8)
+ 24.721994
+ 1.0613868 x 1072 - T
—1.3198825 x 1075 T?
— 0.49382577 -logT

This equation calculates the saturation pressure of water vapor over ice (e;) in units of
hPa as a function of air temperature (7) in units of K. Comparing the saturation pressure (wrt
ice) with the actual vapor pressure as a ratio then produces the saturation ratio of water vapor
with respect to ice (Sice). This ratio is usually expressed as a percentage concerning the
relative humidity (RH;) and is a common descriptor of the available vapor and its capacity for
ice phase transition. Many cirrus clouds have RH; in the ranges of 60-140%, but many higher

altitude clouds are in the range of 80-180% (Dekoutsidis et al., 2023).

On the microscale, the rate at which an ice crystal grows is equivalent to the diffusive
flux of water vapor to the crystal surface. This can then be calculated using a Fick diffusion

expression:

Co—Cr

J=Dr ©)

lm

where [, is the thickness of the diffusion layer, Dr is the diffusion coefficient of water
vapor (2.2 x 10> m? s™') and Cy and Crare the initial and final water vapor concentrations

across the vapor gradient. The value of /,, is calculated by the Einstein equation:
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L, = /2Dst; (10)

where # is the condensation time. With the saturation and growth rate established, the
uptake for an individual volatile compound can be addressed. The experiments in the
literature that describe ice uptake often describe either “growing ice” or “static ice” which
then have investigated the effects of volume uptake and surface processes respectively. Static
ice uptake is typically a reversible adsorption process (Fries et al., 2006; Von Hessberg et al.,
2008). Volume uptake by growing ice however is a more significant process (Fries et al.,

2007; Huffman and Snider, 2004).

2.4 Ice-Gas Partitioning Coefficients

Treating the uptake of a compound by ice crystals growing through diffusion as an
equilibrium allows for the calculation of ice-gas partitioning coefficients, referred
interchangeably as uptake coefficients. These coefficients (K ss) describe the ratio of the gas
phase concentration of the analyte vapor to its concentration in the ice phase. More
specifically, with the possibility for a liquid solution phase that coexists with ice, this

relationship is described as:

Kg,ss = g,lKl,ss (11)

where the equilibrium constants Kg s and K, relate the analyte concentrations in the
ice solid solution (ss) and liquid water (/) phases to the analyte partial pressure in the gas
phase (g). The last equilibrium constant (K;) relates the concentrations in the liquid water (/)
and solid solution (ss) phases. Most studies report direct measurements of K 4 for their
compounds and neglect thorough investigation of gas to liquid or liquid to ice equilibrium.
This partitioning to and from the liquid layer is complicated to study directly and there is
much discussion on whether these terms accurately describe any sort of liquid phase or quasi-
liquid layer behavior. What is more relevant is that quasi-liquid layers are routinely observed
experimentally despite disagreements over what their properties may be (Shi et al., 2022).
Regardless, most experimental investigations of diffusional growth ice uptake focus on
measuring K, 5. Hereafter, Kg s will be referred to simply as K and is specifically considered

a volume uptake coefficient.

To determine a partitioning coefficient, the concentrations of an analyte in two

different phases are measured at equilibrium. To determine an ice-gas partitioning coefficient,
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the gas phase concentration of the analyte vapor and its concentration in the ice phase are
measured and compared in a ratio such as in the equation:

K = PiceCice (12)

MiceCgas
where Cic. s the absolute mass of the analyte in ice (ng), pice is the density of ice at

the freezing temperature (g cm ™), Cgs is the concentration of the analyte in the gas phase (ng
m~>), and mic. is the total mass of ice (g). For proper unit conversion, a factor of 10° is applied
for the conversion of m* to cm™. Practically speaking, K is also used as a sorption coefficient

or a dimensionless uptake coefficient with respect to the removal of trace gases in the upper

atmosphere. A larger value for K indicates more uptake into the ice phase.

2.5 Thermodynamics of Ice Uptake

Strictly speaking, chemical uptake on growing ice crystals is a stationary state and not
an equilibrium. However, diffusional crystal growth is slow relative to other modes of
freezing (day vs. ms timescales) and so the system can be approximated as an equilibrium
state (Dominé and Thibert, 1996; Fries et al., 2007; Huffman and Snider, 2004). Then as a
thermodynamic equilibrium, K can also be used to calculate the Gibbs energy (AG) of the

uptake process at each temperature. This is a direct calculation using the equation:
AG = —RTIn(K) (13)

where T is temperature (K) and R is the ideal gas-constant (8.31447 J K™ mol™).
These values describe the energy available for the uptake process. Positive values of AG
indicate the analyte favors the gas phase while negative values of AG indicate the analyte
favors the ice phase. Even lower, more negative values of AG would indicate more efficient

uptake of the analyte into the ice phase.

Continuing the thermodynamic analysis, the theoretical temperature dependence of
the sorption coefficient K can be determined with the van’t Hoff equation, which when

substituting with the Gibbs-Helmholtz equation produces the following:

AH-TAS AH 1 AS
=242 (14)
RT R T R

In(K) = —

where AH and AS are the heat of sorption and the sorption entropy respectively. Here
the heat of uptake and uptake entropy are used instead. Performing a linear regression of

In(K) against 1/7 using the van’t Hoff equation provides a slope of ~AH/R and an intercept of
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AS/R. Multiplying each of these values by —R and R respectively produces the values of AH
and AS. Increasing values of the uptake enthalpy AH and the uptake entropy AS along with
decreasing compound vapor pressure—i.e. the volatility of the pure analyte—can indicate
that the uptake of the analyte is dependent on the physical parameters of the compounds and
ice surface. Specifically, these are the parameters that determine thermodynamic sorption
such as temperature, molecular mass, ice surface coverage, surface morphology and porosity,
surface crystallographic phases, quasi-liquid layer behavior, and crystal imperfections (Behr
et al., 2006; Fries et al., 2006; Orem and Adamson, 1969; Sokolov and Abbatt, 2002).
However, lower values of AH and poor linear regression can be a sign that the uptake process

cannot be exclusively described by thermodynamic sorption.

While there are many studies that investigate the diffusional uptake for inorganic
species (e.g. HoO2, HCI, HNO:;, etc.) (Bartels-Rausch et al., 2014; Conklin et al., 1993; Diehl
et al., 1995; Domin¢ and Thibert, 1996; Mitra et al., 1990; Santachiara et al., 1998), there are
only a few for organic compounds (Fries et al., 2007; Huffman and Snider , 2004). The
publications by Fries et al. (2007) and Huffman and Snider (2004) concern the ice uptake of
aromatic hydrocarbons and oxyhydrocarbons. These are the first studies to describe the

interactions between diffusion-growing ice and the uptake of organic vapors.
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3. Summaries of Experimental Results

The publications herein concern experimental studies exploring the chemical retention
and diffusional uptake of various chemical substances, primarily diverse organics and SOA
precursors, on hydrometeors involved in an ice phase transition. The experiments presented
in these publications were performed at the Mainz Wind Tunnel Laboratory. These
experiments demonstrate the measurement of retention coefficients through the use of the
Mainz Wind Tunnel or an acoustic levitation apparatus; the measurement of gas-ice
partitioning coefficients through the use of a self-designed Flowtube apparatus; and the
significance of these measurements for atmospheric processing and the associated transport

of the implicated organic species.

3.1 Summary of Gas-Ice Partitioning Coefficients of Carbonyls during
Diffusional Ice Crystal Growth

2025, Seymore J., Szakall, M., Theis, A., Mitra, S.K., Borchers, C., Hoffmann, T. Gas-Ice
Partitioning Coefficients of Carbonyls during Diffusional Ice Crystal Growth. Accepted for
Publication after revision with Atmospheric Chemistry and Physics

https://doi.org/10.5194/egusphere-2025-1425

This study addresses the underrepresented topic of chemical uptake via diffusional ice
growth. Chemical redistribution between the gas and ice phase during diffusional freezing is
not fully understood, particularly for the wide variety of atmospheric organics and more
specifically atmospherically relevant carbonyls. This is despite its relevance as a removal
process of organics from the atmosphere and thereby its role in secondary organic aerosol

production, atmospheric oxidative capacity, and tropospheric photochemistry.

We conducted laboratory studies on the partitioning of gas-phase carbonyls to the ice
phase during the diffusional growth of ice crystals using a flowtube type experimental
apparatus. In a series of experiments, precise mixtures of water vapor and gas-phase
carbonyls were passed through a flowtube in order to grow ice crystals from diffusion. Inside
the flowtube, the ice crystals were grown under conditions that mimic naturally occurring
temperatures and humidities in cirrus clouds. During the experiment, influent and effluent gas
samples were passed through reagent coated gas denuders to collect integral samples of the

carbonyl gas concentrations. At the conclusion of the experiment, the deposited ice was
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collected along with extracts from the gas denuders and then analyzed using ultra-high
performance liquid chromatography with ultra-high resolution mass spectrometry. From the
result-ant analyte concentrations in the gas and ice phases, along with the ice mass yields, the
partitioning coefficients for each of the 14 carbonyls studied were determined at —20, —30,
and —40 °C. Using van’t Hoff analysis, the entropy and enthalpy of uptake were determined.
An inverse relationship between partitioning coefficients and temperature was observed for
all species except methyl vinyl ketone. A linear correlation between AS and AH arose which
was statistically validated and determined with 99% confidence to not be a statistical artifact.
This compensation behavior could be an indication of a surface liquid layer or quasi-liquid
layer behavior involved in the uptake process and could also indicate a single dominant
influence on a compound’s uptake. The most significant physicochemical properties
correlated with uptake were identified to be vapor pressure and molar mass, which indicate

that smaller compounds with higher vapor pressures are more readily taken into the ice phase.

I was the main contributor to this publication. Specifically, I along with MS, AT, SM
designed the experiments; I along with AT, SM constructed the experimental apparatus; I
prepared the solutions for experiments, performed the experiments, and collected the
samples; [ along with CB conducted the analytical measurements; I analyzed the data and

wrote the manuscript draft; I along with MS, AT, CB, TH reviewed and edited the manuscript.

3.2 Summary of Retention During Freezing of Raindrops, Part I11:
Investigation of Ambient Organics from Beijing Urban Aerosol Samples

2025, Seymore, J., Gautam, M., Szakall, M., Theis, A., Hoffmann, T., Ma, J., Zhou, L., and
Vogel, A. Retention During Freezing of Raindrops, Part II: Investigation of Ambient Organics
from Beijing Urban Aerosol Samples. Accepted for Publication with Atmospheric Chemistry
and Physics https://doi.org/10.5194/egusphere-2024-3940

This study addresses the underrepresented topic of chemical retention during drop
freezing processes. Chemical redistribution between the liquid and gas phase during freezing
is not fully understood, particularly for the wide variety of atmospheric organics. This is
despite its relevance to the vertical redistribution of organics along the UTLS and its support
of new particle formation in convective outflows, thereby its subsequent role in radiation

scattering and cloud condensation nucleation.
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We conducted laboratory studies on the chemical retention of water-soluble
compounds sampled from ambient Beijing aerosols during drop freezing experiments in an
acoustic levitator setup. An aqueous extract of filter samples collected from PM2.5 Beijing
aerosols was introduced via syringe into an acoustic levitator housed inside a cold chamber
held at -15°C. The contact-free single-drop was allowed to freeze without the introduction of
artificial freezing nucleator and then collected for comparative analysis with the native
extract. The samples were then chemically analyzed with ultra-high resolution mass
spectrometry and the retention coefficients determined. Our results show that the retention of
WSOC forms a real, nonnormal distribution up to 1 and that raindrop freezing does not have
a sigmoidal relation with effective Henry’s Law solubilities. This contrasts with the behavior
currently described in the literature specifically for cloud droplets. Our data also shows that
different classes of organics may have different distributions of retention coefficients. For
example, nitro and sulphate substituted species—often the products of anthropogenically
related NOx and SOx chemistry—are highly retained. This suggests that NOx and SOx
chemistry may enhance the retention of these SOA species and reduce their likelihood of
reaching the upper atmosphere. This contrasts with the wide distribution for CHO groups like

sugars, organic acids, and terpenoids with highly variable retentions.

I was the main contributor to this publication. Specifically, I along with MG, MS, AT
designed the experiments; I along with JM prepared the samples for experiments; I along
with JM, AV conducted the analytical measurements; I analyzed the data and wrote the

manuscript draft; I along with MG, MS, AT, JM, AV, TH reviewed and edited the manuscript.

3.3 Summary of Retention During Freezing of Raindrops, Part I:
Investigation of Single and Binary Mixtures

2025, Gautam, M., Theis A., Seymore, J., Hey, M., Borrmann, S., Diehl, K., Mitra, S.K., and
Szakall, M. Retention During Freezing of Raindrops, Part I: Investigation of Single and
Binary Mixtures, Accepted for Publication with Atmospheric Chemistry and Physics
https://doi.org/10.5194/egusphere-2024-3917

This study addresses the underrepresented topic of chemical retention during drop
freezing processes. Chemical redistribution between the liquid and gas phase during freezing
is not fully understood, particularly for the wide variety of atmospheric organics. This is

despite its relevance to the vertical redistribution of organics along the UTLS and its support
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of new particle formation in convective outflows, thereby its subsequent role in radiation

scattering and cloud condensation nucleation.

We investigated the retention of specific chemical species and their binary mixtures
during freezing of raindrops via acoustic levitation. Prepared solutions of analyte samples
were introduced via syringe into an acoustic levitator housed inside a cold chamber held at —
15°C. The contact-free single-drop was allowed to freeze without the introduction of artificial
freezing nucleator and then collected for comparative analysis with the native solution. Our
results reveal high retention with nearly all substances being fully retained during freezing.
This could be attributed to faster freezing time compared to slower mass expulsion time,
along with ice-shell formation during freezing. This result helps improve our understanding

of interaction between ice microphysical processes and chemistry in deep convective clouds.

I was a significant contributor to this publication. Specifically, I along with MG, MZ,
AT, SM designed the experiments; I along with MG, MH, conducted analytical
measurements, [ along with AT, MH, SB, KD, MZ reviewed and edited the manuscript.

3.4 Summary of Retention of a-pinene oxidation products and nitro-aromatic
compounds during riming

2024, Borchers, C., Seymore, J., Gautam, M., Dorholt, K., Miiller, Y., Arndt, A., Gommer,
L., Ungeheuer, F., Szakall, M., Borrmann, S., Theis, A., Vogel, A.L., and Hoffmann, T.,
Retention of a-pinene oxidation products and nitro-aromatic compounds during riming.
Published with Atmospheric Chemistry and Physics. Atmos. Chem. Phys., 24, 13961-13974,
https://doi.org/10.5194/acp-24-13961-2024

This study addresses the underrepresented topic of chemical retention during rime
freezing processes. Riming is an important growth process of graupel and hailstones in
mixed-phase zones of clouds, during which supercooled liquid droplets freeze on the surface
of ice particles by contact. Compounds dissolved in the supercooled cloud droplets can
remain in the ice or be released to the gas phase during freezing, which might play an
important role in the vertical redistribution of these compounds in the atmosphere by
convective cloud processes. This is important for estimating the availability of these
compounds in the upper troposphere, where organic matter can promote new particle
formation and growth. The amount of a chemical species remaining in the ice phase can be

described by the retention coefficient. At the time of publication, only inorganic, and small
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organic molecules have been investigated regarding their retention during the freezing
process. We performed experiments in the Mainz vertical wind tunnel under dry and wet
growth conditions as well as different pH values to obtain the retention coefficients of cis-
pinic acid, cis-pinonic acid and (-)-pinanediol, 4-nitrophenol, 4-nitrocatechol, 2-nitrobenzoic
acid and 2-nitrophenol. Our results are in accordance with previous studies which showed a
dependence between the dimensionless effective Henry's law constant H* and the retention
coefficient for inorganic and small organic molecules. Our results reveal that this correlation

can also be applied to more complex organic molecules.

I was a significant contributor to this publication. Specifically, I along with CB, MG,
KD, YM, AA, LG, AT, AV, and TH designed and performed the wind tunnel experiments; I
along with MG, MS, AT, AV, and TH reviewed and edited the paper.
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4. Publications

4.1 Gas-Ice Partitioning Coefficients of Carbonyls during Diffusional Ice
Crystal Growth

The following manuscript addresses the underrepresented topic of chemical uptake
via diffusional ice growth. Chemical redistribution between the gas and ice phase during
diffusional freezing is not fully understood, particularly for the wide variety of atmospheric
organics and more specifically atmospherically relevant carbonyls. This is despite its
relevance as a removal process of organics from the atmosphere and thereby its role in
secondary organic aerosol production, atmospheric oxidative capacity, and tropospheric

photochemistry.

We conducted laboratory studies on the partitioning of gas-phase carbonyls to the ice
phase during the diffusional growth of ice crystals using a flowtube type experimental
apparatus. In a series of experiments, precise mixtures of water vapor and gas-phase
carbonyls were passed through a flowtube in order to grow ice crystals from diffusion. Inside
the flowtube, the ice crystals were grown under conditions that mimic naturally occurring
temperatures and humidities in cirrus clouds. During the experiment, influent and effluent gas
samples were passed through reagent coated gas denuders to collect integral samples of the
carbonyl gas concentrations. At the conclusion of the experiment, the deposited ice was
collected along with extracts from the gas denuders and then analyzed using ultra-high
performance liquid chromatography with ultra-high resolution mass spectrometry. From the
resultant analyte concentrations in the gas and ice phases, along with the ice mass yields, the
partitioning coefficients for each of the 14 carbonyls studied were determined at —20, —30,

and —40 °C. Using van’t Hoff analysis, the entropy and enthalpy of uptake were determined.

An inverse relationship between partitioning coefficients and temperature was
observed for all species except methyl vinyl ketone. A linear correlation between AS and AH
arose which was statistically validated and determined with 99% confidence to not be a
statistical artifact. This compensation behavior could be an indication of a surface liquid layer
or quasi-liquid layer behavior involved in the uptake process and could also indicate a single
dominant influence on a compound’s uptake. The most significant physicochemical

properties correlated with uptake were identified to be vapor pressure and molar mass, which

27



indicate that smaller compounds with higher vapor pressures are more readily taken into the

ice phase.

I was the main contributor to this publication. Specifically, I along with MS, AT, SM
designed the experiments; I along with AT, SM constructed the experimental apparatus; |
prepared the solutions for experiments, performed the experiments, and collected the

samples; I along with CB conducted the analytical measurements; I analyzed the data and

wrote the manuscript draft; [ along with MS, AT, CB, TH reviewed and edited the manuscript.

Supplementary material supporting this manuscript can be found in Section 8.
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Abstract

Carbonyls are highly relevant atmospheric constituents that influence tropospheric photochemistry and

15 oxidative capacity. They can be removed from the upper troposphere via ice phase deposition scavenging. The gas-
ice partitioning coefficients for 14 different carbonyl compounds were determined using a flowtube apparatus. Ice
crystals were grown from vapor deposition in the presence of gas phase carbonyls at —20, —30, and —40 °C. Using
van’t Hoff analysis, the entropy and enthalpy of uptake were determined. An inverse relationship between
partitioning coefficients and temperature was observed for all species except methyl vinyl ketone. A linear

20 correlation between AS and AH arose which was statistically validated and determined with 99% confidence to not
be a statistical artifact. This compensation behavior could be an indication of a surface liquid layer or quasi-liquid
layer behavior involved in the uptake process and could also indicate a single dominant influence on a compound’s
uptake. The most significant physicochemical properties correlated with uptake were identified to be vapor pressure
and molar mass, which indicate that smaller compounds with higher vapor pressures are more readily taken into the

25 ice phase. The gas-ice partitioning coefficients observed here are below the 10 mol m™ Pa™' threshold given by

Crutzen and Lawrence (2000) to be considered a substantial atmospheric removal process.

1 Introduction

Scavenging of organic gases by hydrometeors—such as rain, snow, graupel, and cloud droplets—has a

cleaning effect on the atmosphere. While Henry’s law coefficients are available to describe the interactions with
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30  most organic gases with liquid water (Sander, 2023), less is known about its interactions with ice phase deposition.
Most precipitation in the midlatitudes as well as all cloud formation in the upper troposphere is formed via ice and
subsequently indicates that ice is a significant contributor to the wet deposition of trace atmospheric constituents
(Franz and Eisenreich, 2000; Heymsfield et al., 2020; Miilmenstadt et al., 2015). Ice growth in the atmosphere
operates under a few distinct processes: (1) the collection of supercooled cloud droplets by ice (riming), (2) direct

35 liquid freezing, and (3) vapor-to-ice growth by diffusion. The latter process—often referred to as depositional
growth—is hereafter referred to as diffusional growth and is the responsible mechanism for all cloud formations in
the upper troposphere (Heymsfield et al., 2020; Miilmenstadt et al., 2015). There has been significant research in
recent years on the redistribution and revolatization of organics during riming or liquid freezing (Borchers et al.,

2024; Jost et al., 2017; Gautam et al., 2025; Seymore et al., 2025), but very little for diffusional growth.

40 Carbonyls as a class of trace atmospheric constituents are highly relevant secondary organic aerosol
precursors and intermediates (Ervens and Kreidenweis, 2007; Galeazzo et al., 2024; Srivastava et al., 2022; Yu et al.,
2014). Specifically, they are ubiquitous and play vital roles in tropospheric photochemistry and oxidative capacity,
which affects radical cycling and ozone formation (Xu et al., 2023). Despite this, there are limited studies describing
their removal from the atmosphere via deposition scavenging and only then describe their resultant wet deposition

45 (Mu and Xu, 2009). Huffman and Snider (2004) attempted to measure uptake of acetone as a representative for
ketones as hydrogen bond acceptors, however background contamination prevented thorough characterization. They
did, however, publish a volume uptake coefficient for acetone and concluded that it had a significantly lower uptake

than the alkanols studied.

The publications by Fries et al. (2007) and Huffman and Snider (2004) concern the ice uptake of aromatic
50 hydrocarbons and oxyhydrocarbons. These are the first studies to describe the interactions between diffusion-
growing ice and depositing organic vapors. Outside of these, the only measurements for diffusional uptake are for
select inorganic species (e.g. HoO», HCI, HNOj, etc.) (Bartels-Rausch et al., 2014; Conklin et al., 1993; Diehl et al.,
1995; Dominé and Thibert, 1996; Mitra et al., 1990; Santachiara et al., 1998) or adsorption on nongrowing ice
(Abbatt et al., 2008; Von Hessberg et al., 2008). These experiments to evaluate gas interactions with ice describe
55 either “growing ice” or “static ice” which have investigated the effects of volume uptake and surface processes

respectively. From this distinction, these publications reveal that many uptake processes are predominately volume
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uptake with secondary contributions from certain surface processes, notably (1) bonding to the air-ice interface or
(2) uptake into a liquid solution phase coexisting with ice (Conklin et al., 1993; Goss, 1993). Further, they show that
equilibrium treatments of both surface and volume uptake can correctly predict the resulting concentrations in snow

60 (Dominé and Thibert, 1996).

Treating the uptake of organic compounds by ice crystals growing through diffusion as an equilibrium
allows for the calculation of ice-gas partitioning coefficients, referred interchangeably as uptake coefficients. These
coefficients (Kg) describe the ratio of the gas phase concentration of the analyte vapor to its concentration in the ice
phase. More specifically, with the possibility for a liquid solution phase that coexists with ice, this relationship is

65 described as:

Kg,ss = Kg,lKl,ss (D

where the equilibrium constants K and K, relate the analyte concentrations in the ice solid solution (ss) and liquid

water (/) phases to the analyte partial pressure in the gas phase (g). The last equilibrium constant (Kj ) relates the

concentrations in the liquid water (/) and solid solution (ss) phases. The present study reports direct measurements of
70 Kgss for carbonyl compounds and neglects thorough investigation of gas to liquid or liquid to ice equilibrium.

Hereafter, K¢ will be referred to simply as K and is specifically considered a volume uptake coefficient.

In the present study, laboratory experiments explore the uptake of 14 different carbonyl species by ice
crystals during vapor deposition growth. Ice crystals were grown from vapor deposition under controlled humidity
conditions in the presence of gaseous carbonyl species. The blended gas mixture was targeted to produce roughly 10

75 ppbv of each gaseous analyte to maintain analytical reliability, approximately one order of magnitude larger than the
partial pressures of these compounds in the unpolluted troposphere. Water vapor saturation was controlled to 50%
supersaturation (wrt ice) to achieve realistic growth conditions in natural cirrus clouds. Gas phase concentrations
were determined using an integrative denuder technique and subsequent derivation to aid detection for both gas and
ice phase concentrations. Ultra-high performance liquid chromatography with ultra-high resolution mass

80 spectrometry (UHPLC-UHRMS) was then used to analyze the samples and determine their ice-gas partitioning

coefficients.
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2 Methods

2.1 Experimental Setup

85

The experimental design in this paper is a variation on the experiment presented by Fries et al. (2007) with

gas measurement techniques developed by Kahnt et al. (2011).

Three uptake experiments were performed with three replicates at atmospheric pressure with the

experimental apparatus shown in Figure 1. The setup had three main sections: an ambient temperature gas-mixing

90 stage, a chilled crystal growth flowtube, and outflowing gas measurement. In the first stage (Stage 1. Gas Mixing),
pressurized dry nitrogen gas was passed through a bubbler with known concentrations of the analytes in aqueous
solution. This stream of gas then reached saturation at ambient temperature (maintained at 23 °C and confirmed by
measurment) and passed through a glass frit and a droplet catching chamber to ensure no liquid droplets remained in
the gas stream. The saturated gas stream was then diluted with dry nitrogen to reach the desired humidity and vapor

95 concentration. The specific saturation and vapor concentration mix was maintained using a Mass Flow Controller
(Brooks Instrument B.V. 5850TR/FA1B201). The resulting mixed gas was allowed to homogenize inside a 0.5 L
mixing chamber and then was introduced into the insulated chamber with the crystal growth tube. Another Mass
Flow Controller was used to ensure a constant volumetric flowrate was maintained through the flowtube and

through a branching line for input gas measurement.

100
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Figure 1. Experimental Apparatus Design

The second stage of the apparatus is the flowtube portion of the setup (Stage 2. Flowtube). The flowtube is
a quartz-glass tube of 50 cm length and 5 cm diameter with an approximate interior volume of 1 L where ice crystals
105 were grown from diffusional vapor deposition. It is capped at both ends with a uniform flow PTFE nozzle with
double silicon VMQ O-rings to ensure proper sealing of the gas stream at low temperatures. The flowtube is inserted
into a copper thermal exchange coil with a PT100 temperature sensor (T2) mounted between the coil and the tube.
The flowtube and coil are housed inside an insulated chamber while ethanol coolant is circulated through the coil
from a cryostat circulator (Julabo F81) outside the chamber. Using the coolant bath temperature (T1) and T2, the
110 temperature of the flowtube glass substrate can be maintained within 0.1 C of the target temperature using PID
control. Prior to each experiment, the flowtube substrate is ethanol cleaned, dried with nitrogen gas, and brought to
the target temperature under the flow of dry nitrogen. This prevents ice nucleating contaminants and ambient
humidity from depositing on the substrate prior to exposure to the test gas. The flowtube is allowed to cool for 1
hour prior to exposure to ensure temperature stability. This setup was also thermally characterized using a PT100
115 sensor mounted on a probe inserted along the center of the tube. The quantitated temperature error was determined

using this method and the resulting temperature profiles can be found in Figure S1 of the Supplemental Materials.

After the flowtube is the third stage of the setup where the effluent gas is analyzed (Stage 3. Gas
Measurement). Continuous dewpoint measurements along with an integrative measurement of vapor analytes were

taken on the before and after flowtube gas streams using a dewpoint hydrometer (Michell Instruments S8000) and a
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120 pair of reagent-coated gas denuders. Ice samples were collected from the flowtube, massed, and analyzed for their
analyte concentration. This data is then able to be used to calculate the uptake coefficient. PTFE tubing was used for
all the tubing connections and the flow conditions in these experiments remained laminar with a Reynolds number
of approximately 160, which is well below the critical value of 2300 for pipe flow (Warhaft, 1998). Experiments
were performed 24 hours at —20 and —30 °C, 48 hours for —40 °C to allow for adequate crystal growth and saturation

125 of any vapor wall losses.

2.2 Crystal Growth Conditions

Ice crystals were grown from vapor deposition under controlled humidity conditions in the presence of
gaseous carbonyl species. For the experimental temperatures of —20, —30, and —40 °C, ice was grown at 50%

130 supersaturation (wrt ice) with 10 ppbv of analyte vapor (a 140 ppbv total organics gas concentration). To achieve
these target conditions, different dilutions of dry nitrogen with the saturated gas stream were mixed using different
bubbler solutions with the required aqueous concentrations of analytes to reach the target gas concentration. The
saturation pressure of water vapor over ice (e;) was calculated using the Sonntag parameterization (Sonntag, 1994)
so that the saturation ratio of water vapor with respect to ice (Si..) was maintained at 1.50 at experimental

135 temperatures of —20, —30, —40 °C. This S;.. was chosen as it is a high but realistic saturation for the growth
conditions in natural cirrus clouds (Comstock et al., 2004; Dekoutsidis et al., 2023; Hoareau et al., 2016; Zhao and
Shi, 2023) with a similarly realistic temperature range that still allows for high enough water vapor pressures and

crystal growth rates to be experimentally viable. Specifically, the Sonntag parameterization is shown in Eq. 2 as:
loge; = —6024.5282 /T 2
140 + 24.721994
+1.06138681072 - T
—1.3198825 1075 T2

—0.49382577 -logT
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where the air temperature (7)) is in units of K and e; is in units of hPa. For each experimental temperature,
145 this calculation was performed, and an experimental water vapor pressure was chosen to produce the desired Sice.
For the gas stream mixing, this was first theoretically calculated as a dilution of saturated bubbler water vapor
(19.42 g m at 23 °C) with dry gas (< 0.03 g m™) to within 10% error. This was also then empirically determined by
measuring the mixed gas dewpoint using the hygrometer, calculating the water vapor pressure using Eq. 2 and

adjusting the flowrates accordingly.

150 The crystal growth rate (J), which is equivalent to the diffusive flux, was calculated using a Fick diffusion
term:
Co—C
J=Dr = 3)

where /,, is the thickness of the diffusion layer, Dr is the diffusion coefficient of water vapor (2.2 x 10 m?
s and Cy and Cyare the input and output water vapor concentrations. The value of /,, is calculated by the Einstein

155 equation:

lm = /2Drty, 4)

where # is the condensation time, i.e. residence time within the flowtube. /,, was estimated to be 0.025 m,
which is roughly the interior radius of the flowtube. J is then multiplied by the interior surface area of the flowtube
substrate (approximately 785 cm?) to produce the total ice growth rate in the flowtube. While the crystal growth rate

160 was theoretically calculated for all experiments, it was also empirically determined by dividing the collected ice

mass by the total experiment time.

With the experimental humidity determined and the flowrates fixed, the gas dilution factor of the bubbler
gas is then also fixed. From this, the aqueous concentrations of all the analytes in the bubbler that produce the
desired vapor concentrations in the flowtube can be determined. Using Henry’s law and the compiled Henry’s law

165 constants and calculations from Sander (2023), (provided in Table S1 in the Supplemental Materials), the necessary
aqueous concentrations to produce 10 ppbv of analyte vapor in the flowtube were determined. 10 ppbv was selected
as the analyte vapor mixing ratio as it was a low mixing ratio that could still maintain signal in the ice samples. The

Henry’s law constant was first adjusted to ambient conditions using the equation:
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—AsotH (1 1
= O e (S5 (1~ ) )
170 Here, Henry solubility (H?) at the reference temperature (7%) and the molar enthalpy of dissolution (As,/H)

are used along with the gas constant (R) and ambient temperature (7) to correct to the Henry solubility (Hr). With
the concentration/pressure defined Hr adjusted to ambient conditions, the aqueous concentration of the analyte in the

bubbler can be calculated using the equation:
[x]aq = Hy” - p5" - d (©)

175 where the dilution factor (d) corrects the partial pressure of x analyte in the flowtube (p,7) to the partial
pressure required in the bubbler due to the gas mixing dilution to provide the aqueous concentration ([x].,). These
concentrations are stable in the bubbler, assuming that the mass fraction in the aqueous phase is much larger than the
mass fraction in the vapor phase. The actual aqueous concentrations and Henry solubilities used can be found in
Table S1 the Supplementary Materials. While these calculations were performed to reach a target gas concentration

180 of 10 ppbv, the actual gas concentration in the flowtube was determined by dividing the mass of analyte collected on
the reagent-coated gas denuders and dividing by the total volume passed through the denuders. Corrections for mass
error due to the breakthrough potential of a species through the denuder were made following the same method as
(Kahnt et al., 2011). The average breakthrough potential for all species under these conditions was determined to be
less than 4%. While Kahnt et al. (2011) observed much higher breakthrough potentials at lower relative humidities,

185 the absolute humidity in these experiments is lower by 5 orders of magnitude. Since water can both encourage and
inhibit the DNPH derivation, any changes in humidity conditions may alter the breakthrough potential of any of the

analytes.

2.3 Chemicals and Materials

190 The derivation reagent 2,4-dinitrophenylhydrazine (DNPH) was purchased from Sigma-Aldrich (~0.2 M,
~4% Phosphoric acid solution, Darmstadt, Germany). The denuder coating solution was prepared with 10 mM
DNPH in acetonitrile (ACN). The following carbonyl compounds were obtained from Sigma-Aldrich (St. Louis,
MO, USA): benzaldehyde (>99%), methacrolein (95%), norcamphor (98%), (1R)-(+)-nopinone (98%), and methyl

vinyl ketone (MVK, with 0.5% hydroquinone and 0.1% acetic acid). Formaldehyde (30%, methanol-free) and
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195 acetaldehyde (>99%) were obtained from Roth (Karlsruhe, Germany). Hydroxyacetone (95%) and propionaldehyde
(97%) were obtained from Thermo Scientific (Darmstadt, Germany). Glyoxal (39% in water) and diacetyl (>98%)
were purchased from TCI (Toshima, Tokyo, Japan). Methylglyoxal (40% in water) was purchased from MP
Biomedicals (Irvine, CA, USA). d/I-camphor (97.5%) was obtained from WHI pharma services (Frankfurt,
Germany). These compounds were used without further purification. For the aqueous bubbler solution, 98 % LC/MS

200 grade water (Thermo Fisher Scientific) was used for the solvent and >99.8% technical grade nitrogen was used for

the carrier gas.

Supelco carbonyl-DNPH mix 13, a commercially available hydrazone standard solution, was purchased
from Sigma-Aldrich and used for the analysis of benzaldehyde, MVK, methacrolein, acetaldehyde, formaldehyde,
acetone, and propionaldehyde. Hydrazone crystals were prepared for benzaldehyde, nonpinone, norcamphor,

205 camphor, diacetyl, glyoxal, hydroxyacetone, and methylglyoxal. Benzaldehyde-DNPH was purified by
recrystallization from ethanol and then prepared in ACN. All other synthesized carbonyl-DNPHs were purified using
a solid phase extraction (SPE) method (Chromabond® C;s, 6 mL, 1000 mg bedweight) and then referenced to the
prepared benzaldehyde-DNPH standard with UHPLC-HRMS. This was then referenced to the Supelco standard.
The difference in the signal was about 23% (n = 6) between commercial and synthesized benzaldehyde-DNPHs

210 confirming the concentration of the benzaldehyde-DNPH. Since the ice-gas partitioning coefficients are unitless and
the sample matrices are the same, true quantitation is not necessary for the calculation. However, since these
standards are referenced to the Supelco standard, true quantitation was performed for benzaldehyde, MVK,
methacrolein, acetaldehyde, formaldehyde, acetone, and propionaldehyde and pseudo-quantitation (estimating
concentration by referencing signal intensity to an internal standard) was performed for nonpinone, norcamphor,

215 camphor, diacetyl, glyoxal, hydroxyacetone, and methylglyoxal.

2.4 Sample Collection and Preparation

Three samples were collected from each experiment: input gas denuder extract, output gas denuder extract,
and ice. The gas denuders were prepared in the method described by Kahnt et al., (2011). Two 5-channel annular
220 denuders with 750 mm length and 1 mm annular spacing (URG 4531, URG Corporation, Chapel Hill, NC, USA)

were coated with XAD—4 resin following the method presented by Kahnt et al. (2011) and then coated with DNPH
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before immediate use. The resin coating was renewed after five experiments. At the conclusion of the experiment,
the denuder samples were directly extracted three times with 50 mL of ACN by capping and inverting twenty times

while rotating along its axis. These samples were then left overnight to ensure complete derivatization.

225 Ice samples were collected by methanol extraction of the flowtube. At the conclusion of the experiment, the
flowtube and thermal exchange coil were sealed, disconnected from the setup, and taken into a walk-in cold
chamber kept at —5 °C. The caps were removed from the flowtube and the interior was rinsed with 14 mL of
anhydrous methanol. The flowtube extract was massed and then the water content was determined by measuring the
refractive index using an Abbe refractometer. Knowing the percent water content (w/w%) of the extract and the total

230 mass of the extract (g), the ice yield could be determined (g). This extract was then spiked with 0.1 mL of the DNPH
solution and left overnight to ensure complete derivatization. This method prevents deposition by ambient humidity
onto the flowtube substrate and is a more efficient recovery method than physical scraping, which was not a viable

method due to the low ice masses deposited.

The samples were then all concentrated by rotary evaporation (25 °C at 150 mbar) and were reconstituted in
235 1 mL of methanol to be purified by SPE (Chromabond® C;s, 6 mL, 1000 mg bedweight). The cartridges were first
flushed with 6 mL ACN, conditioned with 3 mL methanol and 6 mL of ultra-pure water. The denuder extract was
loaded on the SPE cartridge and washed with 3 mL of methanol/water solution (5/95%, v/v%) to remove any
phosphoric acid. The carbonyl-DNPHs were eluted using 10 mL ACN and stored out of light at —25 °C in a deep
freezer. For analysis, 0.25 mL of the output gas denuder extract, 0.5 mL of the input gas denuder extract, and 1 mL
240 of the ice sample were taken and evaporated to dry in a nitrogen evaporator at 18 °C. These were reconstituted to 0.5
mL ACN/H20 (50/50, v/v%) for ultra-high-performance liquid chromatography coupled with high resolution mass
spectrometry (UHPLC-HRMS). The dilution/concentration for these respective samples were performed to bring the

expected concentration into quantitation range.

245 2.5 UHPLC-HRMS Analysis

Analysis was performed in triplicate using a Dionex UltiMate 3000 ultra-high-performance liquid
chromatography (UHPLC) system coupled to a heated electrospray ionization source (HESI) and a high-resolution

Q-Exactive Orbitrap mass spectrometer (HRMS) (all Thermo Fisher Scientific). A Hypersil Gold, C18, 50 x 2.0 mm

10
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column with 1.9 um particle size (Thermo Fisher Scientific) was used for the chromatography. Eluent A consisted of
250 98 % LC/MS grade water (Thermo Fisher Scientific) with 0.04 % formic acid and ACN (VWR Chemicals), eluent B
consisted of 98 % ACN and water, and the injection volume was 10 uL. Column temperature was held at 40 °C. The
HESI source was used in negative mode, resulting in the formation of deprotonated molecular ions. Sheath gas and
auxiliary gas pressure was 40 and 20 a. u. (arbitrary unit) respectively. The temperature of the auxiliary gas heater
was 150 °C and the capillary temperature was 350 °C. The sprayer voltage was set to —4.00 kV. To further enhance
255 ionization, a post-column flow of 50 mmol L~' NH4OH in MeOH was added after 1 min at a flow rate of
0.1 mL min~'. The following H,O/ACN chromatography gradient was used: Starting with 30% B isocratically for 1
min, increasing to 80% at 10 min, then to 100% at 11 min, and back to 30% B at 11.5 min allowed to equilibrate to
initial conditions for 1 min. The first minute of eluent was ejected to waste to reduce excess unreacted DNPH being
fed into the HRMS. The mass traces used to identify the species in this experiment can be found in Table S2 in the

260 Supplementary Materials.

2.6 Calculations

The partitioning coefficient between the gas and ice phase K was calculated by the equation:

_ PiceCice (7)

MiceCgas

where Cic. is the absolute mass of the analyte in ice (ng), pic. is the density of ice at the experimental
265 temperature (0.9194, 0.9200, 0.9208 g cm™>), Cqas is the concentration of the analyte in the gas phase (ng m~), and
mic. is the total mass of ice (g). For proper unit conversion, a factor of 10° is applied for the conversion of m? to cm™
3. Practically speaking, K is also used as a sorption coefficient or a dimensionless uptake coefficient with respect to

the removal of trace gases in the upper atmosphere. A larger value for K indicates more uptake into the ice phase.

Strictly speaking, chemical uptake on growing ice crystals is a stationary state and not an equilibrium.
270 However, diffusional crystal growth is slow relative to other modes of freezing (day vs. ms timescales) and so the
system can be approximated as an equilibrium state (Dominé and Thibert, 1996; Fries et al., 2007; Huffman and
Snider, 2004). Then as a thermodynamic equilibrium, K can also be used to calculate the Gibbs energy (AG) of the

uptake process at each temperature. This is a direct calculation using the equation:
AG = —RTIn(K) ®)

11
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275 where T is temperature (K) and R is the ideal gas-constant (8.31447 J K™! mol™). These values describe the
energy available for the uptake process. Positive values of AG indicate the analyte favors the gas phase while
negative values of AG indicate the analyte favors the ice phase. Even lower, more negative values of AG would

indicate more efficient uptake of the analyte into the ice phase.

Continuing the thermodynamic analysis, the theoretical temperature dependence of the sorption coefficient
280 K can be determined with the van’t Hoff equation, which when substituting with the Gibbs-Helmholtz equation

produces the following:

AH-TAS AH 1 AS
P N e

In(K) = RT RT 'R ©

where AH and AS are the heat of sorption and the sorption entropy respectively. Here the heat of uptake and

uptake entropy are used instead. Performing a linear regression of In(K) against 1/7 using the van’t Hoff equation

285 provides a slope of —~AH/R and an intercept of AS/R. Multiplying each of these values by —R and R respectively
produces the values of AH and AS. Increasing values of the uptake enthalpy AH and the uptake entropy AS along
with decreasing compound vapor pressure—i.e. the volatility of the pure analyte—can indicate that the uptake of the
analyte is dependent on the physical parameters of the compounds and ice surface. Specifically, these are the
parameters that determine thermodynamic sorption such as temperature, molecular mass, ice surface coverage,

290 surface morphology and porosity, surface crystallographic phases, quasi-liquid layer behavior, and crystal
imperfections (Behr et al., 2006; Fries et al., 2006; Orem and Adamson, 1969; Sokolov and Abbatt, 2002). However,
lower values of AH and poor linear regression can be a sign that the uptake process cannot be exclusively described

by thermodynamic sorption.

3 Results and Discussion
295 3.1 Ice Crystal Growth
Nine ice samples were grown in the presence of vapor phase carbonyl compounds. While the target gas
concentration for each species was 10 ppbv, the actual (excluding glyoxal) concentrations as referenced against

denuder #1 was 11.5 + 2.5 ppbv on average. The actual gas concentrations for each species can be found in the

300 Supplemental Materials. The typical ice yield at —20 °C was calculated to be roughly 3.07 g while the actual yield

12
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was measured to be 5.77 + 0.45 g on average. The corresponding theoretical and actual crystal growth rates were
128.1 mg hr 'and 237.8 mg hr ! at 1.55 & 0.14 hPa water vapor pressure (49.9 = 13.8 % S wrt ice). For —20 °C, the
actual ice yield measurement is strictly an overestimate as the refractive index measurement was closest to the
parabolic vertex of the water-MeOH mixture where small deviations in the refractive index produce large

305 differences in the estimated water content. At —30 °C, the calculated ice yield was 1.13 g while the average actual
yield was 1.07 £ 0.52 g. The corresponding theoretical and actual crystal growth rates were 47.1 mg hr ' and 44.6
mg hr ! at 0.57 = 0.05 hPa water vapor pressure (49.6 + 14.1 % S wrt ice). For —40 °C, the calculated ice yield was
0.79 g while the actual was 0.57 + 0.11 g. The corresponding theoretical and actual crystal growth rates were 16.4

mg hr 'and 11.8 mg hr " at 0.20 + 0.01 hPa water vapor pressure (54.9 5.9 % S wrt ice).

310 The lower actual ice yield than calculated is most likely due to deposition losses on non-extractible surfaces
of the apparatus such as the caps of the flowtube or excess tubing inside the insulated chamber. Deposition of
ambient humidity during sample extraction appears to be much lower than the losses present in the experimental
setup. On average, the vapor deposition efficiency—that is the percent difference between the input and exhaust
water vapor concentration, presumed to be the percentage of water deposited as ice—was 46%. This value never

315 deviated more than 8% over the course of all experiments. This is potentially a geometric constraint of the flowtube

apparatus as this value did not appear to change with temperature, flow rate, nor experiment time.

The size of any individual crystal was too small to reliably determine crystal morphology with
nondestructive methods as the entire crystal yield was thinly coated over the entire interior surface of the flowtube
(approximately 785 cm?). This produced an ice coating that was typically less than 1 mg cm™2 and often not evenly

320 distributed across the surface of the flowtube. While true morphology could not rigorously be determined,

nucleation sites where crystal growth was quicker along with areas with needle-like structures were observed.

3.2 Ice-Gas Partitioning Coefficients

325 To establish background signal during uptake experiments, ice crystals were grown from pure LC/MS

grade water in three separate experiments at —20 °C without organic gases. The signals in the ice blanks and clean
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denuder extract were in the same range as analytical blanks, which were all below detection limits. This

demonstrates that no measurable contamination occurred during crystal growth or sample extraction.

At 20 °C (3.949 x 103 K), all compounds showed a K < 1. At lower temperatures, the K for all

330 compounds increased except for MVK. This matches the expected behavior for exothermic deposition processes.
Table 1 shows the calculated values for K at each temperature while Figure 2 plots these values against each other as
a van’t Hoff plot. Values of K > 1 or In(K) > 0 indicate net uptake of the compound into the ice phase. Conversely,
values of K < 1 or In(K) < 0 indicate negligible uptake and that the compound favors remaining in the gas phase. At
30 °C (4.112 x 1073 K"), formaldehyde is favorable to deposit to the ice phase while acetaldehyde reaches

335 conditions where K is close to 1 and the amount deposited to the ice phase and that remaining in the vapor phase are
roughly equal. While formaldehyde is still mainly present in the gas phase at —20°C (3.949 x 107 K1), deposition of
formaldehyde in the ice phase is favored from about —30°C (4.112 x 1073 K"), while at this temperature
acetaldehyde reaches conditions where X is close to 1 and thus the amount deposited in the ice phase and the amount
remaining in the gas phase are approximately equal. At —40 °C (4.288 x 10° K'), glyoxal and diacetyl also

340 approach the point where K is approximately equal to 1, while formaldehyde, acetaldehyde, acetone, and
propionaldehyde preferentially deposit in the ice phase. Formaldehyde is the only species, however, that strongly
favors the ice phase with a K value in the order of 102, while the other values are still around 10° or far below.
Formaldehyde is thought to be the main source of OH radicals in the upper troposphere (Cooke et al., 2010; Fried et

al., 2016). It then is likely that this ice uptake could be a significant influence on OH radical formation in the upper

345

troposphere.

Table 1. Average Ice-gas partitioning coefficients from uptake experiments at different temperatures

K at —20 °C K at —30 °C K at —40 °C
MVK (221+123)x 107 (2.05+2.08) x 10 (9.01 +8.26) x 10
Acetaldehyde (127 £0.35)x 10! 0.98 + 1.37 3.10+ 1.62
Acetone (1.87 % 0.54) x 10! (2.92+3.84) x 10! 2.14+236
Benzaldehyde (7.68 + 2.86) x 105 (6.64 + 4.98) x 10 (143 + 1.14) x 102
Camphor (5.08+0.70) x 10+ (6.99+7.67) x 1073 (5.97 +4.25) x 10°2
Diacetyl (3.69 £ 1.13) x 107 (3.17 + 2.94) x 102 133+ 1.10
Formaldehyde (2.10 4 0.62) x 10! (138 + 1.98) x 10 (1.03 % 0.63) x 10?
Glyoxal (9.01 +£1.22) x 1073 (6.78 + 2.45) x 102 1.05 + 1.54
Hydroxyacetone (1.64 % 0.23) x 1073 (2.34+3.12) x 102 (3.55+4.63) x 10!
Methacrolein (3.94 +1.89) x 1073 (115 + 1.43) x 10 (2.10 £ 3.06) x 10"
Methylglyoxal (7.29 + 2.99) x 103 (5.61 +3.65) x 102 (3.95 + 3.40) x 10°!
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Nopinone (9.28£2.39) x 10°° (1.10£0.67) x 10°* (1.65 £ 2.44) x 107
Norcamphor (432+2.07)x 10°5 (9.05£2.72) x 10° (6.15+7.59) x 1073
Propionaldehyde (138 +1.25) x 10°! (2.11 +£2.30) x 10”! 2.93+3.23

Every measured species except for MVK displays a strong correlation of In(K) with inverse temperature
350 and can likely be exclusively described by thermodynamic sorption. Furthermore, the uptake of these species can
almost exclusively to attributed to codeposition during crystal growth as sorption on nongrowing crystals has been
demonstrated to be insignificant or completely reversible for almost all chemical species studied. This specifically
includes acetone, acetaldehyde, formaldehyde, and benzaldehyde (Fries et al., 2006; Hudson et al., 2002; Roth et al.,
2004; Winkler et al., 2002). MVK however shows a weak negative trend with inverse temperature with a

355 nonsignificant correlation.

This observation of strong correlations with inverse temperature could indicate that K is controlled by
transport, specifically if analyte transport is limited by accommodation at the ice-air interface (Davidovits et al.,
2006; Jayne et al., 1991). The absence of this correlation for MVK complicates this view. However, this could be
explained by kinetic control resulting from transport phenomena occurring in either the gas or solid phases, i.e.
360  processes that change the rates of transport of MVK relative to water rather than a K that is controlled by an
equilibria established between MVK and water. However, without sufficient evidence for a mechanism of kinetically

controlled transport, the measurements of K here will be interpreted using equilibrium thermodynamics.
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Figure 2. Van’t Hoff plot of inverse temperature (K™') against the natural log of the calculated partitioning coefficient K

(unitless)

370 3.3 Thermodynamic Results

Tables 2 and 3 apply the thermodynamic analysis from Eqs. 7 and 8 to the data given in Table 1 and the

linear regressions seen in Figure 1. Table 3 contains the slopes, intercepts, and regression coefficients (1?) for the

linear regressions in Figure 1 as well as the calculated uptake enthalpy (AH) and uptake entropy (AS) produced by

375 Eq. 8. Table 2 provides the AG values produced by applying Eq. 7 to the partitioning coefficients given in Table 1. In

Table 2, a AG > 0 indicates unfavorable uptake of the species into the ice phase while AG < 0 indicates favorable

uptake into the ice phase. At —20 °C, it is not favorable for uptake into the ice phase to occur for any species. At —30

°C, it is thermodynamically favorable for formaldehyde to be taken into the ice phase. At —40 °C, glyoxal, diacetyl,

formaldehyde, acetaldehyde, acetone, and propionaldehyde are thermodynamically favorable to be taken into the ice

16



https://doi.org/10.5194/egusphere-2025-1425
Preprint. Discussion started: 3 April 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

380  phase. Interpolating for these species, it becomes favorable to deposit acetaldehyde, acetone, and propionaldehyde
into the ice phase between —32 °C and —35 °C while formaldehyde begins to deposit at —24.3 °C. Both glyoxal and
diacetyl deposit at approximately —40 °C. Since cirrus clouds often can occur at temperatures such as —60 °C and
lower, this data implies that uptake at those temperatures could significantly affect the availability of these species.
With these carbonyls being the typical source of atmospheric OH radicals, this would significantly reduce the

385 availability of OH radicals within cirrus clouds.

The other species—MVK, benzaldehyde, camphor, hydroxyacetone, methacrolein, methlyglyocal,
nopinone, and norcamphor—were unfavorable to deposit into the ice phase under any of the conditions studied here.
Extrapolating based on the linear regression in Table 3, the estimated temperature below which it is favorable to
deposit the species (excepting MVK) is presented in Table 2. For these species, they would presumably become

390 favorable to deposit into the ice phase within the range of —43 to —61 °C, which is within the natural range for cirrus
clouds. With MVK having both a poor regression (r* = 0.1235) and nonexothermic behavior, the temperature at

which AG = 0 cannot be meaningfully extrapolated.

Table 2. Calculated AG of uptake at different temperatures.

AG (kJ mol™) Calculated 7 where AG =0

Temperature (°C) -20 =30 —40 (°C)
MVK 8.0 12.5 9.1 -

Acetaldehyde 4.3 0.1 2.2 -32.2
Acetone 3.5 2.5 -1.5 -354
Benzaldehyde 19.9 14.8 8.2 —543
Camphor 16.0 10.0 5.5 -49.9
Diacetyl 11.8 7.0 —0.6 -39.6
Formaldehyde 33 =53 -9.0 -243
Glyoxal 9.9 5.4 0.1 —40.1
Hydroxyacetone 13.5 7.6 2.0 -43.4
Methacrolein 11.7 9.0 3.0 —47.3
Methylglyoxal 10.4 5.8 1.8 -43.9
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Nopinone 24.4 18.4 12.4 —60.7
Norcamphor 21.2 18.8 9.9 -56.5
Propionaldehyde 4.2 3.1 2.1 —34.8

395
Table 3. Slopes (AH/R), intercepts (AS/R), and regression coefficients (r?) of regression lines from Figure 1, calculated
uptake enthalpy (AH), and uptake entropy (AS).

-AH/R (K)  AS/R r? AH (kJmol™)  AS (Jmol'K™)

MVK —2486.8 533 0.1235  20.68 44.4
Acetaldehyde 9392.4 -3899 09672 -78.09 —324.2
Acetone 7256.3 -30.59 0.8972 —60.33 -254.4
Benzaldehyde 15452.5 —70.64 0.9941 12848 —587.3
Camphor 14040.3 —62.93  0.9934 -116.74 -523.2
Diacetyl 17426.7 —74.67 0.9830 —-144.89 -620.9
Formaldehyde 18197.2 -73.02 09508 —-151.30 —607.1
Glyoxal 14049.0 -60.30  0.9960 —116.81 -501.3
Hydroxyacetone 15872.3 —-69.09 09997 -131.97 —574.4
Methacrolein 11804.2 -52.45 0.9450 -98.15 —436.1
Methylglyoxal 11766.5 -51.36  0.9987 -97.83 —427.0
Nopinone 15285.4 -71.97 1.0000 —-127.09 —598.4
Norcamphor 14765.6 -68.95 0.8752 —-122.77 -573.2
Propionaldehyde 9111.8 -38.34 0.8690 -75.76 —318.7

400 All linear regressions calculated in Table 3 except for MVK have r? greater than 0.86 which indicate good

linearity. The weakest regressions include norcamphor, propionaldehyde, and acetone which are between 0.869 and

0.897 while all the other regressions are above 0.945; those above 0.993 are benzaldehyde, camphor, glyoxal,

hydroxyacetone, methylglyoxal, and nopinone. It can then be concluded that the ice-gas partitioning of all the

species studied here except for MVK can be explained by the thermodynamic parameters of bulk uptake. The
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405 calculated AH and AS are then accurate descriptions of the thermodynamic process for these species’ uptake in the
ice phase. AH and AS are negative for all species except MVK and are within the ranges of —60 to —151 kJ mol™ and
254 to 621 J mol™' K™! respectively. These values indicate that at increasingly colder temperatures the uptake of all

these species becomes more efficient and uptake decreases at warmer temperatures.

For MVK, since the linearity of the regression is poor, thermodynamic discussion of its measured

410 partitioning coefficients is limited. Taking the calculated AH and AS at face value suggests that MVK behaves
endothermically, and that uptake decreases at colder temperatures. This positive correlation with temperature has
also been seen in the uptake of C;—Cs-alkanols (Huffman and Snider, 2004), which is contributed to weakened
water-water bonding when incorporated into ice due to supposed hydrogen bonding. MVK as a ketone is a hydrogen
bond acceptor, as are the other ketones and aldehydes in this study, so this weak correlation is unlikely related to

415 hydrogen bonding effects. More importantly, MVK is demonstrated to efficiently undergo functionalization and
oligomerization in the aqueous phase through photooxidation (Renard et al., 2014). It is then a possibility that this
photodegradation process is the main cause of the weak correlation that MVK has with inverse temperature.
However, other similar compounds such as glyoxal and methacrolein also have demonstrated efficient
functionalization and oligomerization through photooxidation but they do not exhibit the same poor regression as

420 MVK.

3.4 Entropy-Enthalpy Compensation

Plotting the calculated AH and AS, as seen in Figure 3, demonstrates an apparent entropy-enthalpy

425 compensation (EEC) effect, where AH scales proportionately with AS. This relationship appears to also extend to the
calculated AH and AS for MVK. This form of linear correlation between AS and AH, where it arises for a series of
homologous compounds employed in a process, is referred to as the strong form of EEC (Sharp, 2001). This
compensation effect appears to have good linearity with an r? of 0.9809 with no noticeable outliers with a
compensation temperature (i.e. slope; Tc = dAH/dAS) of 235.5 K. EEC however has been known to arise

430 artifactually with high r? and is often controversial (Grunwald and Steel, 1995; Krug et al., 1976; Leffler, 1955;
Leung et al., 2008; Liu and Guo, 2001; Moulik et al., 2019; Pan et al., 2015; Sharp, 2001). This is because methods

such as van’t Hoff analysis are indirect and do not measure AH and AS independently. Thus, for measurements on a
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limited temperature range, true observation of AH and AS can be obscured by trivial correlation arising from larger
errors in determining AH than AG rather than some extra-thermodynamic mechanism of EEC (Sharp, 2001).

435 Additionally, the assumption in van’t Hoff analysis that AH° is constant (i.e., the heat capacity change is negligible)
may be invalid (Leung et al., 2008). Therefore, it is critical to evaluate EEC occurrence through statistical methods.
For brevity, many of the specifics of this analysis has been moved to the Supplementary Materials under Section S1.

The most relevant aspects and conclusions are presented here.
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Figure 3. Enthalpy versus entropy plot using the AH and AS determined from the Van ‘t Hoff plots in Figure 2

To rigorously investigate EEC, the simple statistical verification of EEC provided by Griessen and Dam

445 (2021) is applied to this data. The calculated dimensionless coalescence location parameter and Compensation
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Quality Factor pair (k, COF) for this data is (—0.278, 0.062); which when plotted on Griessen and Dam’s confidence
contours, lies outside the 99% confidence contour for n = 12 (This dataset is n = 14). This indicates that there is 99%
confidence that the EEC seen here is not of statistical origin. For good measure, if the data from Fries et al. (2007) is
included in the (k, COF) calculation, the calculated (k, COF) pair is (—1.264, 0.205) and lies even further from the
450 99% confidence contour for n = 12 (This dataset is n = 18). From this statistical analysis, it can then be rigorously
stated that the EEC seen in ice-gas partitioning is not artifactual in origin and likely has an extra-thermodynamic

mechanism.

While an initial explanation of this mechanism might stem from a discussion on specific functional group-
driven interactions, the appearance of this EEC effect includes aromatic hydrocarbons in addition to the ketones and
455 aldehydes studied here. This could indicate that instead there may be weak, nonspecific supramolecular interactions.
A few such explanations for EEC that are applicable to ice-gas equilibrium have been discussed in literature. Firstly,
EEC due to solvation effects (i.e. solvent reorganization) are commonly discussed (Dragan et al., 2017; Leung et al.,
2008; Lumry and Rajender, 1970; Pan et al., 2015). These discussions often center around the concept that any
process that changes the free volume of nearby liquid water is inherently compensatory due to “structure making”
460 and “structure breaking” of hydration shells. This explanation of EEC for ice-gas partitioning during depositional ice
growth implies a surface liquid layer or quasi-liquid layer behavior. Indeed, there is already evidence for this as
Huffman and Snider (2004) observe that at temperatures colder than approximately —20°C there is overlap with

models describing uptake into a surface liquid layer.

Regardless of the specific mechanism of the EEC in this system, its presence does support (but does not
465 necessarily prove) that there is a single source of additivity for the series of compounds studied (Lumry, 1995).
Contrarily, there are also those who believe that EEC is not explainable and that it is an arbitrary phenomenon that

arises from narrow free energy ranges (Moulik et al., 2019).

3.5 Partitioning Coefficients versus Heat of Vaporization and Molar Mass
470

The values for K and InK at —20 °C were regressed with several physiochemical properties, specifically molar

mass (MM), HPLC retention time (RT), vapor pressure (P, at 25°C), heat of vaporization (AH%.,) (Chickos et al.,
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1995), van der Waals volume (Zhao et al., 2003), and Henry solubility (Sander, 2023). These regressions were also
made for K and InK at —30 and —40 °C, however all the notable trends are the same. Further, regressions were made
475 with uptake AH and AG, however the only significant correlations were from InK against InPy,y, MM, AH?,,, and
van der Waals volume (n = 14, r> = 0.749, 0.737, 0.711, 0.702 respectively). InP,,, positively correlates while the
rest of these properties all correlate negatively with InK, indicating a relationship where larger compounds have
lower uptake into ice and higher vapor pressures indicate more uptake. These correlations for MM and AH", at —20
°C are displayed in Figure 4 while the same for —30 and —40 °C are provided in the Supplemental Material as Figures
480 S3 and S4. The higher 1? for the regression against MM suggests that molecular size is the main contributor for
uptake of carbonyls as opposed to solubility or hydrogen bonding potential. The ability for ketones and aldehydes to
hydrogen bond is limited as they are only capable of being bond acceptors. If hydrogen bonding between analyte
and water played a significant role in the uptake process, then it would be expected that Henry solubilities would be
more relevant contributors. Since carbonyls are unable to form hydrogen bonds between themselves, it’s likely that
485 the correlation from AH,, is driven mostly from molecular size, as AH%,, is a property describing a pure substance.
In this case, MM and AH",, positively correlate with an 12 of 0.746 so their similar regressions are proxies of each
other. Further, the residuals of the regressions for both properties are very similar. Almost all compounds stay on the
same side of both regressions, i.e. few compounds change between positive and negative residuals. The exceptions
to this are MVK, methylglyoxal, and hydroxyacetone. MM and van der Waals volume also positively correlate with
490 an r? 0f 0.987, so van der Waals volume is considered a proxy for MM. InP,,, however negatively correlates with

MM with an r? of 0.778, so InP,,, can also be considered a collinear factor to MM.

The negative relationship of uptake with molecular size and positive relationship with vapor pressure is a
unique finding that may seem counterintuitive if not considering inclusion into the ice lattice structure. One might
expect that compounds with a higher affinity for the gas phase will remain in the gas phase and therefore have lower

495 uptake coefficients. However, the reverse is observed. Compounds with higher vapor pressures and lower masses are
more readily taken into the ice phase. If in order to be taken into the ice phase, a compound must be incorporated
into the ice crystal lattice structure, then this trend becomes more reasonable. Smaller compounds may induce less
deviation in lattice structure relative to the preferred ice crystal structure. It may then be energetically less favorable
for a larger compound to fit into the ice crystal as it forces a larger crystallographic defect. This trend might not be

500 expected if analytes are phase separated from the ice crystal in grain boundaries. This trend has been similarly
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hypothesized by Jost et al. (2017) for rime growth ice, but recent studies have not found this trend in rime growth ice

nor bulk phase liquid freezing (Borchers et al., 2024; Gautam et a., 2024; Seymore et al., 2024). Huffman and Snider

(2004) did not observe any specific dependence of uptake on compound saturation partial pressure nor molecular

mass for acetone, touluene, or the C|—C3 alkanols, but they observed a similar negative correlation with AH%, as
505 also seen here. Fries et al. (2007) did not observe any trends between the physical properties of aromatic

hydrocarbons and their uptake.

Enthalpy of Vaporization [kJ/mal]

0 10 20 30 40 50 60
0 T T T T T
=-0.2747 x +4.902
2 LI "
R? = 0.71045
\ @ MVK
A acelaldehyde
-4+ \%\ B acetone
*  benzaldehyde
B § #  camphar
. % E @® diacetyl
X | A formaldehyde
5 6 \ % | glyoxal
\ *  hydroxyacetone
AN *  methacrolein
&= \ x @ methylglyoxal
-8 - N, & nopinone
; -0.08 x +0.943 \ B norcamphor
R =0.73701 \ *  propionaldehyde
* T
-10 E ?
71 2 L 1 L L 1 é 1 é L 1

20 40 60 80 100 120 140 160 180 200 220 240
Molar Mass [g/mol]

Figure 4. Scatterplot of In(K) at —20 °C versus the heat of vaporization (red line) and molar mass (black line).

510 4 Conclusions

The uptake of carbonyls by ice crystals grown by deposition was studied at temperatures between —20 °C
and —40 °C. Ice was grown from the vapor phase in the presence of gas phase carbonyls using a flowtube apparatus

where ice saturation was controlled for a realistic saturation prevalent in in natural cirrus clouds. Uptake of the
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carbonyl compounds from the gas phase during crystal growth was observed. Performing this experiment at
515 different temperatures allowed for the entropy and enthalpy of uptake to be determined. A linear correlation between
AS and AH arose which was statistically validated and determined with 99% confidence that the EEC seen is not a
statistical artifact. This compensation behavior could be an indication of a surface liquid layer or quasi-liquid layer
behavior involved in this process; or it could also indicate a single dominant influence on a compound’s uptake. The
most significant chemical properties correlated with uptake were identified to be molecular size and vapor pressure.
520 Their relationship to uptake is indicative of incorporation into the ice crystal structure, as smaller compounds have

higher observed uptakes.

In agreement with previous studies, these results indicate that deposition into the ice phase is a possible
uptake process for organic compounds in cirrus clouds. Since ice growth in the troposphere at low temperatures is a
major contributor to precipitation, in-cloud scavenging is a plausible explanation for the occurrence of organics in
525 fresh snow (Roth et al., 2004; Su et al., 2021). Therefore, interactions of ice and organic compounds can influence
atmospheric transport and removal of those compounds from the atmosphere by deposition. The partitioning
coefficients observed here are however below,—by at least 3 orders of magnitude—the 10 mol m= Pa™' threshold
from Crutzen and Lawrence (2000) to be considered a substantial atmospheric removal process. For reference, the
partitioning coefficients reported here can be converted from dimensionless coefficients to mol m= Pa~! by dividing
530 by RT. Further, the uptake coefficients for carbonyls are on average smaller than those for aromatic hydrocarbons
studied by (Fries et al., 2007), which have already been estimated to be removed primarily by photochemical
processes rather than ice phase scavenging. While this removal process cannot be considered substantial in terms of

mass transport, it may be relevant as an influence on vertical tracer transport.

These measurements are exclusively a description of the gas to ice solid solution equilibrium and neglect
535 investigation of gas to liquid or liquid to ice equilibrium. These partitioning coefficients do not directly describe
whether a compound is actually incorporated into the ice crystal lattice or if it phase separates into crystal grain
boundaries, but only its uptake into the bulk phase. However, the negative correlation of molecular size and uptake
may suggest incorporation into the ice crystal lattice or void space. It is also difficult to say if this data describes

uptake into a liquid solution phase that coexists with ice, but the observed compensation effect may insinuate its
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540  presence. While the measurements here are for multicomponent mixtures of compounds, single component uptake is

likely the same, which is also supported by Huffman and Snider (2004).

Further investigation to determine the contribution of liquid layer influence should focus on measuring on
ice-specific surface area and the volume of solution associated with the liquid layer. Additionally, similar
experiments with other families of compounds are required to better understand the root of the compensation effect

545 seen here. Crystallographic analysis of this data may also yield more information about the ice uptake process. With
more investigation to reveal the main contributors of additivity, it seems possible that the EEC seen here could be

used to help model the uptake process with a significant degree of accuracy.
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4.2 Retention During Freezing of Raindrops, Part II: Investigation of
Ambient Organics from Beijing Urban Aerosol Samples

The following publication addresses the underrepresented topic of chemical retention
during drop freezing processes. Chemical redistribution between the liquid and gas phase
during freezing is not fully understood, particularly for the wide variety of atmospheric
organics. This is despite its relevance to the vertical redistribution of organics along the
UTLS and its support of new particle formation in convective outflows, thereby its

subsequent role in radiation scattering and cloud condensation nucleation.

We conducted laboratory studies on the chemical retention of water-soluble
compounds sampled from ambient Beijing aerosols during drop freezing experiments in an
acoustic levitator setup. An aqueous extract of filter samples collected from PM2.5 Beijing
aerosols was introduced via syringe into an acoustic levitator housed inside a cold chamber
held at —15°C. The contact-free single-drop was allowed to freeze without the introduction of
artificial freezing nucleator and then collected for comparative analysis with the native
extract. The samples were then chemically analyzed with ultra-high resolution mass
spectrometry and the retention coefficients determined. Our results show that the retention of
WSOC forms a real, nonnormal distribution up to 1 and that raindrop freezing does not have
a sigmoidal relation with effective Henry’s Law solubilities. This contrasts with the behavior
currently described in the literature specifically for cloud droplets. Our data also shows that
different classes of organics may have different distributions of retention coefficients. For
example, nitro and sulphate substituted species—often the products of anthropogenically
related NOx and SOx chemistry—are highly retained. This suggests that NOx and SOx
chemistry may enhance the retention of these SOA species and reduce their likelihood of
reaching the upper atmosphere. This contrasts with the wide distribution for CHO groups like

sugars, organic acids, and terpenoids with highly variable retentions.

I was the main contributor to this publication. Specifically, I along with MG, MS, AT
designed the experiments; I along with JM prepared the samples for experiments; I along
with JM, AV conducted the analytical measurements; I analyzed the data and wrote the

manuscript draft; I along with MG, MS, AT, JM, AV, TH reviewed and edited the manuscript.

Supplementary material supporting this manuscript can be found in Section 8.
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Abstract

The freezing of hydrometeors incurs certain water-soluble organic compounds dissolved in the

supercooled cloud droplets to be released into the gas phase. This may lead to the vertical redistribution of

15  substances that become available for new particle formation in the upper troposphere. Drop freezing
experiments were performed on the Mainz Acoustic Levitator (M-AL) using aqueous extracts of ambient
samples of Beijing urban aerosol. The retention coefficients of over 450 compounds were determined.
Most nitroaromatics and organosulfates were fully retained along with the aliphatic amines (AA) and
higher-order amines and amides while sulfides, lipids, aromatic hydrocarbons, and long chain compounds

20  are among the most unretained and incidentally the fewest species observed. The findings here also
indicate that NOx and SOx chemistry, particularly anthropogenically related, enhances the retention of the
resulting secondary organic aerosols (SOA). A positive correlation between polarity and freezing
retention along with a negative correlation with vapor pressure and freezing retention was observed. No
sigmoidal relationship with effective Henry’s law constant was observed which differs with the

25  parameterizations of riming retention presented in current literature, which is justified by the lower

surface-to-volume ratio of the large drop size investigated.
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1 Introduction

Atmospheric organic matter (OM) plays a critical role in climate regulation directly through
radiation scattering and indirectly through cloud condensation nucleation which impacts Earth’s energy
30  balance through radiative forcing (Fofie et al., 2018; Liu et al., 2018). These effects are controlled by
factors such as their optical properties, size, and the hygroscopicity (Dusek et al., 2006; Sun et al., 2021),
which can change based on the proportions of primary organic aerosols (POA)—directly emitted
aerosols—and secondary organic aerosols (SOA)—aerosols formed from the oxidation products of
volatile organic compounds (VOC) as part of new particle formation (NPF) (Hallquist et al., 2009; Liu et
35 al, 2021; Rivaetal., 2019). Convective systems have been suggested to support NPF in the outflow
region by reducing existing particle concentrations, facilitating cold temperatures, and transporting

reactive gases into regions with high actinic fluxes (Clarke et al., 1998; Zheng et al., 2021)

Nucleation-mode particles—with sizes in the lower tens of nm—have consistently been observed

in concentrations of up to 10* cm™ from aircraft in the upper troposphere (Andreae et al., 2018; Andrés

40  Casquero-Vera et al., 2020; Clarke et al., 1999; Heitto et al., 2024; Weigel et al., 2011; Williamson et al.,
2019). These measurements significantly exceed the corresponding concentrations in the planetary
boundary layer and indicate that the main source of such ultra-fine particles in the upper troposphere is in
situ NPF rather than their direct transport from the boundary layer (Bardakov et al., 2021). The traditional
explanation for this phenomenon has been that the reduction of existing aerosol particles in deep

45 convective clouds eliminates removal processes for small particles and condensable vapors, supporting
NPF (Clarke et al., 1998). However, Williamson et al. (2019) also showed that even without these
conditions, such as in tropical convection, these newly formed particles can still be found. They then
argue that most models underestimate available organic matter at high altitudes and as a result predict less
NPF in these regions. If this NPF is the result of an overlooked mechanism of organic matter transport, it

50 s then critical to elucidate this mechanism so to constrain uncertainty around the influence of high

altitude NPF from convective outflows (Bardakov et al., 2021).
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Publications by Borchers et al. (2024) and Jost et al., (2017) have demonstrated a potential
mechanism for organic matter transport in mixed-phase clouds. They describe how organic compounds
that are exchanged between the gas and aqueous phase in cloud droplets can either be trapped in the ice

55  phase during freezing—washing them out by precipitation—or return to the gas phase by volatilization.
This revolatilization incurred by the freezing process leads to a vertical redistribution and has the
potential to explain the occurrence of organic matter at high altitudes in regions with deep convection.
Alternatively, earlier publications by Pruppacher and Klett (2010) and Snider and Huang (1998) have
suggested that complete sublimation of ice particles can also transport ‘retained’ compounds trapped in

60  the ice phase and release them at high altitudes.

In convective clouds the main formation pathway of precipitation-size ice particles is riming, i.e.
the freezing of supercooled pm-sized cloud droplets on the surface of a mm-sized ice particle. Thus,
riming retention is an important process for the vertical redistribution of water-soluble organic
compounds (WSOC). Convective clouds with warm bases favor the formation of mm-sized drops by

65  collision-coalescence (Lamb and Verlinde, 2011), which subsequently can be uplifted in the updraft to
regions with temperatures below 0°C. Once beyond the freezing level they can freeze and thereby release
dissolved matter into the gas phase. This identifies freezing retention of mm-sized drops as a potential
contributor to the vertical redistribution of WSOCs and was experimentally investigated in the present

study.

70 The proportion of a substance that remains in the ice during this phase change is described by the
retention coefficient R, which indicates the percentage of the trapped substance with a value between 0
and 1 (Bela et al., 2018; Iribarne and Pyshnov, 1990; Snider et al., 1992; Stuart and Jacobson, 2004). A
species’ retention is influenced by its chemical properties, such as its dimensionless effective Henry’s law
solubility constant (H*), as well as the physical properties of the droplet such as temperature, liquid water
75  content, droplet size, and ventilation. Substances with a small H* are more likely to return to the gas

phase during riming, which results in a lower retention coefficient. Additionally, these external and
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physical conditions of the droplet disproportionally influence the retention for these small H* substances

(Jost et al., 2017; Stuart and Jacobson, 2003, 2004)

Current experimental studies to determine retention coefficients for atmospheric constituents and

80  relevant SOA precursors have focused on inorganic species, small organics, or single component mixtures
with significantly higher than natural concentrations. Additionally, current studies have only examined
retention in droplets within natural cloud size range rather than raindrop sizes. The few studies that look
at complex mixtures are limited to compounds of similar families and only a handful of species (Borchers
et al., 2024). Naturally occurring atmospheric constituents that are observed in rainwater are present as

85  complex mixtures of potentially thousands of species (Seymore et al., 2023). To get closer to observing
the retention of compounds in their natural conditions, this study presents measurements of retention
coefficients for a real, complex mixture of WSOC extracted from filter samples taken in an urban

environment.

90 2 Methods

2.1 Sampling Location and Method

A high-volume sampler (HiVol) was run with quartz fiber TSP filters over three nights between
March 3 and 5, 2022 in Beijing, China (40.0426° N, 116.4197° E) for an approximate sample volume of
550 m® between the hours of 21:00 to 9:00. These filters were sealed in aluminum foil and stored at -20°C
95  until analysis. Aqueous extracts of these filters were prepared by taking 1/4 of each filter, combining them
(in total 3/4 of a 203 x 254 mm filter area) in 30 ml Milli-Q water, and then extracting with an orbital
shaker for 15 min. The same was performed for a blank sample; a total 3/4 of unsampled filter area was
extracted in 30 ml Milli-Q water for 15 min. These extracts were filtered through a 0.2 pm PTFE filter. 10

ml of the prepared extract was reserved for Ultra-High Performance Liquid Chromatography High-
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100  Resolution Orbitrap Mass Spectrometry (UHPLC-HRMS) analysis and stored at 3 °C while the remaining
20 ml was sent to Institute for Atmospheric Physics at the Johannes Gutenberg University of Mainz,

Germany for freezing experiments.

2.2 Mainz Acoustic Levitator (M-AL)

105 Freezing experiments were performed in an acoustic levitator (APOS BA 10, tec5 GmbH). This
allows contact-free single-drop levitation maintained by a standing ultrasonic wave. This setup and its
relevant physical influences are described in detail by Diehl et al., (2014), Szakall et al., (2021), and in
part 1 of this publication series by Gautam et al. (2024). For the freezing experiment, the M-AL is placed
inside a walk-in cold room where the ambient temperature was set to -15°C. The M-AL is surrounded by a

110 protective acrylic housing to prevent any disturbance from air motion which may cause unsteady
temperature conditions, unstable levitation, or carry unwanted ice-nucleating particles onto the drop
surface. Air temperature in the M-AL was measured by a PT100 sensor and an infrared thermometer (KT

19.82 11, Heitronics) was used to monitor drop surface temperature.

The aqueous filter extract was injected with a syringe into the M-AL node to form a single free-
115  floating drop with a diameter of 2 + 0.1 mm. The drop was allowed to freeze without the introduction of
artificial freezing nucleator. Freezing time was approximately 90 seconds on average but not longer than 3
min. Once the drop was fully frozen, it was removed from the M-AL and stored in a
polytetrafluoroethylene (PTFE) vial at —20°C until analysis. Enough drop to reach the minimum viable
sample volume for analysis, 50 pl, were collected to produce a single sample (approximately 12 drops).
120 Two full samples were collected for UHPLC-HRMS analysis. The blank filter extract was also used in the
freezing experiment to produce two more travel blank samples for comparative analysis and background

subtraction.
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2.3 UHPLC-HRMS analysis

125 In addition to the M-AL frozen extract and the travel blanks, 100 pl of the reserved extract and
Milli-Q solvent was analyzed by UHPLC-HRMS. Chromatographic separation was performed (Vanquish
Flex, Thermo Fisher Scientific Inc.) on a reversed phase column (Cortecs Solid Core T3, 2.7 um, 150 x 3
mm, with the corresponding VanGuard Cartridge, Waters Corp.). Samples were ionized in negative and
positive mode using a heated electrospray ionization source (HESI-II Probe, Thermo Fisher Scientific

130 Inc.) and then detected with a high-resolution hybrid quadrupole-Orbitrap mass spectrometer (Q Exactive
Focus, Thermo Fisher Scientific Inc.). The chromatographic settings and gradient are as follows: LC
solvent A: ultrapure water with 0.1% formic acid; LC solvent B: methanol with 0.1% formic acid; Flow
rate 400 ul min™'; pre-column heater and post-column cooler 40 °C; Gradient: 0 min 1% B; 1 min 1% B;
15 min 99% B; 16.5 min 99% B; 17.5 min 1% B; 20 min 1% B. The MS settings were at fullMS scan

135 (m/z 50-750; resolution 70k) along with data-dependent MS2 in discovery mode (resolution at 17.5k) for

acquiring fragmentation spectra of the largest peaks.

2.4 Non-targeted Analysis and Property Estimation

Compound identification confidence is communicated here using the convention described in
140  Schymanski et al., (2014). The raw UHPLC-HRMS files were processed on Compound Discoverer 3.3
(Thermo Fisher Scientific). This software aligned chromatographic peaks of interest with a maximum
shift of 0.1 min in retention time and a mass tolerance of £2 ppm. Mass traces with retention times less
than 1.8 min were excluded as they are not considered to be chromatographically separated. lons were
detected if the peak intensity was at least 5x10° counts for [M—H]~ for negative mode or [M+H]" and
145  [M+Na]" for positive mode. In addition to the mass-to-charge ratio of the detected ion, at least one
corresponding isotopologue had to be measured. The tolerance between the measured and calculated

intensity of the isotopologue was less than 30 %. These unknown compounds were then grouped with a
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retention time tolerance of 0.1 min to produce a merged MS feature and those of them with a sample-to-
blank ratio smaller than 5 were marked as background and removed from the dataset. Any compounds
150  that did not appear in the reserved sample of filter extract were also removed from the dataset. A peak
quality score was given on a scale of 0 to 10—with 10 being a perfect chromatographic peak—for each
mass trace based on its peak shape qualities, e.g. peak jaggedness, modality. For all mass traces with a
peak quality higher than 6 in all samples, a predicted composition for each mass trace was calculated
within £2 ppm with the allowed elements of carbon (C), hydrogen (H), nitrogen (N), oxygen (O), and
155  sulfur (S). Compounds were grouped together as CHO, CHNO, CHOS, and CHNOS. It is important to
note that phosphorus (P) containing species were not considered for this study. All level 5 (L5) or higher
compounds including any mass traces that did not fit a predicted composition within +2 ppm were used
for calculating retention coefficients using their integrated MS signals. Level 4 (L4) or higher compounds
with determined compositions were used for Van Krevelen and Kroll analysis to highlight the validity of
160  the dataset as a real, complex mixture of urban-influenced WSOC. To aid the visualization of MS data, a
Van Krevelen diagram cross-plots the H:C ratio as a function of the O:C ratio while a Kroll diagram
cross-plots the estimated average carbon oxidation state as a function of the number of carbon atoms. An
estimated vapor pressure at 298 K was then calculated for the elemental composition based on the

parameterization by Li et al. (2016).

165 The predicted compound list was then matched against the mzCloud database (HighChem LLC,
2013-2021) for comparing MS? spectra. If a compound had at least one positive match with the predicted
compound in either database as well as a peak quality score above 8 in the reserved extract, this level 3
(L3) or higher tentative candidate was selected to be used for calculating its effective Henry’s law
constant (Ku , mol Pa™! m™). These properties were predicted using the HENRY WIN™ model as part of

170  the EPI Suite™ package which provides the values at 298 K (US EPA, n.d.). If the EPI Suite™ was able

to find an experimental value based on a CAS lookup match, those values were used over the model
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prediction. This is only applicable to the minority of identified species. The effective Henry’s law

solubility was converted to a dimensionless effective Henry’s law constant (H*) using the equation:
H* = Ky * RT )

175  Where R is the ideal gas constant (8.3144626 m® PaK ' mol ') and T is temperature (K). This conversion
allows for a dimensionless comparison and considers dissociation and hydration effects. This calculation,
however, requires structural information about a compound. As a result, performing this calculation on a
L3 tentative structural candidate can be specious or misleading. Regardless, H* for structural isomers
using HENRYWIN™ typically differs less than 3 orders of magnitude with an overall average of

180  approximately 1.5. This accuracy is sufficient for this analysis (Isaacman-Vanwertz and Aumont, 2021).

2.3 Retention Calculation and Tracer Corrections

The signals of species that also appeared in the travel blanks were first subtracted from the M-AL
samples to remove their ambient signal but remained in the dataset as they exceeded the sample-to-blank
185  ratio of 5 and could not be considered background. A naturally occurring tracer was selected from the
dataset for both positive and negative mode to correct for any dilution, evaporation, and desorption that
may occur. To be an ideal tracer, the compound should be fully retained during freezing and have an
adequate MS signal. For this work, the peak quality was required to be higher than 8 in the reserved
extract and for there to be a positive database match for the predicted composition. For negative mode,
190 this tracer was 4-Nitrophenol (C¢HsNO3, 139.0269 m/z, 9.7 min, L3). This was chosen as previous
experiments by Borchers et al., (2024) have identified this compound to have a retention coefficient of
1.01 £+ 0.07 during riming experiments, where desorption and evaporation effects are likely to be more
influential than in the present experiment due to enhanced ventilation and much smaller droplet size. For
positive mode, xylitol (CsHi20s, 152.0685 m/z, 1.6 min, L3) was selected as the tracer as its H* has been

195  determined to be higher than 10® (Compernolle and Miiller, 2014), which according to Borchers et al.,
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(2024) and Jost et al., (2017) indicate its retention coefficient can be safely assumed to be 1, even under
the higher exchange conditions of wind tunnel experiments. Regardless of the accuracy of the L3-
assigned structure, these tracers represent species with retentions very close to 1 that allow for a reference

to that value to compare between samples and make corrections for non-freezing mass exchange.

200 The equation for calculating the retention coefficient is adopted from Borchers et al., (2024) and

Jost et al., (2017) and used here as

sample SRES
R = substance/ substance (2)
- Ssample/ SRES
tracer tracer

where the numerator describes the ratio between the peak area of the substance of interest in the ice

sample
substance

RES

sample (S ) and in the reserved extract sample (Sg,pstance)- 1he denominator describes the same

205  ratio but for the tracer (S:;Tgrl ¢/ SRES ). Since no dilution effects are involved in the measurement and
all samples are measured in the same aqueous matrix, signal ratios can be compared directly without a
calibration curve, provided that detector response is linear within the given range of measurement. Given
that ions below the threshold intensity of linearity were excluded from measurement, dynamic mass
calibration of the HRMS was performed prior to measurement, and that HRMS instruments of this

210  generation show linear dynamic ranges of at least five orders of magnitude (Kaufmann and Walker, 2017),
it is reasonable to assume linearity over the measurement range. As ventilation and evaporation effects are
quite low in the M-AL (Szakall et al., 2021), their effects are compensated for by the tracer.
Compensating for desorption effects is more complex. As desorption is thought to be driven mainly by
linear diffusion and thus enhanced by increased ventilation, species with higher than ambient

215  concentrations as well as species with higher vapor pressures are thought to be disproportionally
influenced. However, since the M-AL has little ventilation to enhance desorption, HiVol filter sampling

already bias against high vapor pressure species (Bidleman et al., 2020), and ambient filter sampling is

closer to ambient concentrations relative to previously simulated single component mixtures, desorption
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effects are only compensated for by the tracer and nonuniform desorption effects are considered

220  negligible.

Further data analysis was performed with MATLAB ver. R2023a. Distribution modeling was
performed using the Distribution Fitter from the Statistics and Machine Learning Toolbox 12.5, based on
the Stable Distribution and t Location Scale Distribution models provided in Univariate Stable

Distributions (2020) and Univariate Continuous Distributions (2015) (Nolan, 2020; Yee, 2015).

225 3 Results and Discussion

3.1 Dataset Description

In the negative mode, from over 2800 MS features measured, 548 significant, non-background
detected compounds were found. 208 met the peak quality constraints and were then used for analysis.
196 compounds (94%) had successfully assigned compositions and 77 were then selected for additional

230  property calculations.

In the positive mode, 342 significant, non-background detected compounds were found from over
1800 features. 250 met the peak quality constraints and were then used for analysis. 218 of those
compounds (87%) had successfully assigned compositions. 84 were then selected for additional property
calculations. Comparatively fewer compounds were assigned compositions in the positive mode as
235 phosphorous containing species were not considered. These can represent almost a third of positively
ionizable species in rainwater WSOC (Seymore et al., 2023) so it likely makes up a significant portion of

species variety that is not considered.

10
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Figure 1. (A) Scatter plot of HPLC Retention time (min) vs m/z ratio; (B) van Krevelen diagram of O/C

240

ratio vs H/C ratio; (C) Kroll diagram of number of C atoms against the average oxidation state of C; Left

panels are for negative ionization mode (—)HESI, right panels are positive ionization mode (+)HESI. Area

of the marker indicates relative intensity in the reserved extract while color denotes compositional class of

the assigned compound: Green for CHO, blue for CHNO, red for CHOS, yellow for CHNOS, magenta

for CHN, cyan for CH.

245

Figure 1 illustrates that the dataset is indicative of a typical urban influenced WSOC profile of a

dilute sample. In the negative mode, the most significant signals are several nitrophenols and

nitroaromatics; notably CcHsNO3 (139 m/z, 9.7 min, L3) and C¢HsN>Os (184 m/z, 10.3 min, L3) are

11
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tentatively identified as 4-nitrophenol and 2,4-dinitrophenol respectively. These nitrophenols ionize

250  efficiently in (—-)HESI which explains in part their prominence in Figure 1.B where they cluster around
0.6-0.9 H/C and are indications of biomass and fossil fuel burning emissions (Taneda et al., 2004). The
prominent CHOS compounds in the negative mode are alkylorganosulfates, notably CsHi204S (168 m/z,
8.4 min, L3) and CsH304S (210 m/z, 12.9 min, L3), which are typical markers of secondary processed
automobile and shipping traffic OM.(Blair et al., 2017; Qi et al., 2021) These can most easily be seen in

255  Figure 1.B above 2 H/C. Some of the other notable CHOS compounds below 2 H/C are terpene-derived
organosulfates such as camphorsulfonic acid (Ci1oHi604S, 232 m/z, 9.4 min, L2), which also demonstrate

secondary processing under urban conditions (Ilinuma et al., 2007; Surratt et al., 2007).

The most significant positive mode signals in Figure 1 come from caprolactam (C¢Hi1NO, 114
m/z, 7.0 min, L2) and several coumarin derivatives (CoH¢O», 146 m/z 7.4 min, L2; CoHsO4, 162 m/z, 10.9
260  min, L3; CoHgOs3, 164 m/z, 8.7 min, L3; Ci0HgO4, 192 m/z, 9.0 min, L3). Caprolactam is a cyclic amide
and indicative of industrial emission influence as it is primarily used for manufacturing synthetic fibers
but also used in numerous other manufacturing activities. Caprolactam is a monitored compound on the
hazardous air pollutants list by the United States Environmental Protection Agency (U. S. Environmental
Protection Agency, n.d.). Coumarin species are known brown carbon components and have biomass

265  burning sources as well as potential secondary pathways (Xing et al., 2023).

The several other prominent CHNO compounds are mostly amines, e.g. C11H23NO, (201 m/z, 3.6
min, L3), CoHi1NO; (165 m/z, 3.7 min, L3), DL-Stachydrine (C7H13NO>, 143 m/z, 1.8 min, L2), etc. This
is consistent with known amine-nitrate aerosol formation during winter months where there are sources of
amine salts and semi-volatile organic amine compounds, particularly in areas with high agricultural and

270  combustion emissions (Price et al., 2016). The other prominent CHNO compounds are tentatively
identified as amides such as Ci,H3N>O (206 m/z, 6.6 min, L3), Ci0H1sN>O (178 m/z, 4.2 min, L4),
C3H4N4O; (128 m/z, 1.8 min, L3), etc; which can either be further secondary products of AA (Price et al.,

2014) or the result of anthropogenic emissions (Li et al., 2022; Schollée et al., 2017). These amine and

12
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amides tend to have lower retention times and can been seen in the lower cluster in Figure 1.A. The CHO
275  species present are generally either aromatics or aliphatic acids and separate out as so in the van Krevelen
diagram in Figure 1.B, with aromatics below 1.5 H/C and acids above such as C12H2403 (216 m/z, 14.2
min, L3) and CoH;003 (166 m/z, 9.1 min, L3). Very few biogenic CHO species are present as there are
very few CHO species within 1.5-1.8 H/C that would indicate humics, ligins, or other raw biomass
markers (Qian et al., 2013). This is consistent with the winter season sampling. Further characterization of
280  the nonaromatic CHO is difficult to generalize, as there are a variety of sugars, ethers, alcohols, and acids
that represent various possible biogenic species, terpenoids, and terpene derivatives. For example, xylitol
(possibly arabitol) (CsH120s, 152 m/z, 1.6 min, L3), hexitol (C¢H140s, 182 m/z, 1.6 min, L3), cinnamic
acid (CoHgO2, 148 m/z, 8.7 min, L3), phthalates such as dimethyl phthalate (CioH10O4, 194 m/z, 10.9 min,
L2) and phthalic acid (CsHeO4, 166 m/z, 7.6 min, L3), as well as succinic acid (C4H,O03, 98 m/z, 2.6 min,
285 L3), levoglucosan (C¢H100s, 162 m/z , 4.5 min, L2) and farnesol (CisHx60, 222 m/z, 14.6 min, L3) are all

species potentially identified in the dataset.

A few CH and CHN compounds were found only in the positive mode, primarily AA and a couple
of aromatic hydrocarbons. Combined, these represent less than 11% of the positive mode compounds.
Only one CHS species was identified (CisHi2S, 260 m/z, 10.0 min, L4) but was not used for analysis as it

290  was below peak quality requirements. No CH, CHN, or CHS species were found in the negative mode.

3.2 Retention Coefficients

Table 1. Mean and Median Retention Coefficients by Compound Class and Heteroatom Group

(-)HESI (+)HESI
Mean o6 Median n n% | Mean o6 Median n n%
Total 0.95 0.21 0.96 208 100 0.95 0.53 0.93 250 100
CHO 0.90 0.25 091 68 32.7 1.01 0.82 0.90 73 29.2
CHN - - - - - 1.07 0.21 1.04 22 88
CHNO 0.96 0.08 095 46 22.1 0.94 0.21 0.93 108 43.2

13
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CHNOS 097 0.23 098 26 125 1.11 0.34 0.99 7 28

CHOS 0.99 023 098 56 269 0.67 0.59 0.99 3 12

CH - - - - - 0.66 0.55 0.78 5 20

O Containing 0.95 0.21 0.96 196 94.2 0.97 0.54 092 191 764

N Containing 096 0.15 096 73 35.1 0.97 0.22 095 137 54.8

S Containing 0.99 023 098 83 399 098 0.44 099 10 4.0
295

Frequency

Retention Retention

Figure 2. Histograms of Retention Coefficients for all measured L5 and above compounds that met peak
quality constraints; (A) (—)HESIL, (B) (+)HESI

300
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Figure 3. Merged Histogram for (—)HESI and (+)HESI of all Retention Coefficients measured fit with
Stable and t Location-Scale distribution parameterizations of statistical density.

Table 2. Parameters for Stable Distribution Fit presented in Figure 3

Mean 0.8894

Log Likelihood 224.657

Parameter Value Std. Error
Alpha (o) 1.38642 0.06988
Beta (p) -0.61652 0.10241
Gamma (y) 0.07289 0.00383
Delta (6) 0.95409 0.00608

305

Table 3. Parameters for t Location-Scale Distribution Fit presented in Figure 3

Mean 0.9442

Log Likelihood 210.775

Parameter Value Std. Error
Mu (n) 0.94415 0.00566
Sigma (o) 0.08665 0.00630
Nu (V) 2.02867 0.26969

15
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Figure 4. Probability plot of Retention Coefficients with the Stable and t Location-Scale distribution
310  parameterizations and a Normal distribution

The histograms presented in Figure 2 and Figure 3 illustrate the distribution of retention
coefficients determined for this dataset. Each histogram shows a peak at 0.96, 0.93, and 0.94 for (—)HESI,
(+)HESI, and the full dataset respectively with average retentions all at 0.95 with standard deviations of

315 0.21 and 0.53 respectively. These values and the values for each compound class are presented in Table 1.
Visually the distributions in Figure 2 appear nonnormal, suggesting a true distribution is being measured.
Additionally, Figure 4 shows the data deviates strongly from a normal distribution. Both Shapiro-Wilk
and Shapiro-Francia tests indicate nonnormality (p-values: 0.4052, 0.3940 (—)HESI; 0.5698, 0.5611

(+)HESI respectively).

16
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320

325

330

335

Combining these distributions and filtering out outliers, the dataset is fitted with two distributions
to model the dataset: Stable and t Location-Scale. The parameters for these fits can be found in Tables 2
and 3. These distributions are functional estimations of the statistical density of retention coefficients
based on the empirical measurements in this experiment. The Stable distribution appears to model the
data most accurately as the parameter errors are lower than the t Location-Scale and the data points in

Figure 4 lie closer to the Stable distribution curve.
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Figure 5. Boxplot of Retention Coefficients by Composition Class; (A) (—)HESI, (B) (+)HESI

The means of the composition classes in (—)HESI vary little, generally less than 5% from each
other. In contrast, the means of the composition classes in (+)HESI vary more, up to 40%. The deviations
and ranges of values are also wider in (+)HESI, from 0.21 to 0.82 as seen in Table 1. Visually this can be
seen in Figure 5. For both ionizations, CHNOS tends to be the highest retained along with CHN in
(+)HESI. CHNOS represents more of the heaviest species in the sample set while CHN is entirely AA. In
(+H)HESI, CHNOS, CHOS, and CH represent the smallest portion of the dataset—less than 6%—and
some of the most variably retained species. For CH, this follows with the variability in hydrocarbon

aqueous solubility, however this variability is more likely explained for CHNOS, CHOS as well with the
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smaller sample set bias. Notably, CHO has lower retention with a wider distribution than CHNO in both
ionizations. In (—)HESI, CHNO is mostly nitroaromatics while in (+)HESI, CHNO is mostly amines and
340  amides. CHO represents a more similar distribution of organic acids and terpenoids in both positive and
negative mode, with more nonpolar species represented in (+)HESI. The lower retention among CHO
may then be based on its distribution of organic acids versus terpenoids. This data suggests that nitrate
species and amines/amides have similar retentions. It is known that NO4 removal is enhanced by aqueous
phase reactions (Daito et al., 2000) and that organic nitrogen represents an important fraction of WSOC
345  (Saxena and Hildemann, 1996; Zhang et al., 2002), but this data may also indicate that nitrogen chemistry
on CHO species enhances their retention in hydrometeors. Other UHRMS studies of rainwater have
suggested similar explanations for nitrogen uptake in hydrometeors and rainwater organic nitrogen’s high

bioavailability (Seymore et al., 2023).
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Figure 6. Violin plots of Retention Coefficients by Composition Class; (A) (—-)HESI, (B) (+)HESI
The distributions of CHNO and CHOS in (—)HESI seen in Figure 6 show a coincidence of the
mean and median along with strong symmetry around the mean. This indicates visually that they appear

to be normally distributed, suggesting that the true retentions for the whole of these compound classes

355  may be close to 1. Both Shapiro-Wilk and Shapiro-Francia tests indicate normality (p-values: 0.1920,
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0.1922) for CHNO but not for CHOS (7.7595 x 10™). It therefore would be reasonable to assume a
normal distribution for CHNO, but CHOS cannot be rigorously stated as normally distributed. CHO and
CHNOS show unique distributions with a significant number of values within - and below, indicating

there are certain CHO species that are not retained during freezing.

360 For (+)HESI, the samples sizes for CHNOS, CHOS, and CH are too small to make meaningful
descriptions of their distributions. For CHO, CHN, CHNO, the distributions are visually nonnormal and
also do not pass any statistical test for normality. The distributions also appear less smooth than their
negative mode counterparts, likely a result of previously discussed ionization variability in (+)HESI.
Notably, (+)HESI shows a few species with very low retention specifically within the CHO, CHOS, and

365 CH groups. Specifically, these are Ci4H2 (190 m/z, 14.5 min, L3), CisH260 (222 m/z, 14.6 min, L3), and
what appears to be a phenyl-sulfide species (CisH i30S, 258 m/z, 8.0 min, L4). This is the only identified
organosulfide within the dataset. It would be speculative to say that its low retention may indicate that
organosulfides as a class are unretained and thus unlikely to appear in the dataset. Its low retention likely
has more to do with its low polarity. Ci14H2, and C5H26O as long chain, nonpolar species demonstrate that

370  species with lower aqueous solubilities are also likely to have low retentions.

Concerning heteroatoms, the distributions and ranges of retentions are quite similar among all groups.
Oxygen-containing species appear to have a slightly wider distribution which is mostly weighted by the
CHO class. Nitrogen-containing species have a smaller standard deviation than the O or S containing
species, indicating fewer species with variable retentions and more fully retained compounds. This further

375  suggests that nitrogen inclusion enhances retention (see also Figure S1).

3.3 Correlation of Retention Coefficients with Chemical Properties
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Figure 7. Retention Coefficient as a function of HPLC Retention time; (A) (—)HESI, (B) (+)HESI; Color
denotes compositional class of the assigned compound, as used in Fig. 1: Green for CHO, blue for

CHNO, red for CHOS, yellow for CHNOS, magenta for CHN, cyan for CH. Dashed line shows linear fit.

The determined molecular weight (MW) shows little correlation linearly with retention (as seen
in Figure S2). In (—)HESI, there is a weak positive correlation, suggesting larger compounds are more
likely to be retained. This is likely related to lower vapor pressures associated with larger MW species in
the negative mode. An F-test against the constant value model indicates that this correlation is not
significant (p-value: 0.0857). However in (+)HESI, there’s a very weak negative correlation for MW
which suggests the opposite. An F-test against the constant value model indicates that this correlation
with MW is also not significant (p-value: 0.1440). This trend in the positive mode is likely driven more
by polarity, as Figure 1.A also demonstrates that larger species in (+)HESI tend to have higher HPLC
retention times and are therefore more nonpolar. The plot in Figure 8 further demonstrates this with a

stronger negative correlation between the HPLC retention time and the retention.

Figures 7 shows correlations for retention coefficients with HPLC retention time. With reverse-
phase HPLC, retention time is a direct proxy for molecular polarity, i.e. shorter retention times indicate
higher polarity and longer retention times indicate more nonpolar species. Both (—)HESI and (+)HESI

show significant negative correlation between retention and retention time and therefore polarity; an F-
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test against the constant value model shows p-values of 0.00193 for (—-)HESI and 1.44 x 10" for (+)HESI.
400  This indicates that nonpolar species are likely to be unretained and this appears to be especially true for
the previously discussed long chain species, such as CisHa, (190 m/z, 14.5 min, L3) and Ci5sH260 (222
m/z, 14.6 min, L3) compounds. In Figure 7, a few compound classes separate distinctly by polarity,
particularly the CHOS and CHNO in (—)HESI as well as CHO and CHNO in (+)HESI. These polarity
differences in these classes may be the driving force in the difference of the retention between CHOS and
405  CHNO in (—)HESI, but unlikely for CHO and CHNO in (+)HESI as CHO spans a much wider range of

retentions that cannot be explained solely by polarity.
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Figure 8. Retention Coefficient as a function of Estimated Vapor Pressure; Color denotes compositional
class of the assigned compound: Green for CHO, blue for CHNO, magenta for CHN, cyan for CH, yellow

410  squares for values taken from literature. Dashed line shows linear fit.

Further chemical property correlations with retention could be made for the species with
estimated chemical properties. The first plot, Figure 8, uses the measured retention coefficient to plot

against calculated vapor pressure (VP). It demonstrates a significant negative correlation with VP; an F-
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415 test against the constant value model gives a p-value of 1.42 x 10, It is relevant to note that the majority
of species measured are considered semi-volatile (vapor pressure: 10? to 10 Pa; SVOC) with few low
volatility (LVOC) and intermediate volatility organic compounds (IVOC) (Weschler and Nazaroff, 2008).
LVOC and IVOC are bias against in the sampling method as many LVOCs are highly oxygenated
compounds which may be less sensitive compared to other compounds in UHPLC-Orbitrap MS (Wang et

420  al., 2024) and most IVOCs are revolatilized during sampling (Bidleman et al., 2020). VP is also the
property most associated with desorption effects, likely contributing to some of the negative trend seen in
Figure 8. However, it is mostly associated with [IVOC and less with SVOC so desorption alone is not

likely to fully explain this correlation.

N © CHO e CHNO [ CHO e CHNO e CHN o CH|
!@5 ¢ [ v B I T T
I AT TS i d ;
SR LR bl SN 1 45 Itk
0.8 § & o
f 3" $ —ale-F-- #l s
5 08 U{
Eua ] ;i; ?
5 2
o “ ¥ = 0.0004 log, ;x +0.8791 30 § E
o
0.4 R%=0.0803 . }
° 0.4
02 [} }‘ y = 0.0058 log % +0.8368
02 % R?=00137
: L
2 0 2 4 [ B 10 12 14 16 2 0 2 4 6 8 0 12 1
425 H* (log, ;) H* (log, )

Figure 9. Effective Henry’s Law Constant H* versus Retention Coefficient; (A) (-)HESI, (B) (+)HESI;
Color denotes compositional class of the assigned compound: Green for CHO, blue for CHNO, magenta

for CHN, cyan for CH. Dashed line shows linear fit.

430 Demonstrated in Figure 9, retention shows little or no dependency on H* under the present
experimental conditions. The linear correlations are not significant for neither (—)HESI or (+)HESI; with

p-values of 0.9270 and 0.3530 respectively for the F-test against the constant value model. The very slight
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positive correlation shows agreement with Stuart and Jacobson’s (2003, 2004) observation that high H*
species are more likely to be 100% retained but does not show sigmoidal behavior as modeled by Jost et
435  al.,, 2017 (plotted for reference in Figure 10). This could be the result of differing physical experimental
parameters, such as larger droplet size (2 mm versus 20 micron). However, directly comparing the known
literature values for retention coefficients with the observations made here does not immediately indicate

the systems are incompatible or exclude the comparison.
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440  Figure 10. Effective Henry’s Law Constant H* versus Retention Coefficient; Color denotes compositional
class of the assigned compound: Green for CHO, blue for CHNO, magenta for CHN, cyan for CH;
Yellow squares denote values taken from Borchers et al., (2024), Jost et al., (2017), and Von Blohn et al.,

(2011, 2013). Dashed line shows linear fit. Solid red line gives the parameterization by Jost et al., (2017).
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Figure 10 compares the data presented in Figure 9 against the literature values presented by

445 Borchers et al., (2024), Jost et al., 2017, and Von Blohn et al., (2011, 2013). This comparison does not
appear incongruous, i.e. no discernible difference can be seen between wind tunnel experiments and these
observations. While the measurements presented by Borchers et al., (2024), Jost et al., (2017), and Von
Blohn et al., (2011, 2013) are physically dissimilar experiments to this study—i.e. wind tunnel
experiments, small droplets of micrometer size, high ventilation conditions—their observations are

450  congruent with this experiment. The literature values include only three species with H* < 10* and the
lowest H* of them, pinandiol, is excluded from the parameterization presented by Borchers et al., (2024)
as it was perceived as an outlier. Without more measurements of compounds with H* < 10* under wind
tunnel conditions, it is difficult to determine if the nonsigmoidal behavior seen in this experiment is the
result of different physical parameters—specifically the lower surface-to-volume ratio—or if the

455  sigmoidal behavior described by Borchers et al., (2024) and Jost et al., (2017) is an overfit of a limited
dataset. Evidence presented by Gautam et al., (2024) in part 1 of this publication series makes a
compelling case for the dominance of physical parameters at these drop sizes. Critical to these
experiments, Gautam et al., (2024) observed the formation of an ice shell, which inhibited any further

expulsion of dissolved substances during freezing.

460

4 Conclusions

This study presents the measurement of the retention coefficients for real, complex WSOCs from
urban particulate matter for direct drop freezing under raindrop size conditions. The overall distribution of
the retention of WSOCs forms a real, nonnormal distribution up to 1. Looking at the individual

465  compound classes of organics, the data shows that they may have different distributions of
retention coefficients. Most negatively ionizable CHNO and CHOS compounds appear to be fully

retained, indicating that nitroaromatics and organosulphates are favorable to be retained. Slight positive
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correlations between MW, polarity, and H* are seen with retention along with a negative correlation with
VP. No sigmoidal relationship with H* was observed. This is likely the result of the lower surface-to-area
470  ratio for this drop size and the ice shell formation observed by Gautam et al., (2024) in part 1 of this
publication series. However without further measurements of single component solutions for compounds
with H* < 10* under wind tunnel conditions, specifically for small cloud droplet sizes, it is difficult to
determine if the nonsigmoidal behavior seen in this experiment is solely the result of physical parameters

or if the sigmoidal behavior described by other studies is an overfit of a limited dataset.

475 Sulfides, lipids, aromatic hydrocarbons, and long chain compounds are among the most
unretained and incidentally the fewest species observed. These are also among the most nonpolar species
observed, which is presumably the dominant factor in that regard. CHO species show the highest
variability for their measured retentions, most likely related to the distributions of polarity and VPs

among the sugars, organic acids, and terpenoids seen here.

480 AA don’t follow the trends associated with polarity and VP but are among the most highly
retained species. The explanation for this is possibly in its structural properties, which cannot be easily
determined using this analytical method. AA solubility in water is largely determined by the dimension
and structure of the alkyl substituents, such that AA with longer chains are less soluble than AA with
shorter chains and AA with branched substituents are less soluble than AA with linear groups with the

485  same number of carbons (Badocco et al., 2015). Polarity and hydrogen bonding are also known
contributors to AA solubility but this is not unique to AA. Hydrogen bonding potential may enhance
retention along oxygen functionalities such as among nitro and sulphate species. Hydrogen bonding
alone, however, is unlikely to fully explain the high retentions among nitro and sulphate species.
Specifically, nitro species have weak hydrogen bonding potential (Shugrue et al., 2016) and as a result is

490  likely influenced mostly by the increased polarity imparted by the nitro substituent or its dissociation.

The data suggests that nitrogen and sulfur inclusion generally increase a species’ ability to be

retained. Overall, this insulates that the products of NOx and SOy reactions from anthropogenic emissions
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enhances the retention of these SOA species, reducing the likelihood of reaching the upper atmosphere.
Further on this, other studies have demonstrated that NOx removal is enhanced by aqueous phase

495  reactions (Daito et al., 2000). These findings may also indicate that this NOy chemistry on CHO species
enhances their retention in hydrometeors, potentially by increasing its polarity or solubility. Other
UHRMS studies of rainwater have suggested similar explanations for nitrogen uptake in hydrometeors
and rainwater organic nitrogen’s high bioavailability (Seymore et al., 2023). Additionally, correlations
with VP and polarity show that lower VP species and more polar species tend to be retained. Atmospheric

500  chemical processing generally tends to oxidatively degrade large nonpolar species into more water-
soluble, less volatile species (Iavorivska et al., 2016). Specifically, aqueous phase droplet chemistry is
known to facilitate condensed phase SOA formation from highly volatile species (McNeill, 2015).
However, many freshly aged terpene products increase in volatility or see only small decreases in VP with
oxidation for their early generation products (Bilde and Pandis, 2001; Kurtén et al., 2018; Wu et al.,

505  2021). This insulates that many freshly oxidized SOA precursors may have a lower potential to be
retained than aged organics and may generally suggest that freshly oxidized SOA precursors are more

likely to reach the upper atmosphere than primary organics or aged SOA.

The use of UHPLC-HRMS has allowed for the study of ambient WSOC retention rather than
single component or limited mixture experiments from previous studies. The experiment in this paper
510  demonstrates the viability of UHPLC-HRMS analysis for ambient WSOC and shows the need for further
complex mixture study regarding retention. Future study on retention within hydrometeors should include
complex mixture analysis under the physical conditions most similar to the atmosphere, i.e. wind tunnel
experiments, smaller droplets, increased ventilation. These studies would also be improved with more
distinguishable tracers with known retentions and more sophisticated corrections for desorption. Further
515  studies on single component solutions of species with H* < 10* under atmospherically similar physical
conditions would also allow for stronger conclusions from the comparison of the retentions measured in

this study with other experiments performed under wind tunnel conditions.
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The experiment presented here also cannot distinguish between species incorporated within ice

crystal structure and those phase-separated but physically constrained to the hydrometeor, potentially

520  between crystal grain boundaries or on the particle surface. That distinction is also not atmospherically
relevant regarding the net transport of organics into the upper troposphere. While this method aims to
demonstrate the retention for real WSOC, this method is still sample method biased against higher
volatility species and likely features other sampling bias typical for HiVol filter based measurements such
as filter extraction bias and solvation effects. These measurements also present the distribution of

525  retention coefficients for the variety of species present and not necessarily the mass distribution of species
potentially present in the atmosphere. Corrections for species abundancy must first be made in order to

apply this data to organic transport models.
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4.3 Retention During Freezing of Raindrops, Part I: Investigation of Single
and Binary Mixtures

The following publication addresses the underrepresented topic of chemical retention
during drop freezing processes. Chemical redistribution between the liquid and gas phase
during freezing is not fully understood, particularly for the wide variety of atmospheric
organics. This is despite its relevance to the vertical redistribution of organics along the
UTLS and its support of new particle formation in convective outflows, thereby its

subsequent role in radiation scattering and cloud condensation nucleation.

We investigated the retention of specific chemical species and their binary mixtures
during freezing of raindrops via acoustic levitation. Prepared solutions of analyte samples
were introduced via syringe into an acoustic levitator housed inside a cold chamber held at —
15°C. The contact-free single-drop was allowed to freeze without the introduction of artificial
freezing nucleator and then collected for comparative analysis with the native solution. Our
results reveal high retention with nearly all substances being fully retained during freezing.
This could be attributed to faster freezing time compared to slower mass expulsion time,
along with ice-shell formation during freezing. This result helps improve our understanding

of interaction between ice microphysical processes and chemistry in deep convective clouds.

I was a significant contributor to this publication. Specifically, I along with MG, MZ,
AT, SM designed the experiments; I along with MG, MH, conducted analytical
measurements, [ along with AT, MH, SB, KD, MZ reviewed and edited the manuscript.
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Abstract. The interaction with freezing processes and vertical transport of trace gases into the upper atmosphere during deep
convection is critical to understanding the distribution of aerosol precursors and their climate effects. We conducted experi-
mental studies inside a walk-in cold room for freely levitating rain drops (D = 2 mm) using an acoustic levitator apparatus.
We investigated the effect of freezing raindrops on the retention of organic species for the first time with silver iodide as the
ice nucleating agent. Quantitative chemical analysis determined the retention coefficient, which is defined as the fraction of a
chemical species remaining in the ice phase compared to their initial liquid phase concentrations. We measured the retention
coefficients of nitric acid, formic acid, acetic acid, and 2-nitrophenol as single components. Furthermore, we determined the
retention coefficients of these substances as binary mixtures. Our results show the dominance of physical properties over their
chemical counterparts on overall retention for the investigated large drops. Thus, for rain sized drops almost everything is fully
retained during the freezing process, even for species with low effective Henry’s law constants. An ice shell is formed within
4.8 ms around the drops just after the freezing was initiated. This ice shell formation was found to be the controlling factor for

the overall retention of the investigated species, which inhibited any further expulsion of dissolved substances from the drop.

1 Introduction

The Earth’s atmosphere consists of a diverse range of chemical constituents, starting from ever present gases such as nitrogen,
oxygen, carbon-dioxide, ozone, etc., to a wide range of chemicals in trace amounts as well. Biogenic and anthropogenic source
contributors are known to be important for understanding the role that trace constituents have on the atmosphere over long
timescales (Kolb et al., 2010; Andreae, 2019). However, vertical redistribution can be just as critical (Martini et al., 2011;
Ervens, 2015; Wang et al., 2016). During convective transport, there is a rapid redistribution of trace gases and aerosols from
boundary layer to the upper troposphere, which can alter the overall concentration of the chemical constituents (Warneck,
1999; Corti et al., 2008; Ervens, 2015).

Organic aerosol mass is usually underestimated in the boundary layer and beyond (Carlton et al., 2009; Hodzic et al., 2020).
As a consequence, the potential impact of aerosols on the global radiation budget, radiative forcing, and overall climate can be

misrepresented (Lohmann and Feichter, 2005; Tsigaridis et al., 2014; Shrivastava et al., 2017; Sporre et al., 2020). Williamson
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et al. (2019) also reported that there is an under-representation of total organic mass due to low estimations for new particle
formation, particularly in tropical convective regions.

During vertical transport in deep convective systems, there is an evident phase change of the water droplets as they undergo
cooling and subsequent freezing at lower temperature regimes higher up in the atmosphere. Trace gases dissolved in these drops
could be either retained, revolatized, or scavenged during the freezing process (Pruppacher and Klett, 2010). The fraction of
chemical species remaining inside the frozen drop, compared to their initial concentration in liquid phase before freezing,
results in the so-called retention coefficient. Substances that are completely retained after freezing will have a retention co-
efficient of 1. Modelling studies (Mari et al., 2000; Barth et al., 2001, 2007; Tost et al., 2010; Long et al., 2010; Bela et al.,
2016; Cuchiara et al., 2020; Ryu and Min, 2022; Cuchiara et al., 2023) concerning convective transport and redistribution of
trace gases have stressed on the importance of experimentally determined retention coefficients. However, such experimental
databases are quite few in this regard.

Previous studies on experimentally determining retention coefficients in context of riming of supercooled droplets of single
substances (Iribarne et al., 1983; Lamb and Blumenstein, 1987; Iribarne et al., 1990; Snider et al., 1992; Snider and Huang,
1998; von Blohn et al., 2011, 2013; Jost et al., 2017; Borchers et al., 2024) help bridge the uncertainty gap and provide
a backbone for effective parameterization for modelling frameworks. The term "riming-retention" will be used to refer to
these above mentioned studies collectively. The following substances were studied for retention during riming of supercooled
droplets: SO2, HoO2, Os, HNO3, HCI, NHy, formic acid, acetic acid, malonic acid, oxalic acid, formaldehyde, «-pinene
oxidation derivatives and nitro- aromatic compounds. These experimental studies revealed dependencies of the retention of
trace gases on both chemical and physical properties. Additionally, there is established correlation with effective Henry’s law
coefficient (H*) and a retention indicator (RI) parameter, which relates experimentally derived retention coefficients to model
derived values (Stuart and Jacobson, 2003, 2004). H* shows the dependence on the solubility and dissociative properties of
trace gases, whereas RI provides a ratio of expulsion timescales to freezing timescales. A freezing time significantly lower
than the solute expulsion time would result in a chemical substance being retained. These expulsion timescales are described in
Schwartz (1986), that take into account the aqueous, interfacial, and gaseous mass transfer rates and the aqueous phase kinetics
as explained in Jost et al. (2017). In addition to these chemical properties, physical properties such as drop size, ventilation
around the drop, temperature, and liquid water content are the major contributing factors affecting retention (Jost et al., 2017;
Jost, 2017). The above mentioned experimental studies concerning riming-retention were mostly related with cloud sized
droplets (i.e. diameters in the um size range), for which the chemical properties were determined to be the dominant factors. The
present study focuses on large rain drops (diameters in the mm size range), which have not been experimentally investigated
thus far. Freezing of raindrops are especially important for the case of convective clouds with warm bases where collision and
coalescence can produce such large mm sized drops, which can be further transported into the upper troposphere during deep
convection. Henceforth, the term "freezing-retention" will be used to refer to the present study, investigating retention during
freezing of rain drops.

The motivation for this study was to investigate and understand the retention of chemical species dissolved in larger drops,

and thereby augment experimental databases to further enhance modeling frameworks. To conceptualize our experimental
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outlook, we selected four chemical substances with increasing H* values, namely: 2-nitrophenol, acetic acid, formic acid, and
nitric acid. These substances are commonly found in the atmosphere and their previously measured retention coefficient values
for riming with cloud droplet sizes lie between O to 1 and scale with H*. In addition to investigating these four substances
as single components, we also studied their potential interactions as binary mixtures. Binary mixtures were studied to infer a
more systematic understanding of the retention process as in how the differential incorporation or segregation of two substances

during freezing might affect their overall retention.

2  Methods
2.1 Experimental Setup

In this study, we used the Mainz-Acoustic Levitator (M-AL) setup (Fig. 1), which was placed inside a walk-in cold room.
M-AL employs an ultrasonic wave source (58 KHz) and a metal reflector to produce a standing wave. Water drops can be
injected with a syringe and levitated contact-free at the intersection of the incident and reflected waves (i.e. at the nodes of the
standing wave). The diameters of the levitated water drops used in this study were 2.0£0.1 mm. The M-AL is enclosed inside
a Plexiglas housing to minimize any external interference to the standing wave. More details about the M-AL can be found in
Diehl et al. (2014) and Szakall et al. (2021).

In addition to the ultrasonic source, an infrared thermometer (KT 19.82 II, Heitronics) was used to measure the surface
temperature of the levitated drops, and a USB camera (USB-103H, Phytec GmbH, Germany) to record the drop size informa-
tion. The top left section of the schematic (Fig. 1) shows the placement of the video camera, which had a wide video graphics
array of 752 x 480 pixels and a minimum pixel size of 6 x 6 pm. The infrared thermometer can be seen at the bottom right
section of the schematic. A small heating element was incorporated into the infrared thermometer to maintain its internal com-
ponents when it was operated at temperatures lower than -15 °C. Both the video camera and the infrared thermometer were
placed on adjustable stands, which allowed vertical and horizontal adjustments. In addition to the infrared thermometer, an-
other temperature sensor (PT-100) was placed inside the Plexiglas housing to monitor the thermal stability of the setup during
experiments.

The retention experiments were carried out inside the walk-in cold room of the laboratory at temperatures between -15 and
-28 °C. Silver iodide (Agl; Sigma Aldrich-99%) was used as the ice nucleating particle (INP) to initiate the freezing process.
We first characterized the INP at three different concentrations (0.2, 0.01, and 0.0003 g/L) at three different experimental tem-
peratures (-15, -20, and -28 °C). This provided the freezing curves of silver iodide at various temperatures and concentrations
(Fig. A2); more details can be found in Appendix A. These steps were a pre-requisite for retention experiments to infer the

correct drop freezing temperature ranges during our measurements.
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Figure 1. The Mainz Acoustic Levitator (M-AL) setup. Left: A schematic of the setup. Right: Setup in-situ.

2.2 Sampling procedure

In total, the retention of 4 single components and 3 binary mixtures were investigated. Nitric acid, formic acid, acetic acid,
and 2-nitrophenol were measured as single components. Two sets of combinations were studied for the binary mixture of a
strong and a weak acid, namely: nitric acid and acetic acid (mixture A1) as well as nitric acid and formic acid (mixture A2).
Another set of binary mixtures was the combination of a small and a large molecule, due to their differences in molecular size
and mobility. Here we investigated the mixture of formic acid and 2-nitrophenol (mixture B). The substances along with their
purity labels are listed in Table 1.

Aqueous solutions of the investigated substances were prepared at an initial concentration of about 20 mg /L. These solutions
were transferred to a syringe for injecting a single drop inside the M-AL. For each experiment 11 measurement points were
recorded. Each measurement point consisted of a total of 10 frozen drops collected in a vial. The volume of one frozen drop
was approximately 4.2 uL. which makes the total volume for one measurement point being about 42 uL.. These frozen drops
were diluted 10 times in order to increase the injection volume for chemical analysis and filtered with a 2 ym pore size filter
(Carl Roth GmbH).

Subsequent quantitative analysis was done using a DIONEX-ICS 1000 anion Ion Chromatography unit (IonPac AS9-HC
column, 9 um particle size, 4 x 250 mm dimension, Thermo Fisher Scientific Inc.) for nitric, formic and acetic acid. 2-
nitrophenol and 2-nitrobenzioc acid were analysed with a high precision liquid chromatography (HPLC) unit (Hypersil GOLD

column, 9 um particle size, 150 x 2.1 mm dimension, Vanquish-Thermo Fisher Scientific Inc.).
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Table 1. Substances and mixtures investigated in this study.

EGUsphere\

Substance Label/purity Tracer Concentration (mg/L)
Single components
Nitric acid Merck (65% w/w) Sulphate™ 20
Acetic acid Riedel-de Haen (100%) Nitrate * 20
Formic acid Emsure (98-100%) Nitrate * 20
2-nitrophenol Thermo Scientific (99%) 2-nitrobenzoic acid™* 20
Binary mixtures
Al. Nitric acid and Acetic acid - Sulphate™ 20
A2. Nitric acid and Formic acid - Sulphate™ 20
B. Formic acid and 2-nitrophenol -— Nitrate™ and 2-nitrobenzoic acid™* 20

Tracers: T Sulphate standard (SO4): TraceCERT (99%), * Nitrate standard (NO3): TraceCERT (99%), * * 2-nitrobenzoic acid: Thermo Scientific (95%)
Hydrochloric acid (HCl): Roth (37% w/w) and Sodium Hydroxide (NaOH): Merck (99%) were used to adjust the pH in the sensitivity studies.

The label/purity of the substances in binary mixtures are same as that of the single components.

For each of the investigated substances a concentration tracking tracer was added in order to track changes in mass concen-
tration during the quantitative analyses. A tracer is a known chemical substance that is completely retained in ice, i.e. it has
a retention coefficient of 1. The tracers used in this study were nitrate, sulphate, and 2-nitrobenzoic acid, which had a known

retention of 1 from previous riming-retention studies (von Blohn et al., 2011; Borchers et al., 2024).
2.3 Calculation of retention coefficient

The retention during freezing was quantified by the retention coefficient R. It is the fraction of the chemical species that
remains inside the frozen drops in the ice phase and the original solution in the liquid phase. The mathematical expression for

calculating the initial retained fraction is given by

[substance]ice phase

R, = [tracer]ice phase )

[substance]iiquid phase
[tracer]iiquid phase

In Eq. 1, the square brackets indicate the concentration of the investigated chemical species and the tracers and R; is the
retention coefficient without any correction for desorption. The numerator is the ratio of ice phase concentration of the measured

species with their specific tracer, whereas the denominator is the ratio of liquid phase concentrations.
2.3.1 Correction for desorption

The freezing of the levitated drops is not an instantaneous process when injected into the acoustic trap. The drop is initially at a
temperature higher than 0 °C. It then undergoes gradual supercooling until the freezing is initiated (Fig. A1). During this stage,

starting from injection of the drop into the acoustic field of the levitator and its subsequent progression to the supercooling
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stage, the drop is exposed to external and internal forces until it is in equilibrium with its surroundings. Effects from the acoustic
field potentially enhance ventilation while thermal stabilization can produce evaporation and desorption, leading to changes in
aqueous concentration in the supercooled state. To account for all these effects, a correction parameter, called the desorption

correction parameter D, was introduced:

[SUbStance]supercooled phase

D— [tracer]supercooled phase 2)

[substance]iiquid phase

[traceriiquid phase

To determine D, experiments were conducted under similar conditions as the retention experiments, with the exception of
not adding any INP. In this case, the freezing process was not initiated and the liquid drop remained at a supercooled stage for
a longer time. The drop was kept suspended for about 15 to 20 seconds, which is a typical time for the onset of freezing of the
levitated drops under these experimental conditions (Fig. Al). Afterwards, the supercooled drops were instantly frozen inside
a liquid nitrogen bath, which has a temperature of about -197 °C (Scott, 1976; Jost et al., 2017). At such cold temperatures all
substances inside the drops are retained during freezing. Quantitative analysis of these drops provided us with the concentration
of the chemical substances in their supercooled stage and allowed the characterization of the desorption process.

The final retention coefficients R of the investigated chemical substances were calculated as:

R==— 3)

Colder temperatures would essentially slow down the reaction kinetics for desorption to be effective (Mitra and Hannemann,
1993; Seinfeld and Pandis, 2016). For experimental temperatures below -15 °C, desorption would play a negligible role. We

applied the desorption corrections measured at -15 °C for substances measured at lower temperatures as well.
2.4 Sensitivity studies

Retention experiments with the investigated substances were also carried out at different pHs and temperatures. pH sensitivity
of the single components and the binary mixtures were studied at pH values of 3, 4, and 6/7. Hydrochloric acid (HCl) was
used to lower the pH of the original solution and sodium hydroxide (NaOH) was used to increase the pH of the solution.
The temperature sensitivity studies were performed at —3.9+0.3°C and —6.9 4 1.1°C drop freezing temperatures. These two
different temperature ranges were evaluated from the INP freezing profiles (more details in Appendix A2). From the freezing
profile obtained for experiments conducted at -15 °C cold room temperatures and 0.2 g/L Agl, the 50% frozen fraction
was found to be around —3.9 + 0.3°C, which was taken as the average drop freezing temperature under these experimental
conditions (Fig. A2). Similarly, retention experiments were conducted at -23 °C cold room temperatures and Agl concentration
of 0.008+0.001g/L as the second experimental condition. The average drop freezing temperature for this second set of
experimental conditions was obtained by extrapolating the freezing profile obtained at -20 °C cold room temperature and

0.1 unitg/L Agl (Fig A2), as the drop surface temperature cooling rates at -20°C and -23°C were practically identical (0.4
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Table 2. Retention coefficients of the investigated substances at —3.9 4+ 0.3°C drop freezing temperature. The corresponding walk-in cold

room temperatures (ambient temperature) was —15 £+ 1°C.

Substance Retention coefficient (R)

Single components

Nitric acid 1+ 0.03

Acetic acid 0.88 +0.12
Formic acid 1.01 +£0.08
2-nitrophenol 0.90 £ 0.05

Binary mixtures

A. Mixture of a strong and a weak acid

1. Nitric acid and Acetic acid Nitric : 0.97 4 0.06
Acetic : 0.86 = 0.15
2. Nitric acid and Formic acid Nitric : 0.99 4 0.05

Formic : 0.99 + 0.03

B. Mixture of a large and a small molecule

Formic acid and 2-nitrophenol Formic : 1 £ 0.07

2-nitrophenol : 1.01 £ 0.09

°C/s). The 50% frozen fraction at -23°C was found to be —6.9+1.1°C. The two temperature ranges were selected to compare
the temperature sensitivity in earlier experiments concerning retention coefficients for cloud sized droplets (von Blohn et al.,
2011, 2013; Jost et al., 2017; Borchers et al., 2024). The average size of the droplets was 21.5 £ 8.5um in the above mentioned
studies involving riming-retention. In the present freezing-retention study with large levitated drops, the average drop sizes

were 2.0 £ 0.1mm.

3 Results and Discussions
3.1 Retention coefficient

The final retention coefficients for single components and binary mixtures are shown in Table 2. It can be seen that most of
the substances measured as single components were completely retained in the ice phase. The exceptions were acetic acid and
2-nitrophenol, which were found to have retention coefficients of 0.88 and 0.90, respectively. However, for acetic acid as a
single component, the standard deviation was much larger (£ 0.12) compared to the other single component substances. Thus,
acetic acid could also be completely retained during freezing. The standard deviation of 2-nitrophenol was smaller compared
to acetic acid and it was the least retained substance (0.85 to 0.95) of investigated single components.

Brand (2014) studied the retention of large drops (2.67 mm and 7.25 mm spherical equivalent diameter) by freezing them

on a Teflon coated pallet and also reported high retention coefficients (close to 1). For example, for drop sizes of 2.67 mm (i.e.
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10 uL drop volume), formic acid showed a retention coefficient of 0.94 £ 0.04. However, in our study contact-free immersion
freezing (Diehl et al., 2014; Szakall et al., 2021) was employed with which a more realistic scenario was realized to initiate
freezing as in Brand (2014). Nevertheless, the measured retention coefficients in the present freezing-retention study and in
Brand (2014) indicate near complete retention for the large rain sized drops.

Comparing our present results from freezing-retention experiments with previous riming-retention studies (von Blohn et al.,
2011, 2013; Jost et al., 2017; Borchers et al., 2024), one can observe a deviation from their findings. Retention coefficients
measured for cloud sized droplets during riming-retention experiments show a sigmoidal dependency on the solubility and
dissociative properties of the individual substances (i.e. their effective Henry’s law constant H*). Our present experiments
do not reveal these observed dependencies for the large rain sized drops. For instance, 2-nitrophenol (as single component in
Table 2) having the least H* among the investigated substances, was highly retained inside a freezing raindrop indicated by a
retention coefficient of 0.9. However in the case of riming-retention, 2-nitrophenol showed a retention coefficient of 0.12 at pH
4 and 0.27 at pH 5.6 (Borchers et al., 2024). Further discussion comparing the results from riming-retention of cloud droplets
and freezing-retention of raindrops from this study is provided in Section 3.4.

In the binary mixture experiments, in which we combined a strong and a weak acid (A1 and A2 in Table 2), nitric acid was
the stronger acid with a pKa value of -1.3 (Haynes, 2016). Acetic acid and formic acid, having pKa values of 4.76 and 3.77
respectively, were the weaker acids compared to nitric acid. The results shown in Table 2 indicate that binary mixtures do not
seem to alter the retention coefficients of their individual species for the combination of a strong and a weak acid.

Mixture B had the combination of a small and a large compound. There the average retention coefficient of 2-nitrophenol in
a mixture with formic acid was observed to have increased slightly as compared to its retention as a single component. As a

binary mixture component, both 2-nitrophenol and formic acid are completely retained during freezing.
3.2 pH Sensitivity

Retention coefficients of the single components were each measured at three different pH values. As a strong acid, nitric acid
completely dissociates and is therefore assumed to be completely retained. Hence sensitivity studies for nitric acid were not
done.

The original aqueous solutions at a concentration of 20 mg/L had pH values around 4.2 and 4.4 for each of the three
substances shown in Fig. 2a. Acetic acid (green marker) and formic acid (blue marker) did not show any apparent dependency
on pH. An argument could be made for acetic acid as its retention coefficient seems to increase with increasing pH, however, the
standard deviation for each 11 sets of measurements at the three different pH values was quite large. The retention coefficients
for acetic acid were 0.81, 0.88, and 1.05 for pH values of 3.1, 4.2, and 7.0, respectively, while their corresponding standard
deviations were 0.18, 0.12, and 0.2. For 2-nitrophenol (red marker) an increase in retention (1.05) can be seen at pH 6. At lower
pHs of 3.2 and 4.4, retention coefficients were about 0.90 for both cases. From Fig. 2a, one can infer a slight dependency on

pH for 2-nitrophenol, and almost none for acetic acid and formic acid.
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Figure 2. pH sensitivity of the retention coefficient of (a) single components, and (b) binary mixtures.

The pH sensitivities for the binary mixtures are shown in Fig. 2b. Mixture A1 was omitted due to the larger standard deviation
for acetic acid compared to formic acid as a single component. In mixture A2, both substances were retained completely. The
same was found for mixture B. As shown in Fig. 2b, none of mixtures show any sensitivity to changes in pH.

pH of the solutions were altered by adding HCI and NaOH, which could also interact with the investigated substances and
dissociate them into their ionic form. In this case the overall concentration of the investigated substances could be lowered. A
lower concentration of the substances, in turn, might not have enough partial pressure in the liquid phase (inside the levitated
drops before freezing) for them to be expelled from the drop when it freezes. However, after the addition of HC] or NaOH,
the initial concentration of 20 mg/L of the investigated substances did not change much. After addition, the lowest measured
initial liquid phase concentration was 17.8 mg/L (11% decrease). The total number of moles of the dissolved substances had
the same order of magnitude as their initial liquid phase concentration in the solution. Thus, any significant source of biases

towards a higher retention coefficient due to addition of HC1 or NaOH can be neglected in our measurements.
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Figure 3. Temperature sensitivity of the retention coefficient of (a) single components, and (b) binary mixtures.

3.3 Temperature Sensitivity

The temperature sensitivities for the single components are shown in Fig. 3a. Acetic acid (green marker) showed a higher

retention coefficient at the lower temperature with large standard deviations of the measurements at both temperatures. At

-6.9°C the retention coefficient for acetic acid was 1.14+0.24 and at -3.9°C it was 0.88+0.12. Formic acid (blue marker) did

not show any variation in retention coefficient with changes in the drop freezing temperatures and was completely retained at

both temperatures. 2-nitrophenol (red marker) also had a higher retention coefficient at the colder temperature (1.0640.05) as

compared to the warmer temperature (0.9010.08). The retention coefficients for both acetic acid and 2-nitrophenol appeared

to have a weak dependency on temperature and were completely retained at (-6.9°C) along with formic acid, which had no

dependency and was completely retained at both temperatures. In the atmosphere, freezing is initiated at lower temperatures

than our experimental temperatures here, indicating towards complete retention of the investigated species.

10
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Unlike the single components, the binary mixtures did not show any temperature dependency as seen in Fig. 3b. Both sets of
binary mixtures were fully retained at —3.9 +0.3°C. At the colder temperature, the retention coefficients did not change and

the mixtures were completely retained.
3.4 Relation with effective Henry’s law coefficient

Retention coefficients of substances are strongly dependent on chemical properties such as aqueous diffusion, gaseous diffu-
sion, interfacial mass transport, solubility and dissociation. Among them, solubility and dissociative effects characterized by
effective Henry’s law constant H* were reported to be the dominant ones. Stuart and Jacobson (2003) and Jost et al. (2017)
showed this relationship between the retention coefficient and H*, where they stated that substances with H* greater than 107
are completely retained. Substances with H* lower than 10* are less likely to be retained or more likely expelled from the
drop during riming-retention. Retention coefficients of all other substances with H* values between these ranges followed a
sigmoid shape (see Borchers et al., 2024, Figure 7).

The relation between effective Henry’s law coefficient and retention coefficient for retention-riming was modeled by the

following equation:

a ]!
RH*=[1+(H*)} ©

where the parameters a = (2.41 £ 1.06) x 10* and b = 0.27+0.04, respectively (Borchers et al., 2024).

Figure 4 shows the relation between H* and R. The gray markers are from previous studies (von Blohn et al., 2011; Jost
et al., 2017; Borchers et al., 2024) for riming-retention. The coloured markers are from the present study utilizing freezing-
retention.

It is apparent from Fig. 4, that nitric acid with an H* of 10'' was completely retained. Formic acid was completely re-
tained, too, which is in contrast to previous measurements from riming-retention studies in which it showed a lower retention
coefficient (0.76). No definitive conclusion regarding changes in its measured retention coefficient can be made for acetic acid
(0.88 for single component), due to large standard deviation and the overlap between the single components and the binary
mixture measurements. Conversely, the riming-retention of acetic acid was much lower (0.6). 2-nitrophenol showed a much
higher retention coefficient for large drops (0.9 and above) compared to its retention for small um sized droplets (0.27 at
pH 5.6; Borchers et al. 2024). Considering its low H* (10%), one would expect the retention coefficient of 2-nitrophenol as
a single component to be lower than 0.9, which was not the case here. In the mixture with formic acid, 2-nitrophenol was
also completely retained. Specifically, Fig. 4 demonstrates that our results from freezing-retention deviate from the sigmoidal
relationship between retention coefficients and H* unlike the previous experimental studies involving riming-retention. This
result is also seen in the conclusions of Part II of this publication series, where the retentions for ambient water soluble organic

compounds of over 450 species were also investigated.

11
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Figure 4. Retention coefficient (R) as a function of effective Henry’s law coefficient (H ™). Grey markers: from riming-retention (RR) of

small droplets (von Blohn et al., 2011; Jost et al., 2017; Borchers et al., 2024). Colored markers: from freezing-retention (FR, present

study), with drop freezing temperature of —3.9+0.3°C. Blue markers: single components. Yellow (mixture A1), red (mixture A2) and green

(mixture B) markers: binary mixtures.

3.5 Retention indicator analysis

Another method to analyze retention is from the point of view of mass and heat transfer considerations, such as the mass

expulsion and freezing timescales as suggested by Stuart and Jacobson (2003, 2004) and Jost et al. (2017). Retention indicator

(1) is introduced that is the ratio of total mass expulsion time (7,) to the freezing time (1',,) as shown in Eq. (5). Table 3

shows the calculated timescales for the retention indicator of the single components investigated in this study.

Tezp

[ =
R Tfrz

Tewp =Ty +Toq+T;

2 * 2
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where, 3D,
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Figure 5. Retention coefficient of the substances investigated as single components as a function of the empirical retention indicator. Gray
markers: from riming-retention (RR), coloured markers: from freezing-retention (FR). Dashed line: original retention indicator fit parameters

from Jost et al. (2017), solid line: updated fit from current study.

The total solute mass expulsion time 7., is the sum of aqueous phase mass expulsion time 7,,, gaseous phase mass
expulsion time T}, and interfacial mass transfer expulsion time 7;. In Eq. (6) T, accounts for the gaseous diffusivity D, where
a is the radius of the drop, H* is the effective Henry’s law coefficient and f is the ventilation coefficient (f=5.6; Szakall et al.
2021). T4 accounts for the aqueous diffusivity D, of the substance. T; takes into consideration for the mass accommodation
coefficient o and the thermal velocity of the chemical in air, v .

A fourth timescale involving the aqueous phase kinetics was also introduced by Jost et al. (2017). This timescale is specif-
ically important for substances such as ammonia and formaldehyde since they react with atmospheric carbon dioxide and are
affected by dehydration of methanediol, respectively (Jost et al., 2017). For substances investigated in this study, the aqueous
phase kinetics and reactions are negligible, so this timescale was not considered. The experimental temperatures, pH values,
initial concentrations and H™ are also listed in Table 3 for reference. The freezing time 7'y, was derived experimentally via
high speed camera (Motion Pro Y3M; pixel size: 12 x 12 um; resolution: 1024 x 1280 pixels) at 600 frames per second, as
shown in Fig. B1. The time from the initiation of freezing to the complete formation of an ice shell around the levitated drop
was approximately 4.8 ms. This value was taken as the freezing time for the retention indicator calculation. It is also clearly

evident in Table 3 that T',.. is several orders of magnitude smaller compared to T,,,. Gas phase expulsion time Ty, appears to

13
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Table 3. List of parameters used for retention indicator calculation.

EGUsphere\

Parameters Nitric acid Acetic acid Formic acid 2-nitrophenol Comments

'Dyy 2.25%x107° 1.29%107° 1.63x107° 1.07x107° Aqueous diffusivity (cm?/s)
ng 0.12 0.12 0.14 0.07 Gaseous diffusivity (cm? /)
pH 4.1 4.2 4.2 4.4 Experimental pH values

g 7.56x10" 1.28x10° 8.31x10° 3.50x 103 Effective Henry’s law constant
Sa 0.06 0.07 0.05 0.01 Mass accomodation coefficient
T -3.9 -3.9 -3.9 -3.9 Temperature (°C)

C 20 20 20 20 Concentration (mg/L)

T, 3.88x10° 6.37x10? 3.55x103 2.81x10" Gas phase expulsion time (s)
T; 2.11x107 7.78x10° 6.36x10" 2.19x10° Interfacial expulsion time (s)
Taq 6.81x10? 7.72x10? 6.13x10? 9.28x10? Aqueous phase expulsion time (s)
Texp 3.90x10° 1.42x10° 4.23%x103 9.59x10? Total expulsion time (s)

Tire 4.80x1073 4.80x1073 4.80x1073 4.80x1073 Ice shell formation time (s)
RI 8.13x 10" 2.95x10° 8.80x10° 2.00x10° Retention indicator

R 1.00 £ 0.03 0.88 £0.12 1.01 £0.08 0.90 £ 0.05 Retention coefficient
Controlling T, Taq Ty Taq -

parameter

! The diffusivities in water D4 and in air D, calculated at 273K (Thibodeaux and Mackay, 2010), 2Effective Henry’s law constant calculated at 273K and at their

corresponding pH (Tremp et al., 1993; Johnson et al., 1996; Warneck and Williams, 2012), 3 The mass accommodation coefficient at 273K (Ervens et al., 2003; Davidovits et al.,

2006).

270 Dbe the controlling factor contributing to the total high T, for nitric and formic acid, and aqueous phase expulsion timescale

275

Thq for acetic acid and 2-nitrophenol. In Jost et al. (2017) the parameterization relating RI and retention coefficient is given as

c 4]t
Rpp = [”(m) ] ™

Equation 7 is depicted in Fig. 5, where the original parameters taken from Jost et al. (2017) are ¢; = 618471 and d; =
0.6410.06 (black dashed line, Fig. 5). From our study, an updated fit is provided with co = 1800+95 and ds = 0.58+0.07 (blue
solid line, Fig. 5).

Figure 5 shows the variation of retention coefficients with RI. In contrast to Fig. 4, both the riming-retention and freezing-
retention measurements fit well with the parameterization given in Eq. 7. This analysis corroborates our experimental results
for mm sized raindrops with pm sized cloud droplets. These results can be categorized with timescale analysis and follow a

similar relation with both previous experimental (Jost et al., 2017) and theoretical (Stuart and Jacobson, 2003, 2004) studies.

14
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3.6 Physical parameters

Our study shows that retention is dependent on the size of the droplets which needs to be considered when modeling the mass
flux of trace substances with numerical models. An aspect of the importance of the physical parameters is surface area to
volume ratio. The rain sized drops in this study have a surface area to volume ratio of 3 x 103 m~!. The cloud sized droplets
in earlier retention-riming studies have a surface area to volume ratio of about 2 x 107 m~!. Thus, this ratio is approximately
4 orders of magnitude higher for the cloud droplets compared to the rain drops. As such, the dissolved substances in raindrops
would have more diffusional volume and smaller surface area. Additionally, low surface area to volume ratio for the case of
the rain drops is an indicator of lower overall desorption as well (Jost, 2017).

Another physical parameter influencing retention is the ventilation coefficient. It describes the enhanced heat and mass
transfer around hydrometers in an airflow. For the riming-retention studies, substances measured inside a wind tunnel (um
sized droplets) had ventilation coefficients of about 30 to 32 (Jost et al., 2017, Table 4). In contrast, the ventilation coefficient
in the acoustic levitator for the 2 mm diameter drops was about 5.6 (Szakdll et al., 2021). As such, a smaller ventilation
coefficient would incur less transfer of mass and heat for the 2 mm raindrops as compared to the retention measurements for
pm sized droplets. This could be seen as an important physical parameter aiding higher expulsion times and, consequently,
higher retention coefficients as seen in the RI analysis. In a real atmospheric scenario, 2 mm drops falling at their terminal
velocity have a ventilation coefficient of about 15 (Pruppacher and Klett, 2010). A higher ventilation coefficient would increase
the mass transfer and thereby decrease the expulsion timescale. However, the ventilation coefficients of heat and mass transfer

is almost the same. Therefore an increase in mass transfer would also imply a faster freezing time.

4 Conclusions

Our results show higher retention coefficients close to 1 for mm sized raindrops for similar substances from previously studied
retention coefficients (von Blohn et al., 2011; Jost et al., 2017; Borchers et al., 2024) in pm sized cloud droplets. It is important
to note that in addition to the differences in droplet size, the freezing pathways were also different. The previous studies utilized
the riming-retention mechanism while in the present work we incorporated a contact-free freezing-retention mechanism.

Substances studied as single components show very little sensitivity (for 2-nitrophenol and acetic acid) with changes in either
pH or temperatures. Formic acid as a single component is not sensitive to changes in pH or temperatures. Binary mixtures also
do not show any sensitivity for changes in pH and freezing temperature.

We conclude that for rain sized drops (mm and above), most of the chemical species are completely retained during freezing.
This can be interpreted as the physical parameters -— such as drop size and ice shell formation -— dominating the chemical
properties concerning retention influences. After an ice shell is formed around a drop during the initiation of freezing, it
is significantly more difficult for the dissolved species to be expelled from the drop, thus leading to higher mass expulsion
timescales.

Our retention indicator analysis shows that the shorter freezing and longer expulsion timescales (a minimum of 5 orders of

magnitude higher) lead to higher retention for the investigated species. This indicates that during the freezing of mm sized
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raindrops all dissolved trace gases may be removed entirely by precipitation in deep convective clouds or transported within
the ice phase into the UT where it can be released upon sublimation.

We derived new parameterizations for the retention indicator to include large mm sized raindrops, and thus, updated the
previously obtained ones that only considered pm sized cloud droplets (Jost et al., 2017). This result is beneficial in terms
of computational expense for the chemistry coupled atmospheric and earth system modelling as modelling freezing raindrops
would not require much additional computational resources.

Our experiments were conducted with single components and binary mixtures but in the real atmosphere, air is mixed with
numerous complex trace gases that are in constant turbulent motion. Our current database does not have many substances with
H* values lower than 103, and such substances might behave differently during freezing. Future retention experiments that
sample for trace gas at the ground level and at different vertical profiles would improve our understanding of the underlying
micro-physical and chemical processes within convective systems. Our experiments also indicate that it is critical to further
investigate the ice shell formation process during the freezing of raindrops.

Future studies should investigate how these and similar organic compounds behave when they are in the real atmosphere. In
Part IT we investigate the retention of a complex mixture of organic compounds sampled from Beijing urban aerosols through

the same experimental setup with high resolution mass spectrometry analysis.

Data availability. The data supporting this study are available at the repository Gautam and coauthors (2024). Additional data (if required)

for this study are available upon request from the corresponding authors.

Appendix A: Characterization of INP
Al Freezing profile of levitated drops

To characterize the INP (Agl) we levitated drops and recorded their drop surface temperature as they froze, at three pairs of
different concentrations and cold room temperatures: 0.2, 0.01, and 0.0003 g/L, and corresponding cold room temperatures
of -15, -20, and -28°C. For both combinations of concentration and temperature, the freezing profiles of about 50 drops were
recorded. The crucial information derived from these three sets of measurements was obtaining the freezing profiles of the
levitated drops during their freezing. Figure A1 shows a typical drop freezing profile as the temporal evolution of the drop
surface temperature. The drop when injected to the nodes of the standing wave, had initially a temperature higher than 0°C.
The warm drop underwent gradual and uniform cooling and reached a supercooled stage (0 to 20 seconds). The supercooled
stage continued until nucleation was initiated, where the rapid crystal growth started (about 25 seconds) and drop surface
temperature rose sharply to about 0°C. The rapid crystal growth can be interpreted as adiabatic freezing and the corresponding
temperature was taken as the freezing temperature of the drop. At this temperature, the supercooled drop entered an ice-water
equilibrium, visible as the flattened section in Fig. A1 (30 to 80 seconds). During this stage, transfer of latent heat took place

that can be interpreted as the diabatic freezing of the levitated drop. The supercooled drop then underwent a phase transition
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Figure A1. Evolution of drop surface temperature during its freezing as measured by the infrared thermometer.

from liquid to solid state. Finally, the drop surface temperature cooled down to ambient temperature, reaching a steady state

(100 seconds) once it was completely frozen.
A2 Frozen fraction

Within the range of the sample size of 50 drops for each set of frozen fraction measurements, the precise drop freezing
temperatures varied. We grouped the recorded drop freezing temperatures in bins with a width of 0.5 °C. Corresponding to
each bin, the number of frozen drops at each interval were grouped. A cumulative distribution was formed with the grouped
bins. As commonly used in ice nucleation studies, frozen fraction or f;.. was determined, which is calculated as the fraction
of total drops that were frozen at a particular temperature (more details in Szakall et al., 2021). The temperature at which f;..
was 50% was taken as the "average drop freezing temperature’ for each set of concentration and cold room temperature pair.
The frozen fractions for each set of measurements are shown in Fig. A2. The average drop freezing temperature was -3.9°C
for Agl concentration of 0.2 g/L and cold room temperature of -15°C. For the combination of 0.01 g/L and -20 °C, the
average drop freezing temperature was -6.7 °C and -8.9 °C for the combination of 0.0003 g/L and -28°C. We conducted our
retention measurements at a cold room temperature of -23°C. To obtain the freezing profile at this temperature, we refitted the

freezing profile obtained for -20°C using the following equation:
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Figure A2. Frozen fraction at different ambient temperatures and concentrations of Agl. Shaded regions mark the two selected temperature

ranges for retention measurements. The shaded regions lie within the interval where the frozen fraction is in between 0.8 and 0.2.

C23 * 11'1(1 - fice_ZO) (Al)
C20

fice_23 =1- exp

where fice 23 is the desired frozen fraction distribution at -23°C. cg and co3 are the INP concentrations at the two different
temperatures of -20°C and -23°C, respectively. f;.. 20 is the experimentally derived frozen fraction at -20°C. The cooling rate
of the drop surface temperature was practically identical at these two cold room temperatures. Equation Al is adopted from
the relation between ice nucleation active sites (ns) and f;.. and at a particular INP concentration and temperature (see Szakall
et al., 2021, Eq 5).

We selected the interval where frozen fraction lies between 20% to 80% as the temperature deviation during our retention
experiments. Shaded regions in Fig. A2 show this temperature deviation for experiments done at -15°C and -23°C cold room
temperatures. The average drop freezing temperatures (frozen fraction at 50% ) in these two cases were —3.9 + 0.3°C (red-

shaded region) and —6.9 + 1.1°C (gray shaded region).
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Liquid drop Intiation of freezing lce shell formation and Ice shell fully formed
(translucent) ‘ propagation (opaque)

Drop size: 2.02 mm Time interval (between each frame): 1.6 ms Recording speed: 600 frames/sec

Figure B1. Consecutive frames showing the formation of ice-shell, recorded with a high speed camera at 600 frames per second, and at a
cold room temperature of -15 °C. In the liquid phase (leftmost image), the drop is seen as translucent, which gradually turns opaque as the

ice shell is formed (rightmost image).

Appendix B: Ice shell formation during freezing

The investigation of the drop freezing mechanism in the acoustic levitator led to the realization of the ice shell formation.
During the rapid crystal growth stage within the first 25 s, as discussed in Appendix A1, Fig. A1, an ice shell formed around the
supercooled drop within milliseconds (Fig. B1). After the formation of the shell, freezing inside the drop proceeded gradually
until it was completely frozen. The shell formation process was recorded with a high speed camera setup at 600 frames per
second, and at a cold room temperature of -15 °C.

This observation validates the higher retention coefficients of the substances measured during our freezing-retention exper-
iments, as compared to the previously measured substances involving riming-retention. The ice shell inhibited the expulsion
of the dissolved chemical substances from the drop. The expulsion timescale as discussed and calculated in Section 3.5 was
several orders of magnitude higher than the freezing time scale of 4.8 milliseconds (Fig. B1). This led to a higher value of
the retention indicator, even for more volatile substances such as 2-nitrophenol, which had the lowest effective Henry’s law

constant among the investigated substances (Figure 5 and Table 3).
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4.4 Retention of a-pinene oxidation products and nitro-aromatic compounds
during riming

The following publication addresses the underrepresented topic of chemical retention
during rime freezing processes. Riming is an important growth process of graupel and
hailstones in mixed-phase zones of clouds, during which supercooled liquid droplets freeze
on the surface of ice particles by contact. Compounds dissolved in the supercooled cloud
droplets can remain in the ice or be released to the gas phase during freezing, which might
play an important role in the vertical redistribution of these compounds in the atmosphere by
convective cloud processes. This is important for estimating the availability of these
compounds in the upper troposphere, where organic matter can promote new particle
formation and growth. The amount of a chemical species remaining in the ice phase can be
described by the retention coefficient. Up to now, only inorganic, and small organic
molecules have been investigated regarding their retention during the freezing process. We
performed experiments in the Mainz vertical wind tunnel under dry and wet growth
conditions as well as different pH values to obtain the retention coefficients of cis-pinic acid,
cis-pinonic acid and (-)-pinanediol, 4-nitrophenol, 4-nitrocatechol, 2-nitrobenzoic acid and 2-
nitrophenol. Our results are in accordance with previous studies which showed a dependence
between the dimensionless effective Henry's law constant //* and the retention coefficient for
inorganic and small organic molecules. Our results reveal that this correlation can also be

applied to more complex organic molecules.

I was a significant contributor to this publication. Specifically, I along with CB, MG,
KD, YM, AA, LG, AT, AV, and TH designed and performed the wind tunnel experiments; I
along with MG, MS, AT, AV, and TH reviewed and edited the paper.

Supplementary material supporting this manuscript can be found in Section 8
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Abstract. Riming is an important growth process of graupel and hailstones in the mixed-phase zones of clouds,
during which supercooled liquid droplets freeze on the surface of ice particles by contact. Compounds dissolved
in the supercooled cloud droplets can remain in the ice or be released to the gas phase during freezing, which
might play an important role in the vertical redistribution of these compounds in the atmosphere by convective
cloud processes. This is important for estimating the availability of these compounds in the upper troposphere,
where organic matter can promote new particle formation and growth. The amount of organic material remaining
in the ice phase can be described by the retention coefficient. Experiments were performed in the Mainz vertical
wind tunnel under dry and wet growth conditions (temperature from —12 to —3 °C and a liquid water content
(LWC)of 0.9+0.2¢ m 3 and 2.240.2 g m—3) as well as with different pH values (4 and 5.6) to obtain the reten-
tion coefficients of «-pinene oxidation products and nitro-aromatic compounds. For cis-pinic acid, cis-pinonic
acid, and (—)-pinanediol, mean retention coefficients of 0.96+£0.07, 0.92+0.11, and 0.98 +0.08 were obtained.
4-Nitrophenol, 4-nitrocatechol, 2-nitrobenzoic acid, and 2-nitrophenol showed mean retention coefficients of
1.01£0.07, 1.01 £0.14, 0.99 £ 0.04, and 0.21 = 0.12. Only the retention coefficient of 2-nitrophenol showed a
dependence on temperature, growth regime, and pH. This is in accordance with previous studies, which showed
a dependence between the dimensionless effective Henry’s law constant H* and the retention coefficient for in-
organic and small organic molecules. Our results reveal that this correlation can also be applied to more complex
organic molecules and that retention under these conditions is not a significant factor for molecules with H*
below 103, while retention close to 1 can be expected for compounds with H* above 108.

1 Introduction

The observation of a large number of small particles at high
altitudes, which has already been made several times, is at-
tributed to the formation of new particles (new particle for-
mation, NPF) through the process of homogeneous nucle-
ation and early growth. The rate of NPF is strongly de-
pendent on the concentration of low-volatility vapors, the

temperature, and the number of particles that are present.
Low-volatility vapors are for example sulfuric acid, which is
formed from the reaction of sulfur dioxide and hydroxyl radi-
cals or via oxidation of dimethyl sulfide, as well as highly ox-
idized organic compounds (Xiao et al., 2023; Williamson et
al., 2019; Andreae et al., 2018; Kerminen et al., 2018; Twohy
et al., 2002). A common explanation for the presence of this
high number of small particles at high altitudes is the uplift
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Figure 1. Water-soluble intermediate-volatile and semi-volatile or-
ganic compounds (IVOCs and SVOCs) can be dissolved in water
droplets (dark blue circles), which can be transported upwards by
deep convection. In the mixed-phase zone of the clouds, the water
droplets can collide with ice particles (light blue hexagons), result-
ing in riming.

of condensable vapors with simultaneous removal of exist-
ing aerosol particles in deep convective clouds. This removal
of larger particles reduces the sinks for small particles and
condensable vapors, supporting NPF (Clarke et al., 1998).
However, Williamson et al. (2019) showed that tropical con-
vection does not lead to uniquely low particle numbers for
larger particles. They then argue that there must be a stronger
source of condensable vapors at high altitudes in the marine
tropics than in other regions and that most of the models used
underestimated available organic matter at high altitudes and
predict less NPF in these regions. It is therefore important to
investigate the possible transport mechanism of organic pre-
cursor components that could lead to NPF at high altitudes
(Bardakov et al., 2022).

Among other mechanisms, deep convection plays an im-
portant role in the transport of trace substances and aerosols
into the upper troposphere. In this region, these substances
have a longer atmospheric lifetime, thereby increasing the
likelihood of long-range transport. Additionally, they can
contribute to NPF (Bardakov et al., 2022; Barth et al.,
2007a, b). The fraction that arrives in the upper troposphere
is influenced by the liquid-phase and mixed-phase scaveng-
ing of the substances. Aircraft measurements from the USA
in thunderstorm inflow and outflow regions demonstrate that
water-soluble trace gases, such as H,O», are removed with
efficiencies between 79 % and 97 %, which are also influ-
enced by the process of retention (Bela et al., 2018; Barth et
al., 2016).

Figure 1 shows vertical transport mechanisms of
intermediate-volatile and semi-volatile organic compounds
(IVOCs and SVOCs).

Organic compounds in the atmosphere can be categorized
into different groups depending on their source, such as bio-
genic, anthropogenic, or compounds originating from the
combustion of biomass (de Gouw and Jimenez, 2009). Nitro-
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aromatic compounds can be formed directly from the com-
bustion of coal or wood but can also be formed as secondary
products from the reaction of phenols or cresols with NO,
(Wang et al., 2020; Harrison et al., 2005). Terrestrial vege-
tation emits large quantities of volatile organic compounds
(VOC:s) such as isoprene and various monoterpenes (MTs),
with the most important MT, «-pinene, contributing around
one-third of global MT emissions (Sindelarova et al., 2014).
In the atmosphere, oxidation by OH radicals, ozone, or NO3
radicals results in various products spanning orders of mag-
nitude in volatility. Products such as 2-methyl tetrols, pinane-
diol, terpenylic acid, pinonic acid, and pinic acid have been
described as major oxidation products (Kotodziejczyk et al.,
2020; Bianchi et al., 2019; Noziere et al., 2015; Miiller et al.,
2012; Kroll and Seinfeld, 2008; Claeys et al., 2004; Hoff-
mann et al., 1997). At standard conditions, the saturation va-
por pressure of these oxidation products is too large to be
relevant for new particle formation. Highly oxygenated or-
ganic molecules (HOMs) exhibit a sufficient low vapor pres-
sure for NPF (Bianchi et al., 2019); however, their forma-
tion via autoxidation, a rapid OH-radical-induced oxidation
process in the atmosphere, is suppressed at low temperatures
(Stolzenburg et al., 2018). Hence, the higher-volatility major
oxidation products of isoprene and monoterpenes might be
relevant for NPF in the upper troposphere, where HOM for-
mation is suppressed and the colder temperatures cause sat-
uration of the major oxidation products, which are classified
as SVOC:s at standard conditions. Both classes of compounds
focused on in this study, i.e., pinene oxidation products and
nitro-aromatic compounds, are IVOCs (saturation mass con-
centration C*, 300 < C* < 3x10° uygm~3) or SVOCs (0.3 <
C* <300 pg m_3) (Simon et al., 2020; Andreae et al., 2018).

Water-soluble IVOCs and SVOCs can be dissolved in wa-
ter droplets (dark blue circles in Fig. 1), which can be trans-
ported upwards via deep convection. In the mixed-phase zone
of clouds, retention or release of IVOCs and SVOCs during
riming can occur. Riming describes the collision and freezing
of supercooled water droplets on the surface of hydromete-
ors such as a graupel or snowflakes (light blue hexagon in
Fig. 1), which leads to their growth. The organic compounds
can be trapped in the ice phase and then washed out by pre-
cipitation, or they can return to the gas phase by volatiliza-
tion during freezing. This revolatilization leads to a vertical
redistribution in the atmosphere and could explain the occur-
rence of semi-volatile organic compounds at high altitudes in
regions with deep convection. However, if the organic sub-
stances remain in the ice phase during freezing, they could
also be transported further upwards and released into the gas
phase by sublimation of the ice particles there (Pruppacher
and Klett, 2010; Snider and Huang, 1998).

The proportion of the compound that remains in the ice
can be described by the retention coefficient R, which indi-
cates the relative fraction of the trapped compound with a
value between 0 and 1 (Bela et al., 2018; Stuart and Jacob-
son, 2003; Snider et al., 1992; Iribarne and Pyshnov, 1990).
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The retention of a compound is influenced by its chemical
properties, such as the dimensionless effective Henry’s law
solubility constant H*, as well as physical parameters such
as temperature, droplet size, liquid water content in the cloud,
ventilation, and potentially the pH of the droplet, which also
influences H*. Compounds with a small H* are more likely
to return to the gas phase during riming, which results in a
lower retention coefficient. In addition, external conditions
have a greater influence on retention for these kind of com-
pounds, which is in contrast to compounds with high H*
(Cuchiara et al., 2023; Jost et al., 2017; Stuart and Jacobson,
2004, 2003).

Previous measurements of inorganic and small organic
species in the wind tunnel in Mainz confirm the correlation
between H* and R as well as the stronger dependence of re-
tention on external factors such as temperature for lower H*.
Hydrochloric acid, nitric acid, malonic acid, and oxalic acid
are characterized by a high H* value and remain completely
in the ice phase during freezing. Compounds with more mod-
erate H* values such as ammonia, hydrogen peroxide, formic
acid, and acetic acid have retention factors of 0.92 +0.21,
0.644+0.11, 0.68 0.09, and 0.72 £ 0.16. Retention of the
organic compounds shows a dependence on temperature and
ventilation. Additionally, sulfur dioxide shows both the low-
est H* value and retention coefficient (0.46 £0.16) of the
compounds discussed, with a dependence on external con-
ditions as well (Jost et al., 2017; v. Blohn et al., 2013; von
Blohn et al., 2011).

Up to now, only inorganic and small organic molecules
have been investigated with regard to their retention dur-
ing the freezing process. Measurements of rain, hail, and
cloud water have already shown that they contain «-pinene
oxidation products and nitrophenols (Spolnik et al., 2020;
Desyaterik et al., 2013; Ganranoo et al., 2010). It is there-
fore likely that these compounds are also present in the su-
percooled droplets within the mixed-phase zones of clouds.
In contrast to the smaller organic molecules and inorganic
compounds, the retention coefficients for «-pinene oxida-
tion products and nitrophenols are unknown. In this study,
therefore, the retention coefficients of three «-pinene oxi-
dation products (pinonic acid, pinic acid, and pinanediol)
and four nitro-aromatic compounds (2-nitrobenzoic acid, 4-
nitrocatechol, 4-nitrophenol, and 2-nitrophenol) are investi-
gated in a series of wind tunnel experiments under simulated
atmospheric conditions.

2 Experimental procedures

2.1 Mainz vertical wind tunnel

The experiments were carried out in the vertical wind tunnel
of Johannes Gutenberg University of Mainz, shown schemat-
ically in Fig. 2. Here, hydrometeors ranging from a few tens
of micrometers to centimeters can float freely in a vertical
airstream at their terminal fall velocity. The prevailing con-
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Liquid Nitrogen finger (LN)

Droplets containing
organic substances [—
and tracer

Graupel
Teflon coated bars

Figure 2. Schematic of the wind tunnel. Cooled air transported the
generated water droplets containing the compounds into the experi-
mental region (red circle). Red rectangle — the enlarged experimen-
tal area shows the three surfaces on which the riming took place:
graupel, the liquid nitrogen finger, and Teflon-coated bars.

ditions such as ventilation, mass, and heat transfer are very
similar to those in the atmosphere (Pruppacher and Klett,
2010). A vacuum pump continuously sucked dried ambient
air through the system to produce an airflow in the wind tun-
nel. For riming experiments the tunnel was cooled down to
—18°C, and water droplets were produced using up to four
spray nozzles. These droplets were transported via the air-
flow to the experimental region (red circle, zoomed-in red
rectangle in Fig. 2). In the experimental region the super-
cooled droplets collided with three different surfaces — a sim-
ulated graupel, a liquid nitrogen finger, and Teflon-coated
bars — and froze on the substrate. A detailed description of
the experiments is provided in Sect. 2.3, “Retention measure-
ments”. Further details on the wind tunnel can be found in
two reviews by Diehl et al. (2011) and Szakall et al. (2010).

2.2 Growth regimes

For riming, a distinction is made between dry and wet growth
conditions, which are determined by the combination of tem-
perature, liquid water content, and ventilation. During freez-
ing latent heat is released, which warms the surface of the
rime collectors. Under dry growth conditions the surface
temperature of the rime collector remains well below 0 °C,
and all the accreted cloud water freezes within some millisec-
onds on the rime collector, preserving a close-to-spherical
shape. The surface temperature increases with increasing lig-
uid water content, droplet size, and collision frequency of the
droplets with the hydrometeor. If the temperature rises to a
maximum value of 0 °C, wet growth conditions are reached.
At this point, not all the water that has collided with the rime
collector freezes immediately. During wet growth, the freez-
ing rate of an element of liquid input is rather low in compar-
ison to dry growth conditions, resulting in a dense ice struc-
ture (Pruppacher and Klett, 2010; Macklin, 1961; List, 1960).
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The earlier wind tunnel measurements on retention coef-
ficients (Jost et al., 2017; v. Blohn et al., 2013; von Blohn
et al., 2011) focused solely on retention during dry growth
conditions. Thus, the question of to what extent wet growth
conditions affect retention remained. For example, Michael
and Stuart (2009) found in their theoretical study that dur-
ing wet growth conditions, H* is an important but not a
dominant factor. They observed that retention increased with
increasing H* (from 300 to 3 x 10%) and then leveled off
with further increasing H*, resulting in low retention val-
ues for compounds with high H* such as HCI. Here other
factors like the ice—liquid interface supercooling and the lig-
uid water content are major determiners of the extent of re-
tention. In the present study, the measurements were carried
out under dry and wet growth conditions. However, unlike
the study of Michael and Stuart (2009), we did not observe
the droplets shedding off during these experiments. Calcula-
tions of the surface temperature during the growth of grau-
pel reveals that under our wet growth conditions, the sur-
face temperature varied between —0.8 and —2.2 °C for —3
and —5 °C ambient temperature, respectively, and had a mea-
sured LWC of 2.2gm_3 (Theis et al., 2022; v. Blohn et
al., 2009; Pflaum and Pruppacher, 1979). For temperatures
higher than —3 °C, no freezing was observed on the Teflon-
coated bars and little freezing could be observed on the grau-
pel. During wet growth experiments, small cloud droplets
coalesced and formed larger millimeter-sized drops before
freezing. A photo of an example ice sample is provided in the
Supplement (Fig. S1 in the Supplement). This coalescence of
droplets during our experiments is representative of the wet
growth of graupel rather than the wet growth of hail — where
the accreted liquid water is shed off from the surface due to
the faster fall speeds.

2.3 Retention measurements

Dilute aqueous solutions with different compositions were
used for the experiments. Single-component measurements
were carried out for the «-pinene oxidation products and
2-nitrophenol. The aqueous solution to be analyzed con-
tained one of the compounds of interest (pinonic acid,
pinic acid, pinanediol, or 2-nitrophenol) and sodium bro-
mide (NaBr; Sigma-Aldrich, >99 %). For the other nitro-
aromatic compounds (2-nitrobenzoic acid, 4-nitrocatechol,
and 4-nitrophenol), a mixture of all organics and NaBr was
used, an experimental setup that comes closer to the complex
conditions in the atmosphere. All samples contained NaBr as
an internal standard (IS) to account for dilution and evap-
oration effects. The retention of NaBr is assumed to be 1;
i.e., NaBr remains completely in the droplets during freez-
ing. HCl (30 %) was added if the measurements were carried
out at a pH value of 4. The concentrations of the chemicals
used are shown in Table 1.

To generate the supercooled droplets, the solution contain-
ing the analyte and the IS was nebulized with a gas stream of
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nitrogen (> 99.8 %) and either two or four spray nozzles, de-
pending on the experiment. Two spray nozzles and a nitrogen
flow of 20 L min~! were used for dry growth and four spray
nozzles and a flow of 24 L min~! for wet growth conditions.
The number of spray nozzles influences the liquid water con-
tent (LWC) and thus the growth regime.

For dry growth conditions a lower LWC is required; there-
fore only two spray nozzles were used. The resulting droplet
size distribution in the wind tunnel was measured using a
custom in-line digital holographic instrument, similar to the
holographic imaging and velocimetry instrument for small
cloud ice (HIVIS) described by Weitzel et al. (2020). The
measurements were not taken simultaneously to each reten-
tion experiment but measured independently under the same
conditions during the retention experiments. After the cloud
of droplets was produced, a camera (Basler acA2040) cap-
tured the holograms containing the images of the droplets at
90 fps (frames per second). Typical measurement time was 1
minute. Approximately 5400 holograms were reconstructed
and analyzed for each measurement with two and four noz-
zles. Using a telecentric lens with a 0.5 magnification, the
pixel size of the holograms was 2.72 um x 2.72 um, which
yielded a sample area and volume of 5.57 x 5.57 mm? and
2.48 cm?, respectively. For the reconstruction of the holo-
grams, a depth of 8cm was chosen as this represents the
central part of the measurement section where the collec-
tors were exposed to the cloud of supercooled droplets dur-
ing the experiments. The holograms were reconstructed at
each Az = 100 um distance along the optical axis using the
method of Fugal et al. (2004). This produced an in-focus im-
age of the droplets independent of their location within the
sample volume. The particle sizes were obtained from the
particle detection algorithm of Fugal et al. (2009), which de-
termined the normalized number and volume distributions.
Figure 3a shows the number distribution of the supercooled
droplets in the measurement section of the tunnel when two
spray nozzles were used. Figure 3b shows the volume distri-
bution of the droplets, which represents the normalized cloud
liquid water content (LWC) per size interval. We observed no
difference in the distribution when using four nozzles (see
Fig. S2). The LWC was measured using a dew-point me-
ter (DP3-D/SH, MBW Calibration Ltd., Wettingen, Switzer-
land) in conjunction with a 5 m long heated pipe. Wind tun-
nel air was sampled isokinetically through the heated pipe to
evaporate the droplets. The absolute humidity was then ob-
tained from the dew point measurement. In a second step,
a droplet separator was installed at the inlet to the heated
tube to measure the dew point of the wind tunnel air with-
out droplets. The difference between the two absolute hu-
midities gives an LWC of 0.940.2 gm™? for dry growth and
2.2+0.2 gm™3 for wet growth conditions.

During retention measurements, the droplets were trans-
ported downstream of the sprayer into the experimental sec-
tion. The distance between the sprayer and the experimental
region is approx. 3m (Jost, 2012). In the experimental sec-
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Table 1. Concentrations of the investigated solutions.
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Concentration IS concentration
Compound (umol L™ 1y Label, purity NaBr (umol L™ )
cis-Pinonic acid 10 Sigma Aldrich, 98 % 10
cis-Pinic acid 10 Synthesized, N/A 10
(1R,2R,3S,5R)-(—)-Pinanediol 15 Merck, 99 % 10
2-Nitrophenol 30 Thermo Scientific, 99 % 10
2-Nitrobenzoic acid 10 Thermo Scientific, 95 % 10
4-Nitrocatechol 10  Thermo Scientific, > 98 % 10
4-Nitrophenol 10 Alfa Aesar, 99 % 10
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Figure 3. Normalized droplet number (a) and volume distribution
(b) of the supercooled droplets generated using two spraying noz-
zles. The lines represent log-normal fit functions.

tion, the supercooled droplets collided with three different
surfaces that were used as rime ice collectors and froze on
them. The first surface was a Teflon-coated bar (FEP; outer
diameter 6 mm) and the second was an ice sphere (graupel)
with a diameter of 7 mm, which comes closer to real atmo-
spheric sizes for graupel. According to the American Me-
teorological Society glossary of meteorology, graupel is de-
fined as rimed particles with diameters less than 5 mm; larger
ones are called hailstones. However, we refer to the parti-
cle investigated as graupel according to the flow conditions
present rather than the particle size. The larger diameter was
necessary to obtain a sufficient sample volume for analysis.
The last surface was a cold tube made of Teflon (PFA) that
was constantly filled with liquid nitrogen (LN finger tube).
This sample determined the liquid-phase concentration of the
droplets immediately before riming occurs. At the surface of
the LN finger tube, freezing is so fast that the retention can
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be assumed to be 1, and the concentration of the droplets can
be determined before riming.

To produce the simulated graupel, a silicon mold was filled
with ultra-pure water and frozen. The graupel were “cap-
tively floated” to avoid the loss of graupel and any contam-
ination on contact with the wind tunnel walls. For this pur-
pose, they were attached to a nylon fiber with a diameter of
80 um. Under these conditions, the rime collectors were ex-
posed to the airflow containing the supercooled droplets at
3ms~!, which corresponds to a typical fall velocity of grau-
pel. (Wang and Kubicek, 2013; Pruppacher and Klett, 2010).
The ice samples were collected after each experimental run
and stored at —25 °C until they were melted for the chemical
analysis.

2.4 UHPLC-HRMS analysis

For analysis, the ice samples were melted and filtered
through polyamide (PA) membranes (pore size — 0.20 pm;
Altmann Analytik) to remove potential particles without af-
fecting the concentration of the analytes. Analysis was per-
formed in triplicate using a Dionex UltiMate 3000 ultra-high-
performance liquid chromatography (UHPLC) system cou-
pled to a heated electrospray ionization source (HESI) or
atmospheric pressure chemical ionization (APCI) and with
a high-resolution Q-Exactive Orbitrap mass spectrometer
(HRMS) (all Thermo Fisher Scientific). A Hypersil GOLD
C18, 50 x 2.0 mm column with 1.9 ym particle size (Thermo
Fisher Scientific) was used for the chromatography. Eluent
A consisted of 98 % liguid chromatography—mass spectrom-
etry (LC-MS) grade water (Thermo Fisher Scientific) with
0.04 % formic acid and acetonitrile (VWR Chemicals); elu-
ent B consisted of 98 % acetonitrile (ACN) and water, and
the injection volume was 5 uL. Different HyO/ACN gradi-
ents were used for the different compounds. For pinonic acid,
pinic acid, pinanediol, 2-nitrobenzoic acid, 4-nitrocatechol,
and 4-nitrophenol, a flow rate of 0.5mL min~! and a gra-
dient as described in the following were used: starting with
2% eluent B isocratically for 1min, increasing to 20 % B
over 2.5 min, then further increasing to 90 % over 1.5 min,
after which B was held at 90 % for 4 min, decreased to 2 %
over 0.5 min, and held again for 1.5 min. For pinanediol, a
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post-column flow of 50 mmol L~! NH4OH in MeOH was
added after 1 min at a flow rate of 0.1 mL min~! to enhance
ionization. The HESI source was used in negative mode,
resulting in the formation of deprotonated molecular ions.
Sheath gas and auxiliary gas flow were 40 and 20 a.u. (arbi-
trary unit), respectively. The temperature of the auxiliary gas
heater was 150 °C, and the capillary temperature was 350 °C.
The sprayer voltage was set to —4.00kV.

A different gradient with a flow rate of 0.3 mL min~! was
used for 2-nitrophenol. Starting with 2 % eluent B isocrati-
cally for 1 min, increasing to 20 % B over 2.5 min, then fur-
ther increasing to 90 % over 1.5 min, after which B was again
held at 90 % for 0.3 min, decreased to 2 % over 0.2 min, and
held again for 0.5 min. To further enhance ionization, a post-
column flow of 50 mmol L~! NH,OH in MeOH was added
after 1 min at a flow rate of 0.1 mL min—!. The APCI source
was used in negative mode, resulting in the formation of de-
protonated molecular ions. Sheath gas and auxiliary gas flow
were 23 and 5 a.u., respectively. The vaporizer temperature
was 375 °C, and the capillary temperature was 350 °C.

2.5 Calculation of the retention coefficient

Equation (1) was used for compounds with a retention coef-
ficient R close to 1:

sample
compound/ compound (1)

R= sample /

The numerator describes the ratio between the concentratlon
of the compound of interest in the ice sample (czzr;g:und)

(Teflon coated bars or graupel) and in the LN finger sample

(clc“ol\rlnpound) The denominator describes the same ratio but for

the IS (CSMPIe o LN, Thus, it is not necessary to consider a
dilution, evaporation, and desorption correction as these ef-
fects change both the compound and IS concentrations in the
nitrogen finger sample accordingly. Therefore, a change in
this ratio is solely an effect of the retention of the compound
during the riming process.

The calculation is different for compounds with a lower
effective Henry’s law constant (below 104), which leads to
higher desorption. These compounds are transferred to the
gas phase in larger amounts before and during the freezing
process, resulting in a higher gas-phase concentration in the
tunnel. Therefore, it cannot be ruled out that the measured
concentrations of the LN finger tube samples could be influ-
enced by additional adsorption out of gas-phase components.
This would no longer provide a suitable correction for deter-
mining the retention coefficient.

As the LN finger sample is not available, the sprayer sam-
ple (the solution from which the droplets are produced) is
used instead. As the distance between the two sampling
points (sprayer and graupel/bar) is large, it is necessary to
determine the amount of compound that is transferred to the

Atmos. Chem. Phys., 24, 13961-13974, 2024

. Borchers et al.: Retention of a-pinene oxidation products

-12 10 -8 -6 -4 2 -12 10 -8 -6 -4 2 12 -10 -8 -6 -4 -2

16 Graupel pH5.6 T1.6
+ BarpH56
14 Graupel pH4 114
s BarpH4

12 . a 12
:
1.0 Mo s o304
2k

08

0.6
04 (a) pinic acid
R=0.96 +0.07
Ry 0.70

00 Rinax= 114

(b) pinonic acid
R=092+0.11
Ryy,= 0.66
Ropar= 1.18

(c) pinanediol
R=0.98+0.08
Ry,= 0.83
Rypa=1.18 0.0

Retention coefficient R

02

-2 -10 -8 -6 -4 2 12 -10 -8 -6 -4 2 12 -10 -8 -6 -4 -2

Temperature T [°C]

Figure 4. Experimentally determined retention coefficients of
(a) pinic acid, (b) pinonic acid, and (c) pinanediol as a function
of the temperature during the experiment for different rime collec-
tors. The circles represent the graupel samples and the triangles the
Teflon-coated bars. For the blue symbols, the pH was adjusted to
4 by adding HCI (30 %), the red symbols are without adding HCI.
The solid black line represents the mean of all measurements, and
the gray area represents 1 standard deviation.

gas phase before freezing. The desorption correction coeffi-
cient D (see Eq. S3 in the Supplement) will be utilized. A
detailed description of the desorption correction coefficient
can be found in the Supplement.

To calculate the retention coefficient R for compounds
with a lower retention coefficient, Eq. (1) was extended to in-
clude the desorption correction coefficient using the sprayer
solution sample instead of the LN finger (see Eq. 2):

sample sprayer
compound/ compound
sample / sprayer

2

Equations (1) and (2) yield identical results for compounds
with a desorption correction coefficient of approximately 1.
This is illustrated using pinic acid as a representative exam-
ple in the Supplement (Fig. S3).

3 Results and discussion

3.1 Retention measurements

The results of the retention measurements for the «-
pinene oxidation products are shown in Fig. 4; those for
4-nitrocatechol, nitrobenzoic acid, and 4-nitrophenol are
shown in Fig. 5; and the desorption-corrected R for 2-
nitrophenol in Fig. 6.

3.1.1 Pinic acid and pinonic acid

Figure 4 shows the results for (panel a) pinic and (panel
b) pinonic acids. Pinic acid and pinonic acid both show
no pH dependence, temperature dependence, or influence
from the rime regime. This agrees with the earlier findings
for compounds with high H*. The retention coefficients for
pinic acid vary between 0.70 and 1.14 with a mean value of
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0.96 £ 0.07. For pinonic acid, a mean retention coefficient of
0.92 +0.11 was determined. The variation in the measured
values of R is greater than that for pinic acid and lies be-
tween 0.66 and 1.18. This is probably due to the lower H*,
which makes pinonic acid more sensitive to slight changes in
the experimental conditions. The scatter of the values is com-
parable to that observed in other studies on retention. Theo-
retical and experimental studies have demonstrated that the
retention of compounds with a low H* is dependent on the
freezing conditions (Jost et al., 2017; v. Blohn et al., 2013;
von Blohn et al., 2011; Stuart and Jacobson, 2004, 2003). The
results shown here indicate that slight differences in freezing
conditions across the experiments may exert an influence on
the retention of compounds despite their high H* values.

3.1.2 Pinanediol

The results for pinanediol are depicted in Fig. 4c. No effect
on the investigated parameters could be found for this diol.
The mean retention coefficient was 0.98 4= 0.08 with a mini-
mum value of 0.83 and a maximum value of 1.18, which is
an exception to previous findings (Jost et al., 2017). In com-
parison to pinic and pinonic acid, pinanediol showed a lower
H* (see Table 3). A lower retention coefficient is expected
for compounds in this range, as well as a dependence on
temperature. However, no temperature, pH, or growth regime
dependence was seen. This deviation from the expected be-
havior could be because the Henry’s law constant for pinane-
diol is estimated using the bond method implemented in the
HENRYWIN™ software as part of EPI Suite™. The bond
method breaks down the molecule into a sum of the individ-
ual bonds that make up the compound. The exact structure
and spatial orientation of the molecule is not considered. Due
to the large deviations of the polyols in the original method
by Hine and Mookerjee (1975), further correction factors
were included in the method. However, the predictions are
less accurate for molecules with a more complex structure
(Meylan and Howard, 1991; Hine and Mookerjee, 1975).
Pinanediol is a cyclic diol. Due to its capped ring form, it
is sterically hindered, and thus the potential interactions be-
tween the OH groups are not considered by the model. Since
there are no experimental data for the Henry’s law constant,
there is no current alternative to the estimation.

3.1.3 4-Nitrocatechol and 4-nitrophenol

The results for 4-nitrocatechol and 4-nitrophenol are shown
in Fig. 5a and b. Overall, no pH or temperature dependence
is recognizable. Furthermore, no difference between wet and
dry growth conditions can be observed. This agrees with
the current literature. As Stuart and Jacobson (2004, 2003)
have shown, a temperature or pH dependence is not ex-
pected for compounds with high effective Henry’s law con-
stants, such as 4-nitrocatechol or 4-nitrophenol. Mean re-
tention coefficients of 1.01 +0.14 and 1.01 £0.07 were de-
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Figure 5. Experimentally determined retention coefficients of (a) 4-
nitrocatechol, (b) 4-nitrophenol, and (c) nitrobenzoic acid as a func-
tion of the temperature during the experiment for different riming
collectors. The circles represent the graupel samples and the trian-
gles the bars. For the blue symbols, the pH was adjusted to 4 by
adding HCI (30 %), the red symbols are without adding HCI. The
black line represents the mean of all measurements, and the gray
area represents 1 standard deviation.

termined for 4-nitrocatechol and 4-nitrophenol, respectively.
For 4-nitrocatechol, the derived retention coefficients showed
a large scatter that has no current explanation. A minimum
value of 0.63 and a maximum value of 1.41 was obtained.
4-Nitrophenol showed a smaller scatter with values between
0.79 and 1.28.

3.1.4 2-Nitrobenzoic acid

For 2-nitrobenzoic acid in Fig. 5¢, no dependence on the in-
vestigated parameters was found. The average retention co-
efficient is 0.99 £0.04, with the lowest scatter among the
measured compounds. The smallest value measured was 0.87
and the largest 1.12. This is probably because 2-nitrobenzoic
acid has the lowest pK;, value of all the compounds stud-
ied. In the pH range investigated, most of the 2-nitrobenzoic
acid molecules are deprotonated, unlike the other compo-
nents studied. This makes a transition into the gas phase less
likely, and therefore small differences in the measurement
conditions have less influence on the results.

3.1.5 2-Nitrophenol

2-Nitrophenol (Fig. 6) showed significantly lower retention
coefficients than the other compounds presented above. The
retention coefficients shown here are desorption corrected
according to Eq. (2). At pH4, the different rime collectors
(Teflon-coated bar, graupel) showed a statistically signifi-
cant (significance level o = 0.05) negative temperature de-
pendence (lines and equations in Fig. 6; Table 2). The bar
samples show a slightly stronger temperature dependence
than the graupel samples. This is probably due to the metal
rod inside the Teflon-coated bar and the resulting faster heat
transfer. It is also noticeable in these measurements that the
graupel samples (light red and light blue circles in Fig. 6b)
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Figure 6. Experimentally determined desorption-corrected reten-
tion coefficients of 2-nitrophenol as a function of the temperature
during the experiment for different rime collectors. The triangles
represent the Teflon-coated bar samples (a) and the circles the grau-
pel (b). For the blue symbols, the pH was adjusted to 4 by adding
HCI (30 %); the red symbols are without adding HCI. The line rep-
resents a linear fit.

have an overall lower retention coefficient than the bar sam-
ples (red and blue triangles in Fig. 6a). This might also be
explained by the metal rod inside the Teflon-coated bar. The
faster heat transfer leads to a shorter freezing time and thus
to a higher retention coefficient. At a pH value of 5.6, no sta-
tistically significant negative temperature trend could be de-
termined. This could be attributed to the greater scattering of
the values, which is presumably caused by fluctuations in the
conditions in the wind tunnel and slight variations in the pH
value of the solution utilized. The fluctuation in the values
could conceal an existing temperature trend.

The data points (Fig. 6) below —6 °C were obtained from
dry growth conditions, while the ones higher than that rep-
resent wet growth conditions. A closer inspection of the data
reveals that the temperature dependency might also be a re-
sult of the riming regimes. When separating the data be-
tween the two regimes, the temperature dependency van-
ishes. Therefore, the difference in retention values between
wet and dry growth conditions might be due to the longer
freezing times of the accreted and coalesced droplets. The
droplets accreted during the wet growth regime remained lig-
uid for some time and formed a larger, millimeter-sized drop
before they froze. This means that dissolved 2-nitrophenol
was able to further desorb from the drops before ice shell
formation occurred, which reduces further expulsion from
the freezing droplet. This resulted in slightly lower reten-
tion values for the rime collectors grown during wet growth.
Considering the absolute retention values for wet growth, it
becomes apparent that 2-nitrophenol will not be retained in
atmospherically significant amounts during wet growth con-
ditions. However, as the values between dry and wet growth
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Table 2. Measured retention coefficients of 2-nitrophenol and their
temperature dependencies.

Mean retention

Conditions coefficient R Temperature dependency of R
Bar pHS5.6 0.34+£0.11 -
Graupel pHS5.6 0.19£0.05 -
Bar pH4 0.16 £0.07 R, =(-0.016+0.005)

T +(0.041 £0.037)
Graupel pH 4 0.08+:0.04 Rg, = (—0.010+0.002)

T +(—0.002 4+ 0.019)

overlap within the experimental uncertainty, a temperature
dependency is provided here, which is applicable within the
investigated temperature and growth condition range simu-
lated in the present study. As the temperature dependence in
the analyzed range has only a minor influence on the reten-
tion compared to the data scattering, the mean values were
determined for all sets of measurements. The mean reten-
tion coefficients for the various riming conditions are shown
in Table 2. The overall mean retention coefficient was de-
termined to be 0.21 £ 0.12. The measured values of R were
between a minimum of 0.01 and a maximum of 0.60.

In addition to the dependence on temperature, growth
regime, and the riming collectors already discussed, the pH
dependence was also analyzed, as retention is also strongly
dependent on the dissociation of the molecules. As the reten-
tion for the rime collectors is different, the comparisons are
only carried out within the same collectors. The mean reten-
tion coefficients for the graupel samples at pH5.6 and pH 4
were 0.19£0.05 and 0.08 = 0.04, respectively. At pHS5.6 it
is more likely that 2-nitrophenol is dissociated in comparison
to at pH 4. A dissociated molecule needs to be neutralized by
a proton before leaving the droplet during riming. At pH 5.6,
more molecules are available that do not evaporate without
recombination, which might explain the higher retention co-
efficient.

3.2 Relationship between the Henry’s law constant and
retention

Jost et al. (2017) have shown a correlation between the reten-
tion coefficient R and the dimensionless effective Henry’s
law constant H* (H*=Kg-RT, with Ky — effective
Henry’s law constant; R - gas constant; and T — tempera-
ture) for inorganic and small organic molecules, which can
be described by Eq. (3).

RO = (14 (a/H*)b)il, 3)

where R is the retention coefficient, H* is the dimensionless
effective Henry’s law constant, and a and b are constants
that are determined by a fit. To test whether this relation-
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ship is also applicable to the larger organic molecules inves-
tigated here, the mean values of retention coefficients of the
compounds were plotted against their dimensionless effec-
tive Henry’s law constants (Fig. 7). H* was determined for
the investigated pH values and at 298 K. Since most of the
compounds analyzed in this study did not show any pH de-
pendence within the pH range of 4-5.6, a pH value of 4 was
used for the calculation of H* for these compounds. This
is a typical value found in cloud water samples (Pye et al.,
2020; Loflund et al., 2002). For 2-nitrophenol, the mean re-
tention coefficient for each of the pH values (pH4 and 5.6)
was calculated and plotted (Fig. 7). The fact that a pH depen-
dence was only found for 2-nitrophenol is consistent with the
literature. A pH dependence is only to be expected for com-
pounds with low H*. Additionally, a dependence is expected
primarily in a pH range near the pK, value, as the impact on
the ratio between dissociated and non-dissociated molecules
is most pronounced in this range (Reijenga et al., 2013; Stu-
art and Jacobson, 2003). The pK, values of pinic acid and
pinonic acid are the most similar to the investigated pH val-
ues. However, the H* values seem to be too high to detect
an influence of pH on the measurements. The calculated val-
ues of H* are listed in Table 3. Since there are no measured
Henry’s law constants nor reaction enthalpies for some of the
more complex organic compounds, these were predicted us-
ing the bond method of the HENRYWIN™ software, which
provides the values for 298 K.

The compounds measured in this study are the colored,
filled symbols in Fig. 7; the ones measured by Jost et
al.(2017), v. Blohn et al. (2013), von Blohn et al. (2011), and
in earlier investigations in the wind tunnel are the gray, half-
filled symbols. The dashed gray line represents the fit for the
gray, half-filled symbols, i.e., previous measurements. Since
the retention of formaldehyde, as shown in Jost et al. (2017),
depends on not only H* but also the hydration to the diol,
the value is not taken into account when determining the
fit. The resulting parameters are dgrey = (2.41 & 1.06) x 10*
and bgrey = 0.2740.04. The solid red line is the new fit
function in which all compounds are considered. Here again
formaldehyde was not included into the fit. Pinanediol was
also excluded from the fit as it appears to be an outlier
(see Sect. 3.1.2). The values ayeq = (3.34 £1.61) x 10* and
bred = 0.36 &= 0.06 result for the fit function.

As Fig. 7 shows, the retention coefficients of larger organic
molecules do also scale with H*, which agrees with the pre-
vious measurements. Only pinanediol and formaldehyde do
not fit at first glance. A comparison of the new fit function
(solid red line) with the values already known from the lit-
erature (dashed gray line) shows that the inflection in the fit
function is steeper than was previously assumed. Our results
show that the retention of compounds with an H* below 10
is close to 0; i.e., most of the compound dissolved in water is
released into the gas phase during riming. This is also evident
from the equilibrium distribution of species between the lig-
uid and gas phase in a confined system, which is a function of
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Figure 7. Measured retention coefficients as a function of H*. Col-
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the LWC (see Fig. SO in the Supplement). For species with
H* < 10* just a maximum of 10 % is present in the liquid
droplets, even for LWCs of up to 10 gm™3, which are only
reached within severe storms (Lohmann et al., 2020). For
H* > 10°, the compounds are present in significant amounts.
For compounds with an H* value above 10%, a retention of
1 is expected, with most of the compound remaining in the
ice phase during freezing. This finding is in accordance with
the literature. Stuart and Jacobson (2004) suggest a threshold
value between 10% and 10'° M atm™! for dry growth riming,
which is on the same order of magnitude as the values pre-
sented here. For the compounds in-between 10 and 108, the
retention coefficient is highly dependent on H*. However,
the retention estimation is still afflicted by some degree of
uncertainty, especially in this H* range. A close inspection
of the data shows that it is not obvious that pinanediol and
formaldehyde are outliers. It might also be that the transition
from low to high retention values occurs in a smaller range
of H*, and retention is 1 already for H* > 10°. We cannot
ultimately clarify the steepness of the curve, and the limiting
regimes might be closer than assumed here. Jost et al. (2017)
argued that formaldehyde cannot be explained solely by H*,
and aqueous-phase kinetics must be considered. However,
such explanations are lacking for pinanediol. This might in-
dicate that the transition from low to high retention values oc-
curs at lower H*. Support for that is given from the fit when
taking all measurements into account, i.e., also formaldehyde
and pinanediol (see Fig. S10). To finally answer the question
about the transition behavior of the function, further reten-
tion measurements in the range 10* < H* < 10° are needed.
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Table 3. Retention coefficient of the measured compounds and their pK, values, Henry’s law constants, and dimensionless effective Henry’s
law constants at 298 K and pH 4 for all compounds except 2-nitrophenol (pH 4 and 5.6).

Mean retention

Acid dissociation
constant pKj,

Dimensionless effective
Henry’s law constant

Henry’s law
constant®* M atm ™1

Compound coefficient R
4-Nitrocatechol 1.01+0.14
2-Nitrobenzoic acid 0.99+0.04
cis-Pinic acid 0.96 £0.07
cis-Pinonic acid 0.924+0.11
4-Nitrophenol 1.01 £0.07
(—)-Pinanediol 0.98 £0.08
2-Nitrophenol (pH 5.6) 0.27+£0.11
2-Nitrophenol (pH 4) 0.124+0.07

7.23b 4.35 % 10° 1.06 x 1011
2.17° 2.08 x 100 3.49 x 107
4.64b 1.02 x 108 3.06 x 107
5.194 1.12 x 100 2.93 x 107
7.15° 4.52 x 103 1.11 x 107
14.68P 4.08 x 103 9.97 x 104
7.23¢ 1.43 x 102 3.50 x 103
7.23° 1.43 x 102 3.58 x 103

@ Calculated using US EPA (2012) Estimation Programs Interface Suite™ for Microsoft® Windows, v 4.11. United States Environmental Protection
Agency, Washington, DC, USA. b Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (©1994-2024 ACD/Labs).

¢ Haynes (2014). d Kotodziejczyk et al. (2019).

However, to our current knowledge, and particularly because
of the lack of reliable measurements of H* for pinanediol,
we believe that the parameterization given above (Eq. 3),
with dreq = (3.34 & 1.61)- 10* and breq = 0.36£0.06 is most
trustworthy to calculate retention in the transition regime.

4 Conclusions

Wind tunnel experiments were carried out in the vertical
wind tunnel of Johannes Gutenberg University, Mainz, to de-
termine the retention coefficients R of three a-pinene oxida-
tion products and four nitro-aromatic compounds. The exper-
iments were performed in the temperature range from —12
to —3 °C with a liquid water content of 0.9 +0.2gm™3 and
2.240.2gm™3 to represent dry and wet growth conditions
and to simulate mixed-phase cloud conditions. The wind
speed (3ms™!) was chosen to match the typical fall velocity
of graupel. The temperature and pH dependences (pH4 and
5.6) of the compounds were studied, as well as the depen-
dence on the growth regimes. Two different rime collectors
were also considered: a Teflon-coated metal bar and grau-
pel. Stuart and Jacobson (2004, 2003) hypothesized a depen-
dence on external influences such as temperature and pH for
compounds with a low dimensionless effective Henry’s law
constant H*. Of the compounds investigated, 2-nitrophenol
has the lowest H*. In agreement with the current literature,
the retention coefficients of 2-nitrophenol determined show
a significant dependence on pH and on the type of rime col-
lector. The mean retention coefficients for the graupel sam-
ples are Rg5.6 =0.191+0.05 (pH 5.6) and Rgs = 0.08£0.04
(pH4). This indicates that changes in the pH value can in-
fluence retention and must be taken into account. At pH4,
2-nitrophenol also showed a dependence between dry and
wet growth conditions. The temperature dependence and the
dependence on growth conditions seem to overlap, as the
growth conditions differ in not only liquid water content but
also temperature. Since the measured values between dry and
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wet growth overlap within the experimental uncertainty, a
temperature dependence is reported in this study. The higher
scattering of the values obtained from the measurements with
pH 5.6 could be the reason why the temperature trend and the
difference between the growth regimes found at pH 4 are not
visible at pH 5.6.

2-Nitrobenzoic acid, 4-nitrophenol, and 4-nitrocatechol
showed retention coefficients of 0.994+0.04, 1.01£0.07, and
1.01 £0.14, respectively, with no significant dependence on
temperature, pH, type of rime collector, or growth regime.
For cis-pinic acid and cis-pinonic acid, retention coefficients
of 0.96£0.07 and 0.924+0.11 were obtained, which also
showed no dependence on the parameters investigated. This
study shows that there appears to be no difference between
dry and wet growth conditions for compounds with a high
effective Henry’s law constant and that H* can also be used
to estimate retention coefficients for wet growth conditions,
at least for graupel and the ambient conditions used in this
study (wet growth conditions — ambient temperature of —3
and —5°C, LWC of 2.2 gm™ 3, surface temperature of —0.8
and —2.2°C, and no shedding of water). This is in contrast
to a modeling study by Michael and Stuart (2009), which
indicates a lower influence of H* and low retention coeffi-
cients even for compounds with high A* under wet growth
conditions for hailstones. However, it should be noted that in
this study, hail was investigated at a surface temperature of
0°C and with shedding of water. It is therefore possible that
the differences in the experimental conditions are responsible
for the discrepancies in the observed outcomes. The retention
coefficient for pinanediol was determined to be 0.98 &+ 0.08,
with no significant temperature dependence. This was not ex-
pected due to the comparably low H*. However, the Henry’s
law constant is only predicted and may be subject to errors
due to the specific structure of the molecule. For this reason,
it is important to determine Henry’s law constants of more
and different molecules to aid in the understanding and mod-
eling of processes in the atmosphere.
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The retention coefficients for 4-nitrophenol and 2-
nitrophenol differ considerably. Since they are structural iso-
mers, it is obvious that they have the same molecular formula
and the same functional groups, although they are arranged
differently. The different arrangement allows for the forma-
tion of an intramolecular hydrogen bond between the OH and
the nitro group in 2-nitrophenol. This can result in the non-
dissociated form being stabilized, which may explain why
4-nitrophenol exhibits greater solubility than 2-nitrophenol.
This could be due to the fact that 4-nitrophenol undergoes
easier solvation and displays the capacity to form intermolec-
ular hydrogen bonds. This property may also be responsible
for the observed differences in Henry’s law constants and re-
tention (Achard et al., 1996, Schwarzenbach et al., 1988).
In contrast to the bond method used in this study, the group
method of the HENRYWIN™ software predicts the same
Henry’s law constant for both isomers. This clearly shows
the importance of reliable prediction or measurement of H*
and the importance of chemical structure.

We demonstrated here that the retention coefficients of
more complex organic molecules depend mainly on the di-
mensionless effective Henry’s law constant. These experi-
ments have improved the parameterization of retention co-
efficients using the dimensionless effective Henry’s law con-
stant. The results show that the retention of compounds with
an H* below 103 is not a significant factor, and thus most
of the compound dissolved in the supercooled drops is re-
leased into the gas phase during freezing. For compounds
with an H* value above 108, retention close to 1 is expected,
and the compound remains completely in the ice phase dur-
ing freezing. These compounds can be effectively washed
out by precipitation or transported further upwards and re-
leased by sublimation of the ice particles. At high altitudes
and low temperatures, the volatility of these compounds is
even lower, and it is possible that particulate residuals form
after sublimation. This probably has an impact on the chem-
istry of the upper troposphere and ultimately on the Earth’s
radiative budget. In the intermediate range of H*, the im-
proved fit of R vs. H* (Eq. 4, with areq = (3.34 £ 1.61) x 10*
and breg = 0.36 +0.06) can be used to estimate the retention
coefficient and thus further improve cloud models that ac-
count for transport of organic trace components. However,
the present results show that more retention measurements
are needed for compounds with 10* < H* < 10° to clarify
the sharpness of the transition between the two boundaries
of zero retention and full retention.
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5. Conclusion

Atmospheric organic matter has a vital role in many processes that moderate climate
systems as well as influence air quality and thereby public health. These organic compounds
are a critical yet understudied constituent of the chemical composition of Earth’s atmosphere.
Its transport from the lower troposphere where its primary emissions sources are to the UTLS
is one of the most important and yet unresolved issues in cloud chemistry and global models.
While there are limitations on what is currently known about ice phase processing in tropical
deep convective clouds and in extratropical WCB and their contribution to the redistribution
of atmospheric trace organic substances, new publications continue to address these
knowledge gaps. Investigating these areas of interest is especially important to furthering the
understanding of the formation and the atmospheric life cycle of organic aerosols and in

particular secondary organic aerosols.

In finding answers to the questions that surround organic transport, the underlying
microphysical, multiphase chemical aspects, and macrophysical transport processes are
explored. The processes of chemical retention during drop freezing and rime freezing could
potentially explain underestimated new particle formation in the upper atmosphere.
Diffusional ice uptake represents a process by which organics are removed from the
stratosphere by cirrus clouds. These experiments presented in these publications demonstrate
the measurement of retention coefficients through the use of the Mainz Wind Tunnel or an
acoustic levitation apparatus; the measurement of gas-ice partitioning coefficients through the
use of a self-designed Flowtube apparatus; and the significance of these measurements for

atmospheric processing and the associated transport of the implicated organic species.

Specifically, the wind tunnel riming retention studies using pinene oxidation products
and nitrophenols demonstrate that they behave according to the known relationship with
effective Henry’s Law solubilities. However, the acoustic levitator experiments demonstrate
that raindrop freezing retention does not have a sigmoidal relation with effective Henry’s Law
solubilities. These studies begins to challenge the existing understanding of retention’s
relationship with Henry’s Law solubilities, or at minimum highlight the physical factors that

influence retention.

The experiments using the flowtube apparatus to measure ice-gas partitioning

coefficients demonstrate an inverse relationship between partitioning coefficients and
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temperature for carbonyls. This was observed for all species except methyl vinyl ketone. This
experiment showed a linear correlation between AS and AH which was statistically validated
and determined with 99% confidence to not be a statistical artifact. This compensation
behavior could be an indication of a surface liquid layer or quasi-liquid layer behavior
involved in the uptake process and could also indicate a single dominant influence on a
compound’s uptake. The most significant physicochemical properties that correlated with
uptake were identified to be vapor pressure and molar mass, which indicated that smaller

compounds with higher vapor pressures are more readily taken into the ice phase.

Altogether, these publications display how the microphysical and multiphase
chemistry of hydrometeor freezing inform the macrophysical transport of atmospheric
transport. Each of these papers continue to demonstrate that the properties and behaviors of
organics in the atmosphere are diverse and not always comparable to those of inorganics.
Most importantly, they show the critical need for experimental data to inform the theoretical

and modeling aspects of atmospheric research.
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6. Outlook

The limitations of these studies should not be understated as these limitations guide
the proceeding of future investigations. The most apparent limitations on these experiments
are the ways in which the conditions of the upper atmosphere fail to be properly replicated.
For the acoustic levitator experiments, this is most apparent in the drop size ranges, artifacts
from the sonic field, reduced ventilation. For the single and binary mixture experiment along
with the wind tunnel studies on select single components, one of the most chemically relevant
aspects is the measurement of species in ideal solutions, i.e. single component solutions with
limited matrix effects. As opposed to the acoustic levitator experiment using a complex
solution of aerosols, these single component studies may be neglecting possible matrix

effects that could be present in natural hydrometeors.

The investigation of the potential matrix effects with the complex solution in the
acoustic levitator is still a first demonstration of retention within a complex mixture.
Considering the matrix effects, the applicability of the conclusions there to other locations or
samplings with different aerosol compositions—thereby potentially different matrix effects—
could be challenged. There is not enough evidence to assume matrix effects are either
negligible or the same elsewhere as in this experiment, but the assumption is not
unreasonable. Rainwater tends to show negligible matrix effects for other properties and
analyses (Pang et al., 2017; Sauret-Szczepanski et al., 2006). Average rainwater DOC is on
the order of uM which could be assumed to be dilute enough for matrix effects to be
negligible compared to pure water solutions. However, these are still unsupported

assumptions that are required for broad application of those conclusions.

Future studies into chemical retention require the measurement of riming retention for
complex solutions in conditions that best reproduce the conditions of the upper atmosphere.
This requires aerosol extract experiments in the wind tunnel. Additionally, more studies in the
wind tunnel that investigate substance with low Henry’s law solubility are required to better
understand the relationship between retention and Henry’s law solubility. While the acoustic
levitator experiments challenge some aspects of the current understanding of this relationship,
more experimental data is needed for the lower end of the curve. Further, measurement of
retention in complex mixtures would benefit greatly from higher accuracy chemical structure

information and assignment. The biggest limitation on the direct and accurate comparison of
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the Henry’s law solubilities and the retentions measured for the hundreds of compounds in
the complex mixture is the inability to estimate the Henry’s law solubility due to lack of high
confidence structural assignment. With these adjustments, future studies could potentially
present high accuracy predictions of the chemical retentions for a wide variety of organic

compounds.

As for the Flowtube experiments, these measurements are exclusively a description of
the gas-to-ice solid solution equilibrium and neglect investigation of gas-to-liquid or liquid-
to-ice equilibrium. The partitioning coefficients measured do not directly describe whether a
compound is actually incorporated into the ice crystal lattice or if it phase separates into
crystal grain boundaries, but only its uptake into the bulk phase. However, since molecular
size has a negative correlation with uptake, it may suggest incorporation into the ice crystal
lattice or void space. It is also difficult to say if this data describes uptake into a liquid
solution phase that coexists with ice, but the observed compensation effect may insinuate its
presence. While the measurements here are for multicomponent mixtures of compounds,
single component uptake is likely the same, which is also supported by Huffman and Snider

(2004).

Further investigation of ice-gas partitioning coefficients should seek to determine the
contribution of liquid layer influence and should focus on measuring on ice-specific surface
area and the volume of solution associated with the liquid layer. Additionally, similar
experiments with other families of compounds are required to better understand the root of
the compensation effect seen here. Crystallographic analysis of this data may also yield more
information about the ice uptake process. With more investigation to reveal the main
contributors of additivity, it seems possible that the entropy-enthalpy compensation seen here
could be used to help model the uptake process with a significant degree of accuracy.
However, this requires the investigation of more organics and in particular to review the
behavior of methyl-vinyl ketone to understand its deviations from the expected exothermic

behavior.
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Table S1. Bubbler Concentrations and Henry Solubilities

Benzaldehyde
MVK
Methacrolein
Acetaldehyde
Formaldehyde
Acetone
Nopinone
Norcamphor
Camphor
Diacetyl
Glyoxal
Hydroxyacetone
Methylglyoxal
Propionaldehyde

H®

mol/(m?
Pa)
0.4

0.26
0.045
0.13
32
0.27
14
0.43
0.54
0.73
4100
77

35
0.099

H;sPT
M/atm K
40.53 | 5200
26.34 | 7800
4.56 = 4600
13.17 = 5900
32424 7100
27.36 | 5500
1418.55
43.57 | 5100
54.72 4800
73.97 5700
415433 | 7500
7802.03
3546.38 7500
10.03 = 4300

Target

Flowtube Gas
Concentration

ppbv

10
10
10
10
10
10
10
10
10
10
10
10
10
10

of Carbonyls

during

Table S2. Target m/z for MS analysis (Compounds given in elution order)

Species

Hydroxyacetone

Elemental
Formula

C3H602

Monoisotopic

Mass (Da)

MS Analyte

74.0368 Hydroxyacetone-

DNPH

Molar Target Bubbler Liquid
Mass concentration (uM)

-40 °C -30°C -20°C
gmol 41 _165) (d=55) (d=18)
106.12 109 36 12

70.09 91 30 10
70.09 12 4 1
44.05 38 13 4
30.03 10447 3482 1159
58.08 76 25 8
138.21 2341 780 260
110.15 116 39 13
152.23 142 47 16
86.09 209 70 23
58.04 1389975 463325 154161
74.08 12873 4291 1428
72.06 11866 3955 1316
58.08 25 8 3
Analyte Target m/z Expected RT
Elemental used [M-H]" = (min)
Formula
CI9H10N405 253.0573 1.3
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Formaldehyde
Acetaldehyde

Acetone
Propionaldehyde

Methacrolein

MVK
Benzaldehyde

Glyoxal
Norcamphor
Methylglyoxal
Diacetyl

Nopinone
Camphor

CH20

C2H40

C3H60
C3H60

C4H60

C4H60
C7H60

C2H202

C7H100

C3H402

C4H602

C9H140
CI10H160

30.0106

44.0262

58.0419
58.0419

70.0419

70.0419
106.0419

58.0055

110.0732

72.0211

86.0368

138.1045
152.1201

Formaldehyde-
DNPH
Acetaldehyde-
DNPH
Acetone-DNPH

Propionaldehyde-
DNPH
Methacrolein-
DNPH
MVK-DNPH

Benzaldehyde-
DNPH
Glyoxal-bis-
DNPH
Norcamphor-
DNPH
Methylglyoxal-
bis-DNPH
Diacetyl-bis-
DNPH
Nopinone-DNPH

Camphor-DNPH

C7H6N404

C8H8N404

CI9H10N404
CY9H10N404

C10H10N404

CI0H10N404
CI3H10N404

C14H10N8OS8

CI13H14N404

CI5H12N8O8

CI16H14N8O8

CI5H18N404
C16H20N404

209.0311

223.0467

237.0624
237.0624

249.0624

249.0624
285.0624

417.0534

289.0937

431.0700

445.0856

317.1250
331.1412
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Figure S1. Temperature Profile along z-axis of Flowtube

Section S1. Discussion on Entropy-Enthalpy Compensation

Reviewing this data in accordance with the definitions laid out by Liu and Guo,
(2001) and Pan et al. (2015), it appears unlikely that the Entropy-Enthalpy Compensation
(EEC) effect seen here is a spurious finding. The linearity from the regressions in Table 3 are
strong and thus there is relatively low standard error in AH and AS, especially comparing to
the significant range of AH and AS values (145 to 21 kJ mol™!, =621 to 44 J mol ! K™!
respectively). The lack of strong convergence to an isoequilibrium when extrapolating from
Figure 2 (also more clearly demonstrated in Figure S2) shows that this system however does

not readily appear to meet the definitions to be an isokinetic relation (IKR).

This correlation between AS and AH can further be explored under the constraints that

Sharp (2001) places on EEC for 95% confidence. The range of AG in this experiment is from
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—9 to 24.4 kJ mol™! while the range of temperatures experiments were run was between —20
and —40 °C, (the harmonic mean being —30.3 °C or 242.9 K). While |AG| < |AH| for most
cases here, there is a significant range of |AG| and in the same magnitude as |AH| such that
AG cannot be considered constant. The compensation temperature (235.5 K) however does
fall within the 20 range of the experimental temperature (242.9 K) and so this analysis alone
does not meet the 95% confidence interval for nontrivial correlation. But, if the data from
Fries et al. (2007) is included in this analysis, Tc and r? are instead 225.9 K and 0.9788
respectively with the harmonic mean experimental temperature as 244.9 K; this places Tc
outside of the 26 range of the experimental temperature and thus meets Sharp’s criteria for a

nontrivial correlation.

In regards to IKR as viewed through the Griessen et al. (2020) and Griessen and Dam
(2021) EEC analysis, the Compensation Quality Factor (CQF) values are rather low, both
below 0.25. This supports the observation of the absence of strong coalescence to an
isoequilbrium and no noticeable IKR. The increase in CQF when including the data from
Fries et al. (2007) also indicates that with the inclusion of more data, coalescence could be

statistically inferred.

It should be noted that the explanation of EEC from solvation effects is not specific to
aqueous systems. Computational work has identified instead two causes for EEC in solvent-
solute interactions: solvent reorganization and molar shift (Grunwald and Steel, 1995).
Regardless of aqueous nonspecificity, the EEC’s implication of a surface liquid layer can still
be made. There are other less likely potential explanations currently in literature such as the
influence of hidden Carnot cycles from microphase transitions (Starikov and Nordén, 2007)
or the loss of translational and rotational entropy during gas phase association (Ryde, 2014).
However, these seem unlikely to be the dominant mechanism for the EEC seen here and are
outside the scope of discussion here.
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Enthalpy of Vaporization [kJ/mol]
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Figure S3. Scatterplot of In(K) at —30 °C versus the heat of vaporization (red line) and molar

mass (black line).
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Table S1. Parameters for Stable Distribution Fit presented in Figure 3

Mean 0.8894

Log Likelihood 224.657

Parameter Value Std. Error
Alpha (o) 1.38642 0.06988
Beta () -0.61652 0.10241
Gamma (y) 0.07289 0.00383
Delta (6) 0.95409 0.00608

Table S2. Parameters for t Location-Scale Distribution Fit presented in Figure 3

Mean 0.9442

Log Likelihood 210.775

Parameter Value Std. Error
Mu (p) 0.94415 0.00566
Sigma (o) 0.08665 0.00630
Nu (v) 2.02867 0.26969

Two separate csv files are provided as summaries of the MS data with the calculated retention

coefficient; one for (-)HESI and (+)HESI are published through Zenodo at the following

DOI: https://doi.org/10.5281/zenodo.15166745
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Figure S1: Photo of ice grown under dry (a)) and wet (b)) growth conditions.
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nozzles. The lines represent the log-normal fit functions.
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Figure S3: Experimentally determined retention coefficients of pinic acid using (a) the LN finger and (b) the sprayer solution as a
function of the temperature during the experiment for different rime collectors. The circles represent the graupel samples and the
triangles those of the Teflon-coated bars. For the blue symbols, the pH was adjusted to 4 by adding HCI (30 %), the red symbols are
without adding HCI. The solid black line represents the mean of all measurements, and the grey area represents one standard
deviation.

Desorption correction procedure

2-nitrophenol has the lowest effective Henry’s law constant and therefore possesses the highest probability of transition from
the droplet phase to the gas phase, resulting in a high gas phase concentration in the wind tunnel. For such a substance the
measurement technique using the liquid nitrogen finger collection is not reliable since the gas molecules might adsorb on the
liquid nitrogen cooled ice and thereby bias the retention value. Also, there is currently no other reliable measurement technique
for measuring the desorption of a highly volatile substance right at the point where the retention measurements were carried
out. Therefore, the desorption coefficient valid for the retention measurement was estimated based on a two step temperature

and exposure time correction outlined in detail in the following.
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First step: desorption measurements

The same solution (see Table 1) used for the retention measurements, containing 2-nitrophenol and NaBr as internal standard
(1S), was nebulized and the droplets were transported downstream in the wind tunnel. The droplets were sampled in a vial in
the lower horizontal part of the tunnel after a residence time of approximately 1 s (point A in figure S4). The solution was then
collected and measured by UHPLC-HRMS. Desorption measurements were carried out at different temperatures (between

0 °C and 19 °C) to obtain a temperature dependency.

Liquid Nitrogen finger (LN)

| Vacuum pumps | (—

| Thermometer

Droplets containing \

organic substances i
® . ol —

Teflon coated bars
—

Figure S4: Schematic of the wind tunnel. Cooled air transported the generated water droplets containing the compounds into the
experimental region (red circle). Red rectangle: The enlarged experimental area shows the three surfaces on which the riming took
place: Graupel, liquid nitrogen finger and Teflon-coated bars. Desorption measurements were performed at point A and retention
measurements were performed at point B.

The definition of the desorption coefficient is shown in Eq. (S1). The numerator describes the ratio of the compound remaining

in the sample (droplets sampled in a vial) to a reference sample, which is in this case the sprayer solution, which is the solution

sprayer
compound

immediately before droplet formation, takes place (c¥ompounda/€

the IS (e /ciP"™°r):

). The denominator describes the same ratio but for

v1al /Csprayer
D __ Ccompound/ “compound s1
compound — v1a1/ sprayer ( )
‘1s

Figure S5 shows the desorption coefficient as a function of the temperature as measured in the lower part of the wind tunnel.

Obvious from Fig. S5 is a strong dependence of the desorption coefficient of 2-nitrophenol on temperature, indicating less
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desorption at lower temperatures. This is expected since the mass transfer rate of a dissolved compound to the environment
decreases for decreasing temperatures. The reason for this is that the mass transfer depends, among others on the temperature-
dependent parameters like gas- and aqueous-phase diffusivities and the effective Henry’s law constant. The observed variations
in the values are greater than those expected due to analytical measurement error. These variations are likely attributable to
fluctuations in the conditions within the wind tunnel, which were expected to be also present during the retention

measurements.
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Figure S5: Desorption coefficient for 2-nitrophenol. The errors correspond to the error of the analytical measurement (y-axis) or
the standard deviation of the temperature measurement during the collection time of each sample (x-axis). The dashed line
represents a linear regression.

A statistically significant linear trend is visible in the measurement series. A linear regression with the equation Dcompound =
ap - x* [°C]™* + by was performed to extrapolate the desorption to the temperatures present during the experiments. This leads
to the following equation, S2, for the fit function.

Dcompound = (—0.020 £ 0.002) - x - [°C]~* + (0.606 + 0.015) (S2)
Extrapolating the results to the experimental conditions (e.g. -10°C and -4°C) vyields Dcompouna = 0-81 and

Dcompouna = 0.67 for typical dry and wet growth conditions respectively.

6
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Second step: semi-empirical exposure time correction

The exposure time in the tunnel from the point of the desorption (point A in figure S4) to the retention measurements (point B
in figure S4) is another 3 s (overall 4 s) which introduced another source of uncertainty. Thus, the measured D after one second
of exposure had to be corrected for this time effect. This was done by a semi-empirical approach using theory and the results
of the first step introduced above. From the convective diffusion equation assuming a well-mixed droplet, Pruppacher and
Klett (2010, p. 775, Eq. 17-144) showed that the desorption of a dissociating gas with the initial condition of zero gas phase
concentration follows a 1/t law. This functional relationship was used to fit the data from the first step to get a time dependence
correction of the desorption coefficient. More specifically the following fit function was utilized:

a(T,L) )

D(T,L,t) = c(T,L) + (m

Eq (S3)

Here D(T, L, t) is the temperature (T), liquid water content (L), and time (t) dependent desorption correction coefficient which
asymptotically approaches the equilibrium value at a given temperature and liquid water content ¢(T, L). That is, when t tends
towards infinity Eq. (S3) approaches c¢(T, L). This coefficient describes the fraction of 2-nitrophenol in the liquid phase in
equilibrium with its gas phase. It was derived from the assumption of the equilibrium gas/liquid partitioning in a confined
system consisting of a single gas (2-nitrophenol) and a given amount of liquid water (1 and 2 g/m3) (Seinfeld and Pandis 2006,
p.290, Eq. 7.9). In the referenced Eq. 7.9 from Seinfeld and Pandis (2006) the temperature dependent Henry’s law constant
was calculated according to Guo and Brimblecombe (2007) for the temperatures used during the retention measurements. The

results are shown in Fig. (S6).



90

95

-3
100 x10 |
— LWC =1 g/mA3
) Coefficient values = one standard deviation] — LWC=2g/m"3
= a =0.028873 +0.000891
51 b =20.004189 +0.000122
5 80 -
©
=
k=
[s]
o
(=%
o
:'lé
o
©
° 40 - -
e
©
o
S
= 20 Coefficient values + one standard deviation —
Q a =0.014428 +0.0005
g_ b =40.0022231 + 6.87e-05
w
0 | [ | [ [
-10 -9 -8 -7 -6 -5 -4

Temperature [°C]

Figure S6: Equilibrium fraction of 2-nitrophenol in water as a function of temperature and liquid water content. Coefficients a and
b represent the fit values of the intercept and slope of the linear regressions. Black: LWC =1 g/m3. Red: LWC =2 g/m3,

When t approaches zero Eq. (S3) yields ¢(T, L) + a(T, L)= 1, which yields a(T, L)=1—c(T, L). Hence, the only unknown in
Eq. (S3) is coefficient b(T, L)which was used as a fit parameter and thereby parameterized as a function of T and L.
Accordingly Eqg. (S3) was used along with the extrapolated desorption values to the temperatures prevailed during the retention
and the equilibrium fractions (Fig. S6) to derive a parameterization of D which depends on temperature, liquid water content

and time.
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Figure S7: Desorption correction coefficient as a function of time for different temperatures and liquid water contents obtained from
EQ. (S3). Solid lines: LWC = 1 g/m?. Dashed lines LWC = 2 g/m®. The data points were calculated from Eq. (S2).

From the results shown in Fig. S7 it is obvious that a significant part (37 %) of 2-nitrophenol desorb from the droplets from
the point between the desorption and retention measurements (Point A and B in Figure S4). For example at -10 °C the
desorption between Point A and B decreases from 0.81 to 0.51. For each curve in Fig. S7 a fit coefficient b(T, L) was obtained
corresponding to a certain temperature and liquid water content. By plotting these as a function of temperature (Fig. S8) a

linear relationship of b(T, L) on the temperature and liquid water content was derived.
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Figure S8: Dependency of the fit parameter b(T,L) on the temperature and liquid water content as derived from Fig.
S7.Red and black points: values for LWC’s of 1 and 2. Red and black lines: fit to the data. Coefficients a and b represent
the intercepts and the slopes of the linear regressions.

110 A close glance at Fig. S7 reveals that the difference between 1 and 2 g/m3 is below 1 %. Thus, the final desorption correction
function that was used to correct the retention values for 2-nitrophenol at a given temperature and at the location of the retention
measurements is given by Eq. (53) which was evaluated at t = 4 s and LWC=L= 1 g/m?. The used parameters were:

¢(T,L =1) = 0.0144 — 0.0022 T [°C]
a(T,L=1)=1-c¢(T,L)

115 b(T,L =1) = 0.6330 + 0.0368 T [°C]

10
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