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ABSTRACT OF THE DISSERTATION

Complex Mixtures of Terpenes Results in Highly Viscous Secondary Organic Aerosols

by
Natalie Rose Smith
Doctor of Philosophy in Chemistry
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Professor Sergey A. Nizkorodov, Chair

A major fraction of secondary organic aerosol (SOA) in the atmosphere are generated from
oxidation of volatile organic compounds (VOCs) emitted from pine trees. Because a-pinene and
limonene typically dominate the monoterpene emission profile in forested areas, they have
commonly been used as representative monoterpenes in laboratory studies investigating biogenic
SOA fundamental properties. However, pine trees emit a wide range of terpenes with different
reactivities and structures including numerous isomers of monoterpenes (CioHis) and
sesquiterpenes (CisH24), drastically altering the resulting properties of SOA particles such as
chemical composition and viscosity. Viscosity is an important physical property of SOA and can
lead to much slower diffusion rates within the particles, impacting particle growth and evaporation,
gas-particle partitioning, and the ability of SOA particles to act as nuclei for liquid cloud droplets
or ice particles.

The goal of this thesis is to compare chemical composition and viscosity of SOA particles
generated from single terpenes as well as from a mixture of terpenes emitted by pine trees. This
work will elucidate how single-terpene SOA compares to real biogenic SOA chemical composition
and viscosity, and thus determine if a single-terpene SOA is a good proxy system to model
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biogenic SOA. A second goal of this work is to identify the influence plant stress has on chemical
composition and viscosity of SOA. This is important because plant stress (ex. insect-herbivory)
leads to an increase in the emission rates of sesquiterpenes from pine trees. Due to climate change,
plants are expected to endure longer periods of stress. However, the impact this change in VOC
profile has on SOA properties compared to SOA from healthy trees is not well characterized.

Chapter 2 investigated the humidity-dependent viscosity of SOA from ozonolysis of B-
caryophyllene, which is the most abundant sesquiterpene emitted by pine trees. In this study, we
measured viscosity as a function of RH using a poke-flow technique and measured chemical
composition using nano-desorption electrospray ionization mass spectrometry. We found that at
an RH of 0 and 48%, the viscosity was between 6.9 x 10° and 2.4 x 10’ Pa s, and between 1.3 x
10% and 5.6 x 10* Pa s, respectively. Based on these viscosities and the fractional Stokes—Einstein
equation, we found that mixing times of organics within 200 nm B-caryophyllene SOA are fast (<1
h) for RH and temperatures typically found in the planetary boundary layer.

Chapter 3, focused on characterizing the molecular composition, viscosity, and liquid—
liquid phase separation (LLPS) for SOA derived from synthetic mixtures of terpenes representing
emission profiles for Scots pine trees under healthy and aphid-herbivory stress conditions. This
work revealed that at 40% and 50% RH, stressed plant SOA had the highest viscosity, followed
by healthy plant SOA and then a-pinene SOA in descending order. The stressed plant SOA had
increased abundance of higher molecular weight species, reflecting a greater fraction of
sesquiterpenes in the stressed VOC mixture compared to the healthy plant VOC mixture. These
findings suggest that plant stress influences the physicochemical properties of biogenic SOA.
Furthermore, a complex mixture of VOCs resulted in a higher SOA viscosity compared to SOA

generated from a-pinene alone, highlighting the importance of studying properties of SOA
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generated from more realistic multi-component VOC mixtures. As a result of the high viscosity,
the mixing time of organic molecules within a 200 nm SOA particle emitted by stressed or healthy
tree takes hours, even, under conditions of ambient relative humidity <40%, which is greater than
the mixing times for a-pinene SOA.

As a follow-up study, we investigated the viscosity of real Canary Island pine secondary
organic aerosol to confirm our previous results from synthetic mixtures of tree SOA, using real
SOA samples (Chapter 4). We found that SOA generated from real healthy and aphid-stressed pine
trees closely matches the viscosity results we found previously where aphid-stressed pine tree SOA
consistently had higher SOA viscosity compared to healthy pine tree SOA over all relative
humidities investigated. This increased viscosity for stressed SOA was attributed to an increase in
terpenes (oxygenated monoterpenes and sesquiterpenes) emitted as a result of aphid-herbivory.

Overall, this work highlights the need for using mixtures of terpenes to study the
fundamental properties of biogenic SOA and how plant stress leads to even more viscous SOA

compared to healthy pine tree SOA.
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CHAPTER 1

Introduction

1.1 Atmospheric aerosols

Aerosols are solid or liquid particles suspended in a gas. Atmospheric aerosols, sometimes
referred to as particulate matter (PM), are ubiquitous throughout Earth’s troposphere and lower
stratosphere. These particles come from both anthropogenic and biogenic sources and are emitted
into the atmosphere via primary (i.e., direct emission) or secondary (i.e., formed by atmospheric
chemistry) processes. Examples of primary aerosols include pollen emitted from vegetation,
suspended sea-spray particles from crashing oceanic waves, smoke from forest fires and vehicle
exhaust from tailpipes. Secondary aerosol particles are produced when volatile inorganic or
organic compounds react with common atmospheric oxidants such as NOx, O3, or OH, which
form low volatility products that partition into the condensed phase. Aerosols are also classified
by particle size into ultrafine (<100 nm in diameter), fine (<2.5 um in diameter, also known as
PM:25) and coarse (< 10 um in diameter, often referred to as PMio). Primary particles are often
found in the course mode, and secondary particles dominate the ultrafine and fine modes.

Secondary organic aerosol (SOA) is formed from the condensation of oxidation products of
volatile organic compounds (VOCSs), which leads to thousands of individual compounds within
the particle. SOA particles dominate the total fine aerosol mass in the atmosphere.! It is estimated
that up to 100,000 different VOCs are emitted into the atmosphere, resulting in the highly
complex composition of SOA.? Because of the chemical complexity of ambient SOA, only 10%
of the total mass of SOA has been speciated in terms of molecular composition.*

Newly formed SOA, sometimes referred to as fresh SOA, typically starts with ultrafine

particles but can grow through coagulation with other particles and gas-particle partitioning to



larger particles making a sizable contribution to PM2s. Due to their small size, SOA can penetrate
deep into the lungs causing significant respiratory issues as well as various other negative health
outcomes such as cardiovascular disease.>* A number of health studies have shown significant
correlation between poor air quality (resulting in a high PM25s exposure) and negative health
outcomes, prompting the U.S. Environmental Protection Agency to set limits on PM exposure
under the Clean Air Act.®

These tiny aerosol particles also have a significant influence on the radiative forcing of Earth’s
atmosphere. Aerosol particles can directly absorb and scatter incoming solar radiation and also
can act as seeds for cloud formation, which can indirectly impact climate.® Additionally, light
scattering by aerosol particles can lead to decreased visibility.” These particles can remain
suspended in the atmosphere for days to weeks and can experience long-range transport to regions
far from their generation site.21° The full extent to which aerosols affect air quality and climate
remains uncertain,® therefore it is critical to study their fundamental properties. A comprehensive
understanding of the formation, properties, and transformation of SOA is essential for evaluating

their impact on atmospheric processes, climate, and human health.
1.2  Biogenic aerosols

Approximately 90% of all of VOCs in the atmosphere come from biogenic sources! leading
to the large abundance of biogenic SOA in the atmosphere.!! For example, plants have high
emission rates of terpenes.>*2 Terpenes are hydrocarbons that are categorized by the number of
isoprene units (CsHg), with the most common being monoterpenes and (CioHis) and
sesquiterpenes (CisHz24).1t? Terpenes constitute the essential oils of plants and are produced

during plant metabolism and stored in resin ducts of plant leaves.*®



Because o-pinene and d-limonene typically dominate the monoterpene emission profile in
forested areas,**® they have commonly been used as representative monoterpenes in laboratory
and modelling studies investigating biogenic SOA, to simplify data analysis and decrease
computation time. In laboratory studies,*®'” SOA generated from a single precursor is generally
favored because these simpler systems allow for the investigation of their fundamental properties.
Single precursor experimental studies provide parameterizations for models in which the impact
of SOA on climate is evaluated. However, real atmospheric particles formed in the ambient
environment are produced from a complex mixture of VOCs.

Isomeric species within a given terpene class can have a range of reactivities to due to changes
in structure and position of their carbon double bonds.® As a result, individual isomers react
under a range of chemical pathways which produces SOA particles with drastically different
molecular composition and physical properties.'® Due to the prevalence of these terpene-derived
SOA in the atmosphere, there have been numerous works investigating their fundamental
properties such as their reactivity, chemical composition, and volatility of individual chemical
constituents in the condensed particle phase. 1202

Plant health needs to be taken into consideration when deciding which VOCs to use to
accurately mimic real biogenic SOA in the laboratory. Plants can become stressed due to biotic
and abiotic stressors.??> Some examples of abiotic stressors include changing environmental
conditions such as increased temperature, drought, or low soil nutrient levels, whereas biotic
stress in plants can be induced due to mechanical damage from defoliators or removal of sap from
sap-sucking aphids, known as herbivory.?? In addition, when plants become stressed it sets off
their natural defense mechanism, which alters their VOC emission profiles in both quantity and

types of compounds being emitted by the plant.**° The emission of these VOCs allows plants to



communicate with each other and can provide stress relief.?? In addition these VOCs can protect
plants from further destruction by priming them for the next stress event they may experience
which can lead to quicker recovery times.?*?> When aphid-herbivory is induced in pine trees,
typically monoterpene and sesquiterpene emissions increase.'® Studying how the change in the
emission profile of plants impacts SOA properties is important because plant stress is common in
ecosystems, however, it is not considered in many laboratory studies. Moreover, the SOA formed
from stressed plants could impact climate differently than SOA formed from healthy plants due
to differences in composition and physical properties. Therefore, the chemical and physical
properties of healthy and stressed plant SOA should be investigated to parse out if there is a

significant difference between the two systems.

Using complex VOC systems can impact the oxidant reactivity and subsequent products
formed when compared to single precursor systems.?® The discrepancy between lab-generated
SOA and real SOA in the atmosphere could lead to uncertainties in estimation of their impact in
climate models, as well as their impact on human health. Studying SOA generated from a single
VOC may not be an adequate representation of those found in the ambient environment.
Therefore, it is critical to use chemically complex mixtures of VOCs to better represent the impact
that ambient SOA has on health and climate.

There have been few studies of SOA generated from real tree emissions. Previous studies
have used Scots Pine trees (Pinus sylvestris), an evergreen tree typically found in the boreal forest,
to investigate SOA particle properties. For example, Ylisirnio et al. (2020) used an oxidation flow
reactor to generate SOA from Scots pine tree emissions and investigated their mass yields,
chemical composition, and volatility.?” Faiola et al. (2018) investigated the volatility distributions

and oxidation products of SOA produced from photooxidation of Scots pine tree volatiles before,



during, and after exposure to pine weevils. *° Faiola et al. (2019) generated dark ozonolysis and
photooxidation SOA in a batch chamber to investigate oxidation products and volatility
distributions of SOA formed from healthy and aphid-stressed Scots pine emissions.?® Each of
these studies reported differences in the mixtures of the SOA produced from pine emissions
versus single SOA precursor systems such as a-pinene SOA. In addition, the SOA that had an
increased fraction of sesquiterpenes produced different particle properties than those of the

healthy counterpart systems.
1.3 Impact of chemical composition on physical properties of SOA

Chemical composition of the resulting SOA species influences other physical properties such
as phase separation, glass transition temperature, and viscosity.?3?° The phase state of SOA can
be characterized by a parameter called dynamic viscosity, referred to hereafter as simply
viscosity, which is a measure of a fluid’s resistance to flow in units of Pa s. SOA particles were
commonly assumed to be liquid-like, permitting fast diffusion of molecules through the particle
until the pioneering experiments by Virtanen et al. showed that SOA particles bounce from
substrate as if they were solid.*® Recent research has shown that some organic aerosols exist as
highly viscous semi-solids or glassy solids under certain environmental conditions.® Studies of
SOA material generated from the oxidation of single biogenic VOCs, including isoprene and
various terpenes, have shown that SOA becomes highly viscous semi-solids or glassy solids under
certain environmental conditions such as low temperature and low RH.62832-43 Moreover, the
viscosity of the SOA is directly dependent on temperature and humidity.3>%4?8 Water acts as a
plasticizer for SOA in which increasing relative humidity leads to a decrease in overall particle
viscosity, due to the lower viscosity of water (10 Pa s) compared to most other organics.*®

Additionally, temperature has a similar effect on viscosity in which increasing temperature leads



to decreased resistance to flow and therefore lower viscosity.*® Characterizing relative humidity
and temperature effects on viscosity is also a key component to understanding how SOA change
in response to different environments. It is important to parameterize viscosity as a function of
easily measurable aerosol properties. For example, DeRieux et al. (2018) has provided
parameterization for using chemical composition to predict viscosity.?® Other techniques for
determining viscosity include predicting the glass transition temperature and viscosity from

volatility distributions of organic aerosols.*’

Currently, viscosity and phase state are not directly included in climate models that are trying
to investigate transport and dispersion of particulate matter in the atmosphere. However, changes
in viscosity can dramatically impact physicochemical processes that determine atmospheric
lifetimes and concentrations, such as particle growth, chemical reactivity, and ability to serve as
a cloud or ice nuclei.®! Furthermore, highly viscous materials will likely lead to slower diffusion
rates and uptake coefficients within the SOA.3! Few measurements have been made of these
highly viscous SOA, and those that have been made were not systematic. As a result, we do not
know the effect of environmental conditions on SOA formation, photochemical aging, or
inorganic compounds, therefore it is difficult to generalize the effects of SOA viscosity for

modeling applications.

In addition to phase state, SOA can take on many diverse types of morphologies including
phase separation. Liquid-liquid phase separation (LLPS) is usually defined as a particle that has
two distinct liquid phases, an inner aqueous-rich phase and an outer organic-rich phase. LLPS in
SOA particles has been observed in particles containing organic and inorganic species.*®4° This
phase separation was thought to only occur in the presence of organic and inorganic species

because the inorganic salts usually found in SOA are highly hygroscopic.*® Contrary to this



notion, LLPS was later observed at high relative humidity (> 90 % RH) in purely organic, a-
pinene ozonolysis SOA particles.®® Additionally, Song et al. (2018) reported that SOA produced
from diesel fuel vapor, consisting of a wide range of VOCs, exhibited LLPS between 70-100 %
RH.5! It is predicted that as chemical complexity of SOA increases, such as SOA produced from
a mixture of terpenes, LLPS could extend to lower relative humidities in purely organic systems.®!
The presence of LLPS in SOA particles can impact the extent to which gas-particle partitioning
may occur,>>>* the reactive uptake of gasses,>® as well as their ability to act as ice nuclei,®

making it an important property to study.
1.4 Summary of Goals

This dissertation focuses on the impact that chemical composition has on important physical
properties of SOA particles, such as viscosity and liquid-liquid phase separation, for
atmospherically relevant systems representing biogenic SOA formed from complex mixtures of
VOCs. This work will delve into three case studies aimed at understanding the relationship

between chemistry, viscosity, and phase separation of biogenic SOA.

The first goal of this thesis is to provide first data on viscosity for sesquiterpene SOA, for
which the data were previously lacking. Chapter 2 will describe the chemical composition and
relative humidity-dependent viscosity for SOA generated from the most abundant sesquiterpene
in the atmosphere, p-caryophyllene. This study will help elucidate differences between the

viscosity of monoterpene and sesquiterpene SOA and how chemical composition influences this
property.
The second goal of this thesis is to identify physicochemical differences between complex

mixtures of healthy and stressed plant SOA compared to SOA generated from a single precursor

to see if a single component system, such as a-pinene SOA, is a good proxy for biogenic SOA in
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climate models and laboratory studies investigating their fundamental properties. Chapter 3
investigates SOA generated from synthetic mixtures of VOCs mimicking the emission profile of
Scots pine (Pinus sylvestris L.) trees.?® Pine trees (Pinaceae) have a wide spatial distribution® and
are typically found in boreal forests which cover one-third of the global forest area® making them
a good representative plant for studying SOA generated by emissions in boreal forests. This work
will also help elucidate the impact herbivory-induced plant stress has on the chemical and physical

properties of SOA.

The third goal of this thesis is to compare the viscosity of SOA generated from proxy mixtures
of VOCs to those generated from real Canary Island pine trees, discussed in Chapter 4. This
comparison provides insight into how laboratory experiments can best represent biogenic SOA
with terpene mixtures and therefore laboratory experiments can more accurately represent more
atmospherically representative SOA and investigate their fundamental properties. This research
presents novel viscosity and composition measurements for SOA generated from complex
mixtures of VOCs representing the emissions of healthy and aphid-stressed Canary Island pine

trees.



CHAPTER 2

HUMIDITY-DEPENDENT VISCOSITY OF SECONDARY ORGANIC AEROSOL
FROM OZONOLYSIS OF 3-CARYOPHYLLENE: MEASUREMENTS,
PREDICTIONS, AND IMPLICATIONS

Reprinted (adapted) with permission from:

Maclean, A. M.; Smith, N. R;; Li, y.; Huang, Y.; Hettiyadura, A. P. S.; Crescenzo, G. V.; Shiraiwa,
M.; Laskin, A.; Nizkorodov, S. A.; Bertram, A. K., Humidity-dependent viscosity of secondary
organic aerosol from ozonolysis of f3-caryophyllene: Measurements, predictions, and
implications, ACS Earth & Space Chemistry, 5 (2021) 305-318. Copyright 2021. American
Chemical Society.

Abstract

To predict important secondary organic aerosol (SOA) properties, information on viscosity or
diffusion rates within SOA is needed. Ozonolysis of B-caryophyllene is an important SOA source;
yet, very few viscosity or diffusion rate measurements have been performed for this SOA type,
and none as a function of relative humidity (RH). In this study, we measured viscosity as a
function of RH for SOA generated from the ozonolysis of B-caryophyllene using the poke-flow
technique. At an RH of 0% and 48%, the viscosity was between 6.9x10° - 2.4x10’ Pa s, and
between 1.3x103%- 5.6x10% Pas, respectively. Based on these viscosities and the fractional Stokes-
Einstein equation, characteristic mixing timescales of organics within 200 nm B-caryophyllene
SOA particles range from ~0.2 h at 0% RH to < 3 sec at 48% RH, suggesting that these particles
should be well mixed under most conditions in the lower atmosphere. The chemical composition
of the SOA was also determined using nano-desorption electrospray ionization mass
spectrometry. The measured chemical composition and the method of DeRieux et al. (ACP, 2018)
were used to predict the viscosity of B-caryophyllene SOA. If the mass spectra peak abundances

were adjusted to account for the sensitivity of the electrospray ionization to larger molecular



weight components, the predicted viscosity overlapped with the measured viscosity at 0% RH,
while the predicted viscosities at 15% to 48% RH were slightly higher than the measured
viscosities. The measured viscosities also overlapped with viscosity predictions based on a simple

mole-fraction based Arrhenius mixing rule.

2.1 Introduction

Secondary organic aerosol (SOA) is formed in the atmosphere when volatile organic
compounds (VOCs) from biogenic and anthropogenic sources are oxidized followed by
partitioning of the reaction products to the particle phase! or multiphase reactions of the oxidation
products.®® On a global scale, biogenic VOCs are the dominant contributors to SOA.*®162 The
three main classes of biogenic VOCs important for SOA formation are isoprene, monoterpenes,
and sesquiterpenes.* A recent modeling study showed that the global burden of SOA increased
by 48% relative to the base case when sesquiterpenes were included in the model.® Field
measurements and modeling studies have also illustrated that sesquiterpenes can contribute
significantly to atmospheric SOA.%*%" Examples of atmospherically relevant sesquiterpenes

include B-caryophyllene, a-cedrene, a-humulene, and longifolene.®%°

SOA is important because it can impact the Earth’s climate directly, by scattering
incoming solar radiation, and indirectly, by serving as nuclei for cloud droplets and ice crystals.”®-
3 SOA can also impact air quality by reducing visibility and negatively impacting health.*"*" To
predict important properties of SOA in the atmosphere, information on the diffusion rates of
organics within SOA is needed. For example, diffusion rates of organics within particles affect
the mass and size distribution of SOA%75-% and the long-range transport of pollutants such as
polycyclic aromatic hydrocarbons in the atmosphere.®984-8 |n addition, diffusion rates can affect

rates and mechanisms of photochemical and multiphase reactions within SOA.3”7687-%° Diffusion
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rates of organics within SOA or SOA proxies have been determined in some studies by tracking
the diffusion of fluorescent probe molecules within SOA or their proxies®®% and by measuring
the evaporation rates of organic molecules from SOA or SOA proxies.®1°%10% |n cases where
diffusion rates of organics have not been measured, they can be estimated from viscosity
measurements using the Stokes—Einstein equation®”192104-106 o the fractional Stokes—Einstein
equation.®” %192 A challenging aspect of measuring diffusion rates and viscosity within SOA is
the low amount of material available for experiments, which precludes the use of traditional

methods.3!

Recently, Shiraiwa et al.,’*” DeRieux et al.,?° Gervasi et al.,’ and Li et al.*’ developed
methods for predicting the viscosities of SOA from its chemical composition, which can be used
with chemical transport models to predict viscosity of atmospheric SOA.X%71% These methods
have been used to predict the viscosity and glass transition temperatures of several types of SOA
(isoprene SOA, a-pinene SOA, toluene SOA, and ambient SOA).2%4383.108110-115 However, the
accuracy of these methods for predicting the viscosity of SOA has only been tested in a few cases,

and the accuracy of these methods has never been tested for sesquiterpene SOA.

The viscosity of SOA as a function of RH can also be predicted using mixing rules and
measured viscosities of water and dry SOA.1%8116-118 Geryasi et al.!% showed that a mole-
fraction based mixing rule is the best choice among simple mixing rules for predicting viscosity
in a binary aqueous system. However, the accuracy of mixing rules for predicting the viscosity of

SOA as a function of RH has only been tested in a few cases.108:117:118

Only two studies have reported diffusion rates or viscosities within sesquiterpene SOA.

Zhao et al.'% measured a diffusion coefficient of 3 x 10'°m? s under dry conditions of 2-
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ethylhexyl nitrate within SOA generated from a-cedrene ozonolysis. Champion et al.3* measured
viscosities under dry conditions of SOA generated from B-caryophyllene photo-oxidation. What
is currently missing are measurements of diffusion rates or viscosities within sesquiterpene SOA
as a function of relative humidity (RH). Such RH-dependent measurements are critical since RH
varies from 0 to over 100% in the atmosphere and viscosity and diffusion rates have a strong

dependence on RH.?8

To address the knowledge gaps mentioned above, we measured viscosity as a function of
RH for SOA generated via ozonolysis of B-caryophyllene (see Appendix A for the chemical
structure of P-caryophyllene). The measured viscosities and the fractional Stokes—Einstein
relation were used to estimate characteristic mixing timescales of organic molecules within -
caryophyllene SOA for typical RH conditions found in the planetary boundary layer (the region
of the atmosphere between the Earth’s surface and approximately 1 km in height). In addition to
measuring viscosity, we also measured the chemical composition of the SOA using high-
resolution mass spectrometry with three different types of direct-infusion ionization sources. The
chemical composition and the measured RH-dependent viscosities for 3-caryophyllene SOA were
used to test the accuracy of the parameterization from DeRieux et al.?® for predicting viscosities
of B-caryophyllene SOA. Finally, we evaluated the ability of a simple mole-fraction based
Arrhenius mixing rule to predict the viscosity of the $-caryophyllene SOA as a function of RH

from knowledge of the viscosity of water and the dry SOA.

2.2  Experimental methods

2.2.1 SOA Generation
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SOA was generated in an environmental chamber by our collaborators at the University
of British Columbia via dark ozonolysis of B-caryophyllene. The chamber was based on the
design by Parsons et al.''® and consisted of a 1.8 m® Teflon bag (Ingeniven) housed in a reflective
aluminum enclosure. The enclosure had 24 UV lights (40 W Sylvania black lights, peak UV
wavelength of ~360 nm) mounted on the inside of the enclosure for photochemical studies;
however, the lamps were not used in the current study except for cleaning the Teflon bag. The
chamber bag was periodically cleaned by passing dry air, ozone (1.2 ppm), and water vapor
through the chamber with the UV lights on. Particles were continuously generated and collected
by running the environmental chamber in a continuous-flow mode, similar to other continuous-
flow environmental chambers.'?°12 The flow rate into and out of the chamber was ~18.2 L min~

! resulting in a calculated residence time of 1.7 h, consistent with residence time measurements.

A zero-air generator (Aadco 737) provided dry and hydrocarbon-free air for SOA
generation. The RH of the air from the generator was <1% based on measurements with a
humidity meter (Vaisala HMT 330). Ozone was generated externally to the chamber by flowing
0.5-1 L min! of the dry air through an ozone generator (Jelight 600). A mixture of 2 wt % P-
caryophyllene (Sigma-Aldrich, >98%) was prepared in 2-butanol (Sigma-Aldrich, >99% purity)
and the resulting solution was continuously added (flow rate of 25 pL h™!) with a syringe pump
(Cole-Parmer model 100) to a round-bottom flask heated to 110 °C. A flow of 17.2-17.7 L min~
1 of the dry air was passed through the heated flask and carried the B-caryophyllene and 2-butanol
vapors into the chamber. The 2-butanol was added to the chamber as a scavenger of OH radicals,
which can be produced during some reaction pathways for the ozonolysis of p-caryophyllene.*?

The 2-butanol was estimated to scavenge ~84% of OH radicals produced in the chamber based

on the reaction rates of OH with 2-butanol and B-caryophyllene.
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Ozone and B-caryophyllene entered the chamber through two separate 0.63 cm (outer
diameter) tubes that had exits ~0.2 cm apart within the chamber to facilitate mixing. The
concentrations of ozone and B-caryophyllene flowing into the chamber were 400-1200 and 40
ppb, respectively. After SOA formation, aerosols exited the chamber through a 0.63 cm (outer
diameter) tube ~1 m away from the chamber inlets. Part of the exit flow was sampled with an
ozone detector (49i, Thermo Scientific, USA). The remaining flow passed through an ozone
denuder (Ozone Solutions, ODS-1) and was sampled with either an impactor to collect material
for the viscosity and mass spectrometry measurements or with a scanning mobility particle sizer
(SMPS) (TSI 3080 DMA and 3782 CPC) to measure the number diameter distribution of the
SOA. From the number-diameter distribution and an assumed SOA density of 990 kg m=31%* the

mass concentration of the SOA in the chamber was 50-60 ug m™3.

To collect SOA for viscosity or mass spectrometry measurements, the flow was sampled
with a multiorifice single-stage impactor (MSP Corporation) operated at a constant flow rate of
15 L min! and a cut size below 0.18 um (aerodynamic particle diameter). The sample collection
time ranged from 16 to 24 h, resulting in 0.7-1 mg of SOA collected per sample, assuming 100%
collection efficiency. For the viscosity measurements, SOA was collected on fluorinated glass
coverslips coated with Trichloro (1H,1H,2H,2H-perfluorooctyl) silane or FluoroPel 800 (Cytonix
USA). For mass spectrometry measurements, SOA was collected on PTFE filters (47 mm,

Whatman).

2.2.2 Viscosity measurements

The poke-flow technique developed by our collaborators at the University of British

Columbia was used along with fluid simulations to determine the viscosity of the collected SOA
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material at room temperature (292-294 K). This technique, which is based, in part, on early
experiments by Murray et al.,'?® has been described and validated by Renbaum-Wolff et al.*® and
Grayson et al.>? For these experiments, the slides containing the SOA from the environmental
chamber were mounted in a flow cell coupled to an optical microscope (Appendix B). The RH
within the flow cell was controlled with a humidified flow of ultrapure N2 (0.25-0.80 L min™).
The RH was measured with a chilled mirror hygrometer (General Eastern model D-2), which was
calibrated by measuring the deliquescence relative humidity of ammonium sulfate (80% RH

based on Martin)'?® and potassium carbonate (43% RH based on Greenspan).'?’

In the poke-flow experiments, the particles were poked with a needle (RS-6063, Roboz
Surgical Store or 13561-20, Ted Pella Company) attached to a micromanipulator. The needle was
coated with a hydrophobic film (Dursan coatings, SilcoTek USA or Oilslip 110, Cytonix) to
prevent SOA material from sticking to the needle. The micromanipulator allowed the needle to
be moved in the X, y, and z direction. Prior to poking with the needle, the SOA particles had a
spherical-cap geometry. After poking, the SOA material had a half-torus geometry and slowly
flowed to reduce its total surface energy (e.g., Figure 2.1). From images recorded during the poke-
flow experiments, we determined the experimental flow time, Texp fiow, defined as the time taken
for the equivalent area diameter of the hole in the half-torus geometry to decrease to 50% of its
original diameter. The equivalent area diameter of the hole in the half-torus geometry was
calculated using the following formula:*?® d = (4A/r)Y?, where d is the equivalent area diameter

of the hole with area A, determined from the images using Zen software (Zeiss) or ImageJ.*?°

Prior to poking the SOA particles, the particles were conditioned to the surrounding RH
for 3-5, 5-25, 20, and 2—-22 h for RH values of 48, 28, 15, and 0%, respectively (Table 2.1). These

conditioning times were a factor of 0.18-22 greater than the estimated mixing times of water
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within the SOA (Table 2.1). Viscosities were not dependent on the conditioning times used
(Figure 2.2). Based on this information, we assume that the SOA was near equilibrium with the

gas-phase water vapor prior to poking the particles for the viscosity measurements.

Table 2.1 Calculated mixing times of water within the SOA particles (Tmix,H20) and experimental
conditioning time for water vapor (texp,H20), Which corresponds to the time the SOA particles were
exposed to a given relative humidity before the poke-flow experiments. Viscosities are based on
the upper limits of viscosity shown in Figure 2.4 below. Diffusion coefficients were calculated
using the relation between viscosity and diffusion coefficients in sucrose-water from Price et
al., 2016.192 The variable dp corresponds to the diameter of the SOA used in the poke-flow
experiments.

§) limit
RH opr\e/:scolgl Diffusion coefficient of d, (um) Tmix,H20 texph20 | texpHz0/
v water (m2s1) p LK (hrs) (hrs) Tmix H20
(Pas)
48 | 5.63x104 3.92x10-14 61-91 0.7-1.5 3-5 2.3-6.5
28 | 4.98x105 1.13x10-14 42-69 1.1-3.0 5-24.5 | 2.1-22
15 | 9.13x105 8.00x10-15 45-78 1.8-5.4 20 3.9-11.6
0 2.42x107 1.24x10-15 30-60 5.3-20.7 2-22 0.18-2.3
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Figure 2.1 Optical images of particles taken during poke-flow experiments at RH values of (a) 48,
(b) 28, and (c) 0%. Images [a(1),b(1),c(1)] correspond to images taken before the particle was poked.
Images [a(2),b(2),c(2)] are images taken immediately after poking. Images [a(3),b(3),c(3)] are taken
during recovery and images [a(4),b(4),c(4)] are taken at Texp flow Where the equivalent area diameter
of the hole has decreased to 50% of its original size. The white scale bar in the prepoking images
corresponds to 50 um. The circle in the center of the particle in [b(1)] is an optical effect due to the
hemispherical shape.
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Figure 2.2 Viscosities as a function of particle conditioning time to the surrounding RH.
Measurements were taken at RHs of (a) 48, (b) 28%, (c) 15%, and (d) 0%.

When the particles were conditioning to the surrounding RH, semivolatile organic
material could evaporate from the particles, potentially leading to a change in the viscosity of the
particles.82130.131 Tg determine if evaporation of semivolatile organic material was important in
the poke-flow experiments, a newly collected SOA sample was added to the flow cell discussed
above and exposed to a dry flow of Nz gas (0.25 L mint) for 24 h, and images were recorded

every hour to quantify evaporation of the SOA particles. In this experiment, the maximum change
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in the 2-D projected area of the SOA particles was —1.4 = 0.4% (Figure 2.3). We conclude that
the composition change due to evaporation during the poke-flow experiments was minimal. This
is consistent with expectations since the volume of N2 gas exposed to the particles in the poke-
flow experiments (1.2 x 10° L) was small compared to the volume of air sampled from the
environmental chamber when collecting SOA for the poke-flow experiments (1.6 x 10% to 2.4 x

104 L).
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Figure 2.3 Particle 2-D projected area as a function of time during exposure to dry nitrogen
flow with a secondary y-axis showing the percent change in the projected particle area. The y-
error bars correspond to the uncertainty in the measurement of the particle area in um?. The
straight line is a linear fit to the data and the shaded regions are the 95% confidence intervals
for that fit.
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The Texp,fiow Values determined in the poke-flow experiments were converted to viscosities
using fluid simulations of the SOA material. The fluid simulations were carried out with the
Microfluidics Module (version 5.2a) within COMSOL. Details are described in Grayson etal.’’ In
short, the flow of the SOA material was simulated using a laminar two-phase flow with a moving
mesh consisting of ~5800 elements. The simulations took into account the Navier—Stokes
equation and the surface tension of the SOA. Flow occurred in the simulations to minimize the
total surface energy of the system, similar to the experiments. The initial geometry in the
simulations was a half-torus geometry, consistent with the experiments. In the simulations,
conservative values for contact angle, surface tension of the SOA, slip length (a measure of the
resistance to flow at the fluid—solid interface), and density of the SOA were used (Table 2.2).
From each simulation, a modeled flow time, Tmodel flow, Was determined, which is the time taken
for the diameter of the hole in the half-torus geometry to decrease to 50% of its original value
(consistent with the definition of Texpfiow). To determine viscosities from Texp flow, the viscosity

used in the simulation was varied until Tmodel,fiow Was Within ~1% of Texp fiow.
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Table 2.2 COMSOL parameters used when simulating the viscosity of B-caryophyllene SOA
from poke-flow measurements.

Surface tension | Slip length (m) Density (kg m3) | Contact angle (°)
(mN m-1)

Range of values | 29.72-72.75b 5x10-9-1x10-6¢ 9904 30-100¢

Values for lower | 29.7 5x10- 990 30-100

limit

Values for upper | 45 1x10-6 990 30-100

limit

aLower limit of surface tension is the surface tension of liquid B-caryophyllene based on the model ACD/Labs
Percepta Platform-PhysChem Module. Retrieved from Chemspider on May 15, 2019. *The upper limit is consistent
with surface tension measurements of SOA at RH <65% RH and surface tensions reported for alcohols, organic
acids, esters, and ketones, as well as surface tension measurements of water solutions containing SOA products. 3>
135¢Range is based on measurements of the slip length of organic compounds and water on hydrophobic surfaces.**¢-
148 dDensities is based on measurements from Tasoglou and Pandis.’*® ¢Contact angle range is based on ranges
measured in other chamber generated SOA.321%6.150 Note: the simulated viscosities depend only weakly on the contact
angle. Changing the contact angle by £10% changes the simulated viscosity on average by +15%, which is small
compared to the overall uncertainties associated with the simulated viscosities.

2.2.3 High-resolution mass spectrometry

High-resolution mass spectrometry data of the collected samples were obtained in the
positive and negative ion mode separately using nano-desorption electrospray ionization (nano-
DESI),*®! nano-electrospray ionization (nano-ESI), and electrospray ionization (ESI) sources
attached to a Q-Exactive HF-X Orbitrap mass spectrometer (Thermo Scientific) with a mass
resolution of ~1.7 x 10° at m/z 400. Data were acquired from 80 to 1200 m/z in the full scan
mode. A low mass calibration was performed prior to analysis using commercial mass calibration
solutions (Thermo scientific, PI-88323 and P1-88324) in both positive (+) and negative (—) ion
modes, separately. A spray voltage of (+ or —) 3.5 kV, a funnel RF level of 80, and a capillary
temperature of 250 °C were used in all ionization modes. Samples were delivered using a syringe
pump at 1 pL min! (nano-DESI), 2 pL min! (nano-ESI), and 5 pL min* (ESI). Nitrogen gas

(99.995% purity) flow rates used in the ESI source include a sheath gas of 10-12 units and an
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auxiliary gas of 0-1 units. For nano-DESI, half of the PTFE filter (1/2 x 47 mm, Whatman) of
each sample was taped to a glass slide. A stable solvent droplet (1:1; acetonitrile/water) was
formed at a juncture between the solvent capillary and spraying capillary. The substrate
containing the SOA sample was brought in contact with the droplet using micromanipulators, and
the droplet was dragged over the sample while acquiring mass spectra for approximately 2—-3 min.
In addition to the samples, a solvent blank consisting of a clean substrate was analyzed following

the same procedure in both positive and negative modes.

For nano-ESI and regular ESI, the remaining filter halves were solvent-extracted with 2
mL of a 1:1 mixture of acetonitrile and water under sonication for 15 min. The extracted solution
was then passed through a 0.45 um, PTFE membrane syringe filter (Fisherbrand) to remove any
undissolved material. An additional 1 mL of solvent was passed through the PTFE membrane
filter and collected with the filtered extracts to limit the loss of extracts on the filter surface. Data
were acquired for approximately 2 min for nano-ESI and ESI. A solvent blank (a clean filter
treated the same way as described above) was also analyzed for nano-ESI and ESI in the positive

and negative mode.

The analysis procedure of the mass spectrometry data has been described
previously.'® Xcalibur was used to integrate portions of the scan and save the mass spectra as

raw files. Then, the Decon2LS software program (https://omics.pnl.gov/software/decontools-

decon2ls) was used to extract peak positions and intensities. Only peaks below m/z 700 were
considered in analysis because peaks at larger m/z values had negligibly small abundances. Peaks
that were present in the solvent blank with a solvent/sample peak abundance ratio in an excess of
0.1 were considered impurities and excluded from further analysis. All positive ions were

assigned to formulas C1-40H2-8000-35No-3Nao-1* with a m/z accuracy of 0.001. Protonation was the
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most common ionization mechanism in the positive ion mode, although a small fraction of the
ions were monosodium adducts. Sodium adducts can form during direct infusion electrospray
ionization in the positive mode.*>*%* All negative ions were assigned to formulas C140H2 8000
35No_3~ assuming that deprotonation was the only ionization mechanism. Only closed-shell ions
were permitted, and the elemental ratios were constrained to be 0.30 < H/C < 2.25 and 0.00 <
O/C < 2.30 to ensure that elemental formula assignments were physically reasonable. Peaks that
could not be assigned with the abovementioned constraints were assigned manually using the

MIDAS molecular calculator (https://nationalmaglab.org/user-facilities/icr/icr-software).

The 13C isotope and other obvious impurities, signified by unreasonably high mass defects, were
examined and removed from the final dataset. The N-containing species made up a small portion
(<1%) of the total signal and were therefore treated as impurities and excluded. The formulas of
the assigned ions were converted to the neutral formulas by removing Na*®, H*, or NH4",
depending on the ionization mechanism in the positive mode and adding a H in the case of the
negative mode. The assignments are reported in neutral mass of each species. The datasets for the
positive and negative modes were aligned based on neutral mass and each mode was normalized
so the sum of the intensities over all masses in a single mode would add up to one. Then the
intensities were averaged between the modes for each mass for the combined dataset. All the

peaks in the combined dataset were used to predict the viscosity.

2.2.4 Predictions of the Viscosity of SOA from measurements of the chemical

composition of the SOA

To predict viscosity of the SOA from the mass spectra, we followed the approach of DeRieux
et al.?® First, the glass transition temperature (Tg) of compound i was predicted from the mass

spectra using the following equation:2°
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Ty = (n + In(ng))be + In(ny) by + In(ng) In(ny) bey + In(ng) by + In(ng) In(ng) beo

(2.1)

where nc, nw, and no are the number of carbon, hydrogen, and oxygen atoms, respectively, of
compound i. Values of the coefficients [nc®, be, by, ber, bo, and beo] were [1.96, 61.99, —113.33,
28.74, 0, and 0] for CH compounds and [12.13, 10.95, —41.82, 21.61, 118.96, and —24.38] for

CHO compounds.

Next, the Tq of the SOA under dry conditions (Tg.org) Was estimated using the Gordon-—

Taylor equation assuming a Gordon-Taylor constant (keT) of 1:28
Tgorg = i w; Ty (2.2)

where wi is the mass fraction of compoundi. Following DeRieux et al.,?® we assumed
that wj values were proportional to the relative abundances in the combined mass spectra

dataset, I; (Equation 2.3), which is a known limitation of this approach:2%°!
Ty of organic—water mixtures (Tqmix) Was then calculated using the Gordon-Taylor

equation with a ket of 2.5: 1%

1
(1_Worg)Tg,H20 + kGTWorg Tgorg

Tymix = 2.4
gmix (1—Worg)+kGLTWorg ( )

where Worg is the mass fraction of the SOA and T, 4, is the glass transition temperature of water

(136 K).2°® The value of worg can be calculated based on the mass concentration of water (my,,)

and the organics (Morg):
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m
Worg = —7— (2.5)
Morg+tMu20

Under humid conditions, my2O was estimated using the effective hygroscopicity

parameter (x) and Equation 2.6:%7

kpwmsoa (2. 6)

MH20 = PSOA(ﬁ—l)

where pw and porg are the densities of water and the SOA and aw is the water activity, which
corresponds to RH/100. The density of the SOA particles was assumed to be 990 kg m=1%° and

the hygroscopicity parameter was assumed to be 0.04—-0.001.1°8:15°

Viscosity as a function of temperature (T) was then calculated from Tgmix using the

Vogel-Tammann-Fulcher (VTF) equation:?°

TODf

N = NeeTTo (2.7)

where Ds represents the fragility parameter and 1. represents the viscosity at infinite temperature

assumed to be 10°° Pa s.1%%161T is the VVogel temperature calculated as

39.17 T g mix

Ty = > Tao1r which is deduced from an assumed viscosity of 1012 Pa s at the glass transition
f .

temperature.1®® Dy, which characterizes the deviation of the temperature dependence of viscosity
from an Arrhenius behavior,*%162 was assumed to be 10 based on our previous study.?® The value
of Dr is assumed to be independent of RH.2%107.163.164 Thjs assumption is consistent with previous
studies that found that the value of Ds in sucrose and citric acid is independent of water content,

except for anhydrous sucrose. 161165166

2.2.5 Prediction of viscosity using a mole-fraction based Arrhenius mixing rule
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The viscosities of SOA as a function of RH can also be estimated using the measured
viscosities of pure water and dry SOA and mixing rules. In the following, we test a mole-fraction
based Arrhenius mixing rule for predicting the viscosity of B-caryophyllene SOA as a function of

RH. This mixing rule is expressed for our system using the following equation:*¢’

ln(norg,wet) = xorg ln(norg,dry) + XH20 ln(nHZO) (2-8)

where Torgwet is the viscosity of the SOA and water mixture, Morgdry IS the viscosity of the dry
SOA, nH20 is the viscosity of pure water, Xorg IS the mole fraction of SOA in the SOA-water
mixture, and Xn20 is the mole fraction of water in the SOA—water mixture. For the viscosity of
the dry SOA, we used 4.6 x 10° Pa s (which is based on our experimental data), and for the
viscosity of pure water, we used 1073 Pa s.°® The mole fractions of SOA and water were
calculated from the weight fractions of SOA and water using Equation 2.9:

Worg

— Morg
XSOA = Worg Wrzo (2.9)
Morg Mpgao0

where worg and wrzo are  the weight fractions of the SOA and water, respectively,
and Morg and MH2o are the molecular weights of the SOA and water, respectively. For the average
molecular weight of the SOA, we used 271.0 g mol~ based on the mass spectra and Equation
2.14 (see below). The weight fraction of the SOA and water was estimated from the water activity
using Equation 2.5 and 2.6, an SOA density of 990 kg m—3,4° and CCN-derived kappa values of
0.04-0.001 for SOA generated from the ozonolysis of B-caryophyllene in the presence of an OH

scavenger.1%8.15°

2.3 Results and Discussion
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2.3.1 Viscosity as a function of RH

Values of texpfiowas a function of RH were determined from each of the poke-flow
measurements (Figure 2.4a). The Texp flow Values increased from ~48 s at 48% RH to ~2.5 h at 0%
RH. Using the texpfiow Values and the particle dimensions, upper and lower limits for the
viscosities were determined from fluid-flow simulations (Figure 2.4b). At an RH of 0%, the
viscosity was between 6.9 x 10°and 2.4 x 10" Pa s and at an RH of 48%, the viscosity was
between 1.3 x 10% and 5.6 x 10* Pa s. Some other types of SOA previously investigated with the
poke-flow technique were more sensitive to RH over the same RH range. For example, the
viscosity of SOA generated by the photo-oxidation of toluene is >108 Pa s at 17% RH but ~10° to
10* Pa s at ~50% RH (Figure 2.4b).1% The weaker dependence on RH in the current experiments
compared to toluene SOA is most likely because B-caryophyllene SOA has a lower
hygroscopicity (k = 0.04-0.001)!81%° than toluene SOA (k = 0.1-0.25).1%° Water acts as a
plasticizer for SOA (i.e., as water content increases, viscosity decreases)?® and the smaller
hygroscopicity of B-caryophyllene SOA likely translates into a weaker dependence of viscosity

on RH over the range of RH values investigated.

A few previous studies investigated particle rebound as a function of RH for SOA from
sesquiterpenes.3”*0 The rebound studies were used to infer whether the SOA was in a liquid
(viscosity < 102 Pa s) or a nonliquid state (viscosity = 102 Pa s). Li et al.*" inferred that the
nonliquid-to-liquid transition occurred at an RH > 90% for SOA generated by the photo-oxidation
of B-caryophyllene. Pajunoja et al*® inferred that the transition occurred at an RH of 70-90% for
SOA from longifolene photo-oxidation, with an O/C-dependent transition RH. These studies are

consistent with the current results.
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Figure 2.4 Panel (a) shows the experimental flow time, texp,fiow, fOr poked particles as a function
of RH. Panel (b) shows measured viscosities and calculated diffusion coefficients and mixing
times of organic molecules in a 200 nm particle. The x-error bars correspond to uncertainties
in the RH measurements and in panel (b), the y-error bars represent the upper and lower limits
of the measured viscosities at each RH. The dotted line corresponds to a mixing time of 1 h.
Also included in panel (b) are literature viscosity values for toluene SOA.'% Pictures of
common substances have been added to panel (b) as points of reference per Koop et al.
(2011).% The tar pitch image is from the tar pitch experiment (image courtesy of Wikimedia
Commons, GNU Free Documentation License, University of Queensland, John Mainstone).
Panels (c,d) show the RH and temperature frequency distributions in January (black line) and
July (red line) in the global planetary boundary layer (i.e., the planetary boundary layer in both
the northern and southern hemisphere) based on GEOS-Chem. RH and temperature conditions
were only included if the monthly averaged concentration of organic aerosol were greater than
0.5 ug m™ at the surface based on the output of GEOS-Chem.® Conditions where the organic
aerosol concentrations were <0.5 pg m™— were excluded, as aerosols at low concentrations are
expected to be of less importance to climate or visibility.
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2.3.2 Diffusion coefficients and mixing times of organic molecules within f3-
caryophyllene SOA as a function of RH

Diffusion coefficients of organic molecules within SOA can be calculated from viscosity
measurements using the Stokes—Einstein equation®”1%2 or the fractional Stokes—Einstein
equation.®” %192 A recent study showed that diffusion coefficients predicted with the Stokes—
Einstein equation were in reasonable agreement with measured diffusion coefficients in most
cases when the radius of the diffusing molecules (Rqiff) was greater than or equal to the radius of
the matrix molecules (Rmatrix) and when the viscosities were between 10~ and 10° Pa s.** A more
recent study showed that the fractional Stokes—Einstein equation was able to predict 98% of
observed diffusion coefficients roughly within the uncertainty of the measurement
for Raifi/Rmarix Values ranging from 0.31 to 1.75 and viscosities ranging from 10~ to 10%° Pa s.
Based on these findings, we used the fractional Stokes—Einstein equation to predict diffusions of

organic molecules within the SOA:17

D =D, x (‘1]—0)E (2.10)

where £ is the fractional exponent, 1) is the viscosity, 1o is the viscosity of pure water (107 Pa s

at a temperature of 293 K), and Dy is the diffusion coefficient in pure water, calculated using the

Stokes—Einstein equation:

kgT
6TMoRgiff

(2.11)

o

where kj is the Boltzmann constant, T is the temperature, and Raifr is the radius of the diffusing
molecule. We assumed a radius of 0.47 nm for the diffusing molecule, based on a molecular

weight of 254 g mol™for some common first-generation B-caryophyllene ozonolysis
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171

products,*™ a density of 990 kg m=3° and an assumed spherical geometry of the diffusing

molecule. The value of & was calculated using Equation 2.12:%

E=1- [A exp (—B M)] (2.12)

matrix

where A corresponds to 0.73 and B corresponds to 1.79.° Avalue of 1 was assumed
for Raitt/Rmatrix. Based on the fractional Stokes—Einstein equation, the diffusion coefficients ranged
from ~4.1 x 10* m? st at 48% RH to ~1.8 x 108 m? s at 0% RH (Figure 2.4b, secondary Y-
axis). The diffusion coefficients calculated using the fractional Stokes—Einstein equation
correspond to bulk diffusion coefficients. These diffusion coefficients should be applicable to
atmospheric particles that have diameters greater than ~0.1 um,’®'2 which covers the majority
of the mass of atmospheric particles. However, the diffusion coefficients may not apply to
particles with diameters <0.1 pm as surface and confinement effects may become important for

these particle diameters.}’2-174

Diffusion coefficients were converted into characteristic mixing timescales of organic

molecules within 200 nm SOA particles using Equation 2.13:7°

4.2
Tixing = MLZD (2.13)

where tmix IS the mixing time of the particle, dp is the diameter the SOA particle used in the poke-
flow experiments, and D is the diffusion coefficient of the diffusing molecule, calculated
using Equation 2.10. The mixing time corresponds to the time it takes for the concentration of the
diffusing molecules at the center of the SOA particle to differ from the equilibrium concentration
by less than 1/e for nonreactive partitioning. The SOA particle was assumed to have a diameter

of 200 nm, which is within the range of SOA particle sizes found in the atmosphere.t”>1"" The
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calculated mixing times ranged from ~0.2 h at 0% RH to <3 s at 48% RH (Figure 2.4b,

secondary Y-axis).

Mixing times of water within the SOA (tmix,H20) Were also calculated using Equation 2.13,
in which D refers to the diffusion coefficient of water (Dn2o0) within the SOA. The TmixH20
corresponds to the time it takes for the concentration of the water molecules at the center of the
particle exposed to a change in RH to differ from the equilibrium concentration by less than 1/e.
To calculate tmixH20 at each RH, we assumed that Drzo in the SOA was the same as Duzo in
sucrose-water particles with an equivalent viscosity. For the viscosity of the SOA, we used the
upper limit of the viscosity values shown in Figure 2.4b and listed in Table 2.1. Dn20 was then
calculated for the upper limits of the viscosity using the relationship between Dn2o and viscosity
for sucrose-water particles developed by Price et al.!% (Fig. 7 in Price et al.); values for TmixH20

determined using this approach are listed in Table 2.1.

Chemical transport models typically assume that the mixing times within SOA are less
than ~1 h.! Based on our results, the mixing time within a 200 nm B-caryophyllene SOA is <1 h
at all RHs when the temperature is 292-294 K (Figure 2.4b). Based on previous calculations, the
RH in the planetary boundary layer is nearly always >10% RH when the organic aerosol
concentrations are >0.5 ug m™ at the surface (Figure 2.4c ).1"® Furthermore, the temperature in
the planetary boundary layer is most often 280-290 K when the organic aerosol concentrations
are >0.5 ng m~ at the surface (Figure 2.4d).1"® Hence, the mixing times within B-caryophyllene
SOA are <1 h for a large majority of RH and temperature conditions in the planetary boundary
layer when the organic aerosol concentrations are >0.5 ug m™ at the surface. Conditions where
the organic aerosol concentrations were <0.5 pug m~ were excluded, as aerosols at low
concentrations are expected to be of less importance to climate or visibility.
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One caveat to the discussion above is that the mass concentration of the SOA generated
in the environmental chamber was 50—-60 pug m~3, which is higher than typical mass concentrations
of biogenic SOA in the atmosphere.®>1"® Previous studies have shown that for some types of SOA,
the viscosity, and hence mixing times, increases with a decrease in mass concentration of SOA in
the reactor.323418 Reducing the SOA mass concentration removes compounds with higher vapor
pressures from the particles.'® These higher vapor pressure compounds have lower glass
transition temperatures.?®1%” Additional studies are needed to determine the effect of SOA mass

concentration on the viscosity of B-caryophyllene SOA.

Related to the mixing times shown in Figure 2.4b, Ye et al.!® investigated the mixing of
semivolatile vapors from a-pinene SOA and toluene SOA within B-caryophyllene SOA (formed
by ozonolysis, as in the current experiments). In these experiments, B-caryophyllene SOA took
up only a small amount of semivolatile vapors (<10% change in f-caryophyllene SOA mass) over
a period of 2 h at 50% RH. The authors suggested two possible explanations for the limited uptake
of the semivolatile vapors: (1) diffusion-limited uptake and (2) immiscibility (e.g., nonideality)
of semivolatile vapors from o-pinene SOA and toluene SOA within B-caryophyllene SOA. 1% The
size of SOA particles studied by Ye et al.!8 ranged from 200 to 700 nm in diameter. Using the
method discussed above, we calculated the mixing times of organic molecules within 450 nm -
caryophyllene SOA particles as a function of RH (Figure 2.5). Based on these calculations, the
mixing times of organic molecules within a 450 nm B-caryophyllene SOA particle at 48% RH are

2.3-62s.
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Figure 2.5 Viscosities of B-caryophyllene SOA and calculated mixing times within a 450 nm -
caryophyllene SOA particle. The y-error bars correspond to the upper and lower limits of viscosity
from the measurements. The x-error bars correspond to uncertainties in the RH measurements. The
horizontal line corresponds to a mixing time of 1 hr.

These calculations suggested that the limited uptake of semivolatile vapors from a-pinene
SOA and toluene SOA within B-caryophyllene SOA observed by Ye et al.’¥2 was due to
immiscibility rather than diffusion-limited uptake. However, Ye et al.'®2 used SOA generated
with mass concentrations of 3.4-6.4 ug m=3 compared to the mass loading of 50-60 pug m= used
in this study. Since viscosity can increase with a decrease in SOA mass concentration, the SOA
studied by Ye et al.*8? may have been more viscous than the SOA in the current study, leading to

longer mixing times than calculated from our data.

2.3.3 Chemical composition of the SOA based on mass spectrometry

The full mass spectra are shown in Figure 2.6, and relative peak abundances from the mass
spectra are shown in Figure 2.7 as a function of carbon number. f-Caryophyllene (CisH24) is

expected to produce mainly C14-C15 compounds during ozonolysis, but smaller compounds

33



resulting from more extensive backbone fragmentation and larger compounds resulting from
oligomerization are also possible. We observed that ESI and nano-ESI favored the detection of
smaller compounds compared to the nano-DESI. This effect is especially noticeable in the
positive ion-mode ESI data, manifesting itself in unexpectedly high peak abundances in C5-C10
compounds. In the negative ion-mode spectra, the peak abundance is also shifted from the
expected C14-C15 compounds in nano-DESI to smaller compounds in ESI and nano-ESI. Even
though instrument conditions were optimized for each method, it is possible that fewer
compounds experienced in-source fragmentation in nano-DESI than in other ionization modes.
The ionization mechanism for nano-DESI has been shown to be better-suited for the detection of
chemically labile compounds compared to ESI.18384 |t has previously been found that chemically
labile compounds may dissociate in solution during ESI-based analysis. Due to the shorter
residence time of the sample in the solvent during nano-DESI, this dissociation is minimized.
183 Therefore, for the remainder of the document, we will focus on the nano-DESI results, which

provide information on a broader range of SOA compounds.
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Normalized Intensity (%)

Figure 2.6 High-resolution mass spectrometry data taken with ESI, nano-ESI, and nano-DESI
ionization sources in both positive and negative mode. The intensities were normalized to the
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Figure 2.7 Sum of intensities of all molecular formula assignments based on carbon number for
three ionization techniques (ESI, nano-ESI, and nano-DESI), which are normalized to the
maximum intensity peak in each respective spectrum.

Shown in Figure 2.8 are nano-DESI mass spectra, with the five most abundant peaks in
the positive and negative mode identified. Approximately 1000 peaks were observed in the
positive mode compared to 700 peaks observed in the negative mode. B-Caryophyllene has two
double bonds (Structure is reported in Appendix A) and attack by ozone on the more-reactive
endocyclic double bond will generally lead to ring-opening products retaining the C15 carbon
number. Attack on the less-reactive exocyclic double bond generally leads to C14 products.
Indeed, the most-abundant peaks in the positive ion-mode mass spectra were C14 and C15
species. It is common to observe CisH240n products in mass spectra of oxidized
sesquiterpenes.'®18 The major C15 products identified include CisH2404 and C1sH240s which
have been reported as first-generation ozonolysis products.t’**8” Some of the major C14 products

identified include C14H2204, C14H2205, and C14H2207, which have been reported as second-
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generation ozonolysis products.*"*8" The C14H2209 product was previously reported in Richters
et al.'% as a highly oxidized reaction product of B-caryophyllene ozonolysis formed via an

extended autoxidation pathway.
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Figure 2.8 Nano-DESI mass spectrum taken in the positive mode (red spectrum) and negative
mode (black spectrum). The signals were normalized to the highest intensity in each respective
mode. The five most abundant peaks in each mode are labeled by the corresponding neutral
(unionized) molecular formulas.

In addition to C14 and C15 species, other carbon numbers were also observed, which result
from fragmentation of Criegee intermediates during ozonolysis, other radical-driven secondary
chemistry, and oligomerization processes occurring in the gas and particle phase. The C11
product Ci1HisOshas been reported as a second-generation ozonolysis product of [-
caryophyllene.t’218” The C28 peak CasH42014 has more carbon atoms than B-caryophyllene,
indicating the formation of oligomers from [B-caryophyllene oxidation products. Some other
major peaks include CoH1404 and Ci16H240s, which have not been reported previously and are
likely second- or third-generation ozonolysis products of B-caryophyllene. These two compounds
have O/C ratios of 0.44 and 0.31, respectively, which is consistent with O/C ratios of second-
generation products. 1"
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2.3.4 Viscosity predictions based on the measured chemical composition

For viscosity predictions, we used the nano-DESI mass spectrometry results, since this
method of ionization detected the widest spectrum of SOA compounds, based on Figure 2.7. As
mentioned in Section 2.3.4, we assumed that the mass fraction of each compound was
proportional to its relative peak abundance in the combined mass spectra dataset (Equation
2.3).2%1 We found that predictions based on this assumption and the nano-DESI results
drastically overpredicted the viscosity (Figure 2.9a). For example, under dry conditions, the

predicted viscosities were up to 6 orders of magnitude larger than the measured viscosities.

ESI-based methods are known to be more sensitive to larger, oligomeric
compounds,'®1% and this may be the reason, at least in part, for the discrepancy between the
measured viscosity and predicted viscosity. To investigate if this may be important to our studies,
as a second step in our analysis, we used the adjusted mass approach based on the work of Nguyen

et al.*® to predict the mass fraction of each compound in the SOA:

I

wW; = —(H/C)i M, (214)

where Mi is the molecular weight of the compound, H/C; is the hydrogen-to-carbon ratio of the
compound, and H/C; x M; is the adjusted mass. This scaling was used to approximately account
for the impact of molecular weight and degree of unsaturation (represented by the H/C ratio) on
the ionization efficiency of the individual compounds. This is the same relation developed by
Nguyen et al.*® based on the addition of calibration standards to a realistic SOA matrix, except
Nguyen et al.?* included a term to account for the limit of detection (LOD) of the compounds,
which was found to inversely correlate with molecular weight and found to be small for

compounds when the adjusted mass was >200 Da. In the absence of better information, we
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neglected the LOD term as more than 90% of the compounds detected via mass spectrometry

have an adjusted mass >200 Da.
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Figure 2.9 Comparison of measured and predicted viscosities as a function of RH. The x-error
bars correspond to uncertainties in the RH measurements, and the y-error bars correspond to the
upper and lower limits of viscosity at each RH. Panel (a) shows the viscosity predictions using
the averaged positive- and negative-ion mode mass spectrometry data where it was assumed
that the weight fraction of the individual SOA species was proportional to the mass spectrum
signal intensities (Equation 2.3). Panel (b) shows the viscosity predictions using the averaged
mass spectrometry data assuming a relation between weight fraction and intensity given
in Equation 2.14.

The viscosities predicted using Equation 2.14 better overlapped with the measured

viscosities (Figure 2.9b). It is especially remarkable that the predicted viscosity matches with the
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measured viscosity at 0% RH, indicating that the Ty parameterization and prediction method
(Equations 2.1 and 2.2) work well. While ESI-based methods selectively ionize only oxidized
species, the agreement implies that nano-DESI is capable of detecting the majority of the
compounds present in f-caryophyllene SOA that contribute to its viscosity. It also suggests that
the poor agreement between the measured viscosities and our initial predictions (assuming
linearity between w;j and Ii) may be, in part, due to the enhanced sensitivity of ESI methods to
larger molecular weight compounds. At RH values of 15-48%, the predicted viscosities
using Equation 2.14 are still larger than the measured viscosities, although the differences are
much smaller than in Figure 2.9a. These differences may be due to uncertainties in the parameters
or assumptions used to generate the predictions. Interestingly, in our previous studies using
toluene SOA and diesel fuel SOA, we observed reasonable agreement between measured
viscosities and predictions when we assumed a linear relation (i.e., Equation 2.3).2%%! To
investigate this further, we have redone these comparisons using Equations 2.3 and 2.14. The
results show that using the relation in Equation 2.14 results in similar or improved predictions of
the viscosity compared to Equation 2.14 for both the toluene SOA and diesel fuel SOA (Figure
2.10 and 2.11), consistent with the trend observed for B-caryophyllene SOA (although the

difference in the predicted results is not nearly as dramatic as for B-caryophyllene SOA).
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Figure 2.10 Toluene SOA viscosity as a function of RH. The y-error bars correspond to the upper
and lower limits of viscosity from the measurements. Shown in blue are the viscosity predictions
based on nano-DESI positive mode mass spectrometry results from DeRieux et al.2® where it was
assumed that the weight fraction of individual compounds was proportional to the mass spectrum
signal intensity (Equation 2.3). Shown in orange are the viscosity predictions from DeRieux et
al.® where a relation between weight fraction and intensity given in Equation 2.14 of the main
text was assumed. The shaded regions were calculated from nano-DESI mass spectrometry data
collected at high and low RH separately.'%!
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Figure 2.11 Diesel fuel vapour SOA viscosities as a function of RH. The x-error bars correspond
to uncertainties in the RH measurements and the y-error bars correspond to the upper and lower
limits of viscosity at each RH from Song et al.>* Shown in blue are the viscosity predictions based
on nano-DESI negative mode mass spectrometry results where it was assumed that the weight
fraction of individual compounds was proportional to the mass spectrum signal intensity
(Equation 2.3). Shown in orange are the viscosity predictions where a relation between weight
fraction and intensity given in Equation 2.14 was assumed.

The ultimate dataset for viscosity predictions would be a full roster of the actual (rather than
estimated) mass fractions of all SOA compounds. Because of the overwhelmingly large number
of SOA compounds and lack of appropriate calibration standards, no existing experimental
method can provide such a dataset. However, our analysis suggests that an approximate
estimation of mass fractions based on Equation 2.14 can work reasonably well for the purposes
of predicting material viscosity. Specifically, we have shown that nano-DESI can be used

with Equations 2.1, 2.2, and 2.4-2.7 and the relation between w; and Ii shown in Equation 2.14 to
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provide an improved prediction of viscosity for toluene SOA, diesel fuel SOA, and B-

caryophyllene SOA compared to using the assumption in Equation 2.3.

2.3.5 Viscosity predictions based on mole-fraction based Arrhenius mixing rule

The viscosities of SOA as a function of RH were also estimated using a mole-fraction
based Arrhenius mixing rule (Equation 2.8) and the measured viscosities of pure water and dry
SOA. For a viscosity of the dry SOA, we used 4.6 x 10° Pa s (which is consistent with our

experimental data) and for the viscosity of pure water, we used 1073 Pa 5,168

The predictions based on this approach overlapped with the measured viscosities (Figure
2.12). This is consistent with the recent studies by Gervasi et al.,'® who showed that a mole-
fraction based mixing rule is the best choice among simple mixing rules for predicting viscosity
in binary aqueous systems. These predicted viscosities had large uncertainties for RH values
ranging from approximately 30 to 95%, mainly due to the large uncertainty in the « values used
to predict the mole fraction of water in the SOA. The predictions based on the chemical
composition and the method from DeRieux et al.?® (Figure 2.9) also had large uncertainties at
similar RH values for the same reason. This highlights that accurate and precise measurements of

K values for SOA are needed for predicting viscosities of SOA as a function of RH.
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Figure 2.12 Measured viscosities and predicted viscosities using a mole-fraction based Arrhenius
mixing rule. For the measurements, the x-error bars correspond to uncertainties in the RH and
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2.4 Conclusions

Viscosity was measured as a function of RH for SOA generated via the ozonolysis of -
caryophyllene. The viscosity was 1.3 x 10° to 5.6 x 10* Pa s at 48% RH, and it increased to 6.9 x
10°to 2.4 x 107 Pa s at 0% RH, where the ranges correspond to measurement and data analysis
uncertainties. Diffusion coefficients were calculated from the viscosities using the fractional
Stokes—Einstein equation and ranged from ~4.1 x 10 m? s at 48% RHto ~1.8 x 10 ¥ m? s~
Lat 0% RH. Mixing times of organic molecules within 200 nm SOA particles were calculated
from the diffusion coefficients and ranged from <3 s at 48% RH to 0.2 h at 0% RH. Based on
these values, mixing times within 200 nm B-caryophyllene SOA are fast (<1 h) for RH and

temperatures typically found in the planetary boundary layer.
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The chemical composition of the SOA was determined with nano-DESI mass
spectrometry. The most-abundant peaks in the mass spectra were C15 and C14 peaks,
corresponding to the first- and second-generation ozonolysis products. Another abundant peak in
the mass spectra was a C28 peak, likely the result of dimerization of the f-caryophyllene oxidation
products. We note that ESI and nano-ESI favored the detection of smaller compounds compared
to nano-DESI, and the fact that relative peak abundances from the three ionization methods do
not fully agree with each other highlights the difficulty of estimating relative abundances of SOA
compounds using direct infusion methods. In this study, we assumed that nano-DESI provides
the most accurate information about SOA composition because it is known to better detect labile

compounds.

The viscosity data and the chemical composition from mass spectrometry were used to
test the accuracy of the method from DeRieux et al.?® for predicting the viscosity of p-
caryophyllene SOA. Using raw peak nano-DESI abundances in the mass spectra as substitutes of
mass fractions led to a drastic overprediction of the viscosity by up to 6 orders of magnitude
(depending on the RH). However, when the peak abundances were adjusted to account for the
sensitivity of the electrospray ionization to larger molecular weight components using an
empirical relationship suggested by Nguyen et al.,**® the predicted viscosities better overlapped
with the measured viscosities. Furthermore, the same method produced better or similar
predictions for our previous observations of viscosity of toluene SOA and diesel fuel SOA. These
results further highlight the level of sensitivity of viscosity predictions to the method used for

relating peak abundances to relative concentrations in direct infusion mass spectra.
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We also tested the accuracy of a mole-fraction based Arrhenius mixing rule for predicting
viscosity as a function of RH from the viscosity of water and the dry SOA. For this case, the

predictions overlapped with the measured data.
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CHAPTER 3

VISCOSITY AND LIQUID-LIQUID PHASE SEPARATION IN HEALTHY AND
STRESSED PLANT SOA

Portions of this chapter were reproduced under the Creative Commons Attribution 4.0 License
with permission from the Royal Society of Chemistry:

Smith, N. R.; Crescenzo, G. V.; Huang, Y.; Hettiyadura, A. P. S.; Siemens, K.; Li, Y.; Faiola, C.
L.; Laskin, Shiraiwa, M.; Bertram, A. K.; Nizkorodov, S. A.; Viscosity and liquid-liquid
phase separation in healthy and stressed plant SOA, Environmental Science: Atmospheres,
1 (2021) 140-153.

Abstract

Molecular composition, viscosity, and liquid-liquid phase separation (LLPS) were investigated
for secondary organic aerosol (SOA) derived from synthetic mixtures of volatile organic
compounds (VOC) representing emission profiles for Scots pine trees under healthy and aphid-
herbivory stress conditions. Model “healthy plant SOA” and “stressed plant SOA” were generated
in a 5 m® environmental smog chamber by photooxidation of the mixtures at 50% relative
humidity (RH). SOA from photooxidation of a-pinene was also prepared for comparison.
Molecular composition was determined with high resolution mass spectrometry, viscosity was
determined with the poke-flow technique, and liquid-liquid phase separation was investigated
with optical microscopy. The stressed plant SOA had increased abundance of higher molecular
weight species, reflecting greater fraction of sesquiterpenes in the stressed VOC mixture
compared to the healthy plant VOC mixture. LLPS occurred in both the healthy and stressed plant
SOA,; however, stressed plant SOA exhibited phase separation over a broader humidity range
than healthy plant SOA, with LLPS persisting down to 23 + 11% RH. At RH <25%, both stressed

and healthy plant SOA viscosity exceeded 108 Pa s, value similar to tar pitch. At 40% and 50%
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RH, stressed plant SOA had the highest viscosity, followed by healthy plant SOA and then a-
pinene SOA in descending order. The observed peak abundances in the mass spectra were also
used to estimate the SOA viscosity as a function of RH and volatility. The predicted viscosity of
the healthy plant SOA was lower than that of the stressed plant SOA driven by both the higher
glass transition temperatures and lower hygroscopicity of the organic molecules making up
stressed plant SOA. These findings suggest that plant stress influences the physicochemical
properties of biogenic SOA. Furthermore, a complex mixture of VOCs resulted in a higher SOA
viscosity compared to SOA generated from a-pinene alone at > 25% RH, highlighting the
importance of studying properties of SOA generated from more realistic multi-component VOC

mixtures.

3.1 Introduction

Secondary organic aerosol (SOA) dominates the total fine particle mass in the
atmosphere.r12 SOA is formed from the condensation of oxidation products of volatile
organic compounds (VOCs). Approximately 100,000 different organic compounds have
been measured in the atmosphere,> resulting in the highly complex composition of SOA
and a wide range of volatility, hygroscopicity, and reactivity.: Of the total amount of
atmospheric VOCs, roughly 90% come from biogenic sources. Because of the chemical
complexity of ambient SOA, only 10% of the total mass of SOA has been speciated in
terms of molecular composition.: A comprehensive understanding of the formation,
properties, and transformation of SOA is essential to understand their impact on
atmospheric processes, climate, and human health.:

The most abundant biogenic VOCs are isoprene (CsHsg), monoterpenes (CioH1e), and

sesquiterpenes (CisH24).1v12 Because a-pinene and limonene typically dominate the
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monoterpene emission profile in forested areas,+s they have commonly been used as
representative monoterpenes in laboratory and modeling studies investigating biogenic
SOA. In laboratory studies,si7 SOA generated from a single VOC is commonly used
because these simpler systems allow for the investigation of their fundamental physical
and chemical properties. These single VOC experimental studies provide
parameterizations of SOA formation mechanisms for air quality and climate models.
However, ambient SOA is produced from a more complex mixture of VOCs. Using
complex VOC mixtures can impact the oxidant reactivity and subsequent products formed
when compared to selected single VOCs.»: The discrepancy between laboratory-generated
SOA and real atmospheric SOA could lead to errors in the estimation of their impact on
climate and air quality, as well as their impact on human health. Therefore, it is pertinent
to conduct experiments on SOA formed from realistically complex mixtures of VOCs to
better represent ambient scenarios.

Plant health needs to be considered when deciding which VOCs to use to replicate
biogenic SOA in a laboratory setting. Plants become stressed due to changing
environmental conditions, including biotic and abiotic factors.22 Some examples of abiotic
stress include increased temperature, drought, or low soil nutrient levels.22 Examples of
biotic stress in plants include insect feeding (including defoliators, bark borers, or sap-
sucking aphids) known as herbivory, insect egg laying known as oviposition, or pathogen
attack.z21s-19s \When plants become stressed, biochemical defense pathways are initiated,
which alters their VOC emissions in both quantity and types of compounds being
emitted.»» Aphid-herbivory, typically increases sesquiterpene emissions from pine

trees.xo” During stress events, different types of compounds such as acyclic sesquiterpenes
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are produced.z The function of these stress VOC emissions includes increased membrane
thermotolerance, antioxidant properties, tri-trophic signaling (e.g., attracting natural
enemies of herbivores), and inter- and intra-plant communication.s1 |In addition, these
VOC:s can protect plants from further destruction by priming them for the next stress event
they may experience, which can lead to quicker recovery times.2+2s Importantly, changes
in healthy and stressed biogenic VOC emissions can alter SOA composition, as well as the
distribution of volatilities of SOA compounds, with the potential to alter climate-relevant
SOA properties.

Studying how the change in the emission profile of plants impacts SOA properties is
important because plant stress is common in ecosystems, and is rapidly increasing in many
locations due to a changing climate.2cc Moreover, the SOA formed from stressed plants
could impact climate differently than SOA formed from healthy plants due to differences
in composition and physical properties. Recent studies have shown that herbivore stress
has the potential to decrease or increase SOA mass Yyields,20 increase SOA mass and
cloud condensation nuclei (CCN) number in the boreal forest,202 decrease hygroscopicity
of the resulting particles,>: and increase the relative proportion of fragmentation vs.
functionalization reactions in the gas phase.z2 Therefore, the chemical and physical
properties of healthy versus stressed plant SOA should be investigated to parse out if there
is a significant difference between the two systems, with implications for changes in
aerosol properties in an evolving environment.

SOA particles were commonly assumed to be liquid-like, permitting fast diffusion of
molecules through the particle. However, studies of SOA material generated from the

oxidation of single biogenic VOCs, including isoprene and various terpenes, have shown
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that SOA becomes highly viscous semi-solids or glassy solids under certain environmental
conditions such as low temperature and low RH.1s2832-43 Increases in viscosity lead to much
slower diffusion rates within the SOA, impacting particle growth and evaporation, gas-
particle partitioning, size distributions, multiphase chemistry, and the ability of SOA to
serve as nuclei for liquid cloud droplets or ice particles.s23137.838587-90,94,5,109,204

The viscosity of SOA material depends on the molecular weight and the degree of
oxidation of its chemical constituents.zs2205206 Moreover, the viscosity of SOA is strongly
affected by temperature and RH. Water acts as a plasticizer, therefore an increase in RH
leads to a decrease in viscosity of amorphous organic materials, allowing for higher
diffusion rates of molecules within the SOA.2¢3144 However, an increase in RH may not
lead to a decrease in viscosity of organic aerosol with very low hygroscopicity, as seen in
previous studies investigating cooking organic aerosol.2 Viscosity and diffusion are
interrelated and it is practical to estimate diffusion rates of large organic molecules within
SOA from measured viscosity and the Stokes-Einstein equation.zc#200 On the other hand,
diffusion rates of small organic molecules, water, and oxidants within SOA can be
estimated from SOA viscosity using the fractional Stokes-Einstein equation.s

Recently, a parameterization was developed for predicting the viscosity of SOA based
on its chemical composition; which can be used with chemical transport models to predict
viscosity of SOA in the atmosphere.2o21020s This parameterization, together with high
resolution mass spectrometry measurements of chemical composition, has been used
successfully to predict the viscosity of several types of SOA formed from isoprene, a-

pinene, toluene and diesel fuel vapors.is3ssiies However, the accuracy of the
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parameterization for predicting the viscosity of SOA from a mixture of VOCs has not been
evaluated.

As an added layer of complexity, individual SOA particles can undergo liquid-liquid
phase separation (LLPS) and form two distinct liquid phases, an inner aqueous-rich phase
and an outer organic-rich phase. LLPS in SOA particles was initially observed in mixed
particles containing organic and inorganic species.s#+21 This LLPS phenomena was
thought to be, at least partially, driven by the presence of the inorganic salts, which can
cause salting out of organics.+¢ More recently, it has been shown that LLPS also occurs in
SOA particles in the absence of inorganic salts.s1212-21s The LLPS events in SOA particles
can impact the extent to which gas-particle partitioning of semivolatile compounds may
occur,s>-s4 the reactive uptake of gasses,ssss216 as well as their ability to act as nuclei for
cloud droplets and ice particles,s 213217218 making it an important process to study.

In this work, we investigate chemical composition, viscosity, and LLPS in SOA
produced from complex mixtures of VOCs representative of emissions from healthy plant
(abbreviated as hp-SOA from here on) and stressed plant (sp-SOA) pine trees. We compare
the results to SOA generated from a-pinene to test whether the physicochemical properties
of particles made from a single VOC are comparable to more representative SOA formed
from complex mixtures of VOCs. The VOC mixtures used in this work are based on the
emission profile of healthy and aphid-stressed Scots pine saplings (Pinus sylvestris L.)
previously reported by Faiola et al.22 Pine trees (Pinaceae) have a wide spatial distributionss
and are typically found in boreal forests which cover one-third of the global forested areazw
making them a good representative plant for studying biogenic SOA over boreal forests.

In addition, we investigate the accuracy of the parameterization from DeRieux et al.
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(2018)» by comparing the predicted viscosities of the SOA to the experimentally
determined viscosities. Volatility and viscosity are closely related and it was recently
reported that SOA with low volatility showed an increased viscosity.>+#4 Therefore, we
also report the volatility distribution of compounds within the hp-SOA and sp-SOA using
parameterization from Li et al. (2016). 21

We find that SOA produced from the VOC mixtures is more viscous compared to the
more commonly studied a-pinene SOA. Increased farnesene and other sesquiterpene
mixing ratios used in the generation of sp-SOA significantly increased the viscosity of the
resulting sp-SOA when compared to hp-SOA. In addition, two liquid phases are persistent
in sp-SOA over a wider RH range compared to hp-SOA. These findings suggest that
consideration of complex plant VOC mixtures and effects of plant stress are important in

determining the physicochemical properties of biogenic SOA.
3.2 Experimental methods

3.2.1 VOC mixtures

Two VOC mixtures were created from commercially available compounds listed in
Table 3.1. The compounds were mixed in molar fractions chosen to represent the VOC
profile of compounds emitted from healthy and stressed 8-year old Scots pine (Pinus
sylvestris L) trees, as reported in Faiola et al. (2019).22 Valencene was used as a
representative cyclic sesquiterpene and a farnesene isomer mixture was used as a proxy
for acyclic sesquiterpenes. Ylisirnio et al. (2020) analyzed a similar farnesene isomer
mixture to the one used in this study (Sigma Aldrich) and found a significant fractional
contribution by bisabolene isomers (40%) and other unidentified sesquiterpenes (20%) in
addition to the farnesene isomers.z2z
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Table 3.1 Chemical composition of the VOC mixture used to produce SOA; purity and sources
of commercially- available standards used to generate healthy and stressed VOC mixtures; and
lifetimes with respect to oxidation in the chamber. Monoterpene is abbreviated as MT and
sesquiterpene is abbreviated as SQT. The chemical structures of these VOCs are reported in
Appendix A.

voc Chemical Healthy | Stressed . Lifetime
e Species (mol/mol (mol/mol Purity Source (h)
275%
i o i stabilized Sigma s
MT a-phellandrene 20.3% (<0.050% a- (CAS:99-83-2) 0.63
tocopherol)
Acros Organics
MT 3-pinene 4.6% - 98% (CAS: 18172-67- 2.662
3)
. Acros Organics
o 0 0, 0, a
MT a-pinene 2.3% 29.4% 98% (CAS:7785-26-4) 3.78
Aldrich
MT 3-carene 53.9% 22.3% 90% (CAS: 13466-78- 2.2542
9)
Sigma Aldrich
0, 0, 0, a
MT camphene 13.8% 6.3% 296% (CAS: 79-92-5) 3.73
>75%
(Contains 1000 Aldrich
- 0, a
MT myrcene 10.0% | LpmofBHTas | (CAS:123-35-3) | 072
inhibitor)
. . Alfa Aesar
- 0, 0, 4
MT limonene 7.3% 97% Stabilized (CAS:5989-27-5) 1.21a
Sigma
- 0, 0, 0, a
SQT | b-caryophyllene 5.2% 3.4% 98.5% (CAS:87-44-5) 1.00
. stabilized Sigma-Aldrich b
sQr | ™ i‘;ﬁg‘:e“e - 12.8% (<0.10% a- (Product#: 116
tocopherol) W383902)
Aldrich
- 0, 0,
SQT valencene 8.5% 270% (CAS:4630-07-3) N/A

2 ifetimes calculated using k-values reported in Atkinson et al. (2003).18 ® Calculated using k-values for (E)-
b-farnesene reported in Kourtchev et al. (2012).221 ¢ May contain sesquiterpenes, trans-p-farnesene, cis-a-
farnesene, trans-a-farnesene, and bisabolene.

The mixing ratios of monoterpenes and sesquiterpenes that were evaporated into the
chamber were calculated assuming total desorption into the chamber and are shown in
Figure 3.1 The farnesene isomers bar in Figure 3.1 contains the bisabolene and other
sesquiterpenes observed by Ylisirnio et al. (2020) — we have not performed an explicit
analysis of the injected mixture to further classify them. The total VOC mixing ratio was

approximately the same across all experiments (200 ppb). The dominant VOC in the
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Figure 3.1 Mixing ratio of each VOC after the injection into the environmental chamber. The
relative VOC amounts (Table 3.1) were chosen to replicate the emission profile of healthy (green)
and aphid-stressed (black) Scots Pine trees reported in Faiola et al. (2019).

healthy mixture was 3-carene with a mixing ratio of (128 ppb). In the stressed mixture a-
pinene was the most abundant monoterpene and, compared to the healthy mixture, had
three sesquiterpenes with farnesene having the highest mixing ratio (28 ppb) of the three.

3.2.2 SOA generation

SOA was generated by OH-initiated photooxidation of VOCs in air under low-NOx
conditions in a 5 m® Teflon environmental chamber. The chamber was operated in the
batch mode at 50% RH and room temperature (21- 26 °C) for all trials. Seed particles were
not used to avoid interference with experimental viscosity and LLPS measurements.
Evaporation of 45 ul of 30 wt.% H2O: into the chamber via a heated inlet (45 °C) produced

approximately 2 ppm of H2O> vapor serving as photochemical OH precursor. Following
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oxidant injection, 8 pl of either healthy or stressed VOC mixtures were evaporated into
the chamber via the same heated inlet, and a bank of UV-B lights was turned on (the UV-

B lamp spectral flux density in the chamber is shown in Figure 3.2).
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Figure 3.2 Measured spectral flux density in chamber compared to the solar spectral flux
density calculated at a solar zenith angle of O degrees.

To verify completeness of injection of the VOCs into the chamber, gas-phase
abundance of monoterpenes (m/z 137.1330) and sesquiterpenes (m/z 205.1956) were
monitored using a proton-transfer-reaction time-of flight mass spectrometer (PTR-ToF-
MS; lonicon model 8000) with HzO" as the reagent ion. The particle size and number
concentration were monitored using a scanning mobility particle sizer (SMPS; TSI
differential mobility analyzer model 3080 and CPC model 3775). The ozone and NO/NOy
concentrations in the chamber were monitored using an Oz analyzer (Thermo Scientific,
Model 49i) and a NO-DIF-NOy analyzer (Thermo Scientific, Model 421-Y), respectively.

After three hours of photooxidation, when the particle mass concentration in the chamber
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reached approximately 200 pg m3, the UV-B lights were turned off. The steady-state OH
concentration was 1.4x10°% cm™ calculated from the rate of decay of limonene under
similar experimental conditions used in this study. At this OH concentration the VOC
lifetimes were 0.6-3.8 h (Table 3.1), at least 50% of each VOC was consumed by the end
of the irradiation period. The PTR-ToF-MS data suggested that 40-50% of total
monoterpenes and sesquiterpenes were consumed.

For the viscosity and LLPS measurements, SOA particles were collected at 30 L mint
onto hydrophobic glass substrates placed in stage 9 of a non-rotating microorifice uniform
deposit impactor (MOUDI) with all the remaining MOUDI stages removed. Under normal
operating conditions, stage 9 collects particles with diameters above 100 nm,22 however,
its operation without other MOUDI stages increases the pressure drop across the stage,
thus increasing the jet velocity and decreasing the minimal particle size, but potentially
increasing particle bounce. The 50% RH in the chamber should help reduce the bouncing
effect compared to what would happen in a dry air case.222 This method of collection
resulted in discrete spots of aggregated SOA particles. By the time of the viscosity or LLPS
measurement, the individual submicron SOA particles in some of the spots merged into
“macroparticles” with spherical cap geometry and diameters of 30-100 um. Hydrophobic
glass slides were generated by coating plain glass slides (Hampton Research) with
Trichloro(1H,1H,2H,2H-perfluorooctyl) silane or FluoroPel 800 (Cytonix USA).
Simultaneously, SOA was collected on aluminum foils for high resolution mass
spectrometry analysis using the same sampling method. Samples were collected for 2-3

hours. Samples were then placed in protective plastic enclosures, sealed with a vacuum
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food sealer, and stored in a freezer at -20 °C until analysis (except for 24 h transit time
when the samples had to be shipped to other participating laboratories on ice at 0 °C).

3.2.3 High-resolution mass spectrometry

The high-resolution mass spectrometry data were obtained using a high-resolution Q
Exactive HF-X Orbitrap mass spectrometer (Thermo Scientific) with a mass resolving
power of 2.4x10° (at m/z 200) outfitted with a nano-desorption electrospray ionization
source (nano-DESI-HRMS).:#2 Nano-DESI-HRMS was performed in negative and
positive modes for the collected SOA samples similar to previous work.22« The spray
voltage was set to 3.5 kV, the capillary temperature was 250 °C and the S-lens ion funnel
RF level was 80. The solvent consisted of a 1:1 (v/v) mixture of LC-MS grade acetonitrile
and water. The sample was line-scanned starting from the area free of the analyte. Then,
all peaks that rose above a signal to noise ratio of 3 were considered as analyte related. s
In addition to the samples, a solvent blank was prepared following the same procedure
above, but using a control substrate without analyte. Molecular formulas were assigned
similarly to previous work.2+152 Briefly, the peaks were extracted from the mass spectra,
and peaks containing 13C isotopes were removed. All peaks were assigned to the formulas
CxHyO; with an accuracy of £0.001 m/z units while containing the assignments to closed-
shell ions with even nominal masses and constraining H/C to 0.30-2.25 and O/C to 0.00-
2.30. The assigned ion formulas were corrected for the ionization mechanism, and all the
HRMS results below are reported as formulas of neutral SOA compounds. The assumed
ionization mechanisms were formation of adducts with H™ or Na* for positive ions and
deprotonation for negative ions,

3.2.4 Liquid-liquid phase separation
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Events of LLPS in substrate deposited samples of SOA material were measured for all
samples using an optical microscope equipped with a CCD (charge-coupled device)
camera by our collaborators at University of British Columbia. The procedure for LLPS
has been described by Song et al. (2019).5: In short, the hydrophobic glass slides containing
the SOA samples were placed in a RH and temperature-controlled flow cell (experimental
setup shown in Appendix B). The RH was monitored using a chilled-mirror dew point
hygrometer (General Eastern M4/E4 dew point monitor, Canada). The SOA particles were
initially conditioned at 98% RH in the flow cell for 10 minutes. At this RH, particles
already exhibited LLPS. The RH was decreased at a rate of 1% RH min until LLPS was
no longer visible. A picture was taken every 10 s throughout the duration of the experiment
via the CCD. Afterwards, the RH was quickly dropped down to 0% to confirm LLPS did
not reappear at lower RH. Three trials were performed for each SOA generation condition.

3.2.5 Viscosity measurements

Viscosities of SOA were determined by our collaborators at the University of British
Columbia using the poke-flow technique described elswhere.:s32 This method relies on
observing the flow of material under an optical microscope after deforming it with a blunt
object.z2s After collecting SOA on the hydrophobic slides, the slides were placed into a
flow-cell mounted onto a polarizing metallurgical inverted microscope (AMScope). Dry
or humidified nitrogen passed through the cell and the RH of the outgoing gas flow was
measured continuously with an optical chilled mirror hygrometer (1311DR, Chilled Mirror
Hygrometer, General Eastern). The hygrometer RH was calibrated with respect to the
deliquescence relative humidity (DRH) of potassium carbonate (43% DRH). The

temperature was continuously monitored with a thermocouple (Omega HH200A) attached
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to the top of the flow cell. All experiments were performed at 291-295 K. Before any
experiments were performed, the slides with SOA were conditioned at the desired RH
(approximately 0%, 10%, 25%, 40% or 50%) for 1.5 h. Longer conditioning times of up
to 24 h were later investigated for each SOA type to see if the measured viscosity was
sensitive to the conditioning time; however, there was no significant change as shown in
Figure 3.3.

For the poke-flow experiments, a hydrophobically coated (OilSlip 110, Cytonix USA)
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Figure 3.3 Particle viscosity as a function of conditioning time in poke- flow cell at
humidity of interest. Vertical bars represent the calculated lower and upper limits of
viscosity (83% confidence interval) based on COMSOL simulations (see Table 3.2 for
input parameters).

needle was mounted to a micromanipulator arm that could move it in XYZ directions. The
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needle was placed directly above an SOA “macroparticle” (diameter of 30-50 um), and
then moved downwards vertically to penetrate the particle surface and contact the surface
of the hydrophobic glass slide. Upon removal of the needle, a visible hole was left behind
resulting in the formation of a particle with half-torus geometry. The poked particle was
allowed to flow until the area of the hole (A) had recovered to one quarter of the original
area of the poke hole (*2A). If allowed long enough, particles would recover to their
original, energetically favorable state of spherically capped geometry. The time of the %A
recovery will be referred to as the experimental flow time (Texp, flow)-

Table 3.2 COMSOL parameters used for simulating the upper and lower limits of viscosity of
the collected SOA by poke-flow.

SOA type Surface tension | Slip length (m) | Contact angle
(mN m) )
Healthy plant Range of values 25.32-45b 5x10-9-1x10-6¢ 50.9-60.04
SOA
Stressed plant Range of values 23.0e-450b 5x10-9-1x106¢ 54.2-63.8d
SOA
o-pinene SOA Range of values 25.37-45b 5x10--1x10-6¢ 52.7-67.7

2 As a conservative lower limit to the surface tension of the healthy plant SOA, we used the surface tension of liquid
3-carene. P 3-Carene has the lowest surface tension of all the VOCs used to model healthy plant emissions. Surface
tension of liquid a-pinene. Surface tensions were determined with the ACD/Labs Percepta Platform-PhysChem
Module, retrieved from Chemspider July 12, 2019. ® This upper limit is consistent with surface tension measurements
of SOA at RH <65% RH and surface tensions reported for alcohols, organic acids, esters, and ketones, as well as
surface tension measurements of water solutions containing SOA products. ¢ Range based on measurements of the
slip length of organic compounds and water on hydrophobic surfaces.??57238 ¢ The contact angle was determined by
measuring the height and radii of individual droplets using a confocal microscope. Note: the simulated viscosities
depend only weakly on the contact angle. Changing the contact angle by £10% changes the simulated viscosity on
average by £15%, which is small compared to the overall uncertainties associated with the simulated viscosities. ¢ As
a conservative lower limit to the surface tension of the stressed plant SOA, we used the surface tension of liquid
myrcene. Myrcene has the lowest surface tension of all the VOCs used to model stressed plant emissions. Surface
tensions were determined with the ACD/Labs Percepta Platform-PhysChem Module, retrieved from Chemspider July
12, 2019.

Viscosity of the SOA were determined from texp, flow and fluid dynamics simulations,
performed using the Microfluidics module within COMSOL Multiphysics.:s17 The initial

configuration in the simulations was half-torus geometry with dimensions consistent with
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the dimensions in the experiment. The simulations required surface tension, slip length,
density, and contact angle. Conservative upper and lower limits were used in the
simulations, resulting in conservative upper and lower limits for the simulated viscosities.
In the simulations, the material flowed and the hole in the half-torus geometry decreased
to minimize the surface energy of the system, consistent with the experiments. From the
simulations, we determined the time for the diameter of the hole in the half-torus geometry
to decrease to “4A referred to as Tmodel, flow. TO determine viscosity from Texpfiow, the
viscosity in the simulations was adjusted until Tmodel, flow Was within 1% of Texp flow.

For some conditions, for example at 0% RH, the poked particles did not visibly flow
over the course of the observation (6 h for hp-SOA and 19 hours for sp-SOA). In these
cases, lower limits to viscosity were obtained from the simulations by assuming the fluid
flowed by < 0.5um (the spatial resolution of the microscope) within the observation time
in the experiments.

In the poke flow experiments, SOA “macroparticles” were exposed to flow of N2 gas
for several hours (1.5-24 h). During this time, semivolatile compounds could potentially
evaporate from the SOA, resulting in a change in composition and possibly in viscosity.s
To determine if evaporation of semivolatile compounds was significant in the poke-flow
experiments, new SOA samples were exposed to a dry (< 0.5% RH) flow of N2 gas in the
poke-flow apparatus for 24 h, while monitoring the cross-sectional area of the

“macroparticles” (Figure 3.4).
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Figure 3.4 Particle area as a function of exposure time to dry (< 0.5% RH) nitrogen gas flow,
shaded red regions indicates the 95% confidence bands. The lack of change suggests that particles
are stable with respect to evaporation over the experimental time scale.

The flow rate of the dry N2 gas was the same as the rate used for the measurements
because this could affect the evaporation of the SOA particles. These tests showed that the
area of the particles changed by less than 2%. Hence, evaporation of semivolatile
compounds was regarded as a minor effect in our experiments, at least for dry conditions
(< 0.5% RH). Even though semivolatile compounds did not evaporate under dry
conditions, they could still have evaporated at higher RH values when the viscosity was

lower and diffusion within the particles was faster.s21312392e0 The loss of semivolatile
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compounds should lead to an increase in viscosity.s0131 The fact that the viscosity did not
significantly change using conditioning times ranging from 1.5 h to 24 h in the poke-flow
experiments, even at 50% RH (Figure 3.3) suggests that any loss of semivolatile
compounds in our experiment did not significantly affect the viscosity of the particles,
even at the highest RH values used in our studies.

The mixing times for water in our hp-SOA and sp-SOA “macroparticles” were
calculated using the fractional Stokes-Einstein equation at a given RH and temperature.
Mixing times of water within SOA were determined for a 50 pm particle at 293 K, which
corresponds to the approximate size of particles and temperature at which experiments
were performed for the hp-SOA and sp-SOA in this study. The fractional stokes-Einstein
equation was used to determine diffusion coefficients for water as a function of RH and

temperature 205200261

T
Dizo(RH,T) = Do(T) * (2,20 (3.2)

where Dn2o (RH, T) is the RH and temperature dependent diffusion coefficient of water in SOA,
Do(T) is the temperature dependent diffusion coefficient of water in pure water (calculated using
Equation. (3.3)), £ is the fractional exponent, no(T) is the temperature-dependent viscosity of pure
water at 293 K, and n(RH, T) is the calculated viscosity of the hp-SOA or sp-SOA at a specific
RH and 293 K. The temperature-dependent viscosity data for pure water was taken from Hallett
(1963) and Crittenden et al. (2012).2%8242 Do(T) was evaluated using the Stokes-Einstein equation
and assuming a radius for pure water of 0.1 nm 2%, The value of the fractional exponent was

calculated using the equation below 24

E=1-— [Aexp (—B M)] (3.2)

matrix
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where A and B are coefficients with values of 0.73 + 0.12 and 1.79 + 0.29, respectively. To
evaluate the fractional exponent, we assumed Rgitt = 0.1 nm and Rmatrix = 0.4 nm to be consistent
with the size of organic molecules discussed above. The fractional Stokes-Einstein equation is
able to predict 98 % of the published diffusion coefficients of small molecules, including water,
within the uncertainties of the measurements for organic-water mixtures.?** Once Dn20(RH,T)
was determined using the equations above, we then calculated mixing times of water within the
SOA using an equation similar to Equation. (3.4) . The results of this calculation are shown in

Figure 3.5.

For the hp-SOA and sp-SOA at <25% RH, we cannot be sure that equilibrium is
established with the surrounding at 1.5 hours. Therefore, these particles may have had a
higher water content than expected based on equilibrium with gas-phase water at <25%
RH, and hence may have higher viscosity, consistent with the lower limit we report. At 40
and 50% RH, equilibrium established in 1.5 hours is within uncertainty of our calculations

(Figure 3.5).
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Figure 3.5 Results from the poke-flow experiments for hp-SOA (green hexagons), sp-SOA (black
hexagons) mixing times of water within a 50 um sized particle (Tmixing, S0 um). Error in the RH
measurement was +/-2.5%. Upward arrows indicate lower limits. Vertical bars represent the
calculated lower and upper limits of Ttmixing, 50 wm (83% confidence interval) based on COMSOL
simulations (see Table 3.2 for input parameters). Tmixing, 50 pm was also calculated using upper
(A=0.61, B=2.08) and lower limits (A=0.85, B=1.50) for uncertainty in the fractional exponent

(P2

66



To investigate mixing times of organic molecules within the SOA by molecular
diffusion, we first converted the measured viscosity into a diffusion coefficient (D) using
the Stokes-Einstein equation:

_ kgT
~6mr

D (3.3)

where kg is the Boltzmann constant, T is temperature in Kelvin, n is the viscosity in Pa s,
and r is the hydrodynamic radius. When calculating diffusion coefficients, we assumed a
hydrodynamic radius of 0.38 nm for diffusing SOA molecules.2+

Next D was converted into the characteristic mixing time within the particle using the

following equation:

2
— dp
Tmixing = 4_1_[—2]) (3'4’)

For the purposes of this estimation, the particle diameter was set to dp = 200 nm, which is
roughly the median diameter in the volume distribution of ambient SOA-containing
particles.is-17s For reference, accumulation mode particles typically range in diameters
from 100 to 1000 nm.

3.2.6 Volatility predictions

The assigned molecular formulas from the HRMS data were used to determine the
volatility distribution of compounds found within the hp-SOA and sp-SOA. The volatility
was calculated based on parameterizations of pure compound saturation mass
concentration (Co) by elemental composition reported in Li et al. (2016) for CHO

compounds using equation (3.5),

Ncho

log10Co = (ng — nc)be —ngbg — 2 bco (3.5)

nc+np
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where ncl is the reference carbon number, and nc and no represent the number of carbon
and oxygen atoms, respectively. The values for parameters nc®, bc, bo, and bco were 22.6,
0.4481, 1.656, and -0.779, respectively, as determined for reference CHO compounds in
Li et al. (2016).20

3.2.7 Viscosity predictions

Viscosity were predicted using the method described by DeRieux et al. (2018).22 Briefly,
the glass transition temperature (Tg,i), at which a phase transition between amorphous solid
and semi-solid states occurs,z can be predicted as a function of molecular composition for
a single compound:2

T,i = (g +In(ng) dbe + In(ny) by + In(ng) In(ny) bey + In(ny) by +
In(n¢) In(no) beo (3.6)
Nc, NH, and no are the number of carbon, hydrogen, and oxygen atoms, respectively. Values
of the coefficients [n, bc, bn, ben, bo, and beo] are [12.13, 10.95, -41.82, 21.61, 118.96,
-24.38] for CHO compounds.> The glass transition temperature of the SOA under dry
conditions (Tg,org) Was estimated using the Gordon-Taylor equation, assuming the Gordon-
Taylor constant (ket) of 1 for each organic mixture component:2cs

Tyorg = ZiwiTy, (3.7)
where w; is the mass fraction of an organic compound i.2s We estimated w; using two
different methods. In the first method wi values were assumed to be proportional to the
observed peak abundances in the mass spectra. In the second method the relative
abundance of each compound [Ai] was converted from the peak abundance (li) considering
the effect of molecular weight (Mi) and the degree of unsaturation (represented by the

[H/C]i ratio) on ionization efficiency following the method in Nguyen et al. (2013):2+s
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I

A = G

(3.8)

where (H/C); x M is known as adjusted mass (AM).2s Note that we assumed the effective
limit of detection (LOD) used in Nguyen et al. (2013) to be zero. This is a reasonable
approximation based on the results in Nguyen et al. (2013) that LOD decreased quickly at
high AM. In our study more than 90% of the detected compounds have an AM value higher
than 200 Da, resulting in a small LOD.

Under humid conditions, the water content in SOA was estimated using the effective
hygroscopicity parameter (x).2»s The x values derived from cloud condensation nuclei
measurements by Zhao et al. (2017)23 of 0.15 and 0.07 were used for hp-SOA and sp-
SOA, respectively. This was based on the assumption that hp-SOA were formed from
monoterpene-dominated emissions and sp-SOA were formed from sesquiterpene-
dominated emissions, with a high proportion of farnesenes and bisabolene, which is
consistent with the synthetic profiles studied in this work.202 These « values are likely upper
limits for these types of SOA. The true water content at 50% RH may be lower but likely
will still follow the same trend as reported here. T4 of organic-water mixtures (Tgmix) Was

then calculated by the Gordon-Taylor equation using a Gordon-Taylor constant (ksT) of

2 528155
1
T (1-worg)TgH20+ —kGTWorng,org (3 9)
mix — 1 .
g (1_Worg)+kG—TWorg

Where Ty pz0and Ty, are the glass transition temperatures of water and SOA
organics, and w,,.4 is the mass fraction of the organic compounds in the particle. The mass

concentration of water (my,0) and SOA (mgo,) can be used to estimate w,,,; as wy,g =
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Mgsoa/(Mspa + My20), and my,o can be estimated using the effective hygroscopicity

factor (x):2s

Mpyz0 = —kpwmeA (3.10)
PSOA(W_l)

where the density of water (p,,) is 1 g cm=, the density of SOA particles (pso4) is assumed
to be 1.4 g cm™3, and a,, is the water activity calculated as a,, = RH/100.2¢7
Using the calculated Tgmix, the temperature-dependence of viscosity was calculated

applying the Vogel-Tammann-Fulcher (VTF) equation:

log(n) = —5 + 0.434 2L (3.11)

T—To

39.17 Ty

Where Tois the Vogel temperature calculated as T, = Dor3917
f .

, which is deduced from an

assumed viscosity of 102 Pa s at the glass transition temperature, st and T is the
temperature at which the viscosity measurements were conducted (291 K). The fragility
parameter (Ds), which characterizes deviation of the temperature dependence of viscosity
from the Arrhenius behaviorzs1s0 was assumed to be 10 based on our previous study. The
viscosity was predicted assuming one phase, despite the LLPS observations at higher RH

as we do not know composition in the different phases.
3.3 Results and Discussion

3.3.1 Molecular composition of SOA particles
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The high-resolution mass spectra obtained for the hp-SOA and sp-SOA in positive and
negative modes are shown in Figure 3.6. While the mass spectra indicate similar features, the
mass spectrum of the sp-SOA has a larger summed peak abundance for species with molecular
weight (MW) above 250 Da (43% for negative mode and 73% for positive mode) than that of the
hp-SOA (37% for negative mode and 69% for positive mode). We define high molecular mass as
>250 Da because this usually designates a transition region between monomers and dimers
products in monoterpene SOA.%#31 This difference between the two mass spectra is expected

because the stressed plant VOC mixture contained more sesquiterpene species compared to the
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Figure 3.6 Nano-DESI mass spectra in a) negative mode and b) positive mode for healthy (green)
and stressed (black) plant SOA as a function of the molecular weight of the detected neutral
compound.

healthy plant VOC mixture. The average O:C ratios (average + 1SD) calculated from the high-

71



resolution mass spectrometry data of the hp-SOA and sp-SOA were 0.51 + 0.20 and 0.41 + 0.18,
respectively. The H:C ratios were 1.52 + 0.19 and 1.52 + 0.18 for the hp-SOA and sp-SOA,
respectively. The lower value of O:C in the sp-SOA means that the compounds are on average
less oxidized and supports our choice of lower x to model hygroscopicity of sp-SOA. The most
abundant peak in the negative mode mass spectrum for sp-SOA corresponded to CgH1404,
whereas in the hp-SOA the largest peak was C7H120s. The top 4 peaks in each ionization mode
and their reported formulas, names, and plausible structures based on previous studies are listed
in Table 3.3. It should be noted the exact m/z reported in Table 3.3 represent various isomers for
each sum formula and the exact dominant structures corresponding to each peak have not been
confirmed. These compounds include previously reported photooxidation products for both

monoterpenes and sesquiterpenes.©>245-251
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Table 3.3 The most abundant formulas detected by nano-DESI-HRMS. All of these compounds
appear in both (+) and (-) ESI modes; the second column lists the ionization mode in which they
have higher relative peak abundance. References for previously reported structures identified as
a monoterpene oxidation product (MTOX) or sesquiterpene oxidation product (SQTOX) that
have the same neutral molecular formula and mass as those found in this study are listed in the
last column.

Prominent
Neutral lonization Neutral
i a
Mass (Da) | Mode (/+) and molecular Name Previously Reported Structures References
Formula
sample
MTOX
(Haddad et al
3-hydroxy-2,2- HO oH 2011)%%°
176.07 -) hp-SOA H
6.0 (-) hp-5O C7H120s dimethyl glutaric acid
o OH (o]
MTOX
0 (Yee et al 2018)%°
: 250
Pinic acid on (Jaoui et al 2006)
186.09 () sp-SOA CsHua04 limononic acid Ho (Fang et al 2017)%"
[¢]
R MTOX
o (Jaoui et al 2006)250
188.07 (-) hp-SOA CsH1205 Ketolimonic acid o
HO
OH
9 MTOX
)J\ oH (Yee et al 2018)%°
i i i o
232.09 (-) hp-SOA CuoHie06 Diaterpenylic acid
acetate HO. o)
[¢]
SQTOX
d (Yee et al 2018)%°
252.17 (-) sp-SOA Ci5H2403 B-caryophyllonic acid
(0]
OH
Q SQTOX
65
o (Yee et al 2018)
(-) sp-SOA L
254.1 _
54.15 (+) hp-SOA C14H2204 B-caryophyllinic acid .
O
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SQTOX
(Yee et al 2018)65

256.13 (+/-) hp-SOA CasHoOs B-nocary(?phylllnlc
acid
HO
[}
SQTOX
= (Jaoui et al 2016)252
+ - -
268.17 (( f ) )hs‘fssg): CisH240s | (Conjugated triene \
P hydroperoxide)
OOH
302.17 (+) sp-SOA C15H2505
318.17 (+) sp-SOA Ci1sH2607

@ Tentatively assigned structures as MS/MS has not been performed.
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The total organic mass concentration for each system was approximately 200 pg m3
and there were several molecules with predicted volatilities in excess of that value, as seen
in the Intermediate Volatility Organic (IVOC; 300 < Co < 3x10° pg m3) region in Figure
3.7. The abundance of these low molecular weight, intermediate volatility molecules,
particularly in the negative ion mode mass spectra, is surprising because they should be
too volatile to partition into the condensed phase and contribute significantly to the particle
mass under our experimental conditions. There are several possible explanations for the
presence of these higher volatility species. First, although ESI-based methods are typically
regarded as “soft”, some in-source fragmentation may be occurring. Second, it is possible
that these volatile species could be physically entrapped in the particles during the particle
growth phase. For example, Vander Wall et al. (2019) identified a burying mechanism in
which semivolatile compounds became trapped in viscous SOA, preventing them from
escaping back into the gas phase.2ss Third, these compounds could be formed after the
particles are collected by spontaneous decomposition of larger organic compounds such
as peroxides,z4+2ss with the decomposition products still remaining in the particles due to

the high viscosity. At this time, we cannot rule out any of these explanations.
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Figure 3.7 (a) viscosity of individual SOA compounds at 50% RH and 291 K as a function of Co in
healthy (x = 0.15) and stressed (x = 0.07) plant SOA. (b) Viscosity of individual SOA compounds
at 50% RH and 291 K as a function of Co with x = 0.1 applied to both healthy and stressed plant

SOA. In each panel, the warmer the color, the higher the glass transition temperature. The larger the
circle or square marker size, the larger the relative abundance of the species based on the HRMS

analysis.

76



3.3.2 LLPS

LLPS occurred in both the healthy and stressed plant SOA samples as shown in Figure
3.8. The light-colored circle in the center of the particle is an optical effect of light
scattering from a hemispherical uniform particle.zss For the hp-SOA, the particle was phase

separated at 98% RH. As the relative humidity decreased, the inner aqueous-rich phase

Decreasing RH

RH 30%

hp-SOA
SRH=90.8 * 4.8%

98%
sp-SOA i

SRH=23.1%10.8%

93% 90% 60% 0%
Figure 3.8 Optical images and illustrations of stressed and healthy plant SOA particles taken
while decreasing relative humidity. The green represents the organic-rich phase and blue
represents the aqueous-rich phase. The relative error of the SRH was obtained by using twice

the standard deviation from the four measurement results plus an uncertainty of the hydrometer
(~2.5%). The diameter of the particles was between 50-80 pum.

started to shrink until it reached a critical RH, called the separation relative humidity
(SRH), at 91 + 5% RH where LLPS completely disappeared. Upon further RH reduction,
only asingle organic-rich phase remained. The sp-SOA particle exhibited phase separation

over a broader humidity range than the hp-SOA, with LLPS persisting down to 23 + 11%

RH.



Several previous studies have investigated LLPS in SOA from the ozonolysis of single
biogenic VOC precursors. In these cases LLPS was observed only at RH values above
90% RH.212-214 The existence of LLPS in a purely organic SOA particle below 90% RH has
only been observed previously for SOA generated by the photooxidation of diesel fuel
vapors.st The presence of LLPS down to as low as 20% RH for sp-SOA, suggests that
LLPS could be more common in organic SOA systems than previously thought.

3.3.3 Experimental viscosity and mixing

Figures 3.9 and 3.10 show images of particles during the poke flow experiments for sp-
SOA and hp-SOA, respectively. At 50% RH the holes formed by the needle closed on a
time scale of 100-5000 s. In contrast, the “macroparticles” shattered under dry conditions
and the particle fragments remained largely unchanged on a timescale of the experiment.
The experimental flow time (Texp, flow) OFf hp-SOA, sp-SOA, and a- pinene SOA are shown
in Figure 3.11a. At RH < 10%, Texp, flow Was > 10* seconds for all three SOA. At RH =
25%, Texp, flow Was > 10* seconds for hp-SOA and sp-SOA, but 1-6 x 10° s for a-pinene
SOA. As RH increased the texp, flow decreased, leading to lower viscosity at higher RH.
Over the RHs investigated, the Texp, flow Values had the following order: sp-SOA > hp-SOA
> a-pinene SOA. This order suggests that stressed plant SOA had the highest viscosity,
followed by healthy plant SOA and then a-pinene SOA in descending order. We attribute
this difference, at least in part, to the relative temperatures and lower hygroscopicity.

Figure 3.11b shows viscosity values calculated
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Figure 3.9 Optical images of SOA particles produced from photooxidation with VOCs from stressed
trees during a poke-flow experiment at a) 50%, and b) 0% RH. Images al), and bl) are pre-poking
images. a4), and b4) are demonstrative diagrams of pre-poking. a2), and b2) are the first frame post-
poking. a5), and b5) are demonstrative diagrams of the first frame post-poking. a3), and b3) are the
post-poking images. a6), and b6) are demonstrative diagrams of post-poking. The white scale bars
correspond to 50 pum.
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Figure 3.10 Optical images of SOA particles produced from photooxidation of VOCs from healthy
trees during a poke-flow experiment at a) 50%, and b) 0% RH. Images al) and bl) are pre-poking
images. a4) and b4) are demonstrative diagrams of pre-poking. a2) and b2) are the first frame post-
poking. a5) and b5) are demonstrative diagrams of the first frame post-poking. a3) and b3) are the
post-poking images at 150 s and 6 hrs. a6) and b6) are demonstrative diagrams of post-poking at 150
s and 6 h. The white scale bars correspond to 50 pm.
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Figure 3.11 Results from the poke-flow experiments for hp-SOA (green diamonds), sp-SOA
(black hexagons), and apin-SOA (red diamonds): (a) experimental flow time, Texp, flow; (D) Viscosity;
(c) mixing times of organic molecules within a 200 nm sized particle (Tmixing, 200 nm). In panel (a)
error in the RH measurement was +/-2.5%. In panel (c), horizontal tmixing bars correspond to the 1
h mixing band, which is roughly the mixing time assumed in chemical transport models. Upward
arrows indicate lower limits. Vertical bars represent the calculated lower and upper limits of
viscosity and tmixing, 200 nm (83% confidence interval) based on COMSOL simulations (see Table
3.2 for input parameters).

(for reference the viscosity of tar pitch is similar to 108 Pa s). At RH > 25%, the viscosity decreases
as the RH increased. This decrease is expected because the viscosity of water is much less than
the viscosity of the condensed organic material and as RH increases the water content of SOA
also increases. At 40 and 50% RH the sp-SOA contain two phases: an agueous-rich and organic-
rich phase. When calculating the viscosity of these particles we did not take into account the
presence of two phases in the particles. Hence, the measured viscosity is due to a combination of
both phases. The aqueous-rich phase likely has a lower viscosity than the measured viscosity due
to the plasticizing effect of water, and conversely the organic-rich phase likely has a higher
viscosity than the measured viscosity. At 50% RH the viscosity of hp-SOA and sp-SOA was >

10* Pa s (for reference, the viscosity of peanut butter is roughly 10 Pa s). This high viscosity at
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50% RH can be explained, in part, by the low hygroscopicity of the SOA samples generated from
sesquiterpenes. For example, Varutbangkul et al. (2006) reported the growth factor of only ~1.01
for sesquiterpene high-NOx SOA at 50% RH,*” resulting in a volume fraction of water of only a
few percent, probably insufficient for making the SOA material softer. For comparison, the
viscosity values of the hp-SOA and sp-SOA are higher than toluene SOA (anthropogenic SOA
proxy) at 40% and 50% RH (Figure 3.12). At 0% RH, the viscosity of a-pinene SOA, hp-SOA,
and sp-SOA was in all cases in excess of 108 Pa s — lower limit afforded by the measurement
uncertainty. However, at 40% and 50% RH, sp-SOA had the highest viscosity, followed by hp-
SOA and then a-pinene SOA in descending order. The elevated viscosity observed in the plant

SOA over a-pinene SOA is likely due to the influence of the sesquiterpenes on the MW of the
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Figure 3.12 Experimentally determined viscosity of toluene photooxidation SOA reproduced from
Song et al. (2016) compared to healthy and stressed photooxidation SOA over various relative
humidities determined by the poke-flow method. Vertical bars represent the calculated lower and
upper limits of viscosity using the COMSOL simulations (see Table 3.2 for input parameters).
Horizontal bars represent the uncertainty in the relative humidity measurement. The upward
arrows indicate lower limits of viscosity.
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SOA products. The results from this study are consistent with previous studies of rebound of SOA

particles generated from Scots pine tree emissions.?8

Current chemical transport models assume mixing times of organic molecules by
molecular diffusion within SOA is less than 1 h, meaning they are well mixed. Mixing
times calculated from diffusion based on the viscosity measurements and the Stokes-
Einstein equation are shown in Figure 3.11c. From the mixing times inferred from the
experiments for hp-SOA and sp-SOA, it was found that samples at 0-25% RH had mixing
times greater than 10 h, suggesting strong diffusive limitations for condensed-phase
transport of particle components. At 40% RH, the median mixing times were still >10 h
and 1 h for sp-SOA hp-SOA, respectively. The hp-SOA samples were observed to have
mixing times of <1 h at 50% RH, meaning they can be regarded as well mixed. The mixing
times for a-pinene photooxidation SOA had lower mixing time compared to hp-SOA or
sp-SOA. Our results indicate that particles produced from realistic mixtures of VOCs have
longer mixing time scales in comparison to the 1 h well-mixed assumption at <40% RH.
The well-mixed assumption for biogenic SOA, produced under healthy and stressed
conditions, is therefore incorrect below 40% RH.

3.3.4 Viscosity predictions

The viscosity predictions for the hp-SOA and sp-SOA are shown in Figure 3.13 along
with the experimental viscosity values determined via poke-flow method. The predicted
viscosity values were calculated using relative peak abundances in a combined mass
spectrum that included compounds observed in both positive and negative ion modes.
Specifically, peak abundances were normalized to 1 in both positive and negative mass

spectra, and the relative peak abundances for the same formula were from the two
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ionization modes we added. The predictions were done after scaling the peak abundances
by the adjusted mass based on Eq. 3.3, as well as with unscaled peak abundances similar
to our previous studies.»2st Figure 3.13 shows that the predicted viscosity values from
unscaled peak abundances are approximately two orders of magnitude higher than the
predictions for the scaled intensities at ~50% RH, confirming the expectation that
predicted viscosities depend strongly on the assumed relative abundance of detected
compounds. The experimentally determined viscosities correlate better with the prediction
from the unscaled peak abundances. In theory, the mass scaled approach should correlate
better with the experimentally determined viscosities because the ionization efficiency for

electrospray is greater for higher molecular weight species, which could lead to an
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Figure 3.13 Predicted viscosity as a function of RH compared to the experimental values
determined by the poke-flow method. Vertical bars represent the calculated lower and upper limits
of viscosity using the COMSOL simulations (see Table 3.2 for input parameters). Horizontal bars
represent the uncertainty in the relative humidity measurement. The upward arrows indicate lower
limits of the viscosity. Predicted viscosities were calculated for healthy and stressed plant SOA
using either scaled (solid lines) or unscaled (dashed lines) peak abundances in the mass spectra that
combined both positive and negative ion mode peaks.
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overestimation of SOA viscosity determined from molecular formula assignments. s
However, possible in-source fragmentation (see molecular composition of SOA section)
could balance out this effect leading to the unscaled approach correlating with the data
better.

Regardless of the peak abundance scaling method, the sp-SOA is predicted to have
higher viscosity than the hp-SOA. The predicted Tg,0rg Values are higher for the sp-SOA,
resulting in differences in viscosities of a factor of 2-10 for the predicted viscosity under
dry conditions (Figure 3.13). The difference between the viscosity predictions of hp-SOA
and sp-SOA becomes larger around 50% RH which we suspected was due to the higher
assumed hygroscopicity parameter used for the hp-SOA. To test this hypothesis, a
sensitivity test was done to investigate the impact the assumed hygroscopicity parameter
has on the predicted viscosity. Figure 3.7ashows the viscosity values that individual SOA
compounds would have at 50% RH and 291 K, calculated with x = 0.15 for the healthy
and « = 0.07 for the stressed plant SOA. Shown in Figure 3.7b are the predicted viscosities
at 50% RH assuming the same hygroscopicity parameter (« = 0.1) for both hp-SOA and
sp-SOA. A comparison of Figure 3.7a and 3.7b indicates the viscosity prediction is
dependent on the hygroscopicity parameter used and is the main factor controlling the
increased difference in the predicted viscosity between hp-SOA and sp-SOA as RH
increases. Figure 3.14 shows the predicted viscosity for both data sets assuming « = 0.1.
Compared to the predictions shown in Figure 3.13, Figure 3.14 shows a smaller difference
in overall particle viscosity (approximately an order of magnitude) between the two data
sets over all RHs instead of several orders of magnitude as shown in Figure 3.13. The

overall predicted particle viscosity at >50% RH was larger for hp-SOA when x« = 0.1
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compared to when x = 0.15 and was lower for sp-SOA when x = 0.1 compared to when
= 0.07. We suggest that hygroscopicity of SOA produced by mixtures should be explicitly
measured to minimize this source of uncertainty in the viscosity predictions. We also
should note that factors other than hygroscopicity could play a role in controlling the
predicted viscosity values. The predictions are also sensitive to the fragility parameter Dy,
which is assumed to be the same for hp-SOA and sp-SOA in the absence of more reliable
information. Future work should focus on explicit measurements of Dr for realistic SOA
models.

To gain additional insight into the factors controlling the SOA viscosity, Figure 3.15
shows predicted Tg,0rg and viscosity for individual SOA compounds in the hp-SOA and sp-
SOA samples under dry conditions, plotted as a function of compound-specific saturation
mass concentration (Co) calculated from Eq. 3. Figure 6 shows the regions representing
extremely low volatility organic compounds (ELVOC; Co < 3x10™4 ug m2), low-volatility
organic compounds (LVOC; 3x10™4 < Co < 0.3 ug m3), semivolatile organic compounds
(SVOC; 0.3 < Co < 300 pg m™3), and intermediate volatility organic compounds (IVOC;
300 < Co < 3x10°® pg m3).+> Because smaller MW compounds are more volatilezs and less
viscous,z021 Tgorg Steadily decreases as Co increases. The Tgorg Values for the observed
healthy and stressed compounds are similar under dry conditions. However, there are
individual species identified within the SVOC regime that are larger in abundance in the
sp-SOA. The larger abundance of lower volatility species in the sp-SOA with large Tg,org
values could drive the difference in particle viscosity between the sp-SOA and hp-SOA.

The results of this work indicated the addition of SOA products from sesquiterpenes
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Figure 3.14 Predicted viscosity as a function of RH using « = 0.1 calculated for both healthy

and stressed plant SOA using either scaled (solid lines) or unscaled (dashed lines) peak
abundances in the mass spectra that combined both positive and negative ion mode peaks.

generally increases SOA particle viscosity. This work also revealed that physicochemical
properties of SOA produced from realistic mixtures of biogenic VOCs cannot always be

accurately modeled by SOA formed from a single VOC.
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Figure 3.15 Glass transition temperature (Tg) of hp-SOA and sp-SOA under dry conditions as a
function of saturation mass concentration of individual compounds (Co). Ty is predicted according to
DeRieux et al., (2018) and Co is estimated according to Li et al., 2016. The warmer is the color, the
higher is the O/C ratio. The larger the circle or square marker size, the larger the relative abundance
of the species based on the HRMS analysis.

We recently reported similar viscosity and LLPS measurements for SOA prepared by

the ozonolysis of B-caryophyllene,zs2 which had 1-2 orders of magnitude lower viscosity

than both hp-SOA and sp-SOA even at 50% RH. Since B-caryophyllene is a cyclic

compound, its ozonolysis does not lead to an extensive fragmentation of the molecular

backbone,z: thus resulting in compounds with similar molecular weights as from oxidation

with OH.2s+ Therefore, higher viscosity of sp-SOA and hp-SOA compared to that of 3-

caryophyllene SOA points to additional, presently unknown, factors that affect viscosity

of SOA produced from complex mixtures. It is possible a simpler combination of a

monoterpene and sesquiterpene could replicate real plant photooxidation SOA, but

comparable measurements of this kind have not been reported.

3.4 Conclusions

88



This work demonstrates that products from sesquiterpenes oxidation increase
viscosity of SOA prepared from simulated mixtures of plant volatiles. It follows that
physical properties of biogenic SOA cannot be modeled by parameters developed for SOA
generated from a single-component VOC. Guenther et al., (2012) estimated the
sesquiterpene: monoterpene emission ratio from boreal needleleaf trees to be ~16% even
for healthy plants and this ratio is expected to be even higher for stressed plants. These
values are comparable across the different “emission types” previously investigated,
therefore, sesquiterpenes could be playing a larger role in SOA properties than is currently
assumed. In this study, molar fractions of sesquiterpenes were ~5% and 25% for healthy
and stressed mixtures, respectively, which are reasonable mixtures for a boreal forest
environment. In addition, the boreal forest covers extensive area of land that is particularly
sensitive to climate, so real-world sp-SOA could have even higher viscosity than that
investigated in this study. The characteristic mixing times for a typical 200 nm diameter
particle of the hp-SOA and sp-SOA were greater than 1 h for RH <25%, and considerably
longer than the corresponding mixing times for a-pinene photooxidation SOA. The results
indicated that these healthy and stressed pine tree SOA at low relative humidities may be
misrepresented within air quality/climate models that treat biogenic SOA as a mixture of
SOA formed from isoprene, monoterpenes, and sesquiterpenes yet neglect viscosity and

LLPS as parameters.zs
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CHAPTER 4

INSECT INFESTATION INCREASES VISCOSITY OF BIOGENIC SECONDARY
ORGANIC AEROSOL

Abstract

Plant stress alters volatile emission and SOA chemistry. However, little is known about how this
could influence climate-relevant properties of SOA, particularly from complex volatile mixtures
like real plant emissions. In this study, the molecular composition and viscosity were investigated
for SOA generated from real healthy and aphid-stressed Canary Island pine (Pinus canariensis)
trees, which are commonly used plants for landscaping in Southern California. Healthy Canary
Island pine (HCIP) and stressed Canary Island pine (SCIP) aerosols were generated in a 5 m®
environmental chamber at 50% relative humidity. SCIP aerosols were more viscous compared to
HCIP SOA. The largest differences in particle viscosity were observed at 50% RH where the
viscosity of SCIP SOA was approximately a factor of 10 larger than HCIP SOA. The increased
viscosity for the stressed pine trees was attributed to the increased fraction of sesquiterpenes in
the emission profile. This is the first study using real pine emissions for experimental
determination of SOA viscosity. In addition, the comparison of viscosity for real healthy and
stressed Canary Island pine SOA is novel. The real pine SOA were more viscous than a-pinene
SOA meaning that a single monoterpene cannot reproduce the physicochemical properties of tree
SOA. However, the synthetic mixtures of the major compounds used to generate “mimic SOA”

can reproduce the viscosities of SOA observed from the very complex real plant emissions.
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4.1 Introduction

Plants and vegetation produce a majority of the total volatile organic compounds (VOCs)
found in the atmosphere.'* For example, many pine trees have high emission rates of terpenes
including 2-methyl-3-buten-2-ol (MBO), numerous isomers of monoterpenes (CioHis) and
sesquiterpenes (CisHz4) of various reactivities and structures.**® Terpenes undergo atmospheric
oxidation, which produces low volatility species that condense to form secondary organic aerosol

(SOA\) particles.*® These SOA particles play a role in influencing climate, health, and visibility.*

Plant VOC emission profiles are very complex, with over 1,700 different compounds
identified across ninety plant families.?®® Even a single plant specimen can be highly complex
with respect to its VOC emission profile. Recent literature has identified approximately 20-30
terpenes emitted from an individual pine tree.?’?®” To add further complexity, plant VOC
emission profiles change seasonally and diurnally, corresponding to changes in metabolic
processes and photosynthetic activity.?%® Additionally, plant VOC emission profiles shift in
response to environmental and biotic stressors such as temperature extremes and insect
infestation.231%.200269 Eqor example, plant stress induced by insect-herbivory increases emission
rates of sesquiterpenes from pine trees which are produced through a biochemical defense
pathway that functions in plant defense processes.?>2’° Plants are enduring longer and more severe
periods of stress due to climate change.?* Specifically, insect-infestations are expected to increase
in frequency and duration as a result of increasing temperature.?’? In a study by Bergstrom et al.
(2014) it was estimated that plant VOC emissions induced by insect-herbivory could account for
50% of all organic aerosol mass in Europe.?” In addition to altering the total amount of SOA
produced, slight modifications to the VOC profile can result in significant changes to SOA

chemical composition, mass yield, and volatility due to differences in reactivity and oxidation
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products between terpenoid compounds.® Previous studies have stated that chemical changes
in the VOC profile result in significant changes to climate-relevant SOA properties with
implications for the radiation budget. However, few studies exist on this topic and this study aims
to bridges the gap in knowledge of how plant stress influences climate-relevant properties of SOA

such as viscosity.

Viscosity is an important physical property of SOA and is highly influenced by particle
chemical composition.?®31274 An increase in viscosity can lead to much slower diffusion rates of
compounds within the particles, impacting particle growth and evaporation, gas-particle
partitioning,’®2" heterogeneous chemistry, particle-phase photochemistry, and the ability of SOA
particles to act as nuclei for liquid cloud droplets®’® or ice particles.?”” Smith et al. (2021),
discussed in chapter 3, recently reported that synthetic mixtures of VOCs representing the volatile
profile of healthy boreal forest (Scots pine) trees produce highly viscous photooxidation SOA
(>107 Pa s) at relative humidities <40 % RH.?"® Synthetic mixtures of VOCs representing the
volatile profile of aphid-stressed trees produce SOA with an order of magnitude higher viscosity
under the same RH conditions.?’® This difference was attributed, at least in part, to the relative
amount of sesquiterpenes used to generate the SOA, since sesquiterpenes produce SOA
compounds with higher molecular weights, and therefore, higher glass transition temperatures
and lower hygroscopicities.?’® The importance of sesquiterpene oxidation products for SOA
formation in a springtime hemiboreal forest was investigated by Barreira et al. (2021) and they
found that even though the mass concentration of sesquiterpene oxidation products were low in
the gas-phase (0.07 pg m=), it contributed significantly to the particle phase mass concentration
(1.6 pg m of sesquiterpene oxidation products in the particle phase).?”® They also reported lower

volatilities of compounds in the particle phase during a sesquiterpene dominated period compared
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to a monoterpene dominated period.?’® A substantial contribution of sesquiterpenes to hemiboreal
SOA formation during spring-time, suggests that both atmospheric measurements and models
that focus on monoterpene oxidation may overlook a potentially large fraction of SOA particulate
mass.?’® However, the viscosity of SOA produced from real pine trees was not investigated and
therefore viscosity measurements are needed in order to bridge the knowledge gap of what is

happening to SOA particle properties during periods of stress events.

Previous studies investigating the properties of real plant SOA have focused on boreal forest
trees such as Scots pine,2’®?® due to their large geospatial abundance in the Northern
Hemisphere.*%8%° However, VOC profiles between pine species can be very different, so it is
important to expand SOA studies to other types of prominent pine trees. There are few works
investigating the chemical and physical properties of SOA generated from VOC emissions of
plants commonly used in landscaping which are becoming increasingly prevalent with the
expansion of urban greening programs. Pinus canariensis is a sub-tropical conifer species native
to the western Canary Islands, off the coast of North Africa, leading to its common name Canary
Island pine. This species grows well in Mediterranean climates and is frequently used in
landscaping throughout California due to their drought and thermo-tolerant properties.?82%2 The
rising popularity and use of this tree type for the purpose of landscaping makes it an interesting
specimen to study, especially in terms of their SOA particle properties in a changing environment.
These findings promote interest for understanding the formation, chemical composition, and
properties of SOA produced from biogenic volatiles released from plants and vegetation found

throughout California.

The goal of this work is to compare the viscosity of SOA particles generated from

photooxidation of real healthy and aphid-stressed Canary Island pine tree VOCs. This project
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builds off previous laboratory studies that reported higher SOA viscosity from stressed pine SOA
compared to healthy pine SOA using complex synthetic VOC mixtures to represent healthy and
stressed boreal pine emissions (reported in Smith et al., 2021), but this has not been demonstrated
using real plant emissions that are much more complex than synthetic mixtures. Stressed plant
SOA is expected to have a greater viscosity than healthy plant SOA due to an increase in
emissions of sesquiterpenes that may lead to high molecular weight and low volatility compounds.
In this study, Canary Island pine trees (Pinus canariensis) were chosen as the VOC source to
generate real healthy Canary Island pine (HCIP) and aphid-stressed Canary Island pine (SCIP)
SOA. The SOA was generated by photooxidation of the VOCs in an environmental chamber
under humid conditions. To our knowledge, this study is the first of its kind investigating the
viscosity of Canary Island pine tree SOA and will be key in understanding the influence of climate

change on the complex relationship between plant emissions, aerosols, and climate.
4.2 Experimental

4.2.1 Tree Enclosure

Canary Island pine saplings (Pinus canerienesis) were used as the sole source of VOCs
for the experiments outlined below. To capture VOCs emitted by the pine trees, a 2 m3 Teflon
plant enclosure was used to contain the pine tree. The tree enclosure was hermetically sealed on
all sides except the bottom, which was zip-tied at the base of the tree trunk, excluding the pot of
soil. The pot of soil was not included in the pine enclosure to remove any contribution of VOCs
coming from air-soil exchange, which is not the focus of this study. Clean humidified air
(scrubbed of VOCs and particulate matter, but not scrubbed for CO,) flowed into the plant
enclosure at a rate of 4.5 L min™t. A small piece of PTFE tubing was used at the outlet (installed
Teflon port at the side) of the pine enclosure and was connected to a heated stainless-steel tube
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(50 °C) attached to a Teflon diaphragm pump (N9 KP18, M&C). This pump was used to actively
pull air (containing VOCs) from the tree enclosure and pump into the 5 m® batch environmental
chamber with the lights off at a rate of 3.5 L min™, until the desired mixing ratio of terpenes was
reached as monitored by a proton-transfer-reaction time-of-flight mass spectrometer (discussed
below). The desired total mixing ratio was approximately 30 ppb in order to mimic cleaner
biogenic environments, but still be able to produce enough particle mass for viscosity

experiments.
4.2.2 PTR-ToF-MS

A proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS; lonicon
model 8000) with HsO" as the reagent ion was used to monitor the VOC mixing ratio inside the
5 m? batch environmental chamber. Mass calibration for the PTR-ToF-MS was performed using
m/z 21.0226, H3'®0"; 33.9941, 800*; and 39.0332, (H.'®0)H3'®0". The gas-phase abundance
of monoterpenes (m/z 137) and sesquiterpenes (m/z 205) were monitored over time. When the
total monoterpene mixing ratio reached approximately 30-80 ppb (after 22 h) the pine enclosure
was disconnected from the environmental chamber and VOC injection was stopped.

4.2.3 TD-GC-MS

Prior to aerosol generation via photooxidation, two cartridges (Markes, Tenax TA
adsorbent) were collected at a rate of 450 cm® min* for 5 min following the injection of VOCs
into the chamber and prior to the addition of oxidant, at the heated outlet (50 °C) of the chamber.
A thermal-desorption (TD-100 XR: Markes International) gas chromatograph- mass spectrometer
(Agilent 7890B Gas Chromatograph, Agilent 5975 Mass Spectrometer) equipped with an HP-5
(30 m X 320 um x 0.25 um, Agilent) column was utilized offline to assess the initial mixing ratio

of individual VOC isomers (primarily monoterpenes, oxygenated monoterpenes, and
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sesquiterpenes) in the batch chamber that were present prior to SOA generation. The standards
used to generate calibration curves are listed in the supplemental information (Table 4.1). VOCs
were identified by their mass spectral pattern which was cross referenced with the built-in NIST
database along with the standards. Only compounds that had a mass spectral match quality > 80
compared to the reference spectra from the NIST database were included in our analysis. In cases
where compounds had match qualities > 80 compared to reference spectra but were identified as
compounds other than those listed in Table 4.1, which we had calibration curves for, proxy
compounds were used for quantitation instead. For example, a-pinene was used for quantitation
of monoterpenoids and oxygenated monoterpenes that we did not have specified standards for.
For sesquiterpenes other than those listed in Table 4.1, which had molecular weight of 204 and
match qualities > 80 compared to NIST reference mass spectra, the calibration curve obtained

from B-caryophyllene was used as a proxy standard for quantitation.
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Table 4.1 Purity and sources of commercially available standards used to generate calibration

curves for TD-GC-MS quantification.

VOC Standard Purity Source
. Acros Organics
_ 0,
a-pinene 98 % (CAS: 7785-26-4)
. Acros Organics
_ 0,
-pinene 8% (CAS: 18172-67- 3)
>75% ;
. Aldrich
B-myrcene (Contains 1000 ppm of BHT as (CAS: 123-35-3)
inhibitor)
Aldrich
3. 0
A-carene 20 % (CAS: 13466-78- 9)
Sigma Aldrich
0
camphene 296% (CAS: 79-92-5)
: - Alfa Aesar
0 1
limonene 97% Stabilized (CAS: 5989-27-5)
Sigma
_ 0,
B-caryophyllene 98.5% (CAS: 87-44-5)
mix of farnesene stabilized Sigma-Aldrich
isomers (<0.10% o-tocopherol) (Product#: W383902)

4.2.4 HR-ToF-MS

The chemical composition of SOA particles was monitored using an online High-
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS or AMS; Aerodyne,
Billerica, MA, USA) operated online in VV-mode. Particles were vaporized at 600 °C and ionized
using electron impact ionization at 70 eV. The AMS data was processed using Squirrel, version
1.62A for unit mass resolution (UMR) data and Pika, version 1.22A for high resolution peak
fitting. The improved-ambient method mentioned in Canagaratna et al. (2015) was used to
generate elemental ratios for the experimental data, including O:C and H:C ratios.*?

4.2.5 SOA Generation
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A diagram of the SOA generation setup is shown in Figure 4.1. After the TD-GC-MS
cartridges were collected, 45 pL (2 ppm) of aqueous H>O> (30 wt.%, Fisher Scientific) was
injected into the chamber through the heated inlet (50 °C). The chamber was maintained roughly
at 30-85 % RH and 21-23 °C. The bank of UV-B lights was turned on to initiate photooxidation
of the VOCs and they were allowed to react for 2 hours. The OH steady-state concentration in the
chamber was previously reported as 1.4 x 108 cm™ using the same approach.?’® No seed particles
were used in these experiments in order to avoid interference during the viscosity measurements
in which a common inorganic seed such as ammonium sulfate would result in a core-shell
morphology that would be difficult to probe with the poke-flow technique. Particle mass
concentration was measured by a scanning mobility particle sizer (SMPS; TSI 3080) equipped

with a condensation particle counter CPC; TSI 3775). An experimentally determined particle wall

humidified air
Zero
Air H;0

Online Analysis

SMPS
PTR-ToF-MS
- AMS

VOC + -OH
H l/ Sample Collector

(MOUDI) stage 8

Teflon
pump

Figure 4.1 Experimental Setup for SOA generation in a 5 m® environmental chamber with 2 m® Teflon
pine enclosure used a source of VOCs containing a Canary Island pine (Pinus Canariensis).

loss rate was identified using the slope of the loss rate after SOA formation was completed. A
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particle wall loss correction (loss rate of Ky = 0.0028 s) was applied to the data set, an example
of this correction is shown in Figure 4.2. A single nucleation event occurred for all trials,
indicating particle formation only occurred at the onset of VOC addition from the Canary Island
pine trees, a sample “banana plot” for HCIP1 is shown in Figure 4.3. SOA particles were then
collected onto hydrophobically coated glass slides on a single stage 8 non-rotating micro-orifice
uniform deposit impactor (MOUDI; MSP Corp. model 110-R). The SOA samples were then
hermetically sealed and kept in a freezer until they were shipped on ice for further experiments.
A summary of the experimental conditions for each trial is outlined in Table 4.2. A trial in the
table refers to a single photooxidation chamber experiment using an individual pine tree as the
SOA precursor. The trees were classified as either healthy or stressed Canary Island pine trees
based on their VOC mixing ratio profile in combination with physical evidence of aphid-
infestation on the trees. No physical evidence of aphid-herbivory was noted for the first three
trials, which are referred to hereafter as healthy Canary Island pines (HCIP1-3). For the last two
trials, aphid infestations were seen on the trees as shown in Figure 4.4. These aphid infested plants

are referred to hereafter as aphid-stressed Canary Island pines (SCIP4 and SCIP5).

60 -
® Total Concentration(pg/m?)

50 wall loss corrected
40 - _"M"'o-..
L)
30 X .
20 4 » (]
10 A ]
(]

0 +e T T T T T T 1
10:33:36 11:45:36 12:57:36 14:09:36 15:21:36 16:33:36 17:45:36 18:57:36

SOA mass concentration (ug m=3)

Time (pst)

Figure 4.2 Example particle wall loss correction (Kw = 0.0028 s) applied to healthy plant SOA
trial
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Figure 4.3 Particle formation as a function of time determined from SMPS data for SOA generated

from HCIP1.

100



Table 4.2 Experimental conditions for SOA particles generated in the chamber from different
Canary Island pine trees (1-5). The VOC concentration used was the total VOC contribution from
terpenes monoterpene (MT;), oxygenated monoterpene (OMT;), and sesquiterpenes (SQTi)
identified using GC-MS. HCIP abbreviation designates healthy Canary Island pine trees and SCIP
designates stressed Canary Island pine trees.

Pinetree ID | RH MTi? | OMT;? | SQTi? | ASOA® | AVOCnoomt | AVOCaiomt | SOA Yield®
(%) | (ppb) | (ppb) | (ppb) | (Mgm®) | (ugm?) (kg M) (%)
HCIP1 55 | 2964 | 018 | 0.02 56 150 161 35-38
HCIP2 54 | 3090 | 0.14 | 0.06 71 155 156 45-46
HCIP3 35 | 2377 | 0.19 - 72 118 127 57-61
SCIP4 84 | 2594 | 0.66 | 0.56 112 132 138 81-85
SCIP5 60 | 88.87 | 0.27 | 1.89 93 274 276 34

& MT;, OMT,;, SQT; refer to initial mixing ratio measured in the chamber before oxidation was initiated.
b SOA mass concentration was corrected for particle wall losses (Figure 4.2).
€ SOA mass yield calculation and description is reported below.
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Figure 4.4 a) picture of aphid-infested tree (SCIP4). b) Sample of aphid and aphid exuviae
(exoskeleton) collected from pine needles onto a petri dish. C) Close up of collected aphid, identified
as a light green pine needle aphid (Eulachnus brevipilosus).

4.2.6 SOAvyield calculation

The SOA vyield was calculated for each trial (CIP1-5) using the equation below.
SOA Yield (%) = A %100 (4.1)

AVOCMT+OMT+SQT

The change in SOA mass concentration (ASOA) was determined from the SMPS data and

was corrected for particle wall losses (Figure 4.2). The SOA density in the SMPS was
assumed to be 1.2 g cm™. The change in VOC mass concentration (4V0C) was determined
using a combination of PTR-ToF-MS data and TD-GC-MS data for the summed total mass
concentration difference for monoterpene, oxygenated monoterpene, and sesquiterpene. The
percent of reacted VOC was determined using PTR-ToF-MS data for total monoterpenes
(m/z 137) and sesquiterpenes (m/z 205). A range of reactivity was assumed for the
oxygenated monoterpenes (OMT). The low range for the SOA mass yield was determined

assuming none of the OMT identified in the TD-GC-MS reacted away as a result of
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photooxidation whereas the high range for the SOA mass yield assumes that all (100%) of
the OMT reacted away over the course of oxidation. To convert percent reacted monoterpene,
oxygenated monoterpene and sesquiterpenes into mass concentration to be used in Equation
4.1, the percent reacted monoterpene, oxygenated monoterpene, and sesquiterpene was
multiplied by the total mass concentration of these individual terpene categories based on the
TD-GC-MS data.

SOA vyield results are reported in Table 4.2. SICP4 had the highest yield followed by
HCIP3, HCIP2, HCIP1, and SCIP5. The yield of a-pinene photooxidation was previously
reported as 26.7 £ 2.5 % for SOA by generation through photooxidation with no seeds with
a mass concentration of SOA of 66.8 + 6.0 pg m=at low RH.? Most of the trials in this
study had SOA yields >30%, meaning that a-pinene alone can not replicate the SOA yield
from real pine trees. Trials with high SOA yield correlated well with trees that had higher
contribution of oxygenated monoterpene in the initial VOC profile in the chamber (Table
4.3), with SCIP4 having the largest followed by HCIP3, HCIP1, HCIP2, and HCIP5.
However, it is worth noting that due to our assumptions with calculating the change in VOC
mass concentration, it is possible there are some errors in our estimations of VOC yield and
further investigation of how oxygenated monoterpene influences SOA yield from mixtures
of biogenic volatiles is recommended. The high SOA yield for SCIP4 could also be attributed
to increased fraction of germacrene D which is expected to have a higher yield due to more
double bonds within the structure that are capable of oxidizing and forming lower volatility
products. The yield for SCIP5 is not as high because the main stress SQT in this VOC system
was farnesene, an acyclic sesquiterpene that could undergo fragmentation under

photooxidation.?®® This is consistent with high-resolution mass spectra in the literature for
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farnesene photooxidation SOA made in an environmental chamber. This theory is further
supported by Faiola et al. (2019) SOA in which they reported that the biggest change in plant
volatiles was farnesene in the stressed plant samples, however the plant volatile mixtures
with more farnesene did not appreciably change SOA production from photooxidation

(healthy 10.8-23.2% and stressed 17.8-26.8%).23

Table 4.3 Percent of total VOC identified with TD-GC-MS for each experiment. P-values were
determined using a two-tailed, Student’s t-test for the comparison of the average healthy (HCIP1-
3) and stressed (SCIP4-5) trees.

VOC Name HCIP1 HCIP2 HCIP3 SCIP4 SCIP5 p-value
(% total) | (% total) | (% total) | (% total) | (% total)
a-pinene 77.99 82.49 80.00 69.43 78.02 0.17
p-pinene 7.26 8.89 7.56 7.04 14.49 0.39
d-limonene 2.91 1.58 3.16 3.49 2.22 0.73
p-myrcene 1.05 5.16 0.25 2.51 1.30 0.39
camphene 2.15 0.50 1.84 2.21 0.52 0.89
Other MT 7.97 0.74 6.35 10.83 1.08 0.85
Oxy-T 0.59 0.44 0.81 2.44 0.30 0.42
caryophyllene 0.04 0.07 0.01 0.21 0.10 0.10
Stress SQT 0.02 0.01 - 1.17 1.93 0.01*
Other SQT 0.01 0.12 0.01 0.66 0.05 0.27
Total MT 99.33 99.35 99.17 95.52 97.62
Total OMT 0.59 0.44 0.81 2.44 0.30
Total SQT 0.08 0.21 0.02 2.05 2.08

*denotes p-values that are statistically significant assuming a threshold of significance of p<0.01.
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4.2.7 Experimental Viscosity

Viscosities of SOA were determined by our collaborators at the University of British
Columbia using the poke-flow method as previously described.!%1727® Briefly, the poke-flow
method relies on observing the flow of material under an optical microscope after deformation
with a blunt object.!® In our study, a needle was used to poke a supermicron single particle
suspended on the glass slide substrate (supermicron particles were generated by impacting many
submicron particles on the glass slide followed by coagulation of the submicron particles).
Removing the needle resulted in a visible hole and left behind a half-torus shaped deformation on
the spherical cap supermicron particle. The poked particle was allowed to flow until the area of
the hole (A) had recovered to one quarter of the original area of the poke hole (¥2A). Given enough
time, particles would recover to their original spherically capped geometry which is energetically
favorable. The time of the YA recovery is referred to as the experimental flow time (Texp,flow)-
Viscosity of the SOA was determined from texp,fiow and fluid dynamics simulations, performed
using the Microfluidics module within COMSOL Multiphysics.?>2® The simulations were similar
to those previously reported in Smith et al. (2021).2"8 Under low relative humidity conditions,
such as 0% RH, the HCIP and SCIP SOA did not visibly flow over the duration of the experiment.
In this case, adjustments to the COMSOL Multiphysics model were made similar to those
reported in Smith et al. (2021) and a lower limit to viscosity were obtained by assuming the SOA
material flowed by <0.5 um (the spatial resolution of the microscope) within the observation time
in the experiments.?’® The simulations required inputs of surface tension, slip length, density, and
contact angle. The experimental flow times (texp,flow) Were then used in COMSOL Multiphysics
fluid dynamic model with conservative upper and lower limits for the parameters outlined (Table

4.4). Conservative upper and lower limits for these parameters resulted in conservative upper and
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lower limits for the simulated SOA viscosities. Prior to poking the particles, the particles were
conditioned to the surrounding RH for times ranging from 1 h to 24 h. Within the uncertainties
of the measurements, the viscosities were independent of the conditioning times (Figure 4.5).
Particle evaporation tests were also performed for both systems to verify that there was no
significant change in the size of the particles in the poke-flow experiments due to evaporation. For
times up to 25 h, which is the maximum length of time of the poke-flow experiments, the change
in the size of the particles due to evaporation was less than the uncertainty of the measurements

(Figure 4.6).

Table 4.4 COMSOL parameters used for simulating the upper and lower limits of viscosity of
the collected SOA by poke-flow at 292 K.

Surface Contact

SOA type tension (mN | Slip length (m) o

1 angle (°)

m™)

HCIP1 Range of values 25.32-45P 5x10°-1x10%¢ | 45.7-60.7¢
HCIP2 Range of values 25.32-45P 5x107%-1x10%¢ | 56.2-61.7¢
HCIP3 Range of values 25.32-45P 5x10°-1x106¢ | 53.4-58.8¢
SCIP4/SCIP5 | Range of values 23.0%-45P 5x107°%-1x10%¢ | 22.5-35.1¢

2 As a conservative lower limit to the surface tension of the SOA, the lowest surface tension of the pure liquid was
used based on the distributions of molecules emitted by the saplings. Surface tensions were determined with the
ACD/Labs Percepta Platform-PhysChem Module, retrieved from ChemSpider August 27, 2021. ® This upper limit is
consistent with surface tension measurements of SOA at RH <65% RH and surface tensions reported for alcohols,
organic acids, esters, and ketones, as well as surface tension measurements of water solutions containing SOA
products 285728, ¢ Range based on measurements of the slip length of organic compounds and water on hydrophobic
surfaces 20302, d Contact angles determined by measuring the height and radii of individual droplets using a confocal
microscope following the method of 3%, Note: the simulated viscosities depend only weakly on the contact angle.
Changing the contact angle by £10% changes the simulated viscosity on average by £15%, which is small compared
to the overall uncertainties associated with the simulated viscosities.
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Diffusion coefficients (D) of organic molecules within the SOA were calculated from the

experimental viscosities (n, in units of Pa s) using the Stokes-Einstein Equation:

KgT
6mn(RH,T)Tqifr

D (RH,T) = 4.2)

where Ky refers to the Boltzmann constant and T represents the temperature in Kelvin, and 74;¢ ¢
refers to the hydrodynamic radius which was assumed to be 0.38 nm for diffusing SOA

molecules.?** The characteristic mixing time (Tmixing) Within SOA particles in the atmosphere

was then calculated from the diffusion coefficients using the following equation:

dp
Tmixing (RH,T) = 472D (RH.T) (4.3)
where dp represents the particle diameter. For this study, the particle diameter was assumed to be
200 nm, which corresponds to roughly the median diameter in the volume distribution of ambient
SOA-containing particles and falls within the accumulation mode which can range from 100 —

1000 nm in diameter,17>-178
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Figure 4.5 The dependence of viscosity on exposure time was monitored for all SOA types. A
poke-flow experiment was performed at various exposure times up to 24 h at (a) 0%, (b) 25%, (c)
50%, and (d) 60% RH to ensure that the particles were at equilibrium. Black points correspond
to those of healthy plant SOA and red points correspond to stressed plant SOA.
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Figure 4.6 Particle evaporation tests performed within the flow cell of a poke-flow experiment.
The area of a SOA particle was monitored for each SOA type over the course of up to 27 h. The
particles were exposed to (a) = 0% RH and (b) 60% RH within the flow cell. Error bars correspond
to the standard deviation of repeated measurements of the area of the particle at a given time
point. Black points correspond to those of healthy plant SOA and red points correspond to stressed
plant SOA.

4.3 Results and Discussion

4.3.1 Gas-phase composition

The percent contribution to the total VOC mixing ratio profile determined from TD-GC-MS
for the individual tree trials is listed in Table S3. For a more visual comparison, the percent
contributions to the total initial VOC mixing ratio for the average of the healthy trees (HCIP1-3)
and the average of the aphid-stressed trees (SCIP4-5) are shown in Figure 4.7. In all five trials,
a-pinene contributed to approximately 70-80% of the total initial VOC mixing ratio in the
chamber prior to photooxidation. This is expected as evergreen trees typically have high emission
rates of a-pinene, as seen in studies investigating terpene concentrations in and above forested

environments.®*3% The other monoterpenoid category (Other OMT) included monoterpenoids
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such as tricyclene (CioHis), A3-carene (CioHis), 0- and p-cymene (CioHis), and
isopropenyltoluene (CioH12). Terpinolene (CioHis) was only identified in the two stressed tree
samples (SCIP4 and SCIP5). The oxygenated terpene volatiles identified are represented in the
Oxy-T category. Emissions from all trees contained bornyl acetate. All trials except SCIP5
contained verbenone, whereas camphor and borneol were only identified in SCIP4. Additionally,
sesquiterpenes were identified and the stress SQT category corresponds to the combined
contribution of farnesene and germacrene D, which have previously been linked to volatiles
induced by insect-herbivory.%8 SCIP4 stress SQT was predominantly germacrene D whereas
SCIPS5 was primarily a-farnesene. The Other SQT category includes other cyclic sesquiterpenes
with molecular weight 204, besides germacrene D or B-caryophyllene, such as copaene, cadinene,

muurolene, etc.

Figure 4.4a shows a close-up of the pine needles on SCIP4 that contains both live green
aphids and aphid exuviae, which is the exoskeleton that an aphid sheds over the course of its life.
Figure 4.4b shows a close up of a petri dish containing the aphid exuviae and live aphids that had
been shaken off from a group of pine needles on the tree. The live aphid (Figure 4.4b) was
identified as a light green pine needle aphid (Eulachnus brevipilosus). Aphids had slowly
migrated into the greenhouse where these plants were being stored over the course of the
experimental trials. It is unclear exactly when the aphid infestation started, however, once the
infestation was identified these plants were quarantined into a different room of the greenhouse
to prevent induction of stress onto the remaining trees through plant-plant communication through
changes in volatile emissions. The minimum time between aphids first observed and the first

stressed SOA trial was roughly 1 week.

110



Our work has confirmed previous observations that insect infestations can alter the quantity
and types of VOCs being emitted by the plant.?’® Overall, the SCIP trees had a statistically
significant increase in fractional contribution of stress SQT compared to the HCIP trees, as
determined by using a Student’s t-test with a significance threshold of p<0.01. Individual p-values
from this test are reported in Table S3. The increase in stress SQT was attributed to the aphid
infestations occurring on these two trees. The emission of farnesene and germacrene D, which
comprise the stress SQT category have been previously reported as indicators of stressed induced
volatiles, specifically stress hormones produced by pine trees as a result of aphid- herbivory.®® In
a study by Helmig et al. (2007), B-farnesene and B-caryophyllene were the most abundant
sesquiterpenes identified over a pine forest, which is consistent with the volatile profile for SCIP
trees in this study.®® Apart from the stress SQT category, all other terpene contributions were
approximately similar between the HCIP and SCIP systems. Even though the difference in
average oxygenated monoterpenes between the HCIP and SCIP trees were not statistically
significant, the presence of oxygenated monoterpenes within the individual samples could lead to

changes in the SOA chemical composition within the condensed phase particles.
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Figure 4.7 Average fraction of total initial VOC mixing ratio in the chamber at the start of the
experiment for the healthy (HCIP1-3) and aphid-stressed (HCIP4-5) experiments. Other MT
category refers to other monoterpenoids. The Oxy-T category refers to oxygenated
monoterpenes. The stress SQT category contains farnesene and germacrene. An asterisk (*)
denotes statistical significance (p<0.01) with a Student’s t-test (reported in Table S3). Error bars
are standard error of the mean.

4.3.2 Experimental Viscosity
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The RH-dependent viscosity of the SOA particles generated from the real healthy trees
(HCIP1-3) are shown in red in Figure 4.8 and referred to as HCIP. Similarly, the two aphid-
stressed tree SOA trials (SCIP4 and SCIP5) are shown in black in Figure 4.8 and referred to as
SCIP along with the healthy (mimic HCIP) and stressed plant mimic SOA (mimic SCIP)
previously reported by Smith et al. (2021), as a reference.?’® As the relative humidity increased,
the texp,flow decreased corresponding to lowered viscosity due to the plasticizing effect water has

on SOA. 28314 The experimental flow times (texp,fiow) for the individual HCIP1-3 and SCIP4-5
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Figure 4.8 (a) Viscosity and (b) mixing times of organic molecules (Tmix,200nm, org) Obtained from
poke-flow measurements of healthy and stressed plant SOA as a function of relative humidity
at room temperature (292 K). Error bars in the y-direction correspond to the upper and lower
bounds of viscosity and mixing times determined from the range of input parameters used in the
COMSOL simulations. The error bars in the x-direction correspond to the error in relative
humidity from the measurement of dewpoints using a chilled mirror hygrometer. Upward arrows
correspond to lower limits, and downwards arrows correspond to upper limits. Open black
circles (mimic HCIP SOA) correspond to data from Smith et al. (2021) and Maclean et al.
(2021)278280 red open circles (mimic SCIP SOA) correspond to data from Smith et al. (2021).2"8
The dashed lines are fits to the experimental data.
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SOA trials are reported in Figure 4.9 a and b, respectively. The relative humidity dependent

viscosity, derived from texp fiow fOr the individual trials (reported in Table 4.2) is shown in Figure

4.10.
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Figure 4.9 Experimental flow times (Texpfiow) @S @ function of relative humidity of poke-flow
experiments obtained at room temperature (292 K). Panel (a) corresponds to those of healthy plant
SOA (HCIP1-3) and panel (b) corresponds to those of stressed plant SOA (SCIP4-5). The error
bars in the x-direction correspond to the error in relative humidity from the measurement of
dewpoints using a chilled mirror hygrometer. Upward arrows correspond to lower limits, and
downwards arrows correspond to upper limits.
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Figure 4.10 Viscosity as a function of RH of poke-flow experiments obtained at room
temperature (292 K). Panel (a) corresponds to those of healthy plant SOA (CIP1-3) and panel (b)
corresponds to those of stressed plant SOA (TA3 and TB2). Green circles (hp-proxy SOA)
correspond to data from Smith et al. (2021) and Maclean et al. (2021) 3%3% green squares (sp-
proxy SOA) correspond to data from Smith et al. (2021). 3%

HCIP and SCIP SOA viscosity are represented well by mimic HCIP and SCIP,
respectively (Figure 4.8). The HCIP SOA viscosity was within experimental uncertainties of the
mimic HCIP SOA viscosity reported by Smith et al. (2021) over the entire RH range investigated.
The real SCIP SOA closely followed the trend in viscosity as a function of RH for the mimic
SCIP SOA system reported by Smith et al. (2021). The HCIP SOA particles (black) had lower
viscosity than the SCIP SOA particles (red) between 0-60% RH, consistent with the trend reported
by Smith et al. (2021). The difference in SOA particle viscosity between the two system was
largest at 50% RH where the HCIP SOA had an average viscosity between 10° -108 Pa s compared
to that of the SCIP SOA particles which had a viscosity between 10* -10° Pa s and approximately

an order of magnitude higher viscosity than for just o-pinene photooxidation SOA (10%-10%),
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previously reported.?’® At < 10% RH, all systems had viscosities > 108 Pa s which is greater than
that of tar pitch which is highly viscous (108 Pa s).

Large differences in viscosity were observed with very small changes in the VOC profile.
Although the real and mimic SCIP SOA systems were dominated by monoterpenes (~80%), they
contained a slightly larger fraction of sesquiterpenes relative to their healthy counterpart systems.
The mimic SCIP SOA had 20% more sesquiterpenes in the initial total VOC profile compared to
the mimic HCIP SOA and likewise the real SCIP system exhibited a 3% increase in
sesquiterpenes compared to that of the real HCIP system. The real SCIP SOA sesquiterpene
profile was comprised of caryophyllene, germacrene D, a-farnesene, and a small fraction of
“other” sesquiterpenes such as copaene, whereas the mimic SCIP SOA sesquiterpene profile
consisted of only caryophyllene, isomers of farnesene, and valencene. This increased fraction of
sesquiterpenes in the real stressed sample versus the real healthy sample could explain its higher
SOA viscosity, due to generation of lower volatility species which would have higher glass
transition temperatures, consistent with previous studies.?2%%®

Chemical transport models often assume semivolatile compounds become well mixed
within SOA particles on timescales less than one hour.! Figure 4.8b shows mixing times of
organics within a particle of 200 nm in diameter as a function of RH for the four SOA systems.
At <40% RH, all the SOA systems had mixing times greater than 1 h, contrary to assumptions in
chemical transport models. For fast processes, equilibrium partitioning of SVOCs is the dominant
growth pathway. However, if gas-particle equilibration time is slow, specifically for viscous
particles, then the dominant SOA growth pathway will switch from equilibrium partitioning to
Kinetic uptake. In this case, models based on equilibrium partitioning will underpredict SOA mass

concentration in the atmosphere.>” Shiraiwa and Seinfeld (2012) estimated that SOA mass
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concentrations could be incorrectly predicted by an order of magnitude using a kinetic flux model
(KM-GAP) when organic aerosol is semi-solid’’” and would also result in incorrectly predicted
SOA particle size.”® The mixing time of real biogenic SOA that get transported into the upper
troposphere and lower stratosphere, which have very low humidity and temperature, could have
mixing times > 10 h. These longer mixing times should be considered when investigating long-
range transport processes for these types of SOA because this would result in longer SOA
lifetimes due to slower photodegradation rates observed within viscous SOA 308300

4.3.3 Particle phase composition (AMS)

The AMS particle mass spectra were dominated by organic compounds as no seed
particles were used in these experiments. The inorganic species such as nitrate, sulfate and
ammonium did not contribute to particle mass. The average elemental ratios were determined for
trials HCIP 2-3 and SCIP 4-5 based on the HR-ToF-AMS data. HR-ToF-AMS data was not
recorded for HCIP1. The average O:C ratio (average + 1SD) over 30 minutes coinciding with
peak SOA mass concentration in the chamber at the end of photooxidation was 0.55 £ 0.01 and
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Figure 4.11 High resolution mass spectra normalized to the sum of normalized intensities for HCIP2-
3 (HCIP, black) and SCIP4-5 (SCIP, red) from AMS data.
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0.50 = 0.01 for HCIP 2-3. The average O:C for the stressed plants SCIP 4 - 5 were 0.50 = 0.01
and 0.46 + 0.01, respectively. The healthy and stressed plant SOA had roughly the same level of
oxidation. The average H:C ratio was 1.63 £ 0.01 and 1.69 + 0.01 for HCIP 2 - 3, respectively.
The average H:C ratio was 1.46 £+ 0.03 and 1.66 = 0.01 for SCIP 4 - 5, respectively. Previous
literature has reported a wide range of H:C and O:C ratios for SOA generated from different
terpenes.3* The differences in elemental ratios observed within this study is likely attributed to
variations in individual terpene abundance at the start of each trial.

The unit mass resolution of the average of healthy (HCIP 2-3, black) and stressed (SCIP
4-5, red) SOA determined from AMS data is reported in Figure 4.11 and was normalized to the
sum of total intensities between the two systems for direct comparison. Figure 4.11 is only
showing the unit mass resolution for the organic families consisting of CH (CxHy"), CHO
(CxHyO"), and CHOgt1 (CxHyOz>1") fragments. The relative contribution of CH, CHO, and CHOgyt1
to HCIP was 48%, 38%, and 13%, whereas for SCIP CH, CHO, CHOg:: contributed to 51%, 36%,

and 13%, respectively. The AMS data only showed signal for ions < 180 m/z, likely due to
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Figure 4.12 Sum of normalized intensities as a function of carbon number based on organic
families for HCIP2-3 (HCIP, black) and SCIP 4-5 (SCIP, red) from AMS data.
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increased fragmentation from the SOA particles being vaporized at 600 °C inside the HR-ToF-
AMS during ionization. The SCIP SOA had increased abundance of compounds with >10 carbon
compared to the HCIP SOA (Figure 4.12). The increased signal of compounds with > 10 carbons
for the stressed plant system is attributed to the increased abundance of sesquiterpenes identified
in the initial VOC profile for the stressed SOA system, which would produce SOA products of
higher molecular weight and therefore lead to overall higher particle viscosity compared to a

healthy SOA system.

Figure 4.13 shows a breakdown of the organic ion fragments identified at m/z >110 for
the CH, CHO, and CHOgt1 families. Most of the organic intensity for both the HCIP and SCIP
SOA was attributed to CH family fragments, as seen in Figure 4.13. Compared to the HCIP SOA,

SCIP SOA had higher intensity in the CH and CHOg families within this range compared to the
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Figure 4.13 High resolution mass spectra normalized to the sum of normalized intensities for
HCIP2-3 (HCIP, black) and SCIP4-5 (SCIP, red) from AMS data, with respect to chemical family

CH (CxHy+), CHO (CxHyO+), CHOgtl (CxHyOz>l+).

HCIP and some minute differences within the CHO family.
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Fragments with >10 carbons in larger quantities in the SCIP case are labeled in Figure
4.13. Fragments such as CisHi3, Ci3Hi3, and C11H130: indicate these may be fragments of
sesquiterpene oxidation products because they have >10 carbon. The SCIP spectra in Figure 4.11
also shows a large peak for fragment 91 m/z (referred to as f91) which has been previously noted
to be high for sesquiterpene SOA systems such as B-caryophyllene, a cyclic sesquiterpene with
similar structure to germacrene D which dominated the SCIP4 SOA.3%° In previous ambient and
plant chamber studies, the m/z 91 peak in cToF-AMS data has been attributed to the tropylium
ion (C7H7%)%9312 concurrent with this study. The increased abundance of m/z 91 for the SCIP
compared to the HCIP can be explained by the higher fraction of sesquiterpenes in the initial VOC
profile used to generate the SCIP SOA. However, the AMS spectra show a shift towards higher
molecular weight fragments which correlate with larger molecules that are expected to have
higher glass transition temperatures and therefore higher viscosity compared to smaller

molecules.

4.4 Conclusion

Plant stress can drastically alter the physical properties of SOA generated from VOCs emitted
by plants. This increase in sesquiterpene emitted into the atmosphere, even in relatively small
quantities, leads to significant changes in the resulting SOA particle properties. This study reports
novel humidity-dependent viscosity for real healthy and aphid-stressed Canary Island pine tree
SOA. We have demonstrated that real pine trees experiencing aphid-herbivory generate SOA
particle with higher viscosity compared to SOA generated from healthy trees of the same species.
This confirms the results of our previous study in which SOA generated from proxy mixtures of

VOCs representing the emission profile of real and aphid-stressed pine trees showed that
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including a small fraction of sesquiterpenes to a mixture of monoterpenes produced highly
viscous particles at low relative humidity.

Our results have broader atmospheric implications because real SOA produced from trees
have mixing times of organics > 1 h under room temperature and <40% RH conditions, which
has been previously suggested based on SOA generated from terpene mixtures but has not been
verified with real tree SOA until now. Mixing times > 1 h is significant since chemical transport
models often assume mixing times shorter than 1 h when predicting SOA properties such as mass
and size. In addition, this study verifies that a single monoterpene, such as a-pinene, cannot
accurately represent the physicochemical properties of real biogenic SOA and mixtures of
terpenes containing a range of cyclic and acyclic, monoterpenes and sesquiterpenes should be
used when investigating the fundamental properties of biogenic SOA systems in a laboratory
setting. These finding are important as they suggest that in a changing environment where plant
stress due to aphid-herbivory is expected to increase, there will be higher emission rates of
sesquiterpenes by plants which will lead to chemically and physically different SOA than is
assumed for healthy or only monoterpene-containing SOA. More studies investigating the
physical properties of stressed SOA are recommended to accurately assess their impact on climate
and health. Since the results of this study closely follow those from Smith et al. (2021) it is also
expected that the SCIP SOA in this study will exhibit liquid-liquid phase separation down to
lower relative humidities compared the HCIP system which can impact processes such as cloud
nucleation and long-range transport of the SOA and this phenomenon will be investigated in

future studies.
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APPENDIX A

STRUCTURES OF TERPENE PRECURSORS

Class of Name of Compound Chemical Structure
Compound
a-pinene
Monoterpene
Ci0H
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Camphene
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APPENDIX B
DIAGRAM OF POKE-FLOW EXPERIMENTAL SETUP
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