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ABSTRACT OF THE DISSERTATION

Investigating Chemical Transformations of Multicomponent Levitated Particles Using a
Linear Quadrupole Electrodynamic Balance Coupled With Mass Spectrometry

by

Ravleen Kaur

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, March 2023
Dr. James F. Davies, Chairperson

Aerosol particles are ubiquitous in the Earth’s atmosphere and play an important role in
climate, air quality and health. The chemical composition of aerosol particles is complex
and primarily associated with their source of origin. Once in the atmosphere, their
composition is continuously evolving as a result of heterogeneous and photochemical
transformations. Consequently, composition-dependent properties that define the physical
state and optical characteristics are also continuously changing, with important
consequences on the dynamics and impacts of aerosols in the atmosphere. Laboratory-
based methods have allowed an extensive exploration of the physicochemical properties
and chemical transformations of atmospheric aerosols. Single particle levitation methods
are used to measure the microphysical properties of particles and connect with their
evolving chemical composition. Properties such as size, hygroscopicity, phase
morphology, and composition can be precisely measured by coupling levitation methods

with analytical tools, such as mass spectrometry.

viii



This dissertation describes the development of a new experimental platform connecting
a linear quadrupole electrodynamic balance (LQ-EDB) with mass spectrometry (MS) that
is capable of interrogating single levitated particles undergoing atmospherically relevant
transformations. Two sampling methods, paper spray (PS) and an open port sampling
interface (OPSI), were developed to ionize and transfer chemical analytes from levitated
particles to the MS for compositional analysis. Laboratory studies were carried out to
understand both non-reactive transformations and heterogeneous oxidation of levitated
particles by precisely measuring their physical and optical properties as a function of
evolving chemical composition. Non-reactive transformations include the particle-to-gas
partitioning of semi-volatile species, while heterogeneous oxidation includes ozonolysis
measurements on oleic and elaidic acid particles to understand the influence of particle

phases on transformation kinetics and product distribution.

A key objective of this dissertation is to gain molecular-level understanding of how
aerosol particles evolve due to chemical transformations and provide size-resolved detailed
knowledge of their characteristics. It is essential to link the microphysical properties,
composition, and reaction timescales for particles to quantify these evolving properties.
Ultimately, the developments and measurements reported in this dissertation provide a
foundation for exploring the chemistry of aerosol particles of complex composition and

morphology to better understand their role in the environment.
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CHAPTER 1

Introduction

1.1. Abstract

Aerosol particles are an important component in many fields of scientific interest. They
are ubiquitous in the Earth’s atmosphere and consequently affect the radiation budget,
determine cloud properties, provide surfaces for chemical reactions, and negatively impact
air quality and human health. Along with atmospheric implications, aerosol particles
contribute immensely to various industrial processes and household applications. A major
area of focus in present day aerosol research is understanding the dynamics associated with
evolving physicochemical properties and associated role of these aerosol particles. This
chapter provides a general description of aerosol particles, including their significance in
the atmosphere, health, and industry. This is followed by a brief overview of prior research
developments relating to ensemble and single particle methods for examining the chemical
transformations of aerosol particles. Finally, a discussion on the motivation for aerosol
research and overall significance of our research work provides a basis for the studies

included in this dissertation.



1.2. Background on Aerosol Particles

Aerosol particles” are defined as fine particles suspended in air or gas, having a size
between a few nanometers to several tens of micrometers.! They play a key role in
numerous areas of science, including various atmospheric and industrial processes.>* The
term ‘““aerosol” has been presumably associated with Frederick G. Donnan during World
War 1 to describe clouds of microscopic particles in the air with relation to the chemical
smokes used in military applications.® Since then, these particles have been a subject of
growing research importance and gained more attention during the late 20th century as a
result of the technological developments to study their ever-increasing role in climate and
human health. Several great mathematicians and physicists were attracted by the peculiar
properties displayed by clouds and discovered various scientific aspects which have since
become associated with their names such as Aitken mode (particles smaller than 100nm in
diameter that are generally formed from gas-to-particle conversion processes),5® Rayleigh
limit (maximum amount of charge on a droplet after which it would undergo fission and
disintegrate into much smaller charged droplets),®*! and Stokes’ law (measure of the drag

force exerted on a particle which determines its aerodynamic behavior).124

The study of aerosol particles is interdisciplinary, and involves physics, chemistry,
meteorology, and environmental sciences. The scientific interest in aerosol particles may
thus be broadly divided into three areas - aerosol in the atmosphere, aerosol in engineering

applications, and aerosol in health.>° The significance of aerosol particles in these areas

* The term “particles” throughout the dissertation is used generally to refer to either solid particles
or liquid droplets. The term “droplets” is used specifically in the case of liquid droplets.
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is dependent on their size distribution, varying from 1 nm up to 100 um, and associated
physicochemical properties like refractive index, morphology, and chemical composition.®
Aerosol particles play a complex role in the Earth’s atmosphere and have a wide range of
impacts on the environment, climate, and human health.®?! These particles, also known as
particulate matter, have played a major role in the development of our knowledge of air
pollution. The presence of these particles in highly polluted areas is of great importance
because of the negative health impacts associated with inhaled particulate matter, resulting
in various respiratory and cardiovascular illnesses.?>-?* Besides their role in the atmosphere
and health, aerosol particles also play a key part in industrial processes, such as fuel
delivery, combustion and spray drying, and are extensively used in day-to-day applications
as cosmetics, disinfectants, aerosolized drugs, spray paints, etc.?>?° A detailed role of

aerosol particles in these different areas is discussed in subsequent sections.

1.2.1. Aerosol Particles in the Atmosphere

Aerosol particles, ubiquitous in atmosphere, have a wide range of sources and impacts
on the environment, climate, and human health.3%-32 Atmospheric aerosol particles are
extremely variable in their concentrations and properties which is attributed to the
heterogeneity in their origin sources.®*3% Natural sources of origin consist of biogenic
emissions, sea spray and volcanic eruptions, whereas anthropogenic sources are dominated
by emissions from combustion engines, biomass burning and industrial activities.*®*” On a
global scale, the contribution of aerosol mass from natural sources (69-82% of the total

mass concentration) exceeds anthropogenic sources by a wide margin.® However, natural



sources are well distributed around the globe whereas anthropogenic sources, which may
be smaller in amount, are concentrated in a small portion of the globe resulting in greater

effects in at atmosphere.

Aerosol particles can be divided into two main categories based on the process of their
formation. Primary aerosol particles (PAPs) are emitted directly into the atmosphere as
solid or liquid particles from their origin while secondary aerosol particles (SAPS) are
formed in the atmosphere either through gas-to-particle conversion due to the chemical
processing of low volatility gaseous species or condensation of vapors on pre-existing
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Figure 1: Natural and anthropogenic sources of the aerosol particles in the atmosphere.
Natural sources like sea spray and volcanic eruptions emit mostly primary aerosol particles
(PAPs) while anthropogenic sources like biomass burning and industries generate PAPs
through direct emissions and secondary aerosol particles (SAPs) through gas-to-particle
conversion of low volatility chemical compounds.

Figure 1 shows a schematic of the various natural and anthropogenic sources
contributing to the formation of primary aerosol particles (PAPs) through direct emission
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and secondary aerosol particles (SAPs) through gas-to-particle conversion in the
atmosphere. Natural sources mostly generate PAPs which are emitted directly into the
atmosphere, such as sea salt from ocean waves, pollens released from plants, and mineral
dust from desert sand. Anthropogenic sources may either introduce PAPs directly into the
atmosphere, such as soot emissions from biomass burning and combustion engines, or
generate SAPs, such as sulphate, nitrate, and low volatility organic particles, formed from

their precursor gases emitted from road transport and power plants.*>43

1.2.1.1. Size Classification and Timescales of Aerosol Particles

Once airborne, aerosol particles can evolve in their size due to evaporation of their
components, coalescence with other particles, or by condensation of low volatility gaseous
species.* This evolution based on their size classification along with their lifetime and

decay modes is shown in Figure 2,224
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Figure 2: Schematic distribution of various aerosol particle modes in the atmosphere
depending on their size and lifetime. The sources of origin and processes of formation of
these different aerosol particle modes have been described in detail in the text.



Particles smaller than 10 nm in diameter are known as nucleation mode particles (also
referred to as lower Aitken mode particles) which are generally formed from gas-to-particle
conversion of low volatility vapor species.*® Aitken mode particles, which are generally
transient, have a size range between 10 — 100 nm and are formed by coagulation process
or condensation of vapor precursors on nucleation mode particles.*’ Particles in the size
range of 100 — 1000 nm are classified as accumulation mode particles, growing further in
size by rapid coagulation of smaller particles, chemical transformations resulting from
gaseous condensation or PAPs emitted directly from incomplete combustion processes.*
They have the longest atmospheric lifetimes and account for a significant fraction of total
aerosol mass due to the inefficiency of particle removal mechanisms.** Accumulation
mode particles may exhibit hygroscopicity and uptake water, leading to an increase in their
size and eventually growing into the cloud droplets, depending on their chemical
composition and ambient relative humidity.>*°! Rainout and gravitational setting are the
most common ways for these particles to be removed from the atmosphere. Finally, coarse
mode particles have the biggest size range between 1000 — 10000 nm, and are created when
winds blow either salt spray or dust from Earth’s surface to form PAPs from natural
sources, or further coalescence of accumulation mode.>? These particles have a shorter
lifespan of days to hours, as compared to accumulation mode, as a result of their removal

from the atmosphere due to sedimentation at the Earth’s surface.*

On a global scale, PAPs generated from natural sources are 4 to 5 times larger than
anthropogenic emissions while the regional variations in anthropogenic pollution may

change this ratio significantly based on the characteristics of emission sources.?! The ever-



evolving size of these aerosol particles results in their residence times in the troposphere
varying from only a few minutes to days or weeks (besides other factors like chemical
composition, atmospheric interactions, etc.), and they may eventually be lost as a result of

gravitational settling, complete evaporation or rain-out.>>®

1.2.1.2. Role and Impacts of Aerosol Particles

Aerosol populations from numerous sources continuously interact with the regional
atmospheric conditions, or mix and interact with each other due to the transportation by
winds, resulting in the evolution of their chemical composition, and associated physical
and optical properties throughout their lifetime.>”>® A detailed discussion on the various
chemical transformations and associated characteristics of aerosol particles is presented in
Sections 1.3 and 1.4. In brief, aerosol particles are subject to a variety of chemical
transformations in the atmosphere that can change their properties and behavior. Aerosol
particles can exchange numerous semi-volatile organic compounds (SVOCSs) present in the
atmosphere and undergo evaporation or condensation transformations.>® Photochemical
reactions can occur when these particles interact with the UV component of the sunlight
causing chemical reactions to occur that lead to the formation of highly reactive radical
species which can participate in further chemical reactions.®® Heterogeneous oxidation
reactions occur when aerosol particles come in contact with gas phase oxidants such as
ozone, hydroxyl and nitrate radicals resulting in formation of oxidized products.®® As a
result of these chemical transformations, aerosol particles undergo changes in their

physicochemical characteristics and exhibit a range of effects in the atmosphere.



Aerosol particles have a complicated yet significant role in our climate, and have both
direct and indirect effects in the atmosphere.®? The direct effects are based on the aerosol
particles themselves while the indirect effects are based on their ability to influence cloud
formation and thus the characteristics of the clouds. One of the most important ways that
aerosol particles can directly impact the climate is through their ability to scatter, absorb
or refract the sunlight thus influencing the radiative balance of the atmosphere and affecting
the air quality and visibility.5® The chemical compounds present in these particles, such as
sulfates and nitrates, scatter the solar radiation back into space resulting in a cooling effect
while the presence of chemical species, such as black and brown carbon compounds,
absorb the solar radiation resulting in a heating effect. The indirect effects caused by the
aerosol particles is due to their role as cloud condensation nuclei (CCN).%* These particles
influence the albedo of the clouds and Earth’s energy budget due to the perturbations of
cloud droplet number concentrations, also known as Twomey effect. Further, the properties
exhibited by aerosol particles influence the clouds in terms of lifetime, thickness, and rate
of precipitation, also known as Albrecht effect. Figure 3 shows an overview of various
interactions and transformations aerosol particles could experience in addition to their

direct and indirect effects in the atmosphere.®
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Figure 3: Physicochemical transformations, such as heterogeneous oxidation, evaporation
or condensation of SVOCs and photochemical reaction, of primary and secondary aerosol
particles along with their direct and indirect effects in atmosphere.
1.2.2. Aerosol Particles in the Health

Aerosol particles, classified as particulate matter (PM), have a significant impact on
human health and can contribute to a variety of health issues.®®%” Inhalation of PM present
in a polluted region is associated with their penetration into the human respiratory system.
Based on size of PM existing in the atmosphere, they can penetrate into different parts of
human respiratory system.%®8° Larger particles (PM1o) do not transit deep into the lungs
and are deposited in the nose, pharynx, or larynx while smaller particles (PMz2.s) penetrate
more deeply into the lungs, trachea, bronchioles, or even alveoli. Scientific studies have
linked the inhalation of PM to various respiratory and cardiovascular diseases, such as
aggravated asthma, decreased lung function, difficulty breathing, coughing, irregular
heartbeat and heart attack.”®’* The World Health Organization (WHO) estimates that the
combined effects of indoor and outdoor air pollution are responsible for approximately 7

million deaths per year.”? To limit the negative health impacts associated the PM, the



United States Environmental Protection Agency (US EPA) has set stringent standards to

limit the levels of PM2s and PM1o in ambient air.”®

Pathogen-bearing aerosol particles can result in the spread of respiratory infectious
diseases and pose a threat to public health. The unprecedented pandemic of the coronavirus
disease - 2019 (COVID-19) highlights the important role of aerosol particles in the airborne
transmission of pathogens, such as severe acute respiratory syndrome coronavirus 2
(SARS-COV-2)."t77% During the spread of such respiratory illnesses, an infectious
aerosol particle laden with pathogens is exhaled by a sick person into the atmosphere which
can drift through the air to enter a healthy person’s respiratory system and causes
infection.””® Once in the air, these particles can remain suspended for several hours and
cover great distances. An improved understanding of aerosol particles has caused increased
awareness and concerns about their role in the spread of well-known respiratory illnesses,

such as COVID-19.7®

Contrary to the negative impacts, aerosol particles may also have positive influences on
human health. They offer medicinal uses as aerosolized drugs, in the form of inhalers and
nebulizers, by delivering active pharmaceutical ingredient directly to the lungs, decreasing
the time response of action due to rapid transport into bloodstream and bypassing the
digestive system, thereby reducing some unwanted side-effects.88! Pain relief sprays are
another form of aerosolized drugs that are used externally and applied directly onto the
particular affected area of the body to deliver the active ingredient into the body tissues for

instant pain relief.
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1.2.3. Aerosol Particles in Industry

Aerosols in industry refer to the utilization of pressurized sprays in various
manufacturing, industrial and agricultural applications. They play a vital role in many
techniques and industrial processes, including lubrication, combustion, spray drying,
cleaning, coating, and agricultural pesticides.®28® They are useful for hard-to-reach areas
and also for applying precise amounts of materials to specific areas, reducing waste, and
increasing efficiency. Some of the important aerosol applications in the industry are

discussed below.

For spray drying applications, a solution containing the desired compound is aerosolized
into droplets by spraying followed by evaporation to form dry powder.? This technique is
commonly used in the food industries to produce dehydrated powders, such as instant
coffee and milk powders, as well as pharmaceutical industries to produce powdered drugs
for ingestion or external applications, such as dry powder inhalers and antibiotic powders.
Thermally sensitive materials for powder formulations benefit from this technique as the
shorter drying period and significant cooling of droplets help preserve the characteristics
of the desired compounds. Aerosolized solutions are also used as fuel sprayers for
combustion engines that deliver greater concentrations of vapors as compared to bulk
liquids, increasing the combustion efficiency of the fuel. This method of fuel delivery is
used in turbines, diesel engines and various other industrial furnaces. Aerosol lubricants
are typically made up of a combination of oil, solvents, and propellants.®* They are used to
lubricate machinery and equipment in a variety of areas, including automotive and

aerospace industries. As industrial cleaning agents, aerosol particles are used to remove
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grim, dirt, rust, and other contaminants from narrow spaces in the equipment, such as nooks
and crevices. As spray paints, they are used to apply thin and precise layer of paint or
coating on the surfaces of vehicles and machines. Another common application of aerosol
particles in industry is in cooling processes in which they are used to cool down the
temperature of products by spraying them with a fine mist of a cooling agent that can help
prevent overheating and damage to equipment.8® Additionally, aerosol sprays have been
widespread used to disperse precise quantities of pesticides for agricultural and public
health applications.®® The dispersal of pesticides in the form of liquid solutions or powders
is accomplished with the help of several techniques, involving ground-based aircrafts
which have been used for over a century now. It is essential that the deposition efficiency
of aerosol particles ensures that they remain localized to the areas of application. Finally,
the utilization of aerosols in industrial applications has many benefits, including increased
efficiency and reduced wastage. However, it is also crucial to use them safely and

responsibly to minimize any potential health risks or hazards.

1.3. Characteristics of Aerosol Particles

The physical and chemical properties of aerosol particles, such as size, morphology,
refractive index, and chemical composition, play a significant role in determining their
impact on the atmosphere and human health.*® While these properties are connected and

influence each other, it is useful to discuss them separately.
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1.3.1. Chemical Composition of Aerosol Particles

Many of the effects exhibited by aerosol particles depend on their chemical composition,
which consists of a mixture of chemical species from a number of sources.3388 The
chemical composition determines the types of chemical transformations (refer Section 1.4)
that can occur in/on these particles due to reactive conditions of the atmosphere. As a result
of chemical transformation, the chemical composition is constantly evolving, linking the
compositional complexity and reactivity into a coupled problem. Figure 4 shows a break-
down of the global chemical composition of ambient aerosol particles and the
compositional contributions along with their possible sources represented in each of the

subsets are explained below.*

Chloride (1%) <—_____A

. 13%
Ammonium

Hydrocarbon - like ‘
Organics

Figure 4: Breakdown of the average global chemical composition of the ambient aerosol

particles into organic and inorganic subsets. These subsets are further broken down into

their further classifications along with their average abundances, as explained in the text.
Organic species comprise a major mass fraction (20 to 90%) of the sub-micron ambient

aerosols as demonstrated by the mass spectrometry data acquired especially in the Northern

Hemisphere field studies.®”°! Extensive mass spectra analysis of the organic components
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classifies them into hydrocarbon-like organic compounds representing primary combustion
emissions like fossil fuel combustion and biomass burning emissions, and oxygenated
organic compounds which accounts for 65 — 95% of the total organic composition and
represents a majority of aged secondary organic aerosols (SOAs).8%92-%4 Secondary aerosol
particles are formed as a result of gas-to-particle conversions or condensation processes as
discussed in Section 1.2.1. The carbonaceous mass fraction of the aerosol particles also
consists of elemental carbon in addition to hydrocarbon-like organic compounds. A variety
of combustion processes contribute to particle mass by emitting elemental carbon directly
into the atmosphere in the form of black carbon, graphite, or soot. Most of the ambient
measurements for compositional determination of aerosol particles have resulted from the
employment of aerosol mass spectrometer that can analyze the organic aerosol
quantitatively in real-time.%°" The rest of the aerosol particle mass comprises of sulfate
(10 -67%), nitrate (1.2 — 28%), ammonium (6.9 — 19%), chloride (< 1%) and trace amounts
of other chemical species.?® The sulfate and nitrate components in the aerosol particles are
derived predominantly from the atmospheric oxidation of sulfur dioxide and nitrogen
dioxide emitting mainly from anthropogenic sources that first get converted into sulfuric
and nitric acid, and then to sulfate and nitrate species. The ammonium component is a result
of neutralization of sulfuric and nitric acids with the atmospheric ammonia to form
ammonium salts. The main contribution of chlorides to the particle mass fraction is from
the sea spray emissions. It is noted that the individual contribution of these components
changes rigorously depending on the sampling period and location. Furthermore, chemical

species from numerous sources continuously mix with each other during the aging of the
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aerosol particles throughout their lifetime, resulting in the complex nature of particulate
organic matter made up of hundreds of different compounds.®® As a consequence, the
chemical nature of aerosol particles is difficult to define and the researchers have adopted
several indirect methods, such as use of tracer compounds and model systems, to identify
particle composition and emission sources. The mixed composition of the aerosol particles
may exhibit complex morphologies where hydrophilic and hydrophobic components may
phase separate into core-shell, inclusions, or engulfed morphologies as described in the

next section.

1.3.2. Physical Characteristics of Aerosol Particles
1.3.2.1. The Phase State and Morphology

Phase state and morphology play a crucial role in determining the behavior of aerosol
particles in the atmosphere, including how they interact with their surrounding
environment and other particles. Depending on the viscosity, the phase state can be
determined as liquid (viscosity less than 10% Pa s), semi-solid (viscosity between 102 and
102 Pa s) or crystalline solid (viscosity greater than 102 Pa s).9-1%! The viscosity and
consequently the phase state of the particles can vary based on the environmental
conditions, such as relative humidity and temperature.%2-1% The chemical composition of
a particle also affects its phase state due to the solubility strength of constituent chemical
species in the bulk. In case of a particle having hydrophobic species present in water, phase
separation can occur as a consequence to reduce the unfavorable interactions between the

constituents and bulk.1%%1%7 This results in the formation of different morphologies like
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core-shell and partially engulfed structures.’®® When both the constituents and bulk are
hydrophilic (or hydrophobic), they result in the homogeneous morphology of the particle.
Figure 5 represents the different morphologies that the particle can attain depending on its
phase state, solubility of constituents in its bulk medium, and the environmental
conditions.%®® Understanding the physical state and phase morphologies associated with
aerosol particles, and their dynamic response to the changes in environmental conditions

is important to accurately predict their behavior.
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Figure 5: A schematic representation of the different phase morphologies associated with
aerosol particles. The ambient aerosol particles can exhibit either homogeneous or phase
separated morphologies as described in the figure. The phase state and morphologies can
interchange with each other depending on the surrounding environmental conditions and
the particle composition.
1.3.2.2. Particle Size and Shape

Besides the phase state, and morphology, the size and shape of aerosol particles are also

defining characteristics which affect their behavior in the atmosphere.**% Aerosol
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particles in the atmosphere can range in size form a few nanometers to several micrometers
as discussed in Section 1.2.1.1. Their size distribution is typically characterized by the
number of particles per unit volume in different ranges of the sizes. Smaller particles, such
as PMzs, can stay levitated in the air for longer periods of time and be transported over
great distances than the bigger particles, such as those greater than PMzio, which tend to
settle down more quickly due to gravitational settling.*'® Therefore, the information on
aerosols’ size distribution is important for understanding their effects on visibility, cloud
formation, solar radiation budget and human health. Further, the particle shape determines
its role in the atmosphere by affecting its surface area, optical properties, and aerodynamic
behavior.''! Ambient aerosol particles existing in liquid phase states are mainly spherical
while the particles existing as solids or crystalline usually have variable shapes (like
crystalline, aggregate, amorphous and fractal) as confirmed by the studies utilizing

scanning electron microscopy.

1.3.2.3. Optical Properties of Aerosol Particles

Aerosol particles interact with the electromagnetic radiation of incident solar light and
cause a variety of optical processes, namely diffraction, reflection, refraction, absorption,
and scattering, as shown in Figure 6. Absorption and scattering caused by aerosol particles
contribute significantly to the radiative balance of the atmosphere.'!2 The determination of
these optical properties associated with aerosol particles depends on their physicochemical
properties such as size, shape, refractive index, morphology, and chemical

composition, 13114
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Figure 6: An overview of the light interaction with a spherical aerosol particle resulting in
different optical processes, such as diffraction, refraction, absorption, reflection and
scattering. These properties depend on chemical composition and physical state of particle.

The atmosphere experiences a warming effect as a result of the absorption of solar
radiation by the constituents present in particles, or a cooling effect as a result of light
scattering by particles.!'® The scattering of the light by particles can be further classified
as elastic and inelastic scattering. In elastic scattering, emitted light has same wavelength
as incident light and is dependent on the size, RI, and composition, while in inelastic
scattering, the wavelength associated with emitted light is increased due to the energy loss
caused by absorption, and is dependent on composition. The refractive index (RI), which
indicates the light bending based on incoming wavelengths, play a role in determining the
light scattering efficiency.!'® RI is composed of two parts: real part which quantifies the
change in speed of light due to elastic scattering, and imaginary part which describes the

attenuation of light due to inelastic scattering. For our measurements, Mie theory is used
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to describe the light interaction with particles by providing a solution to Maxwell’s
equations, and the values for real part of Rl are utilized for tracking the elastic scattering

of spherical particles undergoing chemical transformations (refer Section 2.3).117-119

The detailed exploration of these physicochemical properties (discussed in above
sections) helps in gaining the necessary knowledge to understand how they influence the
chemical interactions of aerosol particles with the environment. Moreover, the chemical
transformations occurring in/on the aerosol particles due to their interactions with the
environment, such as chemical reactions and non-reactive transformations, results in the
alteration of their chemical composition. The compositional changes further lead to
changes in their physical properties, such as size, volatility, hygroscopicity, phase state,
morphology and optical properties, which determine their role as well as fate due to various

atmospheric interactions.

1.4. Chemical Transformations of Aerosol Particles

Due to the diverse composition of aerosol particles, along with supporting environmental
conditions, the properties and composition of aerosol particles continuously transform due
to various non-reactive transformations, such as evaporation and condensation, and
chemical reactions, due to heterogeneous oxidation or photochemistry.®20 These
transformations can happen in the bulk and at the surface of aerosol particles, resulting in
the evolution of chemical composition and composition-dependent properties, such as size,
phase morphology, RI, volatility and hygroscopicity. Understanding the properties
associated with evolving chemical composition is important for predicting the role and
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impacts of aerosol particles in different areas as discussed in Section 1.2. The aerosol
particles generated under laboratory conditions have much less complicated composition
and properties as compared to naturally occurring aerosol particles which are composed of
mixtures of chemical compounds originating from a variety of sources, resulting in highly
complex properties. Consequently, laboratory transformations on aerosol particles can be
explored relatively easily by known techniques while the chemistry associated with
ambient aerosol particles need to be studied with the help of a combination of different

analytical techniques and chemical methodologies.*?*

1.4.1. Non-Reactive Transformations of Organic Aerosols

A non-reactive transformation (NRT) of an organic aerosol (OA) particle is described as
a process that involves exchange or transfer of matter or energy between the particle and
its surrounding environment resulting in the changes in its chemical composition and
properties (like size, mass, phase state and morphology), without the involvement of a
chemical reaction.®® NRT can happen due to a variety of environmental conditions, such
as potential of hydrogen (pH), temperature, relative humidity (RH), and presence of
volatile organic species, surrounding the aerosol particles. An exchange of semi-volatile
organic compounds (SVOCs) or water vapor molecules between the particles and the gas
phase, in the form of evaporation or condensation, results in a transformation. NRT of pre-
existing aerosol particles involving gas-to-particle partitioning through SVOCs
condensation on them contributes to the formation of SOA in the atmosphere. The vapor

pressure of SVOCs present in the atmosphere plays an important role in the gas-to-particle
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partitioning, and atmospheric impacts of the aerosol particles.'?? For exchange of water
molecules, OA particles consisting of hydrophilic chemical species can respond quickly to
changes in the RH conditions surrounding the particle. Efficient uptake of water vapor can
result in the hygroscopic growth of the particle resulting in the formation of aqueous
droplet and substantial increase in particle size even at lower RH.1%®23 The rate of
transformation is dependent on the size, and the fine particles having a high surface-to-

volume ratio can be effectively transformed as a result of NRT.

1.4.2. Heterogeneous Oxidation of Organic Aerosols

Organic aerosol (OA) particles are subject to heterogeneous oxidation reactions due to
their interactions with atmospheric gas-phase oxidants such as ozone, and hydroxyl and
nitrate radicals (O3, -OH, and NOs-, respectively).®%1?* These heterogeneous
transformation processes modify the chemical composition of the OA particles which
further affects their physicochemical characteristics as well as interactions with the
immediate environment causing numerous effects in the atmosphere. In general, oxidative
chemical aging of OA particles is initiated by the collision of gas-phase reactant species
with the particle surface and follows respective reaction pathways outlined previously by
numerous researchers.'?® The oxidation by radical species is typically initiated due to the
hydrogen abstraction by the radical while the oxidation by ozone results in the addition of
Os molecule to the double bonds present in alkene carbons. The chemical mechanism of
heterogeneous oxidation broadly leads to three possible reactive outcomes — fragmentation,

functionalization, or oligomerization.*?® Fragmentation occurs when reactant molecules are
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broken via C-C bond cleavage to form lower-molecular weight compounds.
Functionalization results in the addition of functional groups to the reactant molecules,
such as carbonyls, alcohols, carboxylic acids, etc. Oligomerization is marked by the
formation of high-molecular weight products due to the association of multiple reactant

molecules.

Oxidation reactions lead to changes in the chemical composition, which can cause phase
transitions, form oxidized products, release volatile organics, increase hygroscopicity, and
possibly decrease further oxidation reactivity along with the evolution of other measurable
physical characteristics like size, mass, and RI.2%® The reaction kinetics and product
branching ratio are dependent on several environmental factors such as oxidant
concentration, RH, temperature and particle characteristics like constituent molecules,
reactant concentration, oxidant diffusion, phase state and morphology.1324127 |t is
generally reported in terms of the reactive uptake coefficient, which is defined as the
fraction of collisions between gas-phase reactant and particle-bound species that lead to a
successful reaction.*?® Measurements of uptake coefficients are used to compare reaction
rates between aerosol particles of varying size and chemical composition. Thus, the non-
reactive chemical transformations and heterogeneous oxidation reactions of the ambient
particles result in the evolution of their chemical composition which further changes their
physical and optical properties. A detailed exploration of these chemical transformations
related to the atmospheric aerosols helps in understanding their roles and impacts in the

environment.

22



1.5. Techniques to Study Aerosol Transformations

A major area of focus in present day environmental research is to understand and predict
how aerosol particles evolve in the atmosphere due to their various interactions with the
environment.}?® These interactions result in the chemical transformations of aerosol
particles which play a key role in determining their direct and indirect effects in the
atmosphere. To facilitate research, the scientific approaches used to study characteristics
and transformations of aerosol particles can be classified into three categories: field
measurements, modeling analysis and laboratory studies.®®**2 A combination of these
three approaches is essential to fully study the role and impacts of aerosol particles in the
atmosphere. Field measurements are deployed to measure the chemical composition,
optical properties, size distributions etc. of aerosol particles present naturally in the
environment. Observations are connected with known sources and atmospheric lifetimes
to understand the atmospheric impacts of the aerosol.**® Modeling analysis is carried out
to predict the impact of aerosol particles by assessing various parameters with the help of
numeric models or computational simulations. Local and global scales models rely on both
field measurements and laboratory studies to effectives predict the evolving atmosphere. %
Laboratory studies typically focus on idealized systems under well-controlled conditions,
which are representatives of atmospheric aerosols, and used to elucidate the influence of

specific factors by reducing the chemical complexity.*3

The methods described in this section focus on laboratory studies, which includes
ensemble and single particle levitation methods. These methods have been extensively
developed to provide an essential link between field measurements and modeling analysis,
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and assist in measuring the evolving physicochemical characteristics of aerosol particles

as a result of chemical transformations.

1.5.1. Ensemble Methods

Ensemble methods, such as smog chambers and flow tubes, are utilized for studying new
particle formation from gaseous precursors and the subsequent chemical transformations,
due to photochemical reactions, gas—particle exchange, and heterogeneous oxidative
aging.®13% The ultimate goal of ensemble studies is motivated by field studies and
involves the simulation of a variety of atmospheric conditions in laboratory setting under
well-controlled conditions to acquire detailed laboratory mechanistic data.213 The poorly
understood factors in the field measurements that affect the formation and role of the SOA
particles are being experimentally analyzed with the help of smog chambers and flow
tubes. Important aerosol properties, such as size distributions, hygroscopicity, vapor
pressures, mass transport, optical properties, chemical composition, and reaction Kinetics,
have been studied with the help of ensemble measurements. Both on-line (direct real-time
sampling) and off-line (filter-based sample collection) analytical methods are used in
conjunction with the ensemble methods to characterize the evolving properties and
composition.3"1%8 Generally, the conditions (like concentrations of reactants and oxidants)
used to simulate the chemical processes of SOAs in flow tube methods are enhanced in
their magnitudes for achieving relatively shorter reaction timescales whereas the smog
chamber measurements are now being conducted at more realistic concentrations and

timescales with the help on on-line instruments. Ensemble methods provide a good
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representation of aerosol processes happening in the atmosphere, however, the properties
determined tend to be averaged over the whole aerosol population and the influence of
subtle effects such as changes in phase state, are difficult to resolve. Single particle
levitation methods are an alternative approach that simplifies the ensemble system to an
individual levitated particle, allowing particles properties and chemical transformations to

be probed more precisely.

1.5.2. Single Particle Methods

Single particle methods are laboratory techniques that aim at understanding and linking
the microphysical properties and chemical composition of individual particles.%*° The
exploration of chemical processes happening at single particle level helps in quantifying
how these processes affect the behavior of individual atmospheric aerosol particles.'4°
These methods use various mechanisms for contactless particle levitation, such as the
electric fields of an electrodynamic balance, the optical forces of a tightly focused laser, or
standing sound wave of an acoustic trap. These methods help us to study single levitated
particles in the absence of any interactions with other particles, allowing the interrogation
of time-dependent processes on individual particles. For this, measurements are made on
the particles under controlled environmental conditions and the particle response is
determined in-situ. A brief discussion of a variety of single particle methods is presented

below.

Acoustic techniques employ high frequency sound waves to trap single or multiple

particles for understanding their properties during chemical transformations. Researchers
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have employed acoustic techniques to measure the evaporation rate of particles, surface
tension, and interfacial transport kinetics of organic coated particles.’** However, this
method is limited to particles larger than 100 um, restricting the general application of

these experimental methods to probing atmospheric transformations.

Optical techniques work on the basic principle of confining the particle in three
dimensions with the help of a strong optical force generated by tightly focused laser beam.
The confinement of the particle depends on the radiation pressure force applied which
comprises the scattering force and gradient force.*? Upon illumination, scattering force
results from the transfer of momentum of light photons to the particle that pushes the
particle along the light propagating direction while the gradient force tends to pull the
particle towards high intensity region of light. The optical tweezers is an important optical
method used extensively in aerosol research in which the light source is tightly focused
resulting in the gradient forces in the particle will pull it to the focal point of the beam,
creating a three-dimensional trap.}*314* Particles in the size range of 3 — 8 um can be
confined for accurately measuring the properties of the particles undergoing chemical
transformations.**® This technique is limited by sample introduction methods that require
aqueous solubility and large amounts of sample that leads to a perturbation of the
environment inside trapping chamber. It is also limited to spherical particles that are non-

light absorbing.

Electrodynamic techniques spatially confine one or multiple charged particles inside an

electrodynamic balance with the help of electric fields produced by AC and DC voltages
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applied to set of electrodes.!?8123145 The range of particle sizes accessible to
electrodynamic balance is 1 — 100 um which can be introduced individually without
perturbing the environmental conditions inside the chamber, eliminating the limitation of
optical methods. The electrodynamic balances are available in different configurations,
such as double ring and linear quadrupole electrodynamic balance, while performing
similar functions.#® Linear quadrupole electrodynamic balance is a powerful tool that can
be employed for exploring various kinds of chemical transformations, such as,
heterogeneous oxidation, photochemistry, evaporation dynamics and hygroscopicity of
aerosol particles by controlling the environmental conditions inside the trapping
chamber.1* The oscillatory forces generated by AC voltage stabilize the confined particles
whereas applied DC voltage balances any net forces, such as gravity, on the levitated
particles. EDB levitation traps can be coupled with different optical spectroscopy
techniques to measure the physical properties, and mass spectroscopy methods to study the
chemical composition of the aerosol particles. A detailed discussion on the working
principle of linear quadrupole electrodynamic balance employed in our measurements is

presented in Section 2.2.

Overall, the discussed single particle methods allow levitation as well as manipulation of
a single or multiple particles while offering significant advantages such as contactless
confinement, ambient environmental conditions, versatility to any particle composition,
limited sample preparation, and real-time analysis of both physical and chemical
characteristics.*%14¢ Particle properties such as size, volatility, hygroscopicity, phase

morphology and reaction Kinetics can be directly examined by coupling the above
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levitation methods with non-intrusive analytical techniques, such as electron microscopy,
broadband spectroscopy, elastic light scattering, and Raman spectroscopy.108147.148 Tq
obtain chemical information of a single particle, certain levitation methods can additionally
be coupled effectively with mass spectrometry by utilizing different kinds of sampling and

ionization techniques (refer Section 2.4).149.1%0

1.6. Thesis Aim and Overview

The key objective of the thesis research is to gain molecular-level understanding of how
aerosol particles evolve due to atmospheric transformations. Understanding the chemical
aging of atmospheric particles helps in evaluating their role and impacts in the
environment. In this section, the general motivation and significance of the laboratory-

based research work are discussed.

1.6.1. Research Motivation

The advancement in understanding aerosols characteristics has led to the extensive
exploration of their role and impacts in the atmosphere, technological applications in
industries, and effects on human health. A major focus of aerosol research is to explore the
chemical transformations of the aerosol particles present in the atmosphere.®”120
Atmospheric aerosol particles consist of multitude of organic species (>1000s), and owing
to these complex functionalities along with the environmental conditions, aerosols become
transformed by non-reactive, photochemical, and heterogeneous oxidation reactions.%%15!

These chemical transformations cause chemical aging of these particles and alter their
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physical and chemical properties. Finally, the products of such reactions regulate the
dynamics of aerosols and ultimately have a significant impact on the role of these particles
in atmosphere.

The advancement in laboratory-based methods have led to extensive exploration of
aerosol chemical transformations and related physicochemical properties. Laboratory
studies utilizing ensemble techniques provide a good representation of atmospheric
processes of aerosols, however, these measurements do not track down the changes
happening at single particle level and tend to average out the properties over the whole
aerosol population.**#%52 Thus, the motivation of our research is to gain molecular-level
understanding of transforming aerosol particles by utilizing single particle technique which
helps in precise and accurate determination of physical and optical properties, and connect
them with the evolving chemical composition to get a complete picture of an individual

aerosol particle undergoing transformations.*?!

1.6.2. Research Significance

The work described in this thesis is focused on developing experimental platform,
namely linear quadrupole electrodynamic balance coupled with mass spectrometry (LQ-
EDB-MS), capable of interrogating single levitated particles undergoing atmospherically
relevant transformations by precisely measuring their microphysical characteristics as a
function of evolving chemical composition. Experimental studies included in this research
reduces the complexity of atmospheric aerosol composition into simplified one or multi-

component model systems as representative of real atmospheric aerosols. Limiting the use
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of any contact surface or particle-particle interactions will be beneficial for understanding
the nature of an aerosol particle undergoing such transformations in atmosphere. Therefore,
LQ-EDB-MS is a versatile technique that is expected to provide real-time, size-resolved
detailed knowledge of complete physicochemical characteristics which is challenging to

be studied by other techniques.

1.6.3. Thesis Outline

The overview on aerosol particles covered in this Chapter 1 provides the scientific basis
for the importance of aerosol particles, not just in the atmosphere but also in the industrial,
healthcare, and day-to-day applications. It also includes a discussion on the properties and
chemical transformations of atmospheric aerosol particles, along with the techniques
adopted to study them by aerosol science researchers. Chapter 2 reports the principle of
operation and development of laboratory-based methods utilized in our research work
which include linear quadrupole electrodynamic balance (LQ-EDB), Mie resonance
spectroscopy (MRS), and mass spectrometry (MS). Chapter 3 describes the investigation
of the capability of paper spray mass spectrometry (PS-MS) method for the qualitative and
quantitative analysis of single picoliter droplets. Chapter 4 discusses the development and
capability of open port sampling interface (OPSI) as a new electrospray-based sampling
method coupled to particle levitation for improved analysis of analytes in single particles.
Chapter 5 reports the investigations of chemical transformations on levitated particles for
understanding the evaporation dynamics of semi-volatile organics present in multi-

component systems. Chapter 6 describes the utilization of a specialized electrodynamic
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balance capable of attaining above-ambient temperatures for exploring the influence of
phase states on evaporation dynamics of single and multicomponent organics at elevated
temperatures, thereby assisting in deriving their vapor pressures. Chapter 7 continues the
transformation investigations on levitated particles undergoing heterogeneous oxidation
reaction, namely ozonolysis, to determine the phase effects of stereoisomers on reaction
kinetics. Finally, Chapter 8 presents a summary of our research findings, thesis conclusions

and suggests directions for future work.
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CHAPTER 2

Linear Quadrupole Electrodynamic Balance Coupled with Mie
Resonance Spectroscopy and Mass Spectrometry to Study Chemical
Transformations

2.1. Abstract

This chapter focuses on our research developments to demonstrate the capability of
laboratory-based methods for examining the atmospherically relevant chemical
transformations on single levitated microparticles. This involves a detailed discussion on
the principle of operation and development of a linear quadrupole electrodynamic balance
(LQ-EDB) for particle levitation, the application of Mie resonance spectroscopy (MRS)
for characterizing the size and optical properties of levitated particles, and the development
of mass spectrometry (MS) methods to determine the chemical composition of levitated
particles. Additionally, different sampling and ionization methods, namely paper spray
(PS) and open port sampling interface (OPSI) — electrospray (ES), are discussed for
effective transfer of chemical analytes from levitated particles in the LQ-EDB to the MS
for compositional analysis. The combined LQ-EDB-MS technique allows for the real-time
analysis of both physical and optical properties as well as chemical composition of the

levitated particles undergoing chemical transformations.
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2.2. Linear Quadrupole Electrodynamic Balance (LQ-EDB) for Particle

Levitation

A linear quadrupole electrodynamic balance (LQ-EDB) is a particle levitation system
that can spatially confine single or an array of micrometer-sized particles in an electric
field.** Droplets with a known initial composition are generated on-demand either
individually or in burst mode with the help of a piezoelectric droplet dispenser and
introduced into the LQ-EDB for trapping. The basic working principle of a droplet
dispenser involves the application of square electrical pulses, with pulse widths around 30
Ms and a voltage peak of up to 50 V, on a piezoelectric material (like crystal, ceramic, etc.)
sandwiched between two electrodes.> This causes the material to deform, creating a
pressure wave that propels a jet of liquid out of dispenser that breaks down into single
droplets due to surface tension. These droplets are given a charge as they emerge from the
dispenser due to the presence of a DC induction electrode (150 — 500 V) which is mounted
external to the LQ-EDB. The resulting droplets possess a charge of 10 — 100 fC with an
initial diameter of approximately 50 pum and travel inside the quadrupole electrode where
they are confined along the central axis due to the oscillating electric field. Figure 1 shows
the generation of droplets from droplet dispenser that are being charged upon their entry

into the LQ-EDB trap due to the presence of induction voltage.
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Figure 1: An arrangement of droplet piezoelectric droplet dispenser with the induction
electrode mounted on the LQ-EDB. The solvent filled in glass capillary inside the dispenser
is propelled out as liquid jet which forms a droplet caused by a temporary deformation of
piezo material due to the application of pulse voltage. This jet and the droplet then get
positively charged due to the coulombic repulsions caused by negative potential maintained
at the induction electrode mounted on the LQ-EDB. Finally, the charge on droplets helps
in levitating them inside the LQ-EDB chamber. The components in the figure are zoomed
in for better illustration.

The electric field inside the LQ-EDB is a result of the application of opposing alternating
current (AC) voltage (600 — 1200 V) to diagonally opposite pairs of four parallel stainless-
steel electrodes of the quadrupole enclosed in an aluminum chamber and mounted on the
PEEK end caps.1° The droplets with a net charge are guided centrally by the electric field
and fall under the influence of gravity. To hold these droplets in place, a repulsive
electrostatic force caused by a disc electrode with an applied direct current (DC) voltage is
applied. The required DC voltage, a function of mass and droplet size, balances the
vertically acting downward forces such as gravity and drag forces. For the purposes of our
research studies, multiple droplets are stacked in a linear array inside LQ-EDB and

separated by electrostatic repulsion. The arrangement of the LQ-EDB, including its key

components involved in particle levitation, is depicted in Figure 2.
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Figure 2: A linear quadrupole electrodynamic balance (LQ-EDB) showing a stack of
multiple droplets, AC parallel electrodes and DC disc electrode. The AC voltage
arrangement applied to diagonally opposite pair of electrodes, and a 532 nm laser beam for
particles illumination is shown. The lowermost droplet is imaged individually by adjusting
the position of the entire stack. The figure is not to scale and is for illustration only.

Once the droplets are trapped inside the LQ-EDB, they shrink or swell in size depending
on the environmental conditions inside the chamber. Under dry conditions, the droplets
immediately lose the solvent and become much smaller in size. Depending on the
environmental conditions and chemical composition, the droplets can remain as liquid
droplets or transform to solid particles upon levitation. As discussed earlier, the term
“particle” is generally used to describe both solid and liquid physical state. The size range
of particles accessible to LQ-EDB for trapping is usually between 1 — 100 pum. A 532 nm
laser with a power of 5 mW is used to illuminate the particles during levitation for the

visual verification of the particle number and stability of the stack. A CMOS camera is

fixed with one of the viewing windows of LQ-EDB chamber which generates an image of
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the lowermost particle in the stack. Additionally, the lowermost particle is continuously
illuminated with red LED for analyzing its physical and optical characteristics using Mie
Resonance Spectroscopy (MRS), which is discussed in Section 2.3. By adjusting the
strength of DC balancing voltage, the vertical position of the entire particle stack can be
altered to bring the lowermost particle in the frame for camera and MRS for real-time

imaging and sizing analysis.

2.2.1. Controlled Conditions for Chemical Transformations on Particles

Specific environmental conditions are used inside the LQ-EDB chamber to carry out a
broad range of experimental studies on the levitated particles, including non-reactive
transformations like particle-to-gas partitioning of SVOCs and hygroscopicity
measurements, and chemical transformations like ozonolysis reactions.**** Once the entire
stack of particles is levitated, environmental conditions inside the LQ-EDB chamber can
be altered in a controlled manner. Various parameters, such as nitrogen gas flow, relative
humidity (RH), temperature and oxidant concentration, are controlled manually or

automatically with the help of LabVIEW software.

A typical nitrogen flow rate of approximately 200 sccm was supplied from the top of the
LQ-EDB which helps in regulating the necessary environmental conditions, such as
relative humidity and oxidant concentration, around the levitated particles inside the
chamber. The aerodynamic drag force on the particles produced by the nitrogen flow is
balanced by a counter voltage applied by the DC electrode to ensure consistent levitation

of the particles. The gas flow in the LQ-EDB was continuously exhausted through an open
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port at the bottom of the chamber unless some minor modifications were made (discussed

below) for the measurements of ozonolysis transformations.

For measurements exploring the influence of relative humidity (RH), the required RH
was achieved by controlling the ratio of dry to humidified nitrogen (using water bubbler)
introduced from the top of the LQ-EDB chamber. Automated RH cycles were used for
determining the hygroscopicity and phase change characteristics of sample particles.® For
exploring the evaporation kinetics at ambient conditions, temperature inside LQ-EDB was
not controlled and was assumed to be equal to the ambient temperature of the laboratory,
typically in the range of 18 to 22 °C, determined using an external temperature probe.
Whereas the studies conducted to explore the evaporation dynamics of particles above
ambient temperatures, elevated temperatures (up to ~350 K) were used in specialized LQ-

EDB equipped with heating cartridges (refer Chapter 6).

For studies focused on ozonolysis transformations, ozone was generated
photochemically from pure oxygen exposed to UV light and mixed with nitrogen prior to
delivery to the LQ-EDB chamber. To maintain a consistent total gas flow in experiments,
the nitrogen flow was slightly reduced whenever mixed with ozone to keep the flow rate
constant during the entire measurement. The combined flow of nitrogen and ozone was
diverted before entering the chamber with the help of a T-valve for measuring the ozone
concentration. For these measurements, the outlet gases containing ozone were actively
exhausted through an ozone scrubber using an external suction pump. The temperature

inside the chamber was maintained at the ambient laboratory conditions whereas the RH
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was adjusted based on the specifics of the measurement. A discussion on the working
principle and the innovative development of techniques coupled with LQ-EDB for
analyzing the physicochemical properties of levitated particles is presented in the

subsequent sections.

2.3. Mie Resonance Spectroscopy for the Analysis of Physical

Characteristics

Mie resonance spectroscopy (MRS) is a technique used to characterize the physical
properties of spherical particles using a broadband light source. It is based on the principle
of optical spectroscopy by applying the Mie theory, which was developed by Gustav Mie
in the early 20th century to describe the elastic scattering of light by small particles.'®18
Figure 3 shows the schematic of the MRS setup describing the light path generated from
red LED light source. In the measurements reported in this thesis, the lowermost particle
levitated in the LQ-EDB was illuminated by broadband red LED (640 — 680 nm) centered
at 660 nm. Light originating from red LED passes through a 50/50 beam splitter which
reflects half of the incident light to the beam-steering mirror. The mirror reflects this light
to the biconvex lens having an anti-reflective (AR) coating which then sends it to LQ-EDB
chamber through an AR-window. The light is focused on the lowermost droplet in the
chamber and backscattered light is generated because of the light resonance inside droplet.
This backscattered light then follows the same optical path in reverse direction till it finally

falls on the fiber-optic which sends signal to the spectrophotometer.
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Figure 3: Schematic configuration of the Mie Resonance Spectrometry (MRS) for the
characterization of a spherical particle’s physical properties, such as size and RI.

The light from the red LED is scattered by the particle and specific wavelengths become
resonant in the spherical cavity, resulting in stronger scattering at wavelengths that satisfy
the condition for total internal reflection (Figure 4). The light undergoes multiple
reflections inside the levitated particle and is eventually emitted at specific wavelengths.
The backscattered light from the particle was collected by an optical fiber and measured
using a spectrometer to yield the experimental Mie resonance spectrum shown as black
peaks which is background subtracted to eliminate the contribution of reflected light
(Figure 4A). These sharp peaks in the Mie resonance spectrum is associated with
wavelength positions of morphology dependent resonances (MDRs).!® Each MDR is
described by its own mode number and mode order which are size-dependent features of

the spherical particle and describes the penetration depth of the incident light.?® The
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wavelength position of these MDR peaks in the experimental spectrum was determined
using a peak fitting algorithm and delivered to a sizing algorithm (MRFIT) developed by
Preston and Reid.?! By applying Mie theory, MRFIT program compares the MDR positions
from a library of size and refractive index combinations and the best-fit to the experimental
observations is determined through the method of least-squares minimization process.?
This is confirmed by the good agreement between experimental (black peaks) and
simulated (red) Mie spectra as shown in Figure 4A. The output of this process yields size
and refractive index of levitated particle with high precision as the size is determined with

an accuracy of 5 nm and RI within an uncertainty of 0.001 to 0.005.
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Figure 4 : The interaction of broadband light from red LED with the spherical particle is
shown which results in the phenomenon of total internal reflection generating the
backscattered light as described in the text. Figure 4A presents a comparison of the
morphology dependent resonance (MDR) peak structure of the best-fit theoretical
prediction (red) and experimental measurement (black) in the Mie resonance spectrum as
described in the text.

2.3.1. Online Monitoring of Size, Refractive Index and Morphology
The MDR wavelength positions in the Mie spectra are indicative of size, refractive index

(RI) and morphology of the particle as described Section 2.3.2%2 The size is determined
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with an accuracy of +5 nm and RI within an uncertainty of 0.001 to 0.005, depending on
the type and number of resonance peaks in Mie spectrum.®* For our measurements, a
stack of 5-10 particles is levitated inside LQ-EDB chamber for carrying out chemical
transformations in which all the particles behave very uniformly based on our preliminary
experimental studies.>%> Such chemical transformations happening in the particles can be
analyzed in real-time using MRS by determining any changes in lowermost particle’s size
and RI at a time. Variations in the peak positions can be reflective of the changes in size of
the spherical particle. For example, a decreasing peak intensity can confirm that the particle
is becoming smaller in size due to chemical transformation. Mie resonance spectra can also
reveal information on the evolving morphology and phase state of the levitated particles.?®
28 Deviations in peak structure of the Mie spectra, such as broadening of the peaks and a
loss of fine structure, can be indicative of phase transitions which results in different
morphology during chemical transformations. An example of morphological changes
occurring in the oleic acid particle undergoing ozonolysis transformation is shown in
Figure 5. As a consequence of chemical transformation, liquid-liquid phase separation
occurs which changes the morphology of the levitated particle, resulting in the broadening
of peaks and thus, losing the sharp peak structure in the Mie resonance spectrum.?
Additionally, non-spherical or crystalline particles (such as effloresced NaCl particles)
undergo random reflection as opposed to spherical particles which only reflect light from
their surface, resulting in the absence of sharp peaks in the Mie spectra due to the absence

of light resonance within the particle.
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Figure 5 : A comparison between the Mie resonance spectra of the levitated particle before
(black) and after (red) a chemical transformation which leads to the changes in particle’s
morphology. The spectrum presented in black shows the sharp peaks indicative of a
spherical and homogeneous particle which undergoes liquid-liquid phase separation
(LLPS) as a result of a reaction. The spectrum becomes distorted due to peak broadening
following LLPS, depicted as red spectra, as a result of the morphological transformations
that interrupt the sharp peak structure.

For our measurements, each lowermost particle was periodically ejected out of the LQ-
EDB to be sent to the mass spectrometer for compositional analysis which is discussed in
the following section. The next particle in the stack was subsequently moved into its

position for MRS analysis.

2.4. Mass Spectrometry for the Analysis of Chemical Composition

Mass spectrometry (MS) is a widely used analytical technique in the field of aerosol
science that allows the chemical composition and associated properties of particles in both
laboratory measurements and field studies to be determined.®3%3* MS provides fast

response time with high sensitivity and ability to detect a wide range of chemical species
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to analyze chemically complex particles. The utilization of MS for studying the real-time
compositional evolution of laboratory-generated levitated particles has gained popularity
in last few years and the technique developments discussed in this thesis work have made
significant contributions to this field.***-38 It is important to understand the chemical
trajectory of a particle with a known starting composition as it becomes transformed. To
achieve this with levitated particles, we collected a series of mass spectra for a set of
particles with identical starting composition but varying residence time in the LQ-EDB
chamber before transfer to the MS. In this section, we will discuss the generalized working
principle of the MS technique and its applications in our research work involving single

particle levitation approach.

MS instruments broadly consist of three main components: an ion source, a mass
analyzer, and a detector. A brief working principle of MS involves the ionization of a
sample followed by the determination of the mass-to-charge ratio (m/z) of the analyte ions
of interest.323%4! This is accomplished by passing the generated ions from the ionization
source through a mass analyzer, which is the heart of the spectrometer. The analyzer uses
magnetic and electric fields to measure the mass to charge ratio (m/z) of the ions and
separate the ions based on their m/z ratio. Finally, the ions are detected with the help of a
detector, and the generated mass spectrum of the ion signal as a function of the m/z ratio
yields information of the molecular mass and abundance of each chemical species. Thus,
the MS measurements are utilized for describing the compositional characteristics and
abundance of individual species of interest which is used to infer the chemical composition

of the particle. Several different types of mass spectrometers, such as time-of-flight, triple
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quadrupole and orbitrap mass spectrometer, have been successfully employed in
conjunction with particle levitation techniques for compositional measurements in aerosol
science.>14243 These mass spectrometers differ from each other in terms of their
sensitivity, selectivity and resolution. In general, MS can detect sample particle having
analyte concentrations as low as a few ppb, making it possible to study particles that have

analytes present in very low concentrations.

For our research work, the combined use of an LQ-EDB with a Q Exactive Focus
Orbitrap MS facilitates the experimental interrogation of levitated particles and allow
particles properties to be measured as a function of evolving composition. The
fundamentals and working principle of Orbitrap MS has been extensively discussed by
other researchers.**8 For our measurements, Orbitrap MS was operated in either negative
or positive ion mode with a typical scan range of 50 to 1000 m/z, a resolution of 35000 and
maximum ion injection time of 100 ms.*® A single particle is released from LQ-EDB by
pulsing the DC balancing voltage to zero for tens of milliseconds resulting in ejection out
of the trap. The particle falls propelled by gravity and drag forces and is guided by the
electrical fields of the quadrupole to fall directly into the sampling and ionization interface.
This interface then transfers the formed ions into the MS for the compositional
determination. A fourier transform of the signal in the frequency domain yields mass
spectrum in the m/z domain that is characteristic of the composition of the particle at that
time. The resulting mass spectra are analyzed for both qualitative and quantitative
interpretation of the chemical species present in the particle. To do this, Xcalibur 4.1

software is used to initially analyze the mass spectra which yields the qualitative
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information, and extracted ion chronograms for the peaks of interest are exported to
MagicPlot Pro 2.8.2 for their quantitative analysis. A detailed description of qualitative and
guantitative analysis of the particle composition is given in Section 2.4.2. The different
sampling and ionization platforms developed and utilized in our laboratory studies for

analyzing the composition of particles using MS are discussed in the subsequent sections.

2.4.1. Particle Sampling and lonization Sources to Couple LQ-EDB with MS

Recent developments in the field of single particle levitation focus on the coupling of
LQ-EDB with MS. This has been achieved with the help of developments in the ambient
sampling and ionization techniques that effectively sample the levitated particles as ions
into the MS for the analysis of their chemical composition. Birdsall et al. described a setup
in which particles are transferred from electrodynamic balance (EDB) to the ionization
source assembly through a transfer tube via a gas flow.* The single droplets are transferred
from the EDB to a heated vaporization platform situated in the ionization assembly which
results in the formation of gas-phase species that are being ionized with the help of a corona
discharge generated by the high-voltage needle. The generated ions are then sampled into
the inlet region of a time-of-flight mass spectrometer for compositional analysis. In a
laboratory study by Jacobs et al., a paper spray (PS) ionization source is used to couple the
branched quadrupole trap with the mass spectrometer.® The PS ionization and sampling
source utilized a triangle substrate cut from a chromatography paper to serve as a sampling
platform and tip of the paper helps to transfer the ionized analytes into the mass

spectrometer via a spray plume. A similar approach based on PS ionization was utilized by
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Willis et. al to probe the composition of a stack of the particles levitated in a specialized
quadrupole electrodynamic trap.® This ionization method was further complemented with
another ionization technique, namely thermal desorption glow discharge ionization, to
analyze the composition of oxygenated organic acids in single droplets using an Orbitrap
mass spectrometer. In another study by Muller et. al, the ejected droplet first strikes the
heated evaporation unit, and the resulting vapors are ionized with the help of a cold plasma
dielectric barrier discharge ion source that are then sent to a triple quadrupole mass
spectrometer for the determination of composition.®’ In general, these techniques are based
on the working principle of transforming the analytes present in particles by ionizing the
chemical components to be analyzed by MS as naked ions.*® Finally, our experimental
studies on levitated particles involve the development of sampling and ionization methods
based around the mechanism of electrospray ionization using paper spray and open-port

sampling interfaces, as discussed in the following sections.

2.4.1.1. Paper Spray (PS) lonization Source

Paper-spray ionization is an ambient pressure ionization method that requires minimal
sample preparation.®®>2 The PS source was constructed in-house to capture levitated
particles, ionize the analytes and deliver the ions to the inlet of an Orbitrap MS (Figure
6).%° The working principle of PS involves generating an electrospray from tip of a solvent-
soaked chromatography paper by applying 3 — 5 kV voltage. The chromatography papers
were cut into triangular substrates with scissors roughly with a base of 1 cm, height of 1

cm, leading to the spray angle tip of 53°. The particle ejected out of LQ-EDB is solubilized
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in the spray solution on impact with the substrate and the supplied high voltage causes the
aerosolization of solvent mixture into a fine mist composed of charged solvent droplets.
As solvent evaporates, the droplets break down into highly charged smaller droplets which
then splits into charged progeny droplets due to a process called Coulomb fission upon
reaching the Rayleigh limit.>*- These charged progeny droplets undergo desolvation
(aided by heated MS inlet and extension) to form gaseous naked ions that are sampled by
MS inlet for the compositional analysis. An appropriately selected paper spray solvent aids
in effective transfer and ionization of the analytes. Different solvent may have different
sensitivities to the analyte ions which affects the limit of detection.®® The paper spray
approach with certain solvents may limit the comprehensive analysis of a wide range of
chemical species with high sensitivity as the chemical species must be soluble in that
solvent. Additionally, solvents having high viscosities are also not suitable for the PS
ionization as the viscosity plays a major role in the generation of the spray. Considering
the above factors and based on the literature survey on electrospray solutions, different
combinations of solvent mixtures were tested to determine the most effective solvent. A
50-50 mixture of methanol and chloroform was deemed to be an effective solvent for the

samples of our interest.

A wide range of samples can be sampled and ionized with the help of PS, including both
liquid and solid levitated particles. PS ionization can be used in both positive and negative
mode, depending on the particle composition and the desired outcome. In positive mode,
the sample analytes are ionized by protonation which is useful for particle compositions

such as simple alcohols and glycols. In negative mode, sample ionization is due to
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deprotonation and is typically limited to acidic molecules. Preliminary studies using a PS
ionization source (refer Chapter 3) have proved its effectiveness towards the qualitative
and quantitative MS analysis of sample particles. A use of internal standard used within
the levitated particles is proven necessary to account for variabilities in the MS signal
caused due to the different sampling positions on the paper substrate (refer Chapter 3) and
the changing spray mode due to deterioration of paper during longer measurements caused
by the roughly cut paper substrates.®>°” In addition, good sensitivity of this method for a
range of samples ensures that compounds of atmospheric interest and products from

atmospherically relevant reactions can be effectively analyzed using this method.
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Figure 6: Paper spray (PS) setup coupled to MS for sampling and ionizing the analytes in
the sample particles ejected from LQ-EDB. Periodic measurements of the composition
related to lowermost particle at a time in LQ-EDB is carried out to determine the
transformation parameters. Paper substrate is maintained at a high voltage with continuous
supply of solvent to ionize the analytes present in the sample particles which are
subsequently vaporized as they travel towards the MS heated inlet for their compositional
analysis.
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2.4.1.2. Open Port Sampling Interface (OPSI) — Electrospray lonization (ESI) Source
The OPSI platform is designed to capture, dilute, and transport the analytes of sample
particles ejected from LQ-EDB to the conventional heated ESI source to be introduced into
the MS for compositional analysis.?> An “open-port” can be understood as an interface that
allows for the direct sampling of analytes without the need of any sample preparation or
internal standard, thereby limiting the artifacts and analyzing the samples in real-time.%-
A schematic illustration of the OPSI-ESI setup used for our experimental measurements is

presented in Figure 7.2
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Figure 7: Illustration of open port sampling interface (OPSI) coupled with the
conventional heated electrospray ionization (ESI) source of Orbitrap mass spectrometer
(MS). The schematic demonstrates the particle transfer from LQ-EDB into the OPSI
interface for real-time analysis of its composition by MS without the need of any sample
preparation. The figure is not to scale.
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An OPSI consists of a coaxial capillary design having an outer and inner capillary for
solvent injection and delivery to ESI, respectively. A solvent mixture of methanol doped
with trace amounts trans-3-(3-pyridyl)acrylic acid (TPAA) to act as an external standard is
supplied with the help of a syringe pump to the OPSI interface. The use of TPAA is to
visually confirm spray stability in mass chronogram and is not used for any data analysis
or interpretation. The continuous solvent flow results in the formation of a solvent pool on
top of the OPSI interface which helps in efficient particle capture and its further dissolution
in the solvent. The solubilized analytes are carried towards the heated ESI probe as a result
of the Venturi effect due to low pressure at the ESI tip where they are charged and sprayed
as a plume.b2%® The charged droplets undergo extensive solvent evaporation until it
becomes unstable upon reaching its Raleigh limit.54% At this point, the parent droplet
deforms due to electrostatic repulsion of same charges and undergoes series of desolvation
and coulombic fission to result in naked ions which are finally sampled into MS inlet for
compositional analysis. A detailed description of the development of OPSI-ESI setup and
some of the important preliminary studies using the LQ-EDB-OPSI-ESI-MS technique is
presented in Chapter 4. The OPSI-ESI is an effective sampling and ionization setup for
quantitative analysis of sample levitated particles over extended periods of time without
compromising its spray quality and stability in both positive and negative ionization modes.
The conventional ESI source used in conjunction with OPSI is a new platform for single
particle analysis, however it has been widely used in other fields of research to analyze big
molecules like proteins and peptides, and small molecules like metabolites and drugs.>®®*

Our studies reveal that MS can be effectively used to identify and quantify the chemical
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composition in real-time to understand the kinetics of chemical transformations on

levitated particles with known starting compositions as discussed in the next section.

2.4.2. Qualitative and Quantitative Analysis of Particle Composition

Quialitative analysis using MS is done to identify the presence and relative abundance of
chemical species of interest in the sample particles. This method is based on the principle
that all chemical species have a unique m/z ratio, which can be used to distinguish one
species from another.'? The mass spectrum emerged as a result of sample introduction into
the MS is a plot of the relative abundance of ions as a function of their m/z ratio. Each peak
in the mass spectrum corresponds to a different ion, and the height of the peak indicates its
relative abundance in the sample. By analyzing the mass spectrum, it is possible to identify
the chemical compounds present in the sample. A high resolving power offered by orbitrap
MS allows to differentiate between ions with similar m/z ratios along with high mass
accuracy which helps to accurately determine the m/z ratio of the ions.®” Further, due to
the high sensitivity and specificity of the Orbitrap MS used in our research studies, it is
possible to detect very low concentration of ions in the levitated particles. Qualitative
analysis is done to understand the chemical composition of sample particles in terms of
evolving mass spectra during a chemical transformation. Any emergence of new peaks or

absence of existing peaks can confirm the compositional changes in the levitated particles.

Quantitative analysis using MS is used to determine the precise amount of specific
compounds present in sample particles relative to their starting composition. MS

measurements assist in analyzing very low concentrations of chemical compounds in
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smaller particles, expanding the scope of this method close to the size range associated
with atmospheric aerosols.®®"* The m/z peaks related to chemical compounds of interest
are analyzed for quantitation to understand the transformation kinetics of levitated particles
undergoing chemical changes. For this, the mass spectra are analyzed using Xcalibur 4.1
software (ThermoFisher Scientific) to determine the m/z peaks respective of the chemical
compounds of interest and their extracted ion chronograms are exported for processing
using data analysis software (MagicPlot Pro 2.8.2). An example of the mass spectra
associated with the compositional measurements of the citric acid droplets is shown in
Figure 8A.° The red signals represent the background mass spectrum associated with the
spray solution supplied by the ionization source into the MS while the black signals
correspond to the peak intensity of the parent ion (191 m/z) from a single citric acid droplet.
The chronograms of the parent ion peak for a sequence of three citric acid droplets is shown
in Figure 8B. The integrated peak area corresponding to each chronogram signal was
determined for every particle analyzed for its compositional quantitation. The
quantification of the analytes in the particle is done by calculating their compositional
abundance in terms of their peak areas relative to the starting composition. The peak areas
are analyzed to confirm the reproducibility and stability of the ion signals since they are
the important facets of these measurements as the entire stack of levitated particles is
expected to behave uniformly during chemical transformations. Finally, quantitation of MS
peak respective of the spray standard helps in confirming the stability of the spray during

the chemical transformations.

68



3x10° F A

N Citric acid
2.5x10

Before

2x1 OS - After

108

5%107

Relative Abundance (%)

1.5x10% =

[P RN DUR DY BT BT

100 120 140 160 180 200
m/z

400
B

300 4

N L
0 T T ) T L T T T T

12 12.5 13 13.5 14 14.5 15
Time / mins

Counts / 10°
=
[w=]

Figure 8: (A) Representative mass spectrum of a single citric acid particle for its
compositional analysis. The red signals in the mass spectrum represent the background
before the compositional analysis of the particle while the black signals in the mass
spectrum represent the composition of a single citric acid particle. (B) The mass
chronograms show the droplet deposition event for three consecutive citric acid droplets at
191 m/z depicting the parent ion.

2.5. Summary and Conclusions

This chapter summarizes the development, principle of operation and capabilities of the
in-house built levitation system coupled with mass spectrometry through different
sampling and ionization platforms, namely paper spray and open-port sampling interface.
For understanding the chemical transformations on atmospheric aerosols, an LQ-EDB
chamber is an effective tool for levitating a stack of microparticles in which all of them
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have the same starting chemical composition and behaves very similarly to each other
throughout the timescales of our experiments. Within the LQ-EDB, levitated particles may
be exposed to a variety of conditions, and the methods discussed in this chapter will be
applied for evaluating the response of particles to chemical transformations. Some of the
important physical and chemical characteristics, namely size, RI, morphology, and
composition, are studied in real-time as the particles are undergoing a chemical change.
Mie spectroscopy setup coupled to the LQ-EDB chamber helps in analyzing the physical
and optical properties of the levitated particles in real-time as a result of compositional

evolutional determined by the MS.

The utilization of both PS and OPSI-ESI as sampling and ionization sources offer
exceptional qualitative and quantitative determination of analyte ions yet OPSI offers even
more advantages over PS ionization source. OPSI-ESI offers better MS signal stability and
efficient particle capture, resulting in least variations in the spray mode thereby eliminating
the use of internal standard. Conventional ESI probe used in OPSI-ESI interface is very
robust and well-developed which is expected to result in better sensitivity as the particles
are not directly interacting with highly charged paper substrate rather directly dissolved in
carrier solvent offering controlled dilution rates. Finally, the combined LQ-EDB-MS
technique has the potential to act as an all-in-one method for a complete qualitative and
quantitative characterization of physicochemical characteristics of levitated particles. This
has important implications for the atmospheric aerosol particles that experience similar
chemical transformations over their lifetime resulting in the evolution of their

characteristics and related impacts in the atmosphere.”>"

70



2.6.

1)

()

©)

(4)

Q)

(6)

(7)

(8)

(9)

(10)

References

Davies, J. F. Mass, Charge, and Radius of Droplets in a Linear Quadrupole
Electrodynamic Balance. Aerosol Sci. Technol. 2019, 53 (3), 309-320.
https://doi.org/10.1080/02786826.2018.1559921.

Hart, M. B.; Sivaprakasam, V.; Eversole, J. D.; Johnson, L. J.; Czege, J. Optical
Measurements from Single Levitated Particles Using a Linear Electrodynamic
Quadrupole Trap. Appl. Opt. 2015, 54 (31), F174-F181.
https://doi.org/10.1364/A0.54.00F174.

J. Wallace, B.; L. Price, C.; F. Davies, J.; C. Preston, T. Multicomponent Diffusion
in Atmospheric Aerosol Particles. Environ. Sci. Atmos. 2021, 1 (1), 45-55.
https://doi.org/10.1039/DOEAOOOOSF.

Singh, M.; Mayya, Y. S.; Gaware, J.; Thaokar, R. M. Levitation Dynamics of a
Collection of Charged Droplets in an Electrodynamic Balance. J. App. Phys. 2017,
121 (5), 054503. https://doi.org/10.1063/1.4974470.

Ulmke, H.; Wriedt, T.; Bauckhage, K. Piezoelectric Droplet Generator for the
Calibration of Particle-Sizing Instruments. Chem. Eng. Technol. 2001, 24 (3), 265—
268. https://doi.org/10.1002/1521-4125(200103)24:3<265::AID-EAT265>3.0.CO.

Yang, J. C.; Chien, W.; King, M.; Grosshandler, W. L. A Simple Piezoelectric
Droplet Generator. Exp. Fluids 1997, 23 (5), 445-447.
https://doi.org/10.1007/s003480050134.

Davies, J. F.; Haddrell, A. E.; Reid, J. P. Time-Resolved Measurements of the
Evaporation of Volatile Components from Single Aerosol Droplets. Aerosol Sci.
Technol. 2012, 46 (6), 666—677. https://doi.org/10.1080/02786826.2011.652750.

Wozniak, M.; Derkachov, G.; Kolwas, K.; Archer, J.; Wojciechowski, T.; Jakubczyk,
D.; Kolwas, M. Formation of Highly Ordered Spherical Aggregates from Drying
Microdroplets of Colloidal Suspension. Langmuir 2015, 31 (28), 7860-7868.
https://doi.org/10.1021/acs.langmuir.5b01621.

Jacobs, M. I.; Davies, J. F.; Lee, L.; Davis, R. D.; Houle, F.; Wilson, K. R. Exploring
Chemistry in Microcompartments Using Guided Droplet Collisions in a Branched
Quadrupole Trap Coupled to a Single Droplet, Paper Spray Mass Spectrometer. Anal.
Chem. 2017, 89 (22), 12511-12519. https://doi.org/10.1021/acs.analchem.7b03704.

Price, C. L.; Preston, T. C.; Davies, J. F. Hygroscopic Growth, Phase Morphology,
and Optical Properties of Model Aqueous Brown Carbon Aerosol. Environ. Sci.
Technol. 2022, 56 (7), 3941-3951. https://doi.org/10.1021/acs.est.1c07356.

71



(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

Willis, M. D.; Wilson, K. R. Coupled Interfacial and Bulk Kinetics Govern the
Timescales of Multiphase Ozonolysis Reactions. J. Phys. Chem. A 2022, 126 (30),
4991-5010. https://doi.org/10.1021/acs.jpca.2c03059.

Kaur Kohli, R.; Davies, J. F. Measuring the Chemical Evolution of Levitated
Particles: A Study on the Evaporation of Multicomponent Organic Aerosol. Anal.
Chem. 2021, 93 (36), 12472—-12479. https://doi.org/10.1021/acs.analchem.1c02890.

Price, C. L.; Kaur Kohli, R.; Shokoor, B.; Davies, J. F. Connecting the Phase State
and Volatility of Dicarboxylic Acids at Elevated Temperatures. J. Phys. Chem. A
2022, 126 (39), 6963-6972. https://doi.org/10.1021/acs.jpca.2c04546.

Wu, L.; Ro, C.-U. Aerosol Hygroscopicity on A Single Particle Level Using
Microscopic and Spectroscopic Techniques: A Review. Asian J. Atmos. Environ.
2020, 14 (3), 177-209. https://doi.org/10.5572/ajae.2020.14.3.177.

Choczynski, J. M.; Kaur Kohli, R.; Sheldon, C. S.; Price, C. L.; Davies, J. F. A Dual-
Droplet Approach for Measuring the Hygroscopicity of Aqueous Aerosol. Atmos.
Meas. Tech. 2021, 14 (7), 5001-5013. https://doi.org/10.5194/amt-14-5001-2021.

Price, C. L.; Bain, A.; Wallace, B. J.; Preston, T. C.; Davies, J. F. Simultaneous
Retrieval of the Size and Refractive Index of Suspended Droplets in a Linear
Quadrupole Electrodynamic Balance. J. Phys. Chem. A 2020, 124 (9), 1811-1820.
https://doi.org/10.1021/acs.jpca.9b10748.

Steimer, S. S.; Krieger, U. K.; Peter, T. Electrodynamic Balance Measurements of
Thermodynamic, Kinetic, and Optical Aerosol Properties Inaccessible to Bulk
Methods. Atmos. Meas. Tech. 2015, 8 (6), 2397—-2408. https://doi.org/10.5194/amt-
8-2397-2015.

Mie, G. Sattigungsstrom und Stromkurve einer schlecht leitenden Flissigkeit. Ann.
Phys. 1908, 331 (8), 597-614. https://doi.org/10.1002/andp.19083310810.

Temperature-Controlled Dual-Beam Optical Trap for Single Particle Studies of
Organic  Aerosol. J. Phys. Chem. A 2022, 126 (1), 109-118.
https://pubs.acs.org/doi/full/10.1021/acs.jpca.1c09363.

Lew, L. J. N.; Ting, M. V.; Preston, T. C. Determining the Size and Refractive Index
of Homogeneous Spherical Aerosol Particles Using Mie Resonance Spectroscopy.
Appl. Opt. 2018, 57 (16), 4601-4609. https://doi.org/10.1364/A0.57.004601.

Preston, T. C.; Reid, J. P. Determining the Size and Refractive Index of Microspheres
Using the Mode Assignments from Mie Resonances. J. Opt. Soc. Am. A. 2015, 32
(11), 2210-2217. https://doi.org/10.1364/JOSAA.32.002210.

72



(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Bain, A.; C. Preston, T. The Wavelength-Dependent Optical Properties of Weakly
Absorbing Aqueous Aerosol Particles. Chem. Commun. 2020, 56 (63), 8928-8931.
https://doi.org/10.1039/DOCC02737E.

Bain, A.; Rafferty, A.; Preston, T. C. Determining the Size and Refractive Index of
Single Aerosol Particles Using Angular Light Scattering and Mie Resonances. J.
Quant. Spectrosc. Radiat. Transf. 2018, 221, 61-70.
https://doi.org/10.1016/j.jgsrt.2018.09.026.

Preston, T. C.; Reid, J. P. Accurate and Efficient Determination of the Radius,
Refractive Index, and Dispersion of Weakly Absorbing Spherical Particle Using
Whispering Gallery Modes. J. Opt. Soc. Am. B 2013, 30 (8), 2113-2122.
https://doi.org/10.1364/JOSAB.30.002113.

Kaur Kohli, R.; Van Berkel, G. J.; Davies, J. F. An Open Port Sampling Interface for
the Chemical Characterization of Levitated Microparticles. Anal. Chem. 2022, 94 (8),
3441-3445. https://doi.org/10.1021/acs.analchem.1c05550.

Gorkowski, K.; Donahue, N. M.; Sullivan, R. C. Emulsified and Liquid-Liquid
Phase-Separated States of a-Pinene Secondary Organic Aerosol Determined Using
Aerosol Optical Tweezers. Environ. Sci. Technol. 2017, 51 (21), 12154-12163.
https://doi.org/10.1021/acs.est.7b03250.

Moridnejad, A.; Preston, T. C.; Krieger, U. K. Tracking Water Sorption in Glassy
Aerosol Particles Using Morphology-Dependent Resonances. J. Phys. Chem. A 2017,
121 (42), 8176-8184. https://doi.org/10.1021/acs.jpca.7b06774.

Sullivan, R. C.; Boyer-Chelmo, H.; Gorkowski, K.; Beydoun, H. Aerosol Optical
Tweezers Elucidate the Chemistry, Acidity, Phase Separations, and Morphology of
Atmospheric Microdroplets. Acc. Chem. Res. 2020, 53 (11), 2498-25009.
https://doi.org/10.1021/acs.accounts.0c00407.

Song, M.; Marcolli, C.; Krieger, U. K.; Lienhard, D. M.; Peter, T. Morphologies of
Mixed Organic/Inorganic/Aqueous Aerosol Droplets. Faraday Discuss. 2013, 165
(0), 289-316. https://doi.org/10.1039/C3FD00049D.

DeCarlo, P. F.; Kimmel, J. R.; Trimborn, A.; Northway, M. J.; Jayne, J. T.; Aiken,
A. C.; Gonin, M.; Fuhrer, K.; Horvath, T.; Docherty, K. S.; Worsnop, D. R.; Jimenez,
J. L. Field-Deployable, High-Resolution, Time-of-Flight Aerosol Mass
Spectrometer. Anal. Chem. 2006, 78 (24), 8281-8289.
https://doi.org/10.1021/ac061249n.

73



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

Jayne, J. T.; Leard, D. C.; Zhang, X.; Davidovits, P.; Smith, K. A.; Kolb, C. E.;
Worsnop, D. R. Development of an Aerosol Mass Spectrometer for Size and
Composition Analysis of Submicron Particles. Aerosol Sci. Technol. 2000, 33 (1-2),
49-70. https://doi.org/10.1080/027868200410840.

Nash, D. G.; Baer, T.; Johnston, M. V. Aerosol Mass Spectrometry: An Introductory
Review. Int.  J. Mass  Spectrom. 2006, 258 @ (1-3), 2-12.
https://doi.org/10.1016/j.ijms.2006.09.017.

Willis, M. D.; Rovelli, G.; Wilson, K. R. Combining Mass Spectrometry of Picoliter
Samples with a Multicompartment Electrodynamic Trap for Probing the Chemistry
of Droplet Arrays. Anal. Chem. 2020, 92 (17), 11943-11952.
https://doi.org/10.1021/acs.analchem.0c02343.

Lanz, V. A.; Prévét, A. S. H.; Alfarra, M. R.; Weimer, S.; Mohr, C.; DeCarlo, P. F.;
Gianini, M. F. D.; Hueglin, C.; Schneider, J.; Favez, O.; D’Anna, B.; George, C.;
Baltensperger, U. Characterization of Aerosol Chemical Composition with Aerosol
Mass Spectrometry in Central Europe: An Overview. Atmos. Chem. Phys. 2010, 10
(21), 10453-10471. https://doi.org/10.5194/acp-10-10453-2010.

Noble, C. A.; Prather, K. A. Real-time Single Particle Mass Spectrometry: A
Historical Review of a Quarter Century of the Chemical Analysis of Aerosols. Mass
Spectrom. Rev. 2000, 19, 248-274. https://doi.org/10.1002/1098-
2787(200007)19:4<248::AID-MAS3>3.0.CO;2-I.

Miller, M.; Mishra, A.; Berkemeier, T.; Hausammann, E.; Peter, T.; Krieger, U. K.
Electrodynamic balance—mass spectrometry reveals impact of oxidant concentration
on product composition in the ozonolysis of oleic acid. Phys. Chem. Chem. Phys.
2022, 24 (44), 27086-27104. https://doi.org/10.1039/D2CP03289A.

Mdiller, M.; Stefanetti, F.; Krieger, U. K. Oxidation Pathways of Linoleic Acid
Revisited with Electrodynamic Balance—Mass Spectrometry. Environ. Sci. 2022, 3,
85-96. https://doi.org/10.1039/d2ea00127f.

Birdsall, A. W.; Krieger, U. K.; Keutsch, F. N. Electrodynamic Balance—Mass
Spectrometry of Single Particles as a New Platform for Atmospheric Chemistry
Research. Atmos. Meas. Tech. 2018, 11 (1), 33-47. https://doi.org/10.5194/amt-11-
33-2018.

Milman, B. L. General Principles of Identification by Mass Spectrometry. Trends
Analyt. Chem. 2015, 69, 24-33. https://doi.org/10.1016/j.trac.2014.12.009.

Johnston, M. V. Sampling and Analysis of Individual Particles by Aerosol Mass
Spectrometry. J. Mass Spectrom. 2000, 35 (5), 585-595.
https://doi.org/10.1002/(SIC1)1096-9888(200005)35:5<585::AID-JIMS992>3.0.CO.

74



(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

Glish, G. L.; Vachet, R. W. The Basics of Mass Spectrometry in the Twenty-First
Century. Nat. Rev. Drug Discov. 2003, 2 (2, 140-150.
https://doi.org/10.1038/nrd1011.

Berkemeier, T.; Mishra, A.; Mattei, C.; Huisman, A. J.; Krieger, U. K.; Péschl, U.
Ozonolysis of Oleic Acid Aerosol Revisited: Multiphase Chemical Kinetics and
Reaction Mechanisms. ACS Earth Space Chem. 2021, 5 (12). 3313-3323.
https://doi.org/10.1021/acsearthspacechem.1c00232.

Birdsall, A. W.; Hensley, J. C.; Kotowitz, P. S.; Huisman, A. J.; Keutsch, F. N.
Single-Particle Experiments Measuring Humidity and Inorganic Salt Effects on Gas-
Particle Partitioning of Butenedial. Atmos. Chem. Phys. 2019, 19 (22), 14195-14209.
https://doi.org/10.5194/acp-19-14195-2019.

Zubarev, R. A.; Makarov, A. Orbitrap Mass Spectrometry. Anal. Chem. 2013, 85
(11), 5288-5296. https://doi.org/10.1021/ac4001223.

Du, M.; Voliotis, A.; Shao, Y.; Wang, Y.; Bannan, T. J.; Pereira, K. L.; Hamilton, J.
F.; Percival, C. J.; Alfarra, M. R.; McFiggans, G. Combined Application of Online
FIGAERO-CIMS and Offline LC-Orbitrap Mass Spectrometry (MS) to Characterize
the Chemical Composition of Secondary Organic Aerosol (SOA) in Smog Chamber
Studies. Atmos. Meas. Tech. 2022, 15 (14), 4385-4406. https://doi.org/10.5194/amt-
15-4385-2022.

Hecht, E. S.; Scigelova, M.; Eliuk, S.; Makarov, A. Fundamentals and Advances of
Orbitrap Mass Spectrometry. Encyclopedia Anal. Chem. 2019. 1-40.
https://doi.org/10.1002/9780470027318.a9309.pub?2.

Roveretto, M.; Li, M.; Hayeck, N.; Briggemann, M.; Emmelin, C.; Perrier, S.;
George, C. Real-Time Detection of Gas-Phase Organohalogens from Aqueous
Photochemistry Using Orbitrap Mass Spectrometry. ACS Earth Space Chem. 2019,
3 (3), 329-334. https://doi.org/10.1021/acsearthspacechem.8b002009.

Perry, R. H.; Cooks, R. G.; Noll, R. J. Orbitrap Mass Spectrometry: Instrumentation,
lon Motion and Applications. Mass Spectrom. Rev. 2008, 27 (6), 661-699.
https://doi.org/10.1002/mas.20186.

Kaur Kohli, R.; Davies, J. F. Paper Spray Mass Spectrometry for the Analysis of
Picoliter Droplets. Analyst 2020, 145 ), 2639-2648.
https://doi.org/10.1039/C9AN02534K.

Espy, R. D.; Muliadi, A. R.; Ouyang, Z.; Cooks, R. G. Spray Mechanism in Paper
Spray lonization. Int. J. Mass Spectrom. 2012, 325-327, 167-171.
https://doi.org/10.1016/j.ijms.2012.06.017.

75



(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

Liu, J.; Wang, H.; Manicke, N. E.; Lin, J.-M.; Cooks, R. G.; Ouyang, Z.
Development, Characterization, and Application of Paper Spray lonization. Anal.
Chem. 2010, 82 (6), 2463-2471. https://doi.org/10.1021/ac902854q.

Wang, H.; Liu, J.; Cooks, R. G.; Ouyang, Z. Paper Spray for Direct Analysis of
Complex Mixtures Using Mass Spectrometry. Angew. Chem. 2010, 122 (5), 889-
892. https://doi.org/10.1002/ange.200906314.

Taflin, D. C.; Ward, T. L.; Davis, E. J. Electrified Droplet Fission and the Rayleigh
Limit. Langmuir 1989, 5 (2), 376—384. https://doi.org/10.1021/1a00086a016.

Shrimpton, J. S. Dielectric Charged Drop Break-up at Sub-Rayleigh Limit
Conditions. IEEE Trans. Dielectr. Electr. Insul. 2005, 12 (3), 573-578.
https://doi.org/10.1109/TDEI.2005.1453462.

Davis, E. J.; Bridges, M. A. The Rayleigh Limit of Charge Revisited: Light Scattering
from Exploding Droplets. J. Aerosol Sci. 1994, 25 (6), 1179-1199.
https://doi.org/10.1016/0021-8502(94)90208-9.

Kim, D.; Lee, J.; Kim, B.; Kim, S. Optimization and Application of Paper-Based
Spray lonization Mass Spectrometry for Analysis of Natural Organic Matter. Anal.
Chem. 2018, 90 (20), 12027—-12034. https://doi.org/10.1021/acs.analchem.8b02668.

Yang, Q.; Wang, H.; Maas, J. D.; Chappell, W. J.; Manicke, N. E.; Cooks, R. G.;
Ouyang, Z. Paper Spray lonization Devices for Direct, Biomedical Analysis Using
Mass Spectrometry. Int. J. Mass Spectrom. 2012, 312, 201-207.
https://doi.org/10.1016/j.ijms.2011.05.013.

Swanson, K. D.; Worth, A. L.; Glish, G. L. Use of an Open Port Sampling Interface
Coupled to Electrospray lonization for the On-Line Analysis of Organic Aerosol
Particles. J. Am. Soc. Mass Spectrom. 2018, 29 (2), 297-303.
https://doi.org/10.1007/s13361-017-1776-y.

Gary J. Van Berkel; Vilmos Kertesz; Harry Boeltz. Immediate Drop on Demand
Technology (I-DOT) Coupled with Mass Spectrometry via an Open Port Sampling
Interface. Bioanalysis 9 2017, 1667—-1679. https://doi.org/10.4155/bio-2017-0104.

Van Berkel, G. J.; Kertesz, V.; Orcutt, M.; Bentley, A.; Glick, J.; Flarakos, J.
Combined Falling Drop/Open Port Sampling Interface System for Automated Flow
Injection Mass Spectrometry. Anal. Chem. 2017, 89 (22), 12578-12586.
https://doi.org/10.1021/acs.analchem.7b03899.

76



(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

Forbes, T. P.; Lawrence, J.; Hao, C.; Gillen, G. Open Port Sampling Interface Mass
Spectrometry of Wipe-Based Explosives, Oxidizers, and Narcotics for Trace
Contraband Detection. Anal. Methods 2021, 13, 3453-3460.
https://doi.org/10.1039/D1AY01038G.

Tonin, A. P. P.; Poliseli, C. B.; Ribeiro, M. A. S.; Moraes, L. A. B.; Visentainer, J.
V.; Eberlin, M. N.; Meurer, E. C. Venturi Electrospray lonization: Principles and
Applications. Int. J. Mass Spectrom. 2018, 431, 50-55.
https://doi.org/10.1016/j.ijms.2018.06.004.

Ribeiro, M. A. S.; Tonin, A. P. P.; Poliseli, C. B.; Lima, B. B.; Castro, L. E. N.; Silva,
V. M.; Valério, M.; Cedran, J. C.; Meurer, E. C. Teaching Venturi Electrospray Mass
Spectrometry with Amino Acid Analysis. Int. J. Mass Spectrom. 2019, 444, 116183.
https://doi.org/10.1016/j.ijms.2019.116183.

Smith, J. N.; Flagan, R. C.; Beauchamp, J. L. Droplet Evaporation and Discharge
Dynamics in Electrospray lonization. J. Phys. Chem. A 2002, 106 (42), 9957-9967.
https://doi.org/10.1021/jp025723e.

Wilm, M. Principles of Electrospray lonization. Mol. Cell Proteomics. 2011, 10 (7).
M111.009407. https://doi.org/10.1074/mcp.M111.009407.

Hager, D. B.; Dovichi, N. J.; Klassen, John.; Kebarle, Paul. Droplet Electrospray
Mass  Spectrometry. Anal. Chem. 1994, 66 (22), 3944-3949.
https://doi.org/10.1021/ac00094a015.

Bateman, K. P.; Kellmann, M.; Muenster, H.; Papp, R.; Taylor, L. Quantitative-
Qualitative Data Acquisition Using a Benchtop Orbitrap Mass Spectrometer. J Am
Soc Mass Spectrom 2009, 20 (8), 1441-1450.
https://doi.org/10.1016/j.jasms.2009.03.002.

Pourasil, R. S. M.; Cristale, J.; Lacorte, S.; Tauler, R. Non-Targeted Gas
Chromatography Orbitrap Mass Spectrometry Qualitative and Quantitative Analysis
of Semi-Volatile Organic Compounds in Indoor Dust Using the Regions of Interest
Multivariate Curve Resolution Chemometrics Procedure. J. Chromatogr. A 2022,
1668, 462907. https://doi.org/10.1016/j.chroma.2022.462907.

Hernandez, F., Sancho, J.V., Ibafiez, M. et al. Current use of high-resolution mass
spectrometry in the environmental sciences. Anal. Bioanal. Chem. 2012, 403, 1251
1264. https://doi.org/10.1007/s00216-012-5844-7.

Pratt, K. A.; Prather, K. A. Mass Spectrometry of Atmospheric Aerosols-Recent
Developments and Applications. Part 1l: On-Line Mass Spectrometry Techniques.
Mass Spectrom. Rev. 2012, 31 (1), 17-48. https://doi.org/10.1002/mas.20330.

77



(71)

(72)

(73)

Schuetzle, D. Analysis of Complex Mixtures by Computer Controlled High
Resolution Mass Spectrometry: |—Application to Atmospheric Aerosol
Composition. Biol. Mass  Spectrom. 1975, 2 (6), 288-298.
https://doi.org/10.1002/bms.1200020603.

Pdschl, U. Atmospheric Aerosols: Composition, Transformation, Climate and Health
Effects. Angew. Chem. Int. Ed. 2005, 44 (46), 7520-7540.
https://doi.org/10.1002/anie.200501122.

Jacobson, M. C.; Hansson, H.-C.; Noone, K. J.; Charlson, R. J. Organic Atmospheric
Aerosols: Review and State of the Science. Rev. Geophys. 2000, 38 (2), 267-294.
https://doi.org/10.1029/1998RG000045.

78



CHAPTER 3

Paper Spray Mass Spectrometry for the Analysis of Picoliter Droplets

3.1. Abstract

Recent experimental efforts have shown that single particle levitation methods may be
effectively coupled with mass spectrometry (MS) using paper spray (PS) ionization for
compositional analysis of picoliter droplets. In this work, we characterize the response of
PS-MS to analytes delivered in the form of picoliter droplets and explore its potential for
identification and quantification of these samples. Using a microdroplet dispenser to
generate droplets, we demonstrate sensitivity to a range of oxygenated organic molecules
typical of compounds found in atmospheric secondary organic aerosol. We assess
experimental factors that influence the reproducibility and sensitivity of the method and
explore the linearity of the system response to increasing analyte mass in droplets
containing single or multicomponent analytes. We show that the ratio of analyte signal
from multicomponent samples may be used to characterize the relative composition of the
system. These measurements demonstrate that the droplet PS-MS method is an effective
tool for qualitative and quantitative analysis of single picoliter droplets containing
picogram levels of analyte. The potential applications of this technique for characterizing

the composition of levitated particles will be discussed.
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3.2. Introduction

Aerosol particles are a major component of the atmosphere and affect the formation,
lifetime and optical properties of clouds,* absorb and scatter incoming solar radiation,*®
provide surfaces on which chemistry can occur,5® and negatively influence air quality and
health.>!° Their composition spans a broad range of compounds and due to the oxidizing
conditions in the atmosphere their composition is continuously evolving.t*2 The
composition of aerosol particles play a defining role in regulating their impacts in the
atmosphere. Efforts to measure the composition of aerosol have relied on mass
spectrometry, and the aerosol mass spectrometer (AMS) has been used extensively.*°
The AMS has been used in both field campaigns and laboratory measurements and works
by directly sampling an aerosol via flash vaporization and electron-impact ionization to
provide composition information.'>® Soft ionization methods have also been used to gain
more insight into aerosol samples, such as chemical ionization (Cl),}"*® plasma-based
methods such as direct analysis in real-time (DART) ionization'®?! and flowing
atmospheric-pressure afterglow ionization,'® droplet-assisted inlet ionization,?? and
photoionization.?® These ionization methods yield more detailed molecular information,
improving our knowledge of the composition of atmospheric aerosol. Composition alone,
however, is not enough to classify and understand the impacts of aerosol in the atmosphere
and we must couple knowledge of particle composition with their physical and optical

properties and chemical reactivity.?*

Single particle levitation methods have been developed over many years as effective tools
for probing the physical and optical properties of micron-sized samples.?® The application
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of these methods to probing the dynamics of atmospheric aerosol and their proxies have
revealed important information relating to the hygroscopicity, volatility, optical properties,
viscosity, surface tension and diffusive characteristics.?6-3 Although functional group
information is available through the use of Raman scattering,3* these methods are typically
blind to the exact composition of the sample and instead rely on indirect indicators of
composition (size, refractive index etc.). Droplet-based ionization methods, such as field-
induced droplet ionization (FIDI), laser desorption ionization and droplet electrospray
ionization, have been applied to droplet trains and acoustically levitated droplets.3-%°
However, there is a growing effort to develop experimental platforms capable of measuring
the composition of much smaller levitated particles held in electrodynamic traps, and recent
work by Jacobs et al.** and Birdsall et al.**? have demonstrated the coupling of these

methods with mass spectrometry.

In the works of Birdsall et al.,*! a double-ring electrodynamic balance was used to levitate
populations of particles that were then deposited, vaporized and ionized in a corona
discharge to be sampled by MS. At the same time, Jacobs et al.*° reported similar levitation
methodology using a linear-quadrupole electrodynamic balance (LQ-EDB) and a paper
spray (PS) ionization source. These techniques demonstrated that qualitative information
on the composition of 20 — 50 um sized droplets could be obtained, however the
quantitative nature of the methods remains unclear. In more recent work, Birdsall et al.*?
show that vapor pressures may be elucidated from evaporating multi-component droplets,
and measurements revealed the role of inorganic salts on the vapor partitioning of the

organic compound 2-butenedial. However, the uncertainties reported in their approach
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limit the accuracy to which thermochemical data may be quantified. To measure chemical
Kinetics, the sensitivity and precision of the instrument must be sufficient to detect the
formation of products, and the response of the system must be well characterized in order
to account for the effects of ionization efficiency and non-linearity of signal. As yet, no
single particle mass spectrometry method has demonstrated an effective quantitation for

the analysis of chemical kinetics during a chemical transformation.

The paper spray ionization used by Jacobs et al.** is based on a relatively new method
used in analytical chemistry. Paper spray was introduced by R. Graham Cooks and co-
workers as a tool for quick and simple sampling of material.**-* Initially conceived as a
disposable sampling platform, recent work has shown that a continuous solvent flow may
be applied for longer sampling periods.*® The ionization mechanism is similar to that of
classical electrospray ionization (ESI) where charged droplets are emitted in a spray,
rapidly lose solvent to evaporation and fission due to the Rayleigh charge instability. This
produces gas phase ions and clusters that are sampled by the MS. The facets that determine
the effectiveness of ESI, such as the composition of the solvent and size distribution of
droplets in the spray, may also influence the effectiveness of PS.#"4¢ The PS ionization
platform can be effectively applied to droplet measurements due to the ease of transfer of
adroplet from a LQ-EDB onto the paper substrate. Despite the simplicity of this ionization
method, it offers many advantages, such as a constant background measurement between

droplet samples and sensitivity to sub-picogram amounts of analyte.*°
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In order to make effective use of the paper spray method for the analysis of picolitre
droplets held in our newly developed LQ-EDB platform, a characterization of its sensitivity
and quantitative ability is necessary. In this work, we explore the basic response of paper
spray ionization to sampling material contained within picolitre droplets. We demonstrate
a range of compounds that may be detected using this technique and establish the
conditions and experimental practices required to ensure the data can be interpreted
guantitatively. We report the limit of quantification for a model oxygenated organic
compound (citric acid) and the limit of linearity for both single and multi-component
systems. We conclude by discussing the applications and limitations of the technique when

applied to sample droplets from the LQ-EDB.

3.3. Experimental Section

3.3.1. Chemicals and Sample Preparation

The chemicals used in this study were purchased and used without further purification.
Quantitative measurements were performed using citric acid (Sigma-Aldrich, USA,;
>99.5% purity) and maleic acid (Sigma-Aldrich, USA; >99% purity) prepared in aqueous
solution using purified water (Fisher Chemical, USA; Submicron Filtered). Various
polyethylene glycols, dicarboxylic acids and fatty acids (Sigma-Aldrich, USA) were also
measured and used as supplied. Solutions of single and mixed solutes were prepared at
known concentrations (ranging from 0.01 to 20 g/L) and transferred to a microdroplet
dispenser (Microfab MJ-ABP-01 w/ 30 um orifice) to generate picoliter droplet samples.

The droplet dispenser was powered by an in-house constructed pulse generator controlled
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by a DAQ card and LabVIEW software, delivering 20 — 50 us pulses with a voltage peak
of up to 50 V. Droplets were generated on-demand either individually or in burst mode

with a known total number of droplets.

The paper spray was operated with either pure methanol (Fisher Chemical, USA; 0.2
micron filtered) or an equal volume mix of methanol and chloroform (Fisher Chemicals,
USA; Approx. 0.75% ethanol as preservative) delivered at a flow rate of 20 uL min™* using

a syringe pump.

3.3.2. Technique Design and Analytical Procedure

All measurements were carried out using a Q Exactive Focus Orbitrap Mass
Spectrometer (ThermoFisher Scientific, USA). The paper spray ion source was constructed
in-house to deliver ions to the inlet of the MS through a metal extension loosely affixed to
the inlet to act as a funnel. The funnel was observed to increase signal intensity and improve
stability, attributed to the increased time over which electrospray droplets could evaporate.
The MS was operated in negative polarity mode to detect acids and positive mode to detect
the glycols, with typical scan settings of 90-300 m/z, a resolution of 35000 and maximum

ion injection time of 100 ms.

Two different types of paper spray substrate were used in this study: VWR filter paper
(Filter Paper, Qualitative, 413) and Whatman chromatography paper (Standard
chromatography paper, Thickness: 0.18 mm; Flow Rate: 130 mm/30min). Triangular

substrates were prepared from a 1 cm x 1 cm square by cutting from the corner to the center
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to produce isosceles triangles with base 1 cm and height 1 cm, leading to a tip angle of 53°.
Other geometries were also sampled, however a rigorous comparison was not performed

as previous works addressed the effects of tip angle.>!

The paper substrate was attached to a stainless-steel alligator clip mounted to a 3D printed
enclosure and connected to a high voltage power supply (Stanford Research Systems
PS350). The paper substrate was loosely connected to a PEEK solvent delivery tube to
receive solvent flow from a 10 mL syringe (Hamilton, USA; Model: GasTight #1010)
pushed by a syringe pump (Chemyx Inc., USA; Model: Fusion 100T) operating at 20 puL
min. The droplet dispenser was mounted using optomechanical components (Thorlabs)
and positioned above the paper substrate. A schematic of the PS ionization platform is

shown in Figure 1.

Droplets
Spray MS heated[
High voltage plume inlet
3-5kv AT BE Inlet ‘ 1
extension

k

5-=10mm

Solvent delivery

Figure 1: Schematic configuration of the paper spray ionization source coupled to the mass
spectrometer. Droplets are deposited on-demand from a microdispenser above the paper at
locations near the solvent delivery tube (position A), towards the tip (position B) and at the
tip (position C). The MS inlet extension improves the ion collection efficiency in the
absence of heated gases, serving to funnel the ions and aid in evaporation of the
electrospray plume. The PS-MS interface is housed within a 3D printed enclosure with the
paper protruding into the open lab environment.
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3.3.3. Droplet Paper Spray

The basic principles of paper spray have been discussed elsewhere and are recounted
only briefly here.*® To generate an electrospray from the tip of the paper, a voltage of 3 —
5 kV was applied to the solvent-soaked substrate. Above a certain voltage threshold, an
electrospray plume was emitted from the tip of the paper towards the MS inlet (held at 50
V). Unlike more traditional paper spray implementations, solvent was continuously
delivered to the paper allowing the spray to be maintained indefinitely. The tip of the paper
was positioned 5 — 10 mm from the inlet to the MS resulting in a spray plume that expands

to the width of modified inlet region at inlet (Figure 1).

Picoliter aqueous droplets containing the sample analyte were deposited onto the paper
substrate during paper spray operation. The deposition location was not rigorously
measured due to the difficulties associated with imaging the droplets and assessing their
trajectories. However, the location was categorized crudely into three regions, indicated in
Figure 1: A — near the solvent delivery site; B — between the solvent delivery site and the
tip; C — near the tip. The spacing between these regions was approximately 1 mm. Once
deposited on the surface, droplets were solubilized by the solvent and the solution flowed
towards the tip of the paper, eventually being sprayed in the plume resulting in sample
ionization. Depending on deposition location and analyte mass in the sample, the material
was present in the spray for seconds to minutes. lons from the spray were continuously
sampled by the MS and a clear increase in intensity corresponding to analyte peaks was
observed following deposition, followed by a decay as the material was depleted. This

approach leads to two main advantages — firstly, the distinction between background and
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noise peaks in the spectrum compared to analyte peaks is very clear and secondly, many
samples can be analyzed and compared in succession without the modification of

ionization assembly.

3.3.4. Data Processing
Experimental mass spectra were initially analyzed using Xcalibur 4.1 software
(ThermoFisher Scientific) and chromatograms of relevant peaks were exported to

MagicPlot for further analysis.

3.4. Results and Discussion

To explore the nature of the paper spray method as applied to analyte contained within
single picolitre droplets, we explore the response to a series of single and mixed analyte
samples. We first demonstrate sensitivity of PS-MS to a range of compounds relevant for
the study of oxidized organic material present in atmospheric aerosol and explore the
reproducibility. We go on to assess the quantitative nature of the response of signal
intensity to the mass of analyte contained within the deposited droplets and the relative

signal arising from mixed analyte samples.

3.4.1. Compositional Analysis of Single Analyte Droplets
3.4.1.1. Chemical Identification
Individual picoliter droplets produced from a 1 g/L solution of citric acid (CA) were

deposited on the paper spray substrate and the resulting ions were sampled by PS-MS.

87



Based on previous work, the droplets produced using the microdispenser were on the order
of 50 um in diameter, leading to a total mass of citric acid in a single droplet of ~65 pg.>?
Following deposition, the signal in the mass spectrum corresponding to the single
deprotonated citric acid molecule (m/z 191.02) increased significantly and decayed over
subsequent seconds. A chromatogram of several droplet deposition events is shown in
Figure 2A, with each peak in the sequence arising from a single droplet deposited on the
paper. With each droplet giving rise to a peak that persists for around 0.2 mins, and a
solvent flow rate of 20 uL min*, we can estimate the average concentration of analyte in

the electrospray solution to be on the order of 10 pg uL™.
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Figure 2: (A) A sequence of single five citric acid (CA) solution droplets as obtained by
the extracted ion chronogram of the ion of interest. The droplets have an approximate
diameter of ~50 um and a concentration of 1 g/L (65 pg of CA) were sampled by PS-MS.
The counts correspond to the intensity of the molecular ion peak for citric acid (CeH707").
(B) The background mass spectrum measured in the paper spray. (C) The mass spectrum
corresponding to the peak intensity from a single droplet of citric acid. Note that the axis
range is 40 x larger than in Figure 2B.
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Figure 2B shows the mass spectrum prior to deposition of a droplet and Figure 2C shows
the mass spectrum at the peak of signal arising from the droplet. While there is intensity in
background peaks arising solely from the paper spray, the spectrum shows a clear
contribution from the droplet following deposition. The ability to unambiguously identify
peaks arising from our sample makes this technique useful for characterizing samples of
unknown composition. To explore the breadth of application of the technique for the
chemical identification of atmospherically relevant species, we measured mass spectra for
a series of polyethylene glycol droplets (tetra, penta and hexa-ethylene glycols), long-chain
fatty acids (oleic and elaidic acid) and a series of dicarboxylic acids (glutaric, succinic and
adipic acid). We have limited our exploration to oxidized molecules as these form the
majority of secondary organic aerosol species in the atmosphere.>® Figure 3 clearly shows
that the droplet PS-MS method is capable of identification of these dicarboxylic acids
(Figure 3A), glycols (Figure 3B) and fatty acids (Figure 3C). These molecules span a
range of solubility (in water) and molecular mass. For the acids, the major ion is the singly
deprotonated molecular ion, while for the glycols (measured in positive mode) the major
ions were the sodium and ammonium adducts with the parent molecule, and the singly
protonated ion.>* These results demonstrate that there is broad applicability of the technique
to sample oxygenated species representative of atmospheric secondary organic aerosol

material.
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Figure 3: Mass spectra obtained for single droplets deposited on the paper for equimolar
mixtures of dicarboxylic acids (A), polyethylene glycols (t = tetra, p = penta, h = hexa, EG
= ethylene glycol) (B) and oleic acid (and its configurational isomer elaidic acid) (C). The
acids were sampled in negative ionization mode, while the glycols were sampled in positive
mode and the spectra shows peaks corresponding to M+H*, M+NH4* and M+Na".
3.4.1.2. Reproducibility

Qualitative identification of a wide range of analytes in picoliter droplets is possible using
the developed PS-MS method. However, in order to apply it to measuring reaction rates
and chemical abundances, the method must also produce reproducible data that
quantitatively reflects the sample composition. The chromatogram signal corresponding to
a single droplet may be integrated to determine the area under the curve, hereby referred
to as the peak area or Ix, where X reflects the analyte of interest. We will assess the

assumption that peak area is proportional to the mass of analyte sampled. For a series of
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droplets where the mass of analyte is approximately constant, we observed reproducibility
within a few percent between individual droplets. Figure 4A shows representative data for
the peak area for two separate experiments with 10 droplets of a 1 g/L citric acid solution
collected sequentially. In these cases, the standard deviation is around 10% of the mean,

with no systematic trend. This reproducibility was observed in the majority of experiments.
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Figure 4: (A) For the citric acid solution droplets as Figure 2, the peak area corresponding
to the molecular ion was found, shown here for each individual droplet in a sequence of
10. Two datasets are shown for the same solution, and the differences can be attributed to
the variations in the system on an experiment-by-experiment basis, as discussed in the text.
The solid blue lines shows the average while the dash lines represent an uncertainty range
of one standard deviation. (B) The citric acid chromatograms were ratioed against the
bisulphate (HSO4") chromatogram, a consistent background peak in the paper spray. The
average peak area ratio for the two experiments converge, although the signal variability
increases due to the variability of the relatively low intensity bisulphate signal. The solid
lines show the average while the dash lines show the new standard deviation range
associated with the ratio.

It should be clear from Figure 4 that although there is good reproducibility over the
course of a measurement, there is little reproducibility when comparing the same
concentration on different days. Figure 4A shows two sets of data, collected with the same

1 g/L CA sample solution and droplet dispenser pulse settings, that exhibit a factor of two
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difference in the average peak intensity. In Figure 4B, the peak at m/z 96.96, a consistent
feature in the paper spray plume and likely arising from bisulfate (HSO4"), is used to
normalize the citric acid data from Figure 4A. The data becomes more scattered, as now
the variability in two peaks contributes. However, the mean values for these data are
consistent, within a few percent. This suggests that the differences in the signal intensity
between experiments arise from the variability in dispenser position as well as spray
characteristics and may be accounted for by normalizing to a peak that is representative of
the spray efficiency. There are several factors that might be responsible for the differences

in the signal intensity:

Deposition location: The deposition location may differ when the experiment is set up
on successive occasions. Figure 5 shows the chromatogram for individual droplets

deposited at three locations on the paper (defined as A, B and C).
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Figure 5: The signal from a single droplet exhibits a time-dependence that varies with
deposition location. Position C, at the tip of the paper, shows the highest intensity in the
peak, while position A, far from the tip, has the longest duration. Position B, around 1mm
from the tip and used throughout this study, shows the highest integrated peak area.
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In the case when the dispenser is placed very close to the tip (C), we observe a very sharp
and narrow peak. This is due to the small surface area and volume of solvent in which the
analyte can dissolve, leading to a high effective concentration in the spray. However, with
the dispenser positioned far from the tip (position A), we observe a slow rise in signal and
broad peaks that persist for longer. The low peak intensity and long duration over which
the analyte may become absorbed to the porous paper might limit the sensitivity in this
configuration. Position B (between positions A and C) leads to the largest peak area (~2x
the area for the peak at position C), while the peak at position C shows the smallest area.
It is clear that a consistent deposition location (position B is considered the most suitable

throughout study) is vital for gaining consistent signal in PS-MS.

Spray Characteristics: Although in principle the spray can be maintained indefinitely
with continuous supply of solvent, in reality it must be restarted every 4 — 5 hours to refill
the solvent syringe. Typically, the measured signal is consistent across this time period.
However, when the spray stops and is restarted, even with the same voltage settings, the
signal intensity can be quite different. This is likely due to the changes in microscopic
structure of the paper and the protrusions that are actively producing electrosprays.*® This
sensitivity to changes is even more pronounced when the paper substrate is changed, as the

microscopic structure will be totally transformed.

Droplet Size: Each time the droplet dispenser is loaded with sample solution, the
capillary forces that pull the liquid to the tip can change marginally. This can result in

differently sized droplets being produced, which can lead to inter-experimental variability.
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Although the micro dispensers have been shown to produce consistently sized droplets
within a few % of mean diameter, this marginal change in size could lead to a large
variation in the mass due to the cubic relationship between size and mass and account for

some of the uncertainty.

The factors discussed above affect the reproducibility of the data by changing over the
course of an experiment (inconsistent spray and variable dispenser location). Therefore,
ensuring that the factors that give rise to variability are constrained will improve the
reproducibility of results between experiments. In addition, an internal standard can be

used that gives an indication of the efficiency of the spray.

3.4.1.3. Quantification

In order to assess the quantitative nature of the method, and in light of the signal
reproducibility observations when aspects of the setup are changed, we used the droplet
dispenser in burst mode to vary the analyte mass and explore the response in the MS. While
this is not directly equivalent to a large or more highly concentrated single droplet, it
provides an effective means of quickly varying the analyte mass while maintaining the
experimental configuration in a fixed state. Droplets were generated at up to 200 per burst,
allowing the analyte mass to span over two orders of magnitude. Experiments were
performed using a 0.1 g/L citric acid solution and repeated several times over different
days. The results are shown in Figure 6 using chloroform/methanol as the spray solvent.
We observe clear variability on an experiment-to-experiment basis, as already discussed.

However, within a single experiment, we observe a linear relationship between the signal
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intensity and analyte mass (calculated assuming a droplet diameter of 50 um). The slope
of the dependence varies, but in all cases the R? is greater than 0.9 indicating that the
response of the system is linear to analyte mass over the range explored here, from around

50 pg to 1.3 ng.
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Figure 6: The integrated peak area of citric acid sampled from droplets as a function of
analyte mass increases linearly over a mass range of at least two orders of magnitude. The
analyte mass was varied by deposition of between 1 and 200 droplets of a 0.01 g/L citric
acid solution in burst method, as discussed in the text. Each line represents data collected
during different experiments on different days using the same solution. The inter-
experimental variability is discussed in the text. (Inset) Low mass range analysis with
higher resolution also shows linearity.

Over a narrow range of mass (Figure 6 inset), the linearity is excellent with an R? >0.99.
The full mass range explored here is equivalent to a particle of pure CA with diameter from
1.4 um to 4.4 um. The limit of detection, estimated by analyte mass that results in signal

to noise of 10:1, is on order of 0.5 pg, equivalent to a pure CA particle diameter of 0.3 um.
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Earlier measurements with pure methanol as the spray solvent show linearity only over
a narrower range of mass, with clear curvature as low analyte mass loadings are approached
(Figure 7). The reason for this is unclear but may arise due to the voltage required to
generate a stable spray. For the mixed solvent, voltages of > 4 kV were used, while for
pure methanol, a spray was typically stable at 3.2-3.5 kV. The greater electric field required
to generate stable electrospray from the chloroform/methanol solvent might have improved

ion production at high analyte concentrations and make the measurement less susceptible

to charge limitations.>®
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Figure 7: The integrated peak area of citric acid (CA) sampled from droplets as a function
of analyte mass sampled using methanol as the PS solvent. The analyte mass was varied
by deposition of between 1 droplet and 200 droplets of a 0.01 g/L citric acid solution in
burst method, as discussed in the manuscript text. Each color represents data collected
during different experiments. The inter-experiment variability is discussed in the text, but
unlike the data shown in Figure 5, these data do not exhibit linearity of signal with the
increase in analyte mass.
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In the case of citric acid, these results demonstrate that for a single component analyte
sampled under consistent conditions, the signal is both reproducible and linear. These
factors are vital for applications of the PS-MS in the analysis of compositional changes in
levitated droplets. However, in most measurements, droplets will not contain just one
analyte and instead consist of two or more (and up to thousands for ambient samples)
different chemical species. Such analysis can be simplified by considering the peak area of
an analyte relative to other analytes within the sample to normalize the data. However,
relative ionization efficiencies of these compounds must be known or measured in order
the gain quantitative information from these data. Here, we will focus our discussion on a
binary system to assess the key features of the droplet PS-MS method when applied to a

droplet containing mixed analytes.

3.4.2. Compositional Analysis of Binary Analyte Droplets
3.4.2.1. Relative Intensity and lonization Efficiency

When dealing with droplets containing mixed analytes, we can consider the ratio of the
intensity of analyte peaks. The mole fraction in a binary droplet (in this case consisting of
maleic acid (MA) and citric acid (CA) can be written as a function of the peak area in the
mass chromatogram according to:

Xpma = L 1)
Yimatica

where Ima and Ica are the peak areas of the analytes in the chromatogram. y denotes the

relative ionization efficiency of maleic acid to citric acid, according to:
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I
y = CANMA (2)

Imanca

where nma and nca are the molar amounts of MA and CA in the sample droplet.

For an equimolar mixture of MA and CA, the mole ratio is equal to one, and the ionization
efficiency is determined directly from the relative intensity of the signals from each
analyte. The chromatogram for MA and CA in a droplet comprised of an equimolar mixture

is shown in Figure 8A and a representative mass spectrum for this composition is shown

in Figure 8B.
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Figure 8: (A) Chromatogram of peaks corresponding to single droplets containing citric
acid (CA, red) and maleic acid (MA, black) in an equimolar mixture. (B) Mass spectrum
showing contribution from CA (191.02) and MA (115.00) molecular ions. (C) lonization
efficiency (as defined in the text) determined for MA and CA as a function of total analyte

mass for experiments in burst mode and single droplet mode. Both methods exhibit a trend
towards an ionization efficiency of ~1.5 with total analyte mass > 0.1 ng.
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The relative ionization efficiency is determined to be 1.89. However, there is significant
variability in this value, especially at low analyte mass. At high analyte mass, the ionization
ratio tends towards a consistent value. Figure 8C compares the ionization efficiency for
equimolar mixtures of citric acid and maleic acid for increasing analyte mass. These
measurements were performed using both burst mode and single droplets with increasing
solute concentration. For the single droplet measurements, there is large variability in the
ratio until the analyte total mass is greater than around 0.1 ng, while for the burst mode the
variability is much smaller. The comparison of these datasets indicates once again that the
deposition location is a key factor in the reproducibility of data. In burst mode, the droplet
dispenser location is fixed, and all droplets are deposited at the same location. In single
droplet mode, the dispenser was removed and replaced each time with a new sample

solution, introducing some variability.

3.4.2.2. Evaluating the Relative Abundance

To explore how the signal intensity varies when the mixing ratio of analytes changes, we
performed a series of measurements on single droplets of CA and MA mixture from
solutions spanning a range of MA mole fractions, from xwa = 0.02 to xma = 0.94. This is
shown in Figure 9A for single droplets generated from 1-20 g/L total analyte concentration
sample solutions (an average across experiments using different mass concentrations is
shown). The points show the average of three repeats over different days, and each repeat

took the average of 10 individual sequential droplets per data point. The error bars reflect
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the standard deviation of 10 % representative of the variability on a droplet-by-droplet

basis in the data set.

The slope of the peak area ratio against the molar ratio defines the ionization efficiency,
according to:

Ima _ 17nma 3)
Ica Y nca

For molar ratios up to ~2 (i.e., 2 molecules of MA to every 1 of CA), the data define a
straight line with an R? of 0.994, a slope of 0.54 and a standard deviation in the slope of
0.02. This indicates that the relative ionization efficiency is constant over this range with a
value of 1.85, in agreement with the determined value from the equimolar mixture in
Section 3.2.1. When the full range of data are included in the fit, there is some curvature,
and a straight line is no longer a good representation of the whole data set shown in the
inset of Figure 9A. A straight line fit through all the data points varies significantly from

the straight line defining just the lower molar ratio points.

The MA peak area as a function of the total peak area is shown in Figure 9B and exhibits
a curvature as the data approach the limiting points (0,0 and 1,1). This curvature is due to
the difference in ionization efficiencies of analytes and accounting for the relative
ionization efficiency, via equation 1, allows us to calculate the expected mole fraction from

the intensity.
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Figure 9: (A) The ratio of maleic acid (MA) to citric acid (CA) peak areas is shown as a
function of the molar ratio in the droplet. A linear trend with a slope of 0.54 is observed up
to n_ma V/n_ca=2, but beyond that some deviation is observed (inset: black dash line shows
the fit up to n_ma \/n_ca=2 versus a linear fit to all the data shown as a gray dash line).
Taking a linear fit to the data up to n_ma V/n_ca=2, an ionization efficiency of 1.84 is
determined. (B) The peak area of MA as a fraction of the total peak area from CA and MS
is shown as a function of mole fraction of MA in the droplet (black points). The curvature
arises due to the ionization efficiency effects. Accounting for the ionization efficiency
using the slope of the data in Figure 9A and equation 3, the mole fraction can be estimated
(red points) using equation 1. The 1:1 line is shown as a red dash.

These data exhibit agreement to a 1:1 line, indicating that the mole fraction is determined
accurately. The points at higher mole fraction also agree well with the 1:1 line, even though
the relative ionization efficiency predicted by these data is much larger. This is a
consequence of the choice of parameters and arises due to the much smaller dependence of
the peak area ratio on the ionization efficiency when at the extreme ends of the mole

fraction range.

3.5. Summary and Conclusions
We have demonstrated several key features of the droplet PS-MS platform that will guide
future application of the method for sampling levitated droplets. Firstly, the sensitivity of
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the method to oxygenated organic compounds in both positive and negative ion modes
ensures that compounds of atmospheric interest and the products from atmospherically
relevant reactions (such as ozonolysis and OH-initiated oxidation) can be effectively
analyzed using this method. Secondly, we demonstrate high droplet-by-droplet
reproducibility (within 10%) and identified key experimental factors that must be
constrained to achieve this. When coupling the PS-MS ionization source to an LQ-EDB,
the sequential sampling of individual droplets may occur over many minutes or even hours,
and it is imperative that the system response over that time be well understood. We have
further shown that both internal and external standards can mitigate some variability in the
signal. Finally, we have shown that both the absolute signal and the relative signals are
effective indicators of abundance, with linearity observed over the entire mass range
relevant for levitation studies and over a broad range of composition. Further
improvements to the platform may be achieved through the use of different solvents, paper

substrate composition and experimental geometry to improve sensitivity or reproducibility.

Although further work with quantitative measures of suspended droplet size are required
to fully characterize the technique, we have shown through these measurements that the
droplet PS-MS platform will be an effective tool for compositional analysis of levitated
picoliter droplets and quantification of changes in their composition due to evaporation or
chemical reaction. The coupling of PS-MS with an a linear-quadrupole electrodynamic
balance (LQ-EDB) will facilitate experimental interrogations of the evolving chemical
composition of levitated droplet samples and allow physical and optical properties to be

measured as a function of composition. For this, samples will be drawn from solutions of
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model atmospheric compounds or resolubilized laboratory-generated of ambient aerosol
material and droplets will be introduced into the LQ-EDB using the microdroplet
dispensers described in this work. Direct sampling of aerosol by coalescence of laboratory-
generated aerosol into a levitated collection droplet may also be possible.>® These
measurements will be used to characterize the effects of evolving composition due to
various atmospheric processes, such as heterogeneous reactions and photochemistry
experienced by aerosol in the environment,®”*8 in order to provide a compositionally-

resolved understanding of aerosol properties and processes.
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CHAPTER 4

An Open Port Sampling Interface for the Chemical Characterization of
Levitated Microparticles

4.1. Abstract

Several studies have reported ionization methods to classify the chemical composition of
levitated particles held in an electrodynamic balance using mass spectrometry (MS). These
methods range from electrospray-based paper spray (PS) ionization, plasma discharge
ionization, and direct analysis in real time (DART) ionization, with each showing
advantages and disadvantages. Our recent work demonstrated that PS ionization could
yield accurate data for the chemical evolution of mixed component particles undergoing
evaporation. However, measurements were performed using an internal standard to
account for and correct the inherent variability in the PS ionization source. Here, we
explore a new electrospray-based method coupled to particle levitation — the Open Port
Sampling Interface (OPSI), which provides many advantages over the PS method, with
few disadvantages. In this application note we report experiments in which micron-sized
particles, containing analytes such as citric acid, maleic acid and tetraethylene glycol, were
levitated and optically probed to determine their size and mass. Subsequent transfer of
individual levitated particles into the OPSI allowed for the ionization and mass
spectrometry analysis of these particles. We discuss the stability and reproducibility of MS

measurements, demonstrate effective quantitation in both positive and negative mode, and
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determine the sensitivity of OPSI to a range of analyte mass present in levitated particles.
Importantly, we show stability of the OPSI over >6 hours without the need for normalizing
signal variations with an internal standard in the sample, demonstrating robust application

of OPSI to measurements over extended periods of time.

4.2. Introduction

Single particle levitation experiments have become established methods in aerosol
science for characterizing the physical and chemical properties of levitated micron-sized
particles.’™ Recent developments in coupling single particle levitation with high
performance mass spectrometry have produced several methods for transferring and
ionizing samples.®>®28 Paper spray ionization,®*! a heater vaporization platform combined
with a corona discharge,*?*® and a thermal desorption glow discharge ionization method®
have all been applied to probe the composition of levitated particles. The former is an
electrospray method that requires solubilization of the sample in the electrospray ionization
(ESI) solvent, while the latter methods require the samples to be vaporized. Although
shown to be effective in their respective use cases, these methods suffer limitations, such
as limited sensitivity and variability in signal intensity compared to commercially
developed ESI sources. Accordingly, many reported measurements have required internal
standards to account for such instability and variations in signal intensity over time, which

can limit the scope of measurements.

The work presented here demonstrates the analytical performance of a single particle
levitation technique, the linear quadrupole electrodynamic balance (LQ-EDB), coupled
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with conventional electrospray ionization — mass spectrometry (ESI-MS) via an open port
sampling interface (OPSI).1* An OPSI allows for rapid, high throughput sampling of pL,
nL and pL droplets,>*" nanometer-sized aerosol particles,*® single cells,'® and analytes
found on solid surfaces.?’ This OPSI probe allows the LQ-EDB and ESI-MS configurations
to be coupled together with minimal instrument modifications. Compared to other single
particle ionization methods, OPSI can offer advantages in terms of better sensitivity and
reproducibility with minimal variations in integrated peak areas even without the use of
internal or external standards. In this work, we briefly review the LQ-EDB platform and
describe the application of OPSI in sampling levitated particles via MS for their chemical
characterization. We demonstrate effective quantitation in both positive and negative mode
for oxygenated samples, stability over extended periods of time, and describe the

advantages over other single particle ionization methods.

4.3. Experimental Section

4.3.1. Chemicals and Sample Preparation

Aqueous solutions of citric acid (CA), maleic acid (MA) and tetraethylene glycol (TEG)
prepared at various concentrations were used to produce droplets from a microdroplet
dispenser (Microfab MJ-ABP-01, 30 um orifice). The open port sampling interface (OPSI),
a co-axial capillary design, collects individual particles ejected out of the LQ-EDB and
transfers them to the heated electrospray ionization (H-ESI I) probe of a Q-Exactive Focus
Orbitrap mass spectrometer (MS). The OPSI was supplied with a solvent mixture of pure

methanol with trans-3-(3-Pyridyl)acrylic acid (meth + TPAA) as an external standard and
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connected to an unmodified HESI-1I probe (Thermo Fisher) via 254 um i.d. PEEK tubing.
Nitrogen (Technical Grade, 99.97% pure) was used as a nebulizer gas for ionization of
sample analytes. The solvent flow rate was varied based on the nebulizer gas pressure and

a solvent flow of 50 to 70 puL/min was typically achieved.

4.3.2. Technique Design and Analytical Procedure

The LQ-EDB setup was used to trap and levitate a stack of 5 to 10 micrometer-sized
particles, with known initial composition, under controlled environmental conditions.
Details on the operation of the LQ-EDB have been previously discussed.?:?* A nitrogen
gas flow of controlled relative humidity (RH) was introduced into LQ-EDB (flow rate of
200 sccm) to control the environmental conditions. The lowermost particle was probed
using Mie resonance spectroscopy to determine the size and refractive index (RI) to within

5 nm and 0.005, respectively.*?>

Measurements of the composition of the particles were carried out by ejecting them
individually from the LQ-EDB to the OPSI. The OPSI acts as an effective sampling
platform, consisting of a co-axial capillary design (304 stainless-steel outer tubing, 1.75
mm i.d. x 3.18 mm o.d., and PEEK inner capillary (IDEX PEEK Blue, 254 um (0.01”) i.d.
x 1/32” o.d. x ~25 cm long) and continuously fed with solvent delivered through the
annulus region of the tubing by a syringe pump (Chemyx Inc., Fusion 100T model). The
solvent creates a reservoir of approximately 1 uL at the top of the vertical capillary as the
inner tube is recessed by approximately 0.5 mm, and excess solvent not aspirated into the

capillary overflows due to the tapered configuration of outer tubing. The solvent flow rate
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and nebulizer gas pressure were balanced to minimize overflow. A schematic illustration

of the LQ-EDB-OPSI-MS is shown in Figure 1.

LQ-EDB

1. Array of micron-sized particles
levitated in LQ-EDB using electric
fields (not to scale)

2. Mie resonance analysis to
determine size of lower
particle

3. Lower particle ejected and
allowed to fall, propelled by gas
flow, to OPSI. Note particle
diameter is ~5% the inlet diameter
of the capillary

OPSI

4. Particle dissolved in solvent
and is aspirated into sampling
capillary by Venturi forces
generated by the ESI nebulizing
gas

5. Solvent and sample flow to ESI source
for ionization and MS analysis

Figure 1: Schematic configuration of the linear quadrupole electrodynamic balance (LQ-
EDB) coupled with the open port sampling interface (OPSI) for the compositional analysis
using mass spectrometry. The figure is not to scale and is for illustrative purposes only.
The OPSI operational mode was a combination of the “balanced” flow mode and “convex
spill over” flow mode that prevents aspiration of air into the solvent flow, which causes
instabilities in the ESI function.}* The OPSI was mounted approx. 2 mm below the LQ-

EDB lower outlet and particles were allowed to fall from the trap, propelled by a gas flow,

into the reservoir region of the OPSI. The speed of the particles on impact with the OPSI
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is estimated to be on the order of 1 — 10 cm / s, based on the volume flow rate of gas (0.2
L / min) and the outlet diameter. Subsequently, particles dissolved in the solvent were
transferred by aspiration through the inner capillary of the OPSI into the H-ESI Il probe of
the MS. This was then followed by similar measurements on subsequent particles in the

levitated stack.

4.4. Results and Discussion

4.4.1. Experimental Conditions and Operation Parameters

The MS compositional measurements of levitated microparticles in the size range of 1.5
to 9 um with various compositions are reported here. The vertical position of the OPSI was
chosen to achieve reliable particle capture, and the position of the internal capillary on the
sampling end of OPSI and the solvent choice and flow rates were selected based on
previous studies.** Methanol was determined to be an effective solvent when compared to
other solvent options, such as ethanol, chloroform, and water, due to the low viscosity and
effective dissolution of analytes. A standard, TPAA, was added to the methanol at very
low concentration (approx. 0.2 mg/L) to ensure ESI stability and check for any variations
in signal intensity over time. The nebulizing gas pressure supplied to the ESI controls the
pressure decrease at the outlet, due to the Venturi effect, which in turn determines the flow
rate of solvent. A nebulizing gas flow setting of 30 (with a supply pressure of 80 PSI,
leading to a gas flow of up to 6 L min™) produced solvent flow rates of 50 to 70 pL/min
that were stable and reproducible. The time from sample introduction into the 1 uL solvent

reservoir at the open-port to detection in the mass spectrometer was approximately 8 s.
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According to a previously reported fluid dynamics analysis, the sample dissolves and
becomes diluted and stretched out in the inner sampling capillary due to the velocity
distribution of the solvent.?® This leads to a broad detection peak in the mass spectrometer,
which for the settings used here was approximately 20 s wide. The ESI was maintained at
a spray voltage of 3.00 kV with an inlet capillary temperature of 320 'C. A comprehensive
optimization of all OPSI and ESI parameters was not performed in this work. Duplicate or
triplicate measurements of all reported experiments were performed, and representative

data sets are shown with error bars to reflect the variation across datasets.

4.4.2. Establishing the Analytical Performance of LQ-EDB-OPSI-MS
4.4.2.1. Signal Stability and Reproducibility

Repeated sampling of individually levitated particles over several hours allows the
particle-to-particle variability and long-term stability to be determined. The real-time
chronogram of TPAA as an external standard is considered as a tool for visualization of
any inconsistencies in the ionization spray of ESI probe which could lead to inconsistent
peak shapes and peak areas. For reproducibility, mass spectral signal intensity and related
peak areas were compared for similar sized non-volatile particles, namely CA.
Reproducibility was observed within a few percent of standard deviation (around 10% of
the mean) between individual droplets, with no systematic trend. This level of
reproducibility was observed in most experiments, and variations may be attributed to
random error sources such as slight variations in solvent flow mode at the reservoir region

of OPSI and changes in ESI spray performance due to changes in nebulizing gas pressure
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during a measurement. Figure 2A shows a chronogram of several droplet deposition events
with each peak arising from a single particle generated from a starting solution of 5 g/L
CA ejected out of LQ-EDB, sampled by OPSI, and analyzed by ESI-MS. These particles
had a radial size of around 5200 nm at 50% RH as determined by Mie resonance

spectroscopy.
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Figure 2: (A) A sequence of five citric acid (CA) particles, with each peak arising from an
ejected particle sampled by OPSI probe and delivered to conventional ESI-MS for its
compositional analysis. At a solvent flow rate of 50 uL / min, and with signal persisting
for ~20 s, the dilution factor of a 5 um particle is estimated to be on the order of 1 in 10’.
Individual mass spectra can be seen in Figure 3. (B) Integrated peak areas for the molecular
ion for individual CA particles measured over 6 hours. Open circle points represent
individual CA particles sampled by OPSI using continuous solvent flow throughout the
experiment, whereas solid circle points represent individual CA particles sampled using
periodic (on/off) flow of solvent.

To test the feasibility of performing measurements over extended time periods without
the need to consume large amounts of gas or solvent, particles were sampled with two
different solvent supply configurations over 6 hours: continuous solvent flow and periodic

(on/off) solvent flow. In continuous flow, the OPSI and ESI were continuously running for
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the entire experiment, while in the periodic configuration, the OPSI and ESI were only
enabled for approximately 5 minutes ahead of sampling each particle. Figure 2B compares
these results and demonstrates that both configurations lead to reproducible and consistent
data over a 6-hour period. It should be noted, however, that measurements show differences
in the peak area between continuous and periodic sampling that arises due to the difference
in the size distributions of the particles. Particles analyzed during continuous sampling
were larger, with a mean size of around 4250 nm, as compared to the particles analyzed
during periodic sampling with a mean size of around 3800 nm. In addition, these two
measurements were performed on different days which may also contribute to some
variability in the signal. These day-to-day variations may be due to differences in
nebulizing gas pressure, which depends on the supplied pressure, and can change solvent

flow and performance of the ESI.

The compositional data was acquired continuously by the mass spectrometer in the scan
range of 100-500 m/z, with an ion inject time of up to 100 ms to achieve ACG targets of
105. The MS was operated at a resolution of 35,000 and no ion fragmentation was
performed as the focus of the reported measurements was on quantitation of known intact
molecular species. Individual mass spectra of citric acid (CA), maleic acid (MA) and
tetraethylene glycol (TEG) particles sampled by OPSI probe and delivered to conventional

ESI-MS for their compositional analysis can be seen in Figure 3.
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Figure 3: Background corrected mass spectra for a single particle of citric acid (A), maleic
acid (B) and tetraethylene glycol (C) sampled by OPSI-MS. The mass spectra correspond
to the peak intensity from a single particle of respective sample. Figure A and B are the
mass spectra obtained in negative ionization mode of the mass spectrometry while Figure
C is the mass spectrum obtained in positive ionization mode of the mass spectrometry.
Note that the y-axis has a different range in each spectrum which is based on the abundance
of the individual sample particle.
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4.4.2.2. Quantitation

Evaporation measurements for particles generated from a 7 g/L TEG starting solution
under dry conditions (0% RH) were performed. Due to its high vapor pressure, TEG
evaporates on timescales on the order of 1 hour, providing a test of the quantitative
capabilities. Figure 4 shows the compositional evolution in terms of changing relative
mass due to the evaporation of TEG from the levitated stack of particles under dry

conditions.
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Figure 4: Compositional evolution in terms of relative mass for consecutive tetraethylene
glycol (TEG) particles evaporating under dry conditions (0% RH). The compositional
analysis was carried out by the mass spectrometer. The solid line shows the data output
from model simulation while the open circle points correspond to the experimental
observation and show the relative analyte mass calculated from the integrated peak
intensities, as described in the text. Error bars indicate a £5% uncertainty.

The relative mass is defined as the integrated signal intensity of each particle ratioed

against the integrated signal intensity for the first particle sampled. The corresponding size
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evolution of these levitated particles is shown in Figure 5. TEG evaporation follows the
expected trend for the steady-state evaporation of a single component, which may be

described in terms of the particle size and the vapor pressure of the evaporating species.
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Figure 5: Size evolution of an evaporating tetraethylene glycol particle in dry conditions
as measured by the Mie resonance spectrometer. Plot is made up of 8 similar sized particles
that were introduced into the trap at t = 0 s. Individual particles were ejected and sampled
by OPSI-MS at times indicated in Figure 3.

The measurements were compared against evaporation model predictions using a gas-
phase diffusion limited mass flux framework and show close agreement. The details related
to the evaporation model are described in our previous publication.! Further measurements
for TEG evaporation were carried out at different RH conditions, shown in Figure 6, with

a clear slowing of the evaporation rate at high RH due to the reduced chemical activity of

the evaporating species.
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Figure 6: (A) Compositional evolution of evaporating tetraethylene glycol (TEG) particles
evaporating in a range of RH conditions. The compositional analysis was carried out by
the mass spectrometer. (B) Size evolution of evaporating tetraethylene glycol particles
evaporating in a range of RH conditions as measured by the Mie resonance spectrometer.

To further explore the application of OPSI as a sampling probe for the quantitation of

analyte in particles in both negative and positive ionization mode of MS, we show the

integrated signal as a function of analyte mass in Figure 7.
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Figure 7: Integrated peak areas for CA, MA, and TEG single particles with the mass
derived from the size of the particles as measured using Mie resonance spectroscopy. The
dashed lines indicate linear fits constrained to a zero y-intercept.

We observe high signal (relative to the background) for CA, MA, and TEG particles with
analyte masses approaching 10 pg and a clear linear dependence of their respective peak
areas on the mass of the analyte. Representative mass spectra can be found in the Figure 8
which shows artifacts in the background due to standard. The full mass range explored for
these chemical species establish linearity over 1-2 orders of magnitude, which is promising

for the study of evolving analyte compositions in levitated particles undergoing-

physicochemical transformations.
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Figure 8: Background and raw mass spectra for a single particle of citric acid (A), maleic
acid (B) and tetraethylene glycol (C) sampled by OPSI-MS. Large background peaks in
(C) arise from internal standard added to the ESI solution. The mass spectra correspond to
the peak intensity from a single particle of respective sample. Figure A and B are the mass
spectra obtained in negative ionization mode of the mass spectrometry while Figure C is
the mass spectrum obtained in positive ionization mode of the mass spectrometry. Note
that the y-axis has a different range in each spectrum which is based on the abundance of
the individual sample particle.
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4.5. Summary and Conclusions

Our results demonstrate effective and accurate quantitation of levitated microparticles
using the LQ-EDB-OPSI-MS approach. The open port sampling interface (OPSI) is a
robust setup for sampling of particles ejected out of LQ-EDB into the mass spectrometer
to study their chemical composition. It allows for fully reliable particle capture from LQ-
EDB with appropriate positioning of the OPSI inlet underneath the outlet of the LQ-EDB,
and well-controlled dilution of the entrained analytes due to constant supply of solvent.
The ejected particles are rapidly solubilized in solvent and do not directly interact with any
component of the OPSI. This contrasts with other single particle sampling methods, such
as paper spray, in which the particles are deposited on a solid substrate ahead of either
dissolution or vaporization. This reduces the risk of sampling artefacts in the compositional
analysis. Furthermore, due to the advanced technology available in commercial ionization
sources, the OPSI-MS method is more stable and reliable than the custom interfaces
previously used (although it should be made clear that the OPSI interface itself is
constructed on-site). Unlike in PS, for example, the ionization step in our reported OPSI-
MS method is fully enclosed within the commercial HESI-I1 probe, improving stability and
safety and allowing for optimization in conditions, such as temperature, that are not

possible with the open nature of PS.

Compared to our previous work using paper spray ionization to sample levitated
particles,®* an additional advantage of the OPSI method is that an internal standard is not
required to normalize mass spectral intensity data. Indeed, the reported evaporation trend
for pure tetraethylene glycol was derived from the raw mass spectral signal, in contrast to
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the normalized data we reported previously.!* These data demonstrate that the OPSI-MS
interface is stable and reliable, allowing measurements to be performed on samples in the
absence of added standard compounds. This expands the scope of possible measurements
and will allow chemical changes in levitated particles to be explored without perturbation
of the system through direct or indirect reactions with a standard. An external standard
(TPAA) in the solvent was used as a means of verifying ESI stability, but it was not

required for any of the compositional analysis steps described herein.

Overall, the coupling of OPSI-MS with LQ-EDB allows for a more robust, reliable, and
safer chemical characterization platform than our previously reported paper spray
ionization method and yields similar or better results in terms of stability and quantitation.
Importantly, long term stability is observed without the need for an internal standard,
permitting a broader range of measurements that require extended time periods, such as

those exploring heterogeneous reactions in levitated particles.
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CHAPTER 5

Measuring the Chemical Evolution of Levitated Particles: A Study on
the Evaporation of Multicomponent Organic Aerosol

5.1. Abstract

Single particle levitation methods provide an effective platform for probing the physical
properties of atmospheric aerosol via micrometer sized particles. Until recently, chemical
composition measurements on levitated particles were limited to spectroscopy, yielding
only basic chemical information. Here, we describe, benchmark, and discuss the
applications of an approach for probing the physical properties and chemical composition
of single levitated particles using high resolution mass spectrometry. Using a linear
quadrupole electrodynamic balance (LQ-EDB) coupled to paper spray mass spectrometry
(PS-MS), we report accurate measurements of the evolving size within 5 nm (using
broadband light scattering) and relative composition (using mass spectrometry) of
evaporating multicomponent levitated particles in real-time. Measurements of the
evaporation dynamics of semi-volatile organic particles containing a range of n-ethylene
glycols (n = 3, 4 and 6) in various binary and ternary mixtures were made under dry
conditions and compared with predictions from a gas-phase diffusion evaporation model.
Under assumptions of ideal mixing, excellent agreement for both size and composition
evolution between measurements and model were obtained for these mixtures. At increased

relative humidity (RH), the presence of water in particles causes the assumption of ideality
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to break down, and the evaporative mass flux becomes a function of the mole fraction and
activity coefficient. Through compositionally-resolved evaporation measurements and
thermodynamic models, we characterize the activity of organic components in
multicomponent particles. Our results demonstrate that the LQ-EDB-MS platform can
identify time-dependent size and compositional changes with high precision and
reproducibility, yielding an effective methodology for future studies on chemical aging and

gas-particle partitioning in suspended particles.

5.2. Introduction

Atmospheric aerosol strongly influence climate, air quality and human health.* The
extent of their atmospheric and environmental effects depends on the physical, chemical,
and optical properties of the constituent aerosol particles.® Particles exhibit a wide range of
characteristics that depend on composition, which spans a broad range of organic and
inorganic components,® and local environmental conditions, such as humidity and
temperature.>’ Under the oxidizing conditions of the atmosphere, the chemical
composition of aerosol particles is continuously evolving, due to evaporation and
condensation of semi-volatile species, photochemical reactions involving sunlight, and
heterogeneous reactions with ozone and other reactive gas-phase species.58% Thus,
composition-dependent properties of aerosol particles, such as their hygroscopicity, phase
state, vapor pressure, and refractive index, will vary over time.!*** Characterizing and
understanding the evolution of these properties is crucial to predict the role and impacts of

aerosol in the atmosphere. !4
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Laboratory-based techniques have long been employed to explore the formation and
evolving composition of aerosol under atmospheric conditions. Environmental chambers,
tank reactors and flow-tubes have been effectively coupled with various advanced
analytical methods to characterize size distributions and chemical composition in aerosol
particle ensembles.}’ 2! Mass spectrometry (MS) methods are most commonly adopted to

yield composition data using a variety of ionization methods and MS configurations.?? %

While electron impact ionization is commonly used in aerosol mass spectrometry,?®%°
atmospheric pressure ionization methods using electrospray and plasma discharge
ionization are becoming more common, providing increased molecular detail.3%® These
ensemble methods can provide detailed insights into reaction pathways and kinetics and
allow for improved predictions of aerosol composition in climate models.3*38
Characterizing the physical properties of aerosol can be more challenging, requiring
specialized experimental platforms to probe volatility, hygroscopicity, optical properties

3941 Other physical properties, such as particle viscosity, surface tension,

etc
hygroscopicity, and phase morphology, cannot be easily probed using the ensemble

methods.

Alternative methods to characterize the physical properties of aerosol under controlled
laboratory conditions have incorporated single-particle techniques, such as acoustic
levitation, optical trapping and the electrodynamic balance.*”*® Unlike ensemble
measurements, single-particle techniques reduce the complexity of the aerosol to a single
particle, and allow direct measurements of the properties of individual levitated particles

using light scattering methods.*~*® While levitated particles are generally larger than those
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found directly in the atmosphere, many detailed insights on the properties and processes of
atmospheric aerosol can be derived from measurements on micron-sized particles, such as
hygroscopicity, pH, morphology, phase transitions, viscosity, surface tension, vapor
pressures, chemical activity, and optical properties.®**® Several studies have also
characterized reactive transformations of levitated particles, typically using Raman
spectroscopy to probe changes in the abundance of certain functional groups.>’ > However,
due to a lack of suitable chemical analysis methods for molecular identification, single
particle methods are often limited to characterizing simplified model systems with known

chemical compositions.

Recently, several studies have reported combined single particle mass spectrometry
approaches, with Jacobs et al.®® and Willis et al.%! describing the use of paper spray (PS)
ionization and Birdsall et al.%?3 discussing a plasma ionization method. These combined
approaches allow the physical characterization methods developed in single particle
levitation experiments to correlate with chemical composition, allowing samples of
arbitrary and evolving composition to be probed. Both Willis et al. ® and Birdsall et al.%?
report chemical changes in single levitated particles, for the reaction of maleic acid with
ozone and for the evaporation of multicomponent organic droplets, respectively. These
studies show the use of single particle MS to explore the evolving composition of levitated
particles, but challenges remain in obtaining and validating accurate composition data for

chemically evolving systems.
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In our earlier work, we characterized the quantitative and qualitative nature of PS for
direct sampling of picoliter droplets, showing that effective quantitation could be
achieved.®* Here, we demonstrate that similar levels of quantitative accuracy and precision
can be achieved using PS to sample levitated particles undergoing chemical change. A
linear quadrupole electrodynamic balance (LQ-EDB) was coupled with paper spray mass
spectrometry (PS-MS) to probe the evaporation of low molecular weight n-ethylene glycols
(3-EG and 4-EQG) in single levitated aerosol particles. We report measurements on the
evaporation of binary and ternary mixtures of glycols across varying compositions in
particles under dry and humid (25, 50, 75% RH) conditions, in measurements analogous

to those reported by Birdsall et al.®

We additionally demonstrate the accuracy and
precision of our composition measurements by comparison to the measured size evolution
obtained using Mie resonance spectroscopy.®® We also compare these results to predictions
from an evaporation model and demonstrate that under assumptions of ideal mixing, our
measured and predicted evaporation results agree within uncertainty. We go on to explore
the influence of RH on the evaporation of multicomponent particles, using a combination
of measured data and thermodynamic predictions to calculate the activity coefficients of n-
EG molecules in aqueous solutions. These measurements exemplify the application of this

method for probing volatility and vapor pressures of semi-volatile components in complex

organic mixtures.
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5.3. Experimental Section

5.3.1. Chemicals and Sample Preparation

Aqueous binary or ternary solutions of triethylene glycol (3-EG, Sigma-Aldrich, >99%
purity) and tetraethylene glycol (4-EG, Sigma-Aldrich, 99% purity) with hexaethylene
glycol (6-EG, Sigma-Aldrich, 97% purity) were prepared at known mass ratios and total
aqueous concentrations in the range 10 — 15 g/L. The starting concentration only affects
the size of the particle, and the aqueous concentration of the levitated particle is controlled
by the environmental relative humidity (RH). Droplets with an initial diameter of
approximately 50 um were generated either individually or in burst mode using a
microdroplet dispenser (Microfab MJ-ABP-01, 30 um orifice) powered by an in-house
constructed pulse generator using a 30 ps square pulse with up to 50 V peak voltage,

controlled by a DAQ card and LabVIEW software.

Mass spectrometry measurements of particle composition were performed using a paper
spray ionization source supplied with a 50% v/v mixture of methanol (Fisher Chemical,
0.2 micron filtered) and chloroform (Fisher Chemical, approx. 0.75% ethanol as
preservative). This composition has been previously established to be effective for use in
paper spray and we performed no further optimization of the solvent mix.%* The paper spray
ionization substrate was a triangular piece of chromatography paper (Whatman, 0.18 mm

thickness).
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5.3.2. Technique Setup and Analytical Procedure
5.3.2.1. Particle Levitation

A linear quadrupole electrodynamic balance (LQ-EDB) was used to levitate a stack of
micrometer-sized mixed n-EG particles under controlled environmental conditions (Figure
1). The LQ-EDB consists of four stainless steel rods with an applied AC voltage in a
quadrupole configuration (500 to 1000 V at 300 to 1000 Hz). Details of the fundamental
principles of this technique have been previously discussed.*®6%% Multiple droplets of
known initial composition were generated and given a charge due to the presence of an
induction electrode at 200 to 500 V. The polarity of the droplets was adjusted as necessary
to ensure deposition on the paper spray source, as described later. The small amount of
charge, on the order of 10 fC, is not expected to influence the measured evaporation
dynamics at the size range explored in this work.**®” An array of charged droplets was
trapped and confined along the central axis of the LQ-EDB. A DC voltage was applied to
a disc electrode to balance the net vertical forces acting upon the droplet stack (including
their weight and drag forces). A nitrogen gas flow of controlled relative humidity (0 to 75%
RH) was introduced into the chamber at 200 sccm to control the environmental conditions
leading to the evaporation of excess water to equilibrate the particles with the RH. The
temperature inside the chamber was maintained at the ambient laboratory conditions (~293
K). A 532 nm laser (Thorlabs CPS532, 5 mW) was used to illuminate the levitated particles
for visual verification of the number and stability of the stack. The lowermost particle was
additionally illuminated with a red LED (Thorlabs M660L4) and its light scattering was

imaged by a CMOS camera (Thorlabs CS165MU). A PID feedback between particle
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position and the DC voltage maintained the sample in a constant position. Scattered light
from the lowermost particle was also sampled into a spectrometer (Ocean Insight HR4000+

with a 1200 mm™! grating operating over 600 — 700 nm) for Mie resonance spectroscopy.

RH-controlled gas flow

532 nm laser

Camera ]
o
o

i o —LQ-EDB
Mie Resonance redieo N IO Q
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Mie sizing : \\‘ DC electrode
|
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Paper spray&& * PS-MS
ionization delhveny

Mass spectrometer

Figure 1: Schematic configuration of the linear quadrupole electrodynamic balance (LQ-
EDB) coupled with paper-spray mass spectrometer (PS-MS) for studying physicochemical
trans-formations on single levitated particles. A stack of 5 to 10 particles is levitated in the
LQ-EDB, and the lowermost particle is probed using Mie resonance spectroscopy. The
same particle is then ejected to the paper spray platform for sampling in the mass
spectrometer for compositional analysis. This is followed by periodic measurements of
subsequent particles in the levitated stack.

5.3.2.2. Mie Resonance Spectroscopy
A typical backscattered light spectrum produced by illumination of a particle with
broadband red light is shown in Figure 2. For spherical particles, the spectra show sharp

peaks corresponding to wavelengths that are internally resonant in the spherical cavity of
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the particle. The wavelength position of these peaks is used to determine the size and
refractive index using the algorithms of Preston and Reid, discussed in our earlier work %
Briefly, a library of peak positions is generated for size and RI combinations using Mie
theory, and a least-squares minimization is performed to find the combination that best
resembles the measured peaks. We additionally generate a full simulation of the spectrum
using Mie theory in order to validate results and ensure the best-fit size and RI reproduce
the features of the measured spectra. Using this approach, the size is determined with an

accuracy of +5 nm and the RI within an uncertainty of 0.001 to 0.005, depending on the

number and type of resonance peaks in the spectrum.
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640 650 660 670 680
Wavelength / nm

Figure 2: Mie resonance spectrum for a 3655 nm (radius) particle with an R1 of 1.468 at a
wavelength of 589 nm, as determined from the peak positions. The black line shows the
intensity-normalized experimental spectrum, and the red line shows predicted spectrum
using Mie theory.

5.3.2.3. Paper Spray Mass Spectrometry

Composition measurements were carried out using a Q Exactive Focus Orbitrap Mass

Spectrometer (MS, ThermoFisher, USA) operated at a 35000 resolution and 100 ms
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maximum ion injection time. Samples were ionized using an in-house built paper spray
ionization source. A detailed description of this technique has been discussed in our earlier
work and a brief summary is presented here.*®® A triangular piece of chromatography
paper was attached to a stainless steel clip maintained at 3000 — 5000 V by a high voltage
supply (Stanford Research Systems P350) while a methanol-chloroform solvent mixture
was continuously supplied at 20 uL min™! by a Chemyx Inc., Fusion 100T model syringe
pump. The paper substrate was continuously saturated with solvent and an electrospray

directed towards MS inlet was produced from its tip (Figure 1).

During experiments, individual levitated particles were ejected out of LQ-EDB by rapid
manipulation of the DC balancing voltage, falling under gravity and being propelled by the
nitrogen gas flow down the axis of the rods and out of the bottom of the chamber. The
paper spray source was positioned just below the chamber and individual particles were
collected onto the surface by direct impaction. Following impaction, individual particles
were solubilized by solvent and eventually sprayed from the PS tip in an electrospray
plume. Typical electrospray processes (evaporation and breakup of charged droplets) lead
to ionization of sample and ions were transferred into the MS for chemical analysis. For
this work, the MS was operated in positive polarity to detect adducts (H', Na*, and NH4")
of the PEGs in the range of 100-400 m/z. Figure 3 shows a typical mass chromatogram of
the n-EGs, namely triethylene glycol (3-EG), tetracthylene glycol (4-EG) and hexaethylene

glycol (6-EQG).
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Figure 3: Mass chromatogram showing the M+Na" ion intensity for each n-EG compound
(3-EG, 4-EG and 6-EG) in three evaporating levitated ternary particles ejected for PS-MS
analysis at 0.5 mins, 3 mins, and 7.5 mins. The peak intensities corresponding to the 3-EG
and 4-EG components decrease as a result of their evaporation from the particles while the
peak intensity of 6-EG component increases due to its enhanced abundance with time.
Mass spectra were initially analyzed using Xcalibur 4.1 software (ThermoFisher
Scientific) and chromatograms of the peaks were exported for further processing using data
analysis software (MagicPlot Pro 2.8.2). The compositional evolution in evaporating
particles is determined in terms of the mass ratio changes of the respective analytes (3- or
4-EG) with respect to the internal standard (6-EG). To achieve this, the mass spectra
associated with each analyte in a particle were analyzed as follows in order to calculate the
mass ratio of 3- or 4-EG relative to 6-EG. Corresponding mass spectra for the particle

signal and background, associated with an individual particle consisting of 3-EG, 4-EG

and 6-EG, are shown in Figure 4.
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Figure 4: (A) Background mass spectrum recorded prior to particle sampling. (B) Mass
spectrum recorded at the peak of particle signal for a ternary mixture of 3, 4, and 6-EG,
indicated by green, blue and red boxes, respectively.

The integrated peak areas for the three dominant ions relating to each component (H,
Na’, and NH4" adducts of respective n-EGs) were found. The peak area from each ion for
3-EG and 4-EG was divided by the respective peak area from 6-EG for normalization.
Then, the normalized peak area for each ion was divided by the normalized peak area at
the start of the measurement corresponding to first particle. The average from all three ions
was found. Finally, the averaged normalized peak areas corresponding to each sampled
droplet were multiplied by the known starting mass ratio resulting in a measure of the mass
ratio at every subsequent time. These steps inherently account for ionization efficiency

differences in the system.

In order to mitigate particle-to-particle variability due to temporal variability in the PS
ionization source, an internal standard of 6-EG was used for all measurements. 6-EG is

effective as a standard due to its similarity to the other components of interest, and its low
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vapor pressure means that it may be considered non-volatile on the timescales of our
measurements.®® We verified the negligible evaporation (< 1% of particle size) of 6-EG by
measuring its evaporation rate in a pure 6-EG particle over around 2 hours (Figure 5).
Since the evaporation of 3-EG and 4-EG particles took on the order of 500 — 8000 s
depending on the RH conditions, changes in the amount of 6-EG will have a negligible

impact on measurements.
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Figure 5: Evaporation of a pure hexaethylene glycol (6-EG) particle under dry conditions.

5.3.2.4. Errors and Uncertainty

Accurate and precise measurements of size and refractive index (RI) using Mie resonance
spectroscopy are obtained, with a typical uncertainty of £5 nm and +0.002 respectively.
For the sizing data reported in this manuscript, the uncertainty is smaller than the size of
the points used in the respective plots. For composition measurements using mass

spectrometry, we propagate the uncertainty in peak areas to the mass ratio using a standard
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combination of errors approach. An uncertainty of around 10% in the normalized peak area
is observed due to particle to particle sampling variability.®* Since measured MS signals
for individual components (3-EG and 4-EG) are normalized against an internal standard
and then scaled by the signal at the start of the measurement, the uncertainty in the mass
ratio reported is the combination of errors from multiple measurements. It should be noted
that, although the error in peak areas is random, by scaling the signal by the first data point,
a systematic uncertainty is introduced. A total uncertainty of 17% in mass ratios is shown
in all plots of composition to reflect the resulting error in mass ratios. Other sources of
error, such as the exact starting composition and the extrapolation to get initial size, are not

considered but may contribute to a further systematic error in the results.

5.4. Results and Discussion

The size and composition of evaporating particles containing mixtures of n-ethylene
glycols are reported here. In each set of measurements, a stack of 5-10 particles was
levitated in the LQ-EDB and the size and RI of the lower particle in the stack was probed
continuously using Mie resonance spectroscopy. The chemical composition of the same
lower particle was determined by ejection from the chamber to the MS sampling region.
After each particle was ejected and probed using MS, the next particle in the stack was
lowered into the illuminated position for Mie resonance spectroscopy and sizing and RI
analysis. To facilitate an understanding of the evolution of the particles undergoing
chemical changes, the continuous size evolution of the particles was recorded over the

measurements. All measurements were compared against model predictions, and these are
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indicated in the respective figures. Measurements of all compositions were performed in
duplicate or triplicate and representative datasets are shown. A summary of the
measurements and environmental conditions is shown in Table 1, including the starting
mass ratios for each mixture.

Table 1: Experimental conditions, such as RH, temperature, and, starting n-EG mass ratios
and water mole fractions, for measurements reported in this study. The mole fractions of

water are estimated using AIOMFAC predictions for single component aqueous solutions
and ZSR mixing rules, as described in the text.

RH T Starting EG mass Starting water
(%) /K ratios mole fraction (xw)

3-EG | 4-EG | 6-EG

Composition

Binary (Dry conditions)
3-EG:6-EG 0 293 3 - 1 -
4-EG:6-EG 0 293 - 2 1 -

Ternary (Dry conditions)
3-EG:4-EG:6-EG 0 293 3 2 1 -

Binary (Humid

conditions)

3-EG:6-EG 25 293 3 - 1 0.44
4-EG:6-EG 25 293 - 2 1 0.46
3-EG:6-EG 50 293 3 - 1 0.63
4-EG:6-EG 50 293 - 2 1 0.65
3-EG:6-EG 75 293 3 - 1 0.77
4-EG:6-EG 75 293 - 2 1 0.78

5.4.1. Evaporation Under Dry Conditions
Measurements under dry conditions (0% RH) were performed for the binary mixtures of
3-EG and 4-EG with 6-EG, respectively, and the ternary mixtures containing all three

chemical compounds.
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5.4.1.1. Analysis of Binary Particles

Figure 6 shows the size and composition evolution for the evaporation of 3-EG from
binary particles. The size evolution follows the expected trend for a binary mixture,
slowing as the fraction of the evaporating component decreases. The size plateaus at around
1000 s when all of the 3-EG has evaporated, leaving a particle containing pure 6-EG, which
evaporates over timescales of many hours. Figure 6A reflects the sequential size trend

exhibited by all the particles in the measurement.
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Figure 6: (A) Size evolution of consecutive binary 3-EG particles evaporating in the
levitated particle stack under dry conditions. The trend in the size evolution was obtained
with the help of Mie resonance spectroscopy. The time of ejection of each particle
corresponds to the points in panel B. (B) Mass ratio of 3-EG relative to 6-EG, calculated
from the PS-MS signal as described in the Experimental Section, during evaporation. In
both plots, individual black points correspond to the experimental observations, and the
red dashed line is the model prediction, as described in the Experimental Section.
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Slight jumps in size are apparent at the times when the lower particle is ejected to the MS
for chemical analysis and reflects a new particle moving into position for sizing. The
starting size of all the particles is estimated to have been within approx. 50 nm based on
the close agreement of sizing between consecutive particles. The chemical evolution of the
particles is shown in Figure 6B. With a starting mass ratio of 3:1 between 3-EG and 6-EG,
the subsequent particle measurements show a decrease in the relative amount of 3-EG to
6-EG, consistent with the evaporation of 3-EG. After ~1000 s, no measurable signal for 3-
EG was detected above the noise level. The time evolution of the size and composition

agree closely.

To verify that the measured compositional evolution is consistent with the evolving size,
an evaporation model was developed to predict both the changing size and composition.
The model was based on the gas-phase diffusion limited multicomponent evaporation to
simulate measured data and validate the experimental results. Mixtures were assumed to
behave ideally under dry conditions, gas phase diffusion coefficients were taken from
Krieger et al.,”® and pure component vapor pressures under the experimental conditions

used in this study were taken from Price et al.%®

For multicomponent evaporation in the
absence of water, a straightforward mass flux model was used to determine the evolution
of each component, as well as the change in the size of the particle assuming a volume-
additive density. equation I was used to calculate the mass flux of each species, with a

given starting composition and particle size. The total mass flux is the sum of the flux of

each species, given by:
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where m; is the mass of species i with molecular mass M; and density p;, a is the radius
of the particle, and p; 4 is the vapor pressure of i in the mixture, determined from p; , =
a;p; with the activity a; set equal to the mole fraction x;, and pure component vapor
pressure p; . The starting particle size and composition was input to the model, and the mass
flux was determined and used to update the size and composition at each time step. For the

simulations reported here, the time step was chosen to be 1 s, with little impact on the

model output for longer or shorter times.

For evaporation under elevated RH conditions, the particles contain additional water,
reducing the activity of each of the evaporating components. From measurements and

thermodynamic models of n-EG systems,’*"?

an aqueous solution does not behave ideally,
and we must scale the mole fraction by the activity coefficient in order to correctly predict
the amount of water and the evaporation dynamics. The Aerosol Inorganic—Organic
Mixtures Functional groups Activity Coefficients (AIOMFAC)"™™ model was used to
predict the mole fraction of water and the mole fraction of organic (x;) in individual

aqueous solutions of each glycol of interest as a function of RH using a group contribution

approach (Figure 7).
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Figure 7: Functional group breakdown of 3-EG, 4-EG, and 6-EG (top to bottom) used in
the AIOMFAC predictions described in the text. Some ambiguity on assignment of alkyl
groups next to ethers may lead to some errors, but minimal differences were observed in
the model output.

Using Zdanovskii-Stokes-Robinson (ZSR) mixing rules, we can estimate the total
amount of water in a binary or ternary aqueous solution based on the amount of water

associated with each component, allowing us to derive x; 4, the mole fraction of i in the

particle including all other components. The full mass flux equation becomes:

dt

dm Z 4maM;D; o o, XiMj+(1—x;)M,,
i

—p YiXiali X xi 2)

where the additional term in the fraction accounts for the water that is lost along with

species i. A more detailed derivation of this expression is provided below. The activity

coefficient, y;, is determined from the measurements reported here.

Explanation of Equation 2:
With the additional presence of water, the mass flux equation for a single component

remains the same:
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dt RT P
with p; , = p;a;, where a; is the activity of i in the droplet. The measured particle
evaporation includes the loss of i as well as the water associated with i. Thus, we can write

the change in particle mass as:

dm dm; 1

—_ X
dt dt Wi

mi

is the mass fraction of i. The mass fraction and mole fraction are

where w; = —
i w

related by:

_ x;M;
Wi xiM; + (1 —x;)M,,

Thus, we can express the evaporation rate of the droplet as:

dm 4‘7TaMiDi o xi_aML- + (1 - xi,a)MW

qF - Rp Vi¥iaPi X

Xia

)’

For the multicomponent case, we sum the individual components:

dt

dm z AmtaM;D; oM+ (1 —x)M,,

RT YiXiaDl;i X x;

i
It should be noted here that x; and x; , are no longer interchangeable, as was the case in
the single component derivation. Instead, x; refers to the mole fraction of i with respect to
the amount of water associated with i — that is to say that it considers only the water in the
droplet that is present due to the presence of i — this utilized the Zdanovskii-Stokes-

Robinson mixing rule. The mole fraction of i (x;,) considers all species present in the
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particle, including other solutes and water. The relevant physicochemical properties of the

n-EG species used in the model are shown in Table 2.

Table 2: Physicochemical properties of the n-EG molecules studied. The vapor pressure is
taken from Price et al.,% the gas phase diffusion coefficients from Krieger et al.,’® and the
activity coefficients at each RH are determined from the measurements, as described in the
text. x; is the mole fraction of i when a particle containing pure i is exposed to a specific
RH, as determined from AIOMFAC and explained in greater detail in the text.

Molecul Density Vapor Gas phase Xi; Xi; Xi;
-ar mass pressure | diffusivity | yat25% | yat50% | vat75%
/gmol?t | /kgm?3 / Pa / m?s? RH RH RH
i 2 I 0.575; 0.383; 0.237;
SEG | 1501 11001 5.10x107 | 5.95x107 |4 38,002 | 1.25+0.02 | 1.12+0.02
0.546 0.358; 0.224;
4-EG 194 1125 1.26x10° | 5.10x10° | 1.40+0.02 | 1.28+0.02 | 1.15+0.02
i 5 P 0.507; 0.323; 0.202;
6-EG 282 1127 3.15x10 4.26x10 N/A N/A N/A

The predicted size and composition evolution from the model are compared to the
observations in Figure 6. The starting size was extrapolated back to t = 0, as the size of the
first particle was not measured. Using the vapor pressures of pure n-EG species measured
by Price et al.®® from size measurements of evaporating single component particles, the
model predictions yield a size evolution that closely agree with the measured data. The
complementary predictions of the composition evolution also agree with the measured
composition within uncertainty across the whole measurement. The excellent agreement
between size, composition and modelled data demonstrates effective and accurate
quantitation of evolving composition using the combined LQ-EDB-MS. Similar results for

evaporation of 4-EG in terms of size and chemical composition are shown in Figure 8.
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Figure 8: (A) Size evolution of consecutive binary 4-EG particles evaporating in the
levitated particle stack under dry conditions. (B) Mass ratio of 4-EG relative to 6-EG for
particles undergoing evaporation, calculated as described in the Experimental Section. In
both plots, individual black points correspond to the experimental observations, and the
red dashed line is the model prediction, as described in the Experimental Section.

The evaporation times for 4-EG particles under dry conditions, as shown in Figure 8A,
are considerably longer than those for 3-EG, as expected based on the reduced vapor
pressure of the higher molecular weight 4-EG. The size evolution due to 4-EG evaporation
follows the expected trend, following the same behavior as the 3-EG mixtures and reaching

a plateau in size when only 6-EG remains in the particle. Figure 8B shows the chemical

evolution of particles due to the evaporation of 4-EG.
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The model predictions for this mixture, determined in the same way as for the 3-EG
binary case, shows good agreement with both the size and composition. The final size
predicted by the model is a slight over-prediction compared to the measurements. This may
be attributed to the uncertainty in the exact starting composition and size, which can lead
to small discrepancies in the predicted final size, or slight variations in the size of
successive particles. The rate of evaporation, indicated by the slope of the radius versus
time, agrees well with model predictions. The composition data agrees with the prediction

within the uncertainty, and shows no detectible 4-EG signal after approximately 4000 s.

5.4.1.2. Analysis of Ternary Particles

To explore the influence of increased chemical complexity on multicomponent
evaporation, a ternary mixture was prepared and sampled under dry conditions. The size
evolution during the evaporation of 3-EG and 4-EG from ternary particles is shown in
Figure 9A. The initial evaporation rate is dominated by the more rapid evaporation of 3-
EG up to approximately 1100 s, followed by a slower rate of evaporation dominated by the
4-EG. As before, the size plateaus when all of the 3-EG and 4-EG has evaporated, leaving
a particle containing pure 6-EG. The evaporation model was again used to predict the
evaporation process for this mixture, and in this case both semi-volatile species (3-EG and
4-EQG) are incorporated in the mass flux equations. Overall, the model functions as before,
although now with a more complex change in composition over time. The predicted size

evolution from the evaporation model agrees well with the measurements. We can further
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verify these predictions by decoupling the evaporation of individual species in terms of

their chemical composition using the MS data as shown in Figure 9B.
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Figure 9: (A) Size evolution of consecutive ternary 3-EG and 4-EG particles evaporating
in the levitated particle stack under dry conditions. The trend in the size evolution was
obtained with the help of Mie resonance spectroscopy. Individual black points correspond
to the experimental observations, and the red dashed line is the model prediction. (B) Mass
ratios of 3-EG and 4-EG relative to the internal standard (6-EG). 3-EG is shown in green
and 4-EG is shown in blue, with their respective model predictions given by dashed lines
of the same colors.

The changes in the relative abundance of individual species (3-EG and 4-EQG) in these
multicomponent mixture particles were resolved in terms of their respective mass ratios to
6-EG. The 3-EG and 4-EG components in the initial particle had a starting mass ratio fixed

at 3 and 2, respectively, which decrease to zero over the evaporation measurements. The
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measured abundance shows two very clear timescales for the loss of individual species,

with excellent agreement to predicted changes using the evaporation model.

5.4.2. Evaporation Under Humid Conditions

n-Ethylene glycol molecules are hygroscopic and under elevated humidity conditions
will exist in equilibrium with water as an aqueous solution. Aqueous particles containing
n-EG will evaporate over extended timescales due to the reduced activity of evaporating
species brought about by the addition of water. Assumptions of ideality in aqueous
solutions break down, as evidenced by previous hygroscopic growth measurements on
individual n-EG components and thermodynamic modelling.”® In an ideal solution, the
activity of water in the solution, set by the relative humidity, will equal the mole fraction
of water in the mixture. In real solutions of n-EG, the mole fraction of water is higher than
predicted by ideality for most of the RH range, indicating the activity coefficient of water

to be less than 1.

Table 1 shows the expected mole fraction of water in individual particles exposed to a
range of RH conditions as predicted by the AIOMFAC model — these have been verified
by experiments and shown to be accurate for the pure component cases.’™’? These
predictions allow the aqueous composition of mixtures to be estimated using the
Zdanovskii-Stokes-Robinson (ZSR) mixing rule, which equates the sum of the water
content in a mixture as the sum of the water content associated with each individual
components at the same humidity. The AIOMFAC model may also be used to predict the

water content of the mixtures, however it was not possible to incorporate these predictions
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into the evaporation model for a continuously changing composition. Instead, the ZSR
relation was compared to AIOMFAC for the initial compositions, showing agreement in
the predicted water mole fraction to two decimal places. In addition to the non-ideality
effect on the composition of the mixtures, non-ideality may also influence the evaporation
rate of n-EG molecules based on their activity coefficients. In this section, we describe the
evaporation of binary particles under three humidity conditions (25%, 50% and 75% RH)
and use the evaporation model to determine the activity coefficients of n-EG at each RH.
All measurements were carried out in the same manner as described earlier, and changes

to the model are described subsequently.

Figure 10 shows the size and composition evolution of binary particles during the
evaporation of 3-EG at varying RH conditions. The size evolution is shown in Figure 10A
and exhibits a trend towards slower evaporation as the RH is increased. At elevated RH,
due to the presence of water, measured changes in size arise due to loss of both evaporating
organic molecules and the water associated with them. The evolution of n-EG composition
is shown in Figure 10B for the mass ratio of 3-EG normalized against 6-EG. In these data,
the effect of water on the loss of the organic species is observed, and the trend to slower

loss of 3-EG with increasing RH is clear.
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Figure 10: (A) Size evolution of consecutive binary 3-EG particles evaporating under 25,
50, and 75% RH conditions. (B) Composition evolution of 3-EG relative to the internal
standard (6-EG) during evaporation under each RH. Model predictions are shown by
dashed lines in both panels and use the activity coefficients reported in Table 2.

Figure 11 shows analogous measurements for binary 4-EG particles, with the same
trends observed at different RH. The 4-EG evaporation extends to longer timescales as
compared to 3-EG evaporation due to the lower vapor pressure of 4-EG. In order to
interpret how aqueous particles are behaving in this system, it is first necessary to estimate
the amount of water associated with the particle. Considering the case of 3-EG:6-EG
sample particles and using the AIOMFAC model for individual n-EG species, we can
estimate the amount of water associated with 3-EG and 6-EG in order to estimate the total

water content as a function of RH (refer Table 1).
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Figure 11: (A) Size evolution of consecutive binary 4-EG particles evaporating under 25,
50, and 75% RH conditions (B) Composition evolution of 4-EG relative to the internal
standard (6-EG) during evaporation under each RH. Model predictions are shown by
dashed lines in both panels and use the activity coefficients reported in Table 2.

Based on predictions from AIOMFAC and using ZSR mixing rules, the mole fraction of

water is 0.44, 0.63, and 0.77 at the start of these measurements for 25, 50 and 75% RH

respectively. As the evaporation progresses, the water mole fraction will change as the

particle becomes depleted of 3-EG. The final composition after evaporation represents an

aqueous particle of 6-EG, with water mole fractions of water of 0.49, 0.68, and 0.80. From
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these data, we estimate the mole fraction of 3-EG in the evaporating particle and calculate

the mass flux of organic molecules and the associated water using equation 2. If we assume

that the activity coefficient of evaporating molecules is 1, the evaporation rate is

underpredicted, as seen from both the size and composition evolution of the system (Figure

12).
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Figure 12: (A) Size evolution of consecutive binary 3-EG particles evaporating under 25,
50, and 75% RH conditions (B) Composition evolution of 3-EG relative to the internal
standard (6-EG) during evaporation under each RH. Model predictions are shown by
dashed lines in both panels assuming an activity coefficient of 1.
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Instead, the activity coefficient was found by varying its value to achieve the best
agreement between predicted and measured data. When the best fit value is obtained, both
the size and composition predictions agree closely with the measured data. This process
was repeated for 4-EG:6-EG particles, and the activity coefficients of both systems are
shown in Table 2. Using the size data, the uncertainty in activity coefficient is on the order
of + 2-3% given the precision of the size information. It is important to note that, although
this process has been applied in the case of binary systems, the procedure may be
generalized to multicomponent systems. In these cases, the activity of evaporating species
may be deduced from the composition change of each component. In the binary cases
presented here, this leads to the same values for the activity coefficients, but with a larger

uncertainty (of approximately £10%) due to the larger uncertainty in the MS data.

5.5. Summary and Conclusions

Through measurements of the evaporation of binary and ternary n-EG particles levitated
in a LQ-EDB, we have demonstrated the accuracy and precision of compositional
measurements using a paper spray ionization source coupled to a high-resolution mass
spectrometer. This experimental platform improves upon other similar methods by
combining quantitative composition measurements using MS with robust particle sizing
using Mie resonance spectroscopy, and allowing for multiple particles to be levitated in a
stack, with individual particles sampled consecutively over extended time periods.®"62
Both size and composition evolution follow the expected trend for binary and ternary

mixtures when compared against model predictions incorporating single component vapor

160



pressures and ideal mixing rules under dry conditions. The agreement observed across size,
composition, and their respective modelled data provides robust validation for the methods
described herein. Experiments were performed on the evaporating particles across a range
of timescales. This allows a robust assessment of the quality of compositional data
collected over a longer time period, with larger time steps between particle samplings. This
is an important facet of particle levitation measurements, as they often are performed over

several hours.

Under elevated RH, we encounter conditions where the levitated particles do not exhibit
ideal mixing. This is a commonplace among atmospheric aerosol particles that conditions
a wide range of chemical species. The measurements reported here demonstrate that the
individual activity coefficients of semi-volatile species in complex organic mixtures may
be derived through compositionally-resolved evaporation measurements, with significant
advantages for understanding gas-particle partitioning in the atmosphere. Overall, the
measurements described here illustrate the broad capabilities of a combined particle

levitation and mass spectrometry approach for characterizing evolving chemical systems.
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CHAPTER 6

Connecting the Phase State and Volatility of Single and Binary
Component Dicarboxylic Acid Particles at Elevated Temperatures

6.1. Abstract

The gas-particle partitioning of semi-volatile organic molecules has broad applications
across a range of scientific disciplines, with significant impacts in atmospheric chemistry
for regulating the evolving composition of aerosol particles. Vapor partitioning depends on
the molecular interactions and phase state of the condensed material and shows a well-
established dependence on temperature. The phase state exhibited by the organic material
in particles is not always well-defined, and many examples can be found for the formation
of amorphous super-cooled liquid states rather than crystalline solids. This can modify the
thermodynamics and kinetics of evaporation leading to significant changes to vapor
equilibrium processes. Here, we explore the influence of phase state on the evaporation
dynamics of a series of straight-chain dicarboxylic acids and their binary component
mixtures across a range of above-ambient temperatures. For this, particles consisting of
respective pure and mixed dicarboxylic acid compositions were studied at chosen
temperatures. These diacid molecules show an odd/even alteration in some of their
properties based on the number of carbon atoms that may be connected to their phase state
under dry conditions. Using a newly developed linear-quadrupole electrodynamic balance,

we levitate single particles containing the sample and expose them to dry conditions across
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a range of temperatures (ambient to ~350 K). The rate of evaporation measured from the
change in the size or relative mass, was utilized to derive the vapor pressures and associated
enthalpy of vaporization. Single component diacids were studied using Mie resonance
spectroscopy data, which allows for unambiguous identification of the phase of the
particles (crystalline vs amorphous). The identification of phase state further allows the
vapor equilibrium properties to be attributed to a particular state associated with the
particle. Binary component diacid mixtures’ were primarily studied using mass
spectrometry to determine changes in the chemical composition to understanding the
evaporation dynamics of each component. This work highlights a new and specialized
experimental method for characterizing the vapor pressures of low volatility substances
and extends the temperature range of available data for the vapor pressure of terminal
dicarboxylic acids. These measurements for pure component particles show that they can
exist in both crystalline and super-cooled liquid states at elevated temperatures and provide
a direct comparison between super-cooled and crystal phases. For binary component
particles, these measurements show that they retain a crystalline phase state under all

experimental conditions.

6.2. Introduction

The partitioning of organic molecules between vapor and condensed phases is important
in a wide range of scientific disciplines. In the atmosphere, gas phase oxidation leads to

the production of semi-volatile and low volatility compounds that contribute to the

"The term “Binary component diacid mixture” is also referred as “Diacid mixture” throughout the chapter.
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formation of secondary organic aerosol.! Further evaporation and condensation of semi-
volatile organic molecules drives changes in the chemical composition and size distribution
of these aerosol particles over time.>™* In indoor environments, the vaporization of semi-
volatile organics from solvents, paints, and cooking oils (so-called volatile chemical
products) plays an important role in regulating air quality.>® In engineering, the
vaporization of fuel is a necessary step in the process of combustion, and the evaporation
of components found in lubricating and cooling oils affects their long-term function.”*°
The vapor pressure of volatile and semi-volatile compounds plays an important role in the

function, characterization, and environmental impacts of these systems.

The vapor pressure is a thermodynamic quantity derived from the equilibrium pressure
of a compound in the gas phase above a pure condensed phase of that substance. In
mixtures of organic substances, the effective vapor pressure of each component varies with
its mole fraction and chemical activity, which may be measured or derived from theory.!!
Additional complicating factors arise when both intra- and inter-molecular interactions are
possible between the condensed phase species. In the homologous series of terminal
dicarboxylic acids (malonic, succinic, glutaric, adipic acid, and so on), a distinct odd-even
alteration of properties, such as solubility and melting point, with the number of carbon
atoms is observed.’** This is attributed to the ways in which the even and odd molecules,
respectively, can arrange and form intra- and inter-molecular hydrogen bonds in solution.
These interactions change the thermodynamics of various transformations, such as melting,
dissolution etc., and result in condensed phases that do not always tend to the

thermodynamic equilibrium (crystalline) state under ambient conditions, instead forming
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amorphous super-cooled liquids.'® In the atmosphere, such interactions between organic
molecules that span a wide range of chemical functionalities may lead to particles that
exhibit vapor pressures that are much lower than expected.!® Deriving an improved
understanding of how physical state and vapor pressure are connected will allow us to

better predict the chemical evolution of complex systems.

Many studies have explored the vapor pressure, and specifically the vapor pressure of the
diacids, using various laboratory techniques such as tandem differential mobility
analysis,}2° Knudsen effusion mass spectrometry,?> thermal desorption mass
spectrometry,?*?3 and single particle methods, including optical tweezers and the
electrodynamic balance (EDB).*? There is over an order of magnitude variability in the
reported vapor pressures, attributed both to the range of methods as well as the physical
state the samples can adopt (see Soonsin et al.?* and Bilde et al.!* for a compilation of
measured values). Although some of these previous studies identified and compared
amorphous super-cooled liquid and crystalline solid states, measurements were limited to
below or slightly above ambient conditions (up to 303 K). While these are most relevant
for the atmosphere, they limit a more fundamental exploration of the role of temperature
in regulating phase state and the associated vapor partitioning properties. Through
measurements on crystal and amorphous states, and saturated solutions, it has been
identified that odd-numbered carbon chains, in particular, can form anhydrous condensed
phase states that exhibit thermodynamic properties consistent with either crystalline or
amorphous behavior, with the former being the most thermodynamically stable state of the

material 12151718
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In this work, we explore the temperature dependence of the vapor pressure of a series of
dicarboxylic acids and their binary component mixtures, specifically addressing the high
temperature behavior of these systems. As the temperature increases and the melting point
is approached, it is expected that the thermodynamic behavior of the condensed phases,
whether amorphous or crystalline, will converge. Here, we use single particles levitated in
a linear-quadrupole electrodynamic balance (LQ-EDB) and measure the rate of
evaporation under dry conditions using either the change in size, relative mass or chemical
composition. Using optical methods, we determine whether the particle is crystalline or
amorphous and attribute measured properties with the phase state of the sample. From these
data we determine the enthalpy of vaporization and/or enthalpy of sublimation and
compare our results with previously reported values. Mass spectrometry analysis is carried
out on diacid mixtures for evaluating the chemical composition of the particles. Our
measurements extend the range of available vapor pressure data and bridge a dearth of
measurements in the temperature range from 293 K to ~350 K for amorphous phase states.
The reported values of amorphous state vapor pressures do not require corrections for the
activity of the evaporating species in a saturated solution, as in the case with some previous
work, as measurements are conducted under dry conditions. Additionally, particles with
both phase states were produced for single dicarboxylic component particles while only
crystalline solid particles could be produced for binary component dicarboxylic acids under
identical experimental procedures. Thus, our work allows for direct comparisons between
amorphous and solid phases under the same environmental and experimental

configuration.
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6.3. Experimental Section

6.3.1. Chemicals and Sample Preparation

The chemicals in this study were used without further purification. Aqueous solutions
for single component dicarboxylic acids were prepared from a series of dicarboxylic acid
compounds, including malonic acid (MA, Sigma-Aldrich, 99% purity), succinic acid (SA,
Sigma-Aldrich, > 97 % purity), glutaric acid (GA, Sigma-Aldrich, 99 % purity) and adipic
acid (AA, Sigma-Aldrich, >99.5 % purity). Solutions were prepared at concentrations from
6 to 8 g/L, except for malonic acid which was prepared at a concentration of 20 g/L to
generate larger particles due to an observed rapid initial evaporation period. Agqueous
mixtures for the binary component dicarboxylic acids of malonic and succinic acid,
succinic and glutaric acid, and glutaric and adipic acid, were prepared similarly at
equimolar concentrations from 6 to 8 g/L. The concentration dictates the size of the
resulting particle and does not further impact measurements. For each solution, the
compound was weighed and dissolved in HPLC grade water (Fisher Chemical) and stored
in a pre-cleaned plastic vial. To generate samples for levitation, up to 12 uL of each
solution was transferred into a microdroplet dispenser (Microfab MJ-ABP-01, 30 pm
orifice) and droplets on the order of 50 um in diameter were introduced into the LQ-EDB.
Excess water evaporated and the particles attained an equilibrium (or metastable) state with

respect to gas phase water.

The measurements on the diacid mixtures were done on the LQ-EDB coupled to a mass

spectrometer (MS) using an open port sampling interface (OPSI). A continuous solvent
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mixture of pure methanol with trans-3-(3-Pyridyl)acrylic acid (meth + TPAA) was
supplied to the OPSI as an external standard to check for the ESI spray quality and stability.
The OPSI probe was connected to an unmodified heated electrospray ionization (ESI)

needle of the MS for ionization.

6.3.2. Technique Setup and Analytical Procedure

The LQ-EDB used in this study was based on the configurations described in our
previous work, with minor modifications to allow the temperature to be controlled above
ambient conditions using heating cartridges.?® A succinct summary of the operation is
described here. Droplets were generated by the microdroplet dispenser in the presence of
an induction electrode (130 to 500 V) creating a net charge of 10 to 100 fC on the resulting
droplet as it entered the LQ-EDB.? A 532 nm laser (Thorlabs CPS532, 5 mW) was used
to illuminate the droplets for visual verification as they enter the trap. The trap consists of
4 stainless steel rods in a quadrupole arrangement with paired out-of-phase AC voltages
applied in a diagonal manner, generating an electric field that confines the droplet to the
central axis. A disc electrode with an applied DC voltage of 30 to 300 V in the center of
the LQ-EDB creates a repulsive electrostatic force that balances net forces on the droplet
and maintains the droplet in a fixed vertical position throughout the experiment. A CMOS
camera (Thorlabs CS165MU) was used to visualize the droplet and stabilize the position
of the droplet by changing the DC voltage through a PID feedback loop with the help of

the LabVIEW software.
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To monitor evaporation as a function of temperature, a temperature between 303 K and
353 K was set using a Digi-Sense PID temperature controller (TC5000) coupled with four
2” cartridge heaters (1/8” diameter, McMaster-Carr 8376T27) inserted symmetrically
around the particle trapping location running through the walls of the chamber. The
temperature was measured with a thermistor embedded in the chamber wall, which
measures a slightly higher temperature than within the chamber. This discrepancy was
accounted for in the calibration, as described later. The LQ-EDB was heated for 30 minutes
for the lower temperatures (303 K to 323 K) and up to 1.5 hours for the higher temperatures
(333 K to 353 K) to ensure thermal equilibrium throughout the chamber ahead of
experiments. Experiments were carried out under dry conditions and performed over 100’s
to 1000’s of seconds to ensure sufficient evaporation occurred to determine evaporation
rates accurately. Single component measurements were conducted on a single particle
whereas the diacid mixture measurements were done on a levitated stack consisting of 7 —

10 particles.

For single component dicarboxylic acids, LQ-EDB setup was coupled with the Mie
resonance spectroscopy (MRS) which allows to probe the particle in real-time to determine
its morphology, size and refractive index (RI). For diacid mixtures, compositional analysis
was carried out by ejecting each lowermost particle out of the LQ-EDB trap at specific
interval of time and is effectively transferred to MS via an OPSI. The transfer of the
lowermost particle to OPSI platform was assisted with a supply of dry nitrogen gas which

was introduced at the top of the chamber.
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6.3.3. Mie Resonance Spectroscopy

The LQ-EDB trap was coupled with a broadband red LED (Thorlabs M660L4) to
measure the evolving properties (size and refractive index) of spherical particles using Mie
resonance spectroscopy (MRS). Broadband light was focused onto the levitated particle in
the LQ-EDB and the back-scattered light from the particle was collected and introduced to
a spectrometer (Ocean Insight HR4000) with resolution of 0.47 nm. Particles that have a
spherical morphology can act as an efficient optical cavity in which light of specific
wavelengths can become resonant.?® This gives rise to morphology dependent resonances
(MDRs) across the illuminated range of the spectrum (640 to 680 nm) and appear in the
measured spectra as sharp peaks in intensity. Spectra were collected at 1 Hz with an
exposure time of 1 s and analyzed offline to determine the center wavelength of each peak.
The wavelength positions were delivered to the MRFIT sizing algorithm of Preston and
Reid,?® embedded in a LabVIEW graphical user interface, and the radius and wavelength-
dependent RI of the particle were determined through a least-squares minimization
procedure in comparison to Mie theory predictions of peak positions.?® To validate the
results, full Mie theory simulations were generated using the output size and RI using the
code of Bohren and Huffman?’ and the resulting spectra were visually compared against
experimental spectra. Sizing results were validated by the comparisons between peak
widths and positions in the measured and simulated spectra. Particles in this study ranged
between 3 to 10 um and this size range was chosen because the particles smaller than 3 um
lack sufficient spectral information to determine the size, while particles larger than 10 um

exhibit complex spectra resulting in several low-error solutions, yielding imprecise results.
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All particles in this study that remained spherical under the experimental conditions were
analyzed using this method. However, due to the solid phase state adopted by some
particles, not all samples remained spherical and lacked the spectral information required
for sizing. For such cases, an electrostatic analysis was used to determine any changes in

particle mass during evaporation.

6.3.4. Electrostatic Analysis

While generally superseded by more accurate optical methods, the electrostatic analysis
of particles using an EDB to determine relative mass changes has been long established. In
the absence of an air flow in the chamber, the only force acting on the particle is gravity,
therefore the balancing voltage (DC) is directly proportional to the mass of the particle
present, as shown in equation 1:?

VpcC
mg =25 (1)

where m is the mass of the particle, g is the acceleration due to gravity, q is the charge on
the particle, Voc is the balancing voltage, C is the geometrical constant that accounts for
the effect of electrode geometry on the electric field, and z is the vertical distance from the

DC electrode to the particle.

Both g and C are assumed to be constant for a particle at a fixed z above the electrode,
so the DC varies linearly with the particle mass. Therefore, tracking the changes in DC
voltage yields an estimation of decrease in relative mass of the particle due to its

evaporation, which was used to derive vapor pressure along with an estimated starting size.
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6.3.5. Mass Spectrometry Analysis

Quantitative measurements for the binary component equimolar mixtures were
performed for individual particles in the levitated stack. Each lowermost particle is ejected
out of the high temperature linear quadrupole electrodynamic balance (LQ-EDB) to fall in
the open port sampling interface (OPSI) where is dissolves in a continuous solvent supply
(methanol + TPAA) and is delivered to the heated electrospray ionization (ESI) probe of
the Orbitrap mass spectrometry (MS). Itis assumed that particles were initially of a uniform
size allowing effective quantitation of the semi-volatile diacid species throughout the time
period of evaporation transformation. A detailed description of the LQ-EDB setup coupled
with MS for conducting experiments on a levitated stack of particles is discussed in our
previous work.*# For this work, the MS was operated in the negative polarity, a resolution
of 35000 and maximum inject ion inject time of 100 ms. The peaks of the diacid signals of
interest in the mass spectra were detected as (M-H*)" adducts in the range of 60 — 400 m/z.
The resulting mass spectra were analyzed initially using the Xcalibur 4.1 software which
were analyzed further to study the extracted ion chronograms using the MagicPlot Pro

2.8.2. software (refer Section 5.3.2.3).

A representative mass spectrum for the binary component equimolar mixture of succinic
acid and glutaric acid is shown in Figure 1A. A chronogram associated with the glutaric
acid component in the binary mixture for 2 consecutive particles is presented in Figure 1B.
Each peak arises from an individual levitated particle of the diacids mixture sampled via

OPSI and analyzed by ESI-MS. A decrease in both the peak intensity and peak area depicts
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the evaporation of the glutaric acid component. A similar chronogram was also obtained

for the succinic acid (SA) component in the diacids mixture particles but not shown here.
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Figure 1: (A) Mass spectra recorded for a binary mixture of succinic acid and glutaric acid.
Red data represents the mass spectrum recorded prior (background) to particle sampling
whereas black data represents the background subtracted mass spectra of the chemical
species recorded during MS analysis of particle composition. Note that the y-axis
corresponds to the relative abundance of each acid in the same particle. (B) Extracted ion
chronogram of the peaks corresponding to glutaric acid present in a mixture with succinic
acid. The counts correspond to the intensity of the molecular ion peak relating to the
glutaric acid. The intensity decreases with time as a result of the evaporation of the glutaric
acid from the particles.
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6.3.6. Evaporation Model

A steady-state isothermal evaporation model was used to relate the measured evaporation
rate of diacid components to their vapor pressure. Continuum regime Kinetics were applied
due to the large size of the particle relative to the mean free path of the evaporating
molecules, which gives a Knuden number of ~0.01.2° For a general system containing
multiple components with index i, the mass flux from a particle of radius a is related to the

vapor pressure, p; 4, through equation 2:

dm; _ 4maM;D;

dt  RT (pi,oo_pi,a) 2)

where mi is the mass of component i in the droplet, Mi is the molecular mass of i, Di is
the gas-phase diffusion coefficient, R is the gas constant, T is the temperature, pi- is the
environmental partial pressure of i , and pia is the partial pressure of i at the surface of the
particle. For the single component diacids, p;« is maintained at the zero, and pi.a represents

the pure component vapor pressure of the chemical species.

To derive the vapor pressure using equation 2, the density, gas-phase diffusion
coefficient and molecular mass of the species of interest are needed. The diffusion
coefficient values as a function of temperature were derived for SA, GA, MA and AA using

the Chapman-Enskog approach, as shown below in equation 3:

D, = 0.0018583\/T3 [Mi+ : ] ! 3)

2 .
MNZ PO—i,Nz‘Q‘l,NZ
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where M; and My, are the molecular masses of component i and N2 respectively, P is the
gas pressure in atm, o; v, is the binary collision diameter, with o; 5, = %(ai + oy,), and
Q; v, is the collision integral which was determined using the tabulated values presented

by Bird et al.*® and the parameterization of Neufeld et al.!

The values necessary for performing the above calculations are provided in Table 1. This
approach is generally considered to yield gas phase diffusion values that are accurate to
within 5%, although some discrepancies up to 13% have been observed,*? and allows the
temperature dependence to be determined.

Table 1. Values for the collision diameter () and collision integral (Q2) used to calculate

the diffusion coefficient (Di) for all compounds (MA, SA, GA, AA). See references in the
main text.

Compound, i Mi/ g mol*? ci/A | Qin2(298K) | 6ino/A | Dix10°/m?s?
(298K)
Nitrogen 28.00 3.798 3.798
Malonic Acid 104.06 5.33 1.400 4.564 6.8039
Succinic Acid 118.09 5.69 1.400 4.744 6.0449
Glutaric Acid 132.12 6.01 1.440 4.904 5.8637
Adipic Acid 146.14 6.30 1.375 5.049 5.3872

If the absolute size of the particle is known, as with measurements on spherical particles,

and p; ., = 0, equation 2 may be re-written as:

da* _ —2M;Dipiq

= (4)

dt PRT
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where p is the density of the particle. This may be rearranged to solve for pia from the
measured rate of change of the radius-squared with time. For measurements where the
radius was not directly measured, as in the case of non-spherical solid particles, an estimate
of the initial radius was required and a subsequent numerical simulation of the evolving
mass using equation 2 was performed. The model generates an output of mass versus time,
which was normalized to the starting value and compared against the experimental
normalized Voc data. The value of pia was varied in order to achieve agreement between

the measured and modelled evaporation trends.

6.4. Results and Discussion

6.4.1. In-Situ Temperature Calibration

To characterize vapor pressures as a function of temperature, a reliable measurement of
temperature was required. A thermocouple in the aluminum chamber wall of the LQ-EDB
was used to control the heater output, but the exact temperature experienced by a levitated
particle is lower than in the walls due to the low thermal conductivity of air in the chamber.
In this work, we used the evaporation rate of a well-characterized chemical compound
(glycerol) to solve equation 2 for T, with a known value of pia. The temperature dependent

vapor pressure of glycerol was determined from an empirical expression:

In(pyq / kPa) = AXIn(T) + 2+ C+D xT? (5)
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with coefficients A = —2.12586 x 10!, B = 1.67263 x 10%, C = 1.65510 x 102
and D = 1.10048 x 10~° taken from the CHERIC database. In previous measurements at

room temperature, this relation has been shown to be accurate.®?

Measurements were made on the size-evolution of glycerol particles trapped at a range
of temperatures, from 293 to 333 K, and the evaporation rate of the particle was determined
under dry conditions to avoid the complicating effects of water uptake. Figure 2A shows
the radius evolution of three particles at three different temperatures. To compare the
influence of temperature alone on the evaporation rate, the size must be factored out. When

integrating equation 4, one arrives at the expression:

a? = kt + a? (6)

where a, is the starting size and k is the evaporation rate given by:

k = —2MiDipjq 0
PRT
We can rearrange equation 6 to:
a? k
a_g = a_(z, t+1 (8)

2
and, thus, a plot of % Versus é will yield a straight line that depends only on k. Figure
0 0

2B shows this relationship and leads to straight line plots that vary only due to the
temperature, giving a clear indication of the influence of temperature on the evaporation

rate.
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Figure 2: (A) Radius evolution of glycerol particles at temperatures from 303 — 323 K
using MRS. (B) Temperature dependence on evaporation with influence of size omitted.
From these data and the parameterized vapor pressure (equation 5), the temperature was
determined by solving equation 4 and yielded a linear dependence of the calculated
temperature as a function of the set-point temperature (Figure 3A). The uncertainty in the
calculated T of +1 K is determined from a +10% uncertainty in the value of Di (for
glycerol) and does not consider any uncertainty in the values of p; ,. Figure 3A shows
good agreement between the set and calculated temperature of the trap, with a small
negative deviation of the trap temperature form the set temperature, as expected based on
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thermal conductivity and heat loss to the environment. A comparison of the vapor pressure
derived using the evolving mass of the particle in an electrostatic analysis yielded values

that agreed within 10%.

Further temperature calibration to higher temperatures was not possible using glycerol
due to the rapid rate of evaporation and the inability for the MDR’s to be resolved due to
the rapid change in particle size. Instead, measurements were performed on another semi-
volatile organic molecule, 1,2,6-hexanetriol, at up to 347 K, with a vapor pressure 50 X
lower than glycerol at room temperature. This system was chosen as there are literature
sources against which the results can be compared. The vapor pressure measured as a

function of temperature is shown in Figure 3B.
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Figure 3: (A) The evaporation of a glycerol particle was used to derive the temperature in
the LQ-EDB using Mie resonance spectroscopy. Determination of the actual temperature
inside the LQ-EDB using the linear relationship between calculated and set temperature.
(B) The vapor pressure trend of 1,2,6-hexanetriol is shown as a function of temperature for
our data and that of Logozzo and Preston.3* Figure inset shows the calculated value for the
enthalpy of vaporization of 1,2,6-hexanetriol using the linear slope of loge(Psat) versus 1/T
for our data. See text for a discussion of the connection with the data reported by Logozzo
and Preston.®*
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These data agree well with the low temperature measurements of Logozzo and Preston,**
and yield an estimate for the enthalpy of vaporization to be AH° = 129 + 3 kJ / mol.
Compared to the value obtained from the Logozzo and Preston data of 144 kJ / mol (note
the value reported in the original manuscript was incorrectly stated to be 154 kJ /mol), it is
clear that measurements over a large range of temperatures are required for accurately
constraining the enthalpy. When combining both datasets, we arrive at a value of 130 + 2
kJ /mol. Note that the uncertainty quoted reflects an error in the linear fit and does not

account for systematic errors in any parameters.

6.4.2. Morphology and Vapor Pressure of Single Component Particles

The vapor pressures of all four diacids were determined by conducting evaporation
measurements at temperatures varying from 303 to 353 K in increments of 10 K. The
odd/even alteration in carbon number of these diacids influence their morphologies, and
dry particles exist as either amorphous super-cooled liquid or crystalline solid particles.
Adipic acid (nc = 6) and succinic acid (nc = 4) samples were both observed to consistently
form a solid, non-spherical particle morphology under dry conditions, indicating these
systems effloresced to a crystalline solid state. Glutaric acid and malonic acid were
observed to randomly form either solid, non-spherical particles or spherical, amorphous
super-cooled liquid particles following trapping. The morphology affects the rate of
evaporation resulting in differences in their vapor pressures corresponding to the different
enthalpies of the super-cooled and crystalline states. In all cases, the amorphous super-

cooled liquids showed larger vapor pressures than their crystalline counterparts. A
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summary of the morphologies adopted by particles across a range of temperatures is shown
in the Table 2. Although various factors were explored to explain the formation of
crystalline versus amorphous states in these particles, no consistent explanation was
determined. Instead, the process is likely stochastic in nature, with molecular diffusion
playing a determining role in whether the particle achieves a thermodynamic equilibrium
state. We discuss the results and dynamics of each diacid in the following sections.

Table 2: Summary of particle morphology at each temperature for each diacid as
determined by Mie resonance spectroscopy. ‘C’ represents crystalline morphology whereas
‘A’ represents amorphous morphology. Note that Mie resonance sizing was performed for

only amorphous particles, whereas electrostatic analysis was performed for both
amorphous and crystalline particles.

Diacid Carbon # Temperature / K
303 313 323 333 343 353
Malonic Acid (MA) 3 C/A | C/A A A A A
Succinic Acid (SA) 4 C C C C C C
Glutaric Acid (GA) 5 C/A|C/IA|C/IA|C/IA|C/IA | C/A
Adipic Acid (AA) 6 C C C C C C

6.4.2.1. Succinic Acid

Succinic acid particles were observed to form a solid crystalline phase on drying,
indicated by the complete loss of structure in the broadband light scattering spectra. The
temperature dependence on the evaporation rates of SA particles was investigated across
303 to 353 K and the vapor pressures were determined at these temperatures. Due to the
crystalline state, the electrostatic method was used to derive vapor pressures, with the size

estimated by the starting solution concentration. The vapor pressure increases with
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temperature, as depicted in Figure 4A, where each open circle is the average of at least
three evaporation measurements performed at a specific temperature, with error bars
depicting the standard deviation in derived vapor pressure. The origin of the ~10%
uncertainty comes from environmental factors in the trap, such as small changes in RH and
temperature that affect the conditions experienced by the particle, and particle shape
effects. The surface area to volume ratio determines the rate of evaporation and it is
assumed in the analysis of these measurements that the particle adopts a spherical
morphology. Because it is not the case, there is an absolute uncertainty based on the shape
factor and a random error that arises from the different shape factors arising due to the

morphology adopted by the particle.

The calculated vapor pressure ranged from 8.9 x 107 to 3.7 x 102 Pa from 303 to 353
K, respectively. Literature data of the vapor pressure at 298 K report values in the range
3.9 X 10°t0 1.5 x 107 Pa, compared to our extrapolated value of 2.2 x 10 Pa 20223536
The vapor pressure at 298 K in this study shows agreement within the range of literature
values. In their compilation of data at 298 K, Bilde et al.** find a best value of 7.7*3 x 10"
®Pa for the solid-state vapor pressure, which is higher than our value. However, the spread
in values for this system are large and our measurements fall within the reported ranges.
Indeed, Soonsin et al.’® showed that the evaporation of SA particles shows two vapor
pressures indicating two possible crystal arrangements. The first of which contained
enclosed water and amorphous portions, while the second arrangement was due to the loss

of enclosed water and the further crystallization of the amorphous portions.**
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The temperature dependence of the vapor pressure allows us to establish a value for the
enthalpy of sublimation of succinic acid. Using the Clausius-Clapeyron equation in
conjunction with experimental vapor pressures, the enthalpy of sublimation was found to
be 134 + 9 kJ/mol, as shown in Figure 4A, which is comparable to the value reported by
Cappa et al.?2 of 128 kJ/mol but is lower than the literature average reported by Bilde et al.

of 115+15 kJ/mol. 1!
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Figure 4: The experimentally determined vapor pressure as a function of temperature using
the MRS for: (A) Succinic acid, and (B) Adipic acid. Inset figures show Clausius-
Clapeyron plots (note that the y-axis is represented with logzo rather than loge) along with
the enthalpy of sublimation derived from the linear slope of loge(Psat) and 1/T. Error bars
represent the standard deviation in the vapor pressure values for repeat measurement at
each temperature.

6.4.2.2. Adipic Acid

Adipic acid follows a similar trend to succinic acid as the next even-number diacid in the
homologous series. Again, due to its crystalline morphology we used the electrostatic
analysis approach to determine vapor pressure and measured vapor pressures in the range

of 450 x 10° Pa to 2.8 x 102 Pa for 303 to 353 K, respectively. In this system, low
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temperature measurements deviate to slightly higher vapor pressures than expected based
on a linear fit of log.(Pg,:) Versus inverse temperature, as dictated by the Clausius-
Clapeyron relation. Higher temperature measurements were closer to the expected trend

and are discussed here.

The temperature dependence of vapor pressure of AA, as depicted in Figure 4B, shows
a similar trend to SA, but is comparatively lower due to the differences in molecular
structure and weight. Literature vapor pressures are found in the wide range of 6.0 x 10°®
Pato 2.8 x 10 at a temperature of 298 K.21* Extrapolating our data to this temperature
using the Clausius-Clapeyron equation yields an estimated value of 1.4 x 10° Pa which is
within the literature value range and agrees well with the best estimate compiled by Bilde
et al. of 1.91}5 x 10°Pa.!! Direct measurements under room temperature conditions are
challenging due to the very slow change in the particle size and the relatively low precision
of the electrostatic measurements compared to optical measurements of size. The enthalpy
of sublimation for AA was determined to be 129 £ 9 kJ / mol, falling lower than the values

reported by Cappa et al.?2 but within the range of values reported by Bilde et al.!*

6.4.2.3. Glutaric Acid

Glutaric acid particles were encountered in both spherical amorphous states and non-
spherical crystalline states across all temperatures. It is not clear what factors control the
final morphology of these particles. Slow drying by controlling the RH, temperature
changes, and particle size were not found to strongly impact the formation of one phase

over another. At high temperatures (333 K to 343 K), amorphous particles were
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consistently observed, perhaps due to the system being closer to the melting temperature
or experiencing more rapid drying. To generate the non-spherical crystalline particles to
probe under these conditions, particles were trapped at lower temperatures, where non-
spherical particle formation was more typically observed. A general observation pointed
to freshly made glutaric acid stock solutions producing non-spherical particles, while older
solutions produced more spherical particles. This was a purely empirical observation, and
we have no explanation for its origin. No changes in the solution were expected and no
exposure to either the light or ambient gas phase reactants was possible that might cause

chemical changes.

One hypothesis, unsubstantiated by literature or experiment, points to dimers or small
clusters remaining stable in solution for extended times that can nucleate a crystal phase.
These clusters breakdown over time as they become fully solubilized. This explanation
requires a very slow kinetic process to drive changes in the solution over time and efforts
to test this theory by sonicating and heating the solution did not yield any differences in
behavior. At this point, we conclude that formation of a solid crystalline phase is a
stochastic process and may involve multiple steps due to the formation of polymorphs in
glutaric acid resulting in a highly non-linear dependence of particle phase on many

different properties and processes.
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Figure 5: Comparison of the normalized DC voltage from a non-spherical (black) and
spherical (red) glutaric acid particle as derived from the respective electrostatic analysis.
Over the same period, spherical particles evaporate much quicker than their non-spherical
counterpart which can be attributed to the differences in their morphologies as described
in the text.

For the purposes of this work, we accept that samples were generated with either
crystalline or amorphous character and analyze the behavior of these systems accordingly.
A direct comparison of the slope of the DC voltage of a spherical versus a non-spherical

particle is shown in Figure 5 showing that a spherical particle evaporates considerably

faster than the non-spherical particle.

The particles are easily segregated into spherical and non-spherical by comparing the

Mie resonance spectra, clearly showing the different morphologies, as seen in Figure 6.
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Figure 6: Comparison of Mie resonance spectra for a non-spherical (back) and spherical
(red) glutaric acid particle. Absence of sharp peaks in the Mie resonance spectrum indicates
a non-spherical particle.

In the case of the non-spherical particles, the electrostatic analysis method was applied
to determine the vapor pressure as a function of temperature, shown in Figure 7A. At
298K, the value we determine was 4.4 x 10 Pa, which is on the low end of the literature
data compiled and reported by Bilde et al.,** with a literature average value for the crystal
state to be 1.7+3-3 x 10 Pa (Figure 7B). From a Clausius-Clapeyron analysis, the enthalpy
of sublimation was determined to be 15449 kJ / mol. This is higher than many literature
values and the vapor pressure values measured here were considerably lower, indicating
that a more stable state was measured in these experiments. As reported by Yeung et al.,*’
GA has two crystalline forms with different thermal stabilities. At lower temperatures the
B-form is stable while the a-form is found to be stable at higher temperatures. The energy
difference between the crystal polymorphs is on the order of 2 kJ/ mol and it is not possible

to distinguish the difference based on the enthalpy of sublimation alone.®
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Figure 7: (A) Comparison between the derived vapor pressures for both spherical (red)
and non-spherical (black) glutaric acid particles. The non-spherical vapor pressures were
consistently lower than the spherical particle vapor pressures across all temperatures due
to the differences in morphology. (B) The enthalpy of sublimation for both spherical and
non-spherical morphologies of glutaric acid was calculated using the linear relationship
between logePsat and 1/T. Again, non-spherical enthalpies were lower at each temperature
compared to spherical particles and error bars represent their respective standard deviation
in the vapor pressure values for different measurement trials at each temperature.

For spherical particles, the size evolution was analyzed using Mie theory, and yielded
vapor pressures that were considerably higher. These are shown in Figure 7A and reveal
values that are around 5x higher than the solid particles. At 298K, the vapor pressure is
estimated to be 4.6 x 10 Pa, which is lower than the value reported by Bilde et al. of
1.0%33 x 10~3Pa but falls within the broad range of values in the literature.!* The enthalpy
of vaporization here was found to be 129 + 6 kJ / mol, in agreement with literature values,
but falling above the literature average compiled by Bilde et al.112022336 The difference
in the enthalpy between our measured solid and super-cooled states is on the same order as

values for the enthalpy of fusion of glutaric acid, indicating that the amorphous phase is

consistent with the super-cooled liquid.*®
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6.4.2.4. Malonic Acid

Malonic acid (MA) , like glutaric acid (GA), is an odd-numbered dicarboxylic acid and
showed both amorphous and crystalline character. The crystalline phase was only observed
at 303 and 313 K, and vapor pressures at these temperatures were determined using
electrostatic analysis to be on the order of 5.5 x 10 and 2.3 x 10 Pa, respectively. A full
Clausius-Clapeyron analysis was not performed due to the limited data available as a
function of temperature. As with the case of glutaric acid, the vapor pressures for the
crystalline particles were around an order of magnitude lower than the amorphous particles.
For MA, the evaporation of amorphous particles presented some interesting observations.

Figure 8 shows the radius evolution of a single particle held at 333 K.
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Figure 8: The evaporation of malonic acid over 3000s showed an evolution in both the
radius and refractive index (RI) as described by the Mie resonance spectroscopy. Three
distinct slopes were observed which are marked by the shaded region. This also
corresponds to a simultaneous increase in Rl over the course of the measurement.
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It is clear from the above plot that there are multiple distinct slopes in the data, indicating
possible phase transitions that lead to reduced vapor pressure and evaporation rate. This
change in slope was observed from the radius data, derived from Mie resonance
spectroscopy, and the electrostatic data. At 333 K temperature, three slopes were identified,
but the data begins to break down, as seen in Figure 8. This was due to a degradation of

the spectra and the small absolute size of the particle.

To confirm the purity of the compound, the composition of the starting solution was
probed using electrospray ionization mass spectrometry (Q Exactive Focus Orbitrap MS)
in both positive and negative ionization modes. A prominent peak was observed at m/z
consistent with the singly deprotonated parent compound, and lack of any significant peaks
above the background confirms that sample was not measurably contaminated. During the
evaporation, the refractive index was observed to change in conjunction with the size. The
RI depends on many factors, such as composition, density, and temperature. Given that the
composition was pure, and the temperature was constant, the change in Rl may indicate a
change in the particle phase to one with a higher density. It should be noted, however, that
there is a larger uncertainty in the RI than the radius, and this is apparent as the scatter in
the RI increases significantly. An analysis of the two slopes (1 and 2, indicated in Figure
8) and the resulting estimates of the vapor pressure from each of the slopes is shown in

Figure 9A and 9B.
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Figure 9: (A) A comparison of the derived vapor pressure for the first (black) and second
(red) slopes observed during the evaporation of MA. The second slope vapor pressure is
lower than the first slope due to their difference in evaporation rate. (B) Relationship
between loge(Psat) and 1/T for four different phases attributed to three distinct MA
polymorphs (black, red, and blue) and the MA solid phase (green). The corresponding
enthalpy of vaporization was derived for both slopes 1 and 2 using the method previously
discussed.

Extrapolating to 298 K, the vapor pressures predicted from slope 1 and slope 2,
respectively, are 0.004 and 1.3 x 10™*. Data from slope 1 indicate a higher vapor pressure
than the super-cooled value compiled by Bilde et al.'* (6.2732 x 10~* Pa) that were
extrapolated from measurements on aqueous solutions, while much close agreement is
observed for slope 2 when compared against the reported solid vapor pressure
(1.7131 x 10~* Pa). Both slopes show a temperature dependence as expected from the
Clausius-Clapeyron equation, with a ~20 kJ /mol difference in the estimated enthalpy of
vaporization (104 + 5 kJ /mol versus 124+5 kJ /mol for amorphous super-cooled and solid-
state crystal phases, respectively). This change in enthalpy is around the difference

observed between amorphous and crystalline glutaric acid, but falls slightly lower than

literature data for the enthalpy of fusion (of 23 kJ / mol).*® This indicates that over the
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course of measurement, the sample may be undergoing a phase transition. Indeed, the Mie
spectra show clear peaks initially, indicating that the particle remains spherical. Over time,
during slope 2, the peaks in the spectra become less well resolved, as evidenced by the
degradation of the spectra resulting in increased scatter in the radius and RI output,
indicating that the particle tends towards a non-spherical morphology. The values of vapor
pressure for slope 2 are slightly higher than the values reported on particles that were
crystalline from the start of the measurement, indicating the particle may be a mix of
crystalline and amorphous during this regime. Slope 3 in Figure 8 was only observed in
limited cases, and due to the small size of the particle at this point, the estimated vapor
pressure using these data is not reliable, falling significantly below the other data.
However, it is likely that this represents the fully crystalline state with the amorphous

contribution having been eliminated.

Several factors may be contributing to these observations. The existence of many malonic
acid polymorphs likely gives rise to the transitions between phases during the
measurement.*® While the stability and thermodynamics of up to five polymorphs have
been explored in the solid state, it is not known what forms will be available to levitated
particles prepared following rapid drying from aqueous solution droplets, as is the case
here. Additionally, malonic acid can undergo a keto-enol tautomerization in aqueous
solution. Recent work indicates this is accelerated in droplets; however, the timescales are
still on the order of hundreds to thousands of seconds, with the rate slowing at lower RH.*!
Given our droplets experience rapid drying immediately after generation, it is likely that

the keto-enol ratio will be dictated by the conditions in the dilute starting solution. The

200



equilibrium constant strongly favors the keto-form and, thus, we assume that our sample

particles are primarily consisting of this tautomer.*

6.4.3. Morphology and Composition of Binary Component Particles

To characterize the evaporation dynamics of levitated particles containing mixtures of
dicarboxylic acids, both Mie resonance spectroscopy (MRS) and mass spectroscopy (MS)
measurements were utilized to characterize their morphology and compositional evolution,
respectively. We study the effect of mixture compositions on the evaporation kinetics under
dry conditions by characterizing the change in the MS peak areas associated with the
levitated droplets throughout the transformation timescale. For this, we focus on the three
binary diacid compositions, namely, malonic acid (MA) and succinic acid (SA), succinic
acid (SA) and glutaric acid (GA), and glutaric acid (GA) and adipic acid (AA). These
measurements were carried out on trapped particles at a range of temperatures, from 40 °C
(313 K) to 80 °C (353 K). We additionally explore the influence of the carbon chain and
odd/even alteration on physicochemical characteristics due to intra- and inter-molecular
interactions between the organic molecules. These experimental studies help in
determining the vapor pressure and evaporation dynamics as a function of composition and

temperature in case of semi-volatile organic mixture compositions.

6.4.3.1. Malonic Acid and Succinic Acid Mixture
The evaporation rate of malonic acid and succinic acid mixture (MA+SA) under dry

conditions is dominated by the more rapid evaporation of MA than SA at all five chosen
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temperatures. A comparison of the evolving chemical composition associated with
individual components due to the evaporation of levitated particles is shown in Figure 10.
The difference in the evaporation rates of MA and SA becomes less prominent around the
highest achievable temperature. It can be attributed to the fact that the more rapidly
evaporating component was already partially evaporated by the time the first measurement
was made, lowering its mole fraction in the particle. For the MA+SA mixture, the MS

measurements reveal that MA showed half the ionization efficiency than SA.
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Figure 10: (A) The MS compositional evolution of malonic acid (MA) due to its
evaporation in the levitated particle stack under dry conditions. (B) The compositional
evolution of succinic acid (SA) due to its evaporation in the levitated particle stack under
dry conditions. In both plots, the color-coded data points represent the evaporation trends
at specific temperatures as listed on the right side of the figures. The fit to the data points
serves as a guide for the eye and is shown by the dashed lines corresponding to respective
data points having same color coding.

An analysis of the phase state and morphology was also carried out. The spectra
generated by the MRS indicated the formation of only crystalline phase states due to the
absence of sharp peaks associated with spherical amorphous particles. The crystalline

phase state was exclusively observed at all temperatures which is contrary to observations
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of both amorphous and crystalline phase states exhibited by pure MA. The transformation
of the MA phase state is a consequence of the influence of even-numbered molecules of
SA resulting in inter-molecular interactions that allow for efficient packing of the
molecules and a strong thermodynamic preference towards a crystalline state. This may
further have implications in lowering the effective vapor pressure of MA due to its

crystalline phase state in the binary component diacid mixture.

6.4.3.2. Succinic Acid and Glutaric Acid Mixture

Figure 11 shows the evolution in the chemical composition associated with the
individual components present in the succinic acid and glutaric acid mixture (SA+GA).
The evaporation dynamics is dominated by the more rapid evaporation of GA than SA at
all four temperatures (except highest temperature). This is attributed due to the odd-
numbered molecules present in GA having a higher vapor pressure than even-numbered
molecules of SA, as discussed in the pure component case. Additionally, a similar trend as
with the MA+SA, was observed for this mixture in which the interactions between the
functional groups of the SA and GA molecules influence the phase state of GA. Contrary
to both amorphous and crystalline phase states exhibited by GA in pure component
particles, the binary mixture particles containing GA showed only the crystalline phase
state. This was evidenced by the absence of sharp peaks in the spectra generated by MRS

which confirmed the presence of crystalline phase state.
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Figure 11: (A) The MS compositional evolution of succinic acid (SA) due to its
evaporation in the levitated particle stack under dry conditions. (B) The compositional
evolution of glutaric acid (GA) due to its evaporation in the levitated particle stack under
dry conditions. In both plots, the color-coded data points represent the evaporation trends
at specific temperatures as listed on the right side of the figures. The fit to the data points
serves as a guide for the eye and is shown by the dashed lines corresponding to respective
data points having same color coding.
6.4.3.3. Glutaric Acid and Adipic Acid Mixture

Another mixture of binary diacid components composed of glutaric acid (GA) and adipic
acid (AA) was explored to understand if it follows the similar trend observed in the other
two mixtures. AA being the biggest molecule out of the studied diacids has a tendency to
evaporate the slowest due to its low vapor pressure. Similar to previous observations, GA
evaporates much faster as compared to AA in its GA+AA binary mixture due to high
effective vapor pressure of GA. Additional comparisons of the GA gas-phase partitioning

between different mixtures yield that GA evaporates faster when present with SA than AA

at lower temperatures.
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Figure 12: (A) The MS compositional evolution of glutaric acid (GA) due to its
evaporation in the levitated particle stack under dry conditions. (B) The compositional
evolution of adipic acid (AA) due to its evaporation in the levitated particle stack under
dry conditions. In both plots, the color-coded data points represent the evaporation trends
at specific temperatures as listed on the right side of the figures. The fit to the data points
serves as a guide for the eye and is shown by the dashed lines corresponding to respective
data points having same color coding.

6.5. Summary and Conclusions

We report measurements on the rate of evaporation of particles levitated in a linear
quadrupole electrodynamic balance at elevated temperatures and derive the vapor pressure
of pure component dicarboxylic acids. We rely on mass spectrometry analysis for
measuring the evaporation dynamics of individual components present in the binary
component dicarboxylic acid mixtures. Through analysis of the physical state adopted by
the particles in our measurements, we explore the connection between the vapor pressure
and the formation of amorphous or crystalline phase states. We have reported vapor
pressure explorations for the pure and mixed dicarboxylic acid molecules across a range of
temperatures (up to ~350 K) previously unexplored in the literature for levitated particles.

To aid comparisons, we have reproduced our values for the vapor pressure at 298 K and
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enthalpies for the pure component diacids, along with literature data, in Table 3.

Table 3: Summary of all data corresponding to the measurements and relevant literature.
Literature values were obtained from Bilde et al.'! from their comprehensive analysis and
averaging of literature data. We refer readers to the reference contained therein for original
sources.

Species Pyq (298 K)/Pa | AH/kImol! | Py (298 K)/ Pa | AH / kJ mol?
Lit. Lit.
Malonic acid 4.0+0.4 x 10° 104 £5 6.2732 x 10 115+ 22
(amorphous)
Malonic acid 1.3+0.2 x 10 124 +5 1.7+53x 10 111+15
(crystalline)
Succinic acid 2.240.2 x 10°® 134+9 7.7%3 x 10° 115+ 15
Glutaric acid 4.6+0.3 x 10" 129+ 6 1.0%53 x 1073 100 £5
(amorphous)
Glutaric acid 4.4+0.4 x 10°® 154 + 8 1.74%3 x 10" 130 + 11
(crystalline)
Adipic acid 1.4+0.1 x 10° 129+ 9 1.9134 x 10° 131+18

The literature data, taken from the meta-analysis of Bilde et al.l!, represent averages of
many experimental datasets spanning a varied range of temperatures and, while some of
our data falls outside the compiled averages, the same trends are observed with respect to

the influence of phase, molecular size and temperature.
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As expected, an odd/even alteration in physical state was observed with changing number
of carbon atoms. Even-number molecules, which are known to exhibit lower solubility,
were observed to form the crystalline phase under all conditions, as evidenced by the loss
of spectral features in the Mie resonance spectra. Odd-numbered molecules were observed
to randomly form either the crystalline phase or an amorphous super-cooled liquid phase.
While it was not possible to control the phase state adopted by the particle, unambiguous
identification of the phase state was inferred from the persistence of resonance peaks in the
spectra (amorphous) or the loss of structure features typical of crystallization (solid). These
measurements allow for a direct comparison of the effect of phase state using particles

generated and manipulated in the same experimental procedures.

Consistent with previous studies that compile measurements from multiple techniques to
achieve a comparison between amorphous and solid phase states, we show that crystal
phase state vapor pressures are on the order of 4x to 10x lower than their amorphous
counterparts. These measurements also allowed both the enthalpy of vaporization and
sublimation for the compounds of interest to be determined, with values generally
consistent with previous estimates derived from low temperature measurements. The
differences observed between the crystalline and super-cooled liquid states were consistent
with the enthalpy of fusion, validating assertions of the ascribed phase state. In the case of
malonic acid, abrupt changes in the evaporation rate were observed, indicating a change of
phase over the course of the measurement. This was not observed in glutaric acid and may

be attributed to the greater mobility of malonic acid molecules due to the smaller size.
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A unique influence on the phase states is exhibited by the individual diacid components
present in binary mixtures. Due to these differing vapor pressures, the chemical
composition evolves continuously as more volatile species evaporate. Previous studies to
predict the gas-particle partitioning of semi-volatile species lack the detail required for
precise evaluations of the evolving chemical composition. These diacid mixtures show
both the intramolecular and intermolecular interactions due to the presence of the
carboxylic acid functional groups which results in a deviation from ideality. The resulting
non-ideality introduces complicating factors, such as the alteration of activity coefficients
with carbon-number and the particle physical state, which influences evaporation
dynamics. Contrary to pure components in which odd-number molecules exhibited both
amorphous and crystalline phase states, the binary mixtures of these odd-number molecules
exhibited only crystalline morphologies at all temperatures with no exceptions.
Additionally, such deviations lead to changes in the evaporation Kinetics associated with
individual components, however, the general trend of even-number molecules exhibiting
higher vapor pressure due to efficient packing of the molecules (as observed in pure
component measurements) still hold true for mixture compositions. Further analysis of
binary component mixtures will reveal how the composition affects the effective vapor
pressure of organic compounds in binary mixtures. The utilization of the modelling
measurements can help in predicting the variations in the values of the effective vapor
pressure associated with the individual components and the influence of composition and

phase on the effective vapor pressures.
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Compared to the extensive previous literature exploring these systems, summarized in
the previously cited review by Bilde et al.,'! this work provides evidence that the
amorphous phase states of these compounds, previously shown only at room temperature
and below, persist at elevated temperatures up the maximum accessible temperature of our
methods. A convergence of the phase state is expected as the melting point is approached,
the persistence of amorphous phases at high temperature provides an opportunity to
measure vapor pressure across a broad range of temperatures. While the presence of
amorphous phase states is true for single (pure) component dicarboxylic acids, the binary
component dicarboxylic acid mixtures showed the existence of only crystalline phase states
at all the temperatures considered for the experimental measurements. This allows for
improved estimates of the vapor pressure at low temperatures relevant to the atmosphere,

as discussed in the following section.

6.5.1. Atmospheric Relevance

Although these measurements were performed for sample particles at elevated
temperatures, the thermodynamic data are well described using a simple Clausius-
Clapeyron equation. This allows vapor pressure to be estimated at low temperatures
through a linear extrapolation of log.(Pg,:) Vversus inverse temperature. We have
demonstrated several important factors in this work that will inform future studies on the
vapor pressure and volatility of atmospheric samples. Firstly, at least in the cases explored
here, amorphous super-cooled liquid phases persist even at elevated temperatures,

indicating that volatility basis sets derived from thermal desorption methods for SOA
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samples should yield similar results to isothermal measurements.*® Secondly, using
isothermal measurements above ambient temperatures, we can establish and estimate vapor
pressure for low volatility species that would otherwise evaporate too slowly under ambient
conditions. This allows a methodology for establishing vapor pressures and volatilities for

low and extremely low volatility organic compounds.

However, given the chemical complexity of atmospheric aerosol particles, binary
mixtures of the dicarboxylic acids were also studied as it is unclear how informative any
pure component measurements are for estimating the vapor pressure of individual
component in mixtures. When the phase state is taken as an additional complicating factor,
single valued vapor pressures are not sufficient to fully describe the behavior of these
systems. Furthermore, the phase states adopted by the particles containing mixtures of odd
and even numbered acids were explored, and the thermodynamics that describe

volatilization of species in complex atmospheric particles is even less well-constrained.

Thus, we coupled the high temperature LQ-EDB to a high-resolution mass spectrometer
to perform a compositional analysis of complex mixtures as they undergo evaporation.**
4 This facilitates a molecularly-resolved understanding of the chemical evolution and
connect the experimental findings to the physical and thermodynamic properties of the

complex organic mixtures present in the atmospheric aerosol particles.
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CHAPTER 7

Exploring the Influence of Particle Phase in the Ozonolysis of Oleic and
Elaidic Acid

7.1. Abstract

Aerosol particles in atmosphere undergo heterogeneous transformations due to their
interactions with various gas-phase oxidants such as ozone. While it is known that these
reactions can be significantly affected by the phase state of the particle, a direct comparison
between the reaction kinetics and product distributions for the same reactive process
occurring in the different phases remains elusive. This study uses single particle levitation
and flow-tube methods to measure and compare the ozonolysis of particles containing oleic
acid and its trans isomer elaidic acid in liquid, supercooled liquid, and solid states. We
measure their evolving size, optical properties, phase, and chemical composition during
reaction. Both primary reactions and secondary chemistry were also explored, along with
the influence of particle phase state on reaction kinetics and product formation. Notably,
we directly compare the reaction kinetics of supercooled liquid elaidic acid particles with
liquid oleic acid particles, revealing similar uptake coefficients indicative of similar
inherent reactivity of the C=C moiety. We go on to compare the kinetics of solid elaidic
acid particles, formed due to solidification at room temperature and freezing at low
temperature, revealing a significant slowing in kinetics that may be attributed to the phase

of the particle. We further explore differences in the product distributions between particles
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exhibiting different phase states. These results provide important insights into how the
chemical aging of ambient aerosol particles may be influenced by their physicochemical

characteristics.

7.2. Introduction

Aerosol particles are an important component of the atmosphere that have a variety of
effects on the climate, air quality, visibility, and human health.-® They influence global
radiation balance by scattering and absorbing incoming solar radiation,”® reduce the air
quality of a region as a source of fine particles that can penetrate deep into the lungs,®*°
contribute to various health problems such as asthma and other respiratory illness,*® and
act as nuclei for cloud droplets leading to the formation of clouds and precipitation.>-14
The relative magnitude and importance of these effects is determined by the coupled effects
of parameters such as the size distribution, chemical composition, and physical properties
of the constituent aerosol particles.*>*” The chemical composition is primarily determined
by the source of the aerosol,®2° but chemical reactions in the atmosphere change the
composition leading to changes in both the physical properties and size distributions of
aerosol particles.?>* There are several dominant mechanisms for aerosol chemistry to
occur in the atmosphere, including photochemical reactions, heterogeneous reactions, and
aqueous phase reactions due to the uptake of water.?>2° In this work, we focus on
heterogeneous reactions involving ozone, an oxidant that is responsible for the degradation

of unsaturated organic compounds.
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Oxidative aging of aerosol particles containing unsaturated organic compounds, such as
fatty acids, is a major chemical transformation that has been studied for many years due to
its implications to atmospheric chemistry.3®-32 It is a heterogeneous process that occurs
when aerosol particles are exposed to reactive oxygen species, namely ozone, which leads
to the formation of new compounds with different chemical properties. This alteration of
chemical composition further leads to changes in their physical properties, such as size,
morphology, volatility, hygroscopicity and optical properties, which affects their role in
environmental processes as well as how they subsequently interact with reactive
species.®*** Further, heterogeneous aging of aerosol particles contributes to the formation
of diverse chemical functionalities, including dicarboxylic acids, ketones, aldehydes, keto-
aldehydes, and carboxylic acids.?’**3" Understanding the chemical fate of aerosols
containing unsaturated compounds through reactions with ozone assists in predicting and
mitigating their environmental and health impacts. To achieve this, laboratory-based
techniques, including single particle levitation and ensemble measurements using
chambers and flow-tubes, have been relied upon for exploring aerosol chemistry.38-44
Efforts to measure the composition of these aerosol particles undergoing ozonolysis in both

measurement techniques have relied mainly on mass spectrometry. 2447

Recent studies have shown that single particle measurements, which allow for the study
of the molecular composition of super-micron levitated particles for an extended reaction
timescale at low oxidant concentrations, may be an effective means of probing aerosol
chemistry. Several articles have discussed the application of electrodynamic balance-mass

spectrometry measurements of single particles to explore the ozonolysis of unsaturated
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organic particles.*®-* These studies provide an alternative approach to the more established
flow-tube techniques, which focus on sub-micron particles and often use high oxidant
concentrations to measure reaction parameters, such as the uptake coefficient, across
atmospherically relevant exposures (conc. x time). Although the uptake coefficient is
formulated to be independent of size and oxidant concentration, previous studies have
shown inverse size dependences in uptake coefficient, which may be attributed to diffusion
limitations.>® Further, oxidant concentration and particle size may play a role in the reaction
mechanism due to the influence of secondary chemistry and the rate of vapor partitioning
for semi-volatile products.?® Exploring both particle size and oxidant concentration
motivates combined studies that utilize both sub-micron and super-micron methods to gain

a more complete picture of aerosol chemistry.

The heterogeneous oxidation of oleic acid (mono-saturated omega-9 fatty acid) by ozone
has been the subject of many experimental studies. Initially explored as a benchmark case
in the development of new experiments to probe aerosol chemistry,* it has been the focus
of many studies exploring the Kinetics, reaction mechanisms and product branching
ratios.*”1-%3 It is a significant component of indoor particulate matter due to its production
during cooking,*® and is a useful proxy for unsaturated organic compounds found in
secondary organic aerosol. Elaidic acid, the trans-stereocisomer of oleic acid, is not a major
component of atmospheric aerosol, but presents an opportunity to explore the influence of
different phase states on the oxidation of particles while retaining the same fundamental
chemical reactivity. The double bond of alkane chain in EA is trans, allowing EA

molecules to remain straight and pack efficiently, resulting in a high melting point and a
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solid state at room temperature. In case of OA, the cis double bond leads to a kink and bend
of the alkyl chain, inducing steric hindrance that prevents efficient packing of the

molecules, leading to a lower melting point and a liquid state at room temperature.

Recent measurements in an urban environment have compared the ozonolysis of oleic
acid with elaidic acid, showing that the latter decays at 62% the rate of the former in real-
world conditions, although the phase of the particles is not determined.> Laboratory
studies for exploring the reaction kinetics in different phase states reported that particles in
which crystallization was induced by cooling below room temperature demonstrated
reactivity decreased by a factor of 12 compared to supercooled particles of the same
composition.®® Interest in how the phase state affects heterogeneous reactivity goes back
to the initial observations of highly viscous phase states of organic aerosol particles.5’
Both experiments and modelling studies have shown that high viscosity leads to slow
diffusion, impacting reaction kinetics and the chemical evolution of aerosol particles.% 5!
It is important to note, however, that the influence of viscosity and diffusion limitations
depends on the timescales of the process.>*®2 At high oxidant concentrations, diffusion
limitations would be expected to be more significant, as the timescales are reduced giving
the system less time to diffusively mix. This points towards a potential oxidant
concentration dependence that may couple with a size-dependence in determining the
influence of diffusivity on the chemical evolution. Although oleic acid particles are
expected to remain liquid, and thus not exhibit diffusion limitations under ambient
conditions, diffusion may still play a role at high oxidant concentrations or with very large

particles. Furthermore, recent work by Xu et al. using optical microscopy has shown that
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ozonolysis can lead to the formation of a new phase morphology, which is a result of liquid-
liquid phase separation.®? In the work of Milsom et al., the self-organization of oleic acid
into nanostructured lamellar structures was reported to influence oxidation kinetics.%® The
influence of phase on the ozonolysis of oleic acid has been explored by mixing oleic acid
with stearic acid and lauric acid.®*% While these studies show that embedding oleic acid
in a solid or viscous matrix will lead to slower reactions, they do not directly explore how
phase influences chemistry, as the composition of the particles is modified in order to vary

the phase state.

In this work, we study and compare reactive transformations of oleic acid (OA, cis-
isomer) and elaidic acid (EA, trans-isomer) due to heterogeneous ozonolysis, with an
emphasis on characterizing the phase of particles during the reaction. This chemical system
provides a unique opportunity to explore reactivity based on phase state for molecules that
are very similar with little chemical perturbation to the system. We use both single particle
and flow-tube methods, allowing a wider range of sizes and conditions to be explored and
compared than either method alone. We use a linear quadrupole electrodynamic balance
(LQ-EDB) coupled with mass spectrometry (MS) to precisely analyze single levitated
particles undergoing ozonolysis in real-time. Using broadband light scattering, we can
determine the size and optical properties of spherical particles, and gain insight into the
morphology following phase separation. Sequential sampling of particles from the LQ-
EDB to the open-port sampling interface (OPSI) coupled with an Orbitrap mass
spectrometer reveals the chemical composition as a function of time during the

reaction.®®®” We explore different reaction conditions, such as RH and ozone
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concentration, to determine their effect on the ozonolysis kinetics and product distributions.
By identifying the phase of the particles, we can unambiguously compare the influence of
phase on the observed chemical changes in the particles. Further, we compare single
particle measurements on super-micron particles with flow-tube measurements on sub-
micron particles. Flow-tube measurements were also performed across a range of
temperatures to explore the influence of phase changes induced by freezing/melting on the

rate of ozonolysis.

7.3. Experimental Section

This section describes the experimental details of both the single particle levitation and
the flow-tube methods, including a technical discussion on the electrodynamic balance,

flow tube reactor, Mie resonance spectroscopy and mass spectrometry.

7.3.1. Single Particle Levitation
7.3.1.1. Chemicals and Sample Preparation

The chemicals in this study were used as supplied without further purification.
Measurements were performed on sample particles containing oleic acid (OA, Sigma,
analytical standard, > 99% (GC)) and elaidic acid (EA, Sigma, > 99% (GC)) respectively.
Both OA and EA samples were prepared as organic solutions at known concentrations
using ethanol (Koptec, 200 Proof Pure Ethanol) and 1-proponal (Acros Organics, 99.5%,
for analysis) respectively. Solution concentrations were chosen to yield levitated particles

with a radius of around 5 pum, usually 5 to 10 g/L, with a starting size determined by the
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microdroplet dispenser. The bulk solutions were transferred to a microdroplet dispenser
(Microfab MJ-ABP-01, 30 um orifice) to generate particles with an initial diameter of
approximately 50 um in a burst mode with a known total number of droplets. The droplet
dispenser was powered by a pulse generator, delivering pulses with widths between 20 and

50 ps with a voltage peak of up to 50 V.

To initiate ozonolysis, 0zone was generated by passing a low flow of oxygen (20 standard
cubic centimeter per minute (sccm)) through a quartz flow tube illuminated with a Hg lamp
(Analytik Jena US, UVP Ozone Generator SOG-2) generating broadband UV light. The
resulting flow was diluted with nitrogen (180 sccm) to make up a total flow of 200 sccm
that was introduced into the LQ-EDB setup. Ozone concentrations were varied by changing
the exposure area of UV lamp. Concentrations in the nitrogen flow introduced into the LQ-
EDB were measured in a separate calibration process using an ozone monitor (2B
Technologies, model 106-L). Dilution factors during the calibration process were
determined and the reported ozone concentrations represent those exposed to levitated

particles.

7.3.1.2. Particle Levitation and Environmental Control

A linear quadrupole electrodynamic balance (LQ-EDB) was used to levitate a stack of
micrometer-sized particles for extended periods of time under controlled environmental
conditions. Details on the principle and operation of LQ-EDB have been previously
described.®5%85° In brief, droplets were generated from organic solutions of the sample

using a piezoelectric droplet dispenser and charged due to the presence of an induction
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electrode (x 200 to 500 V) at the inlet to the LQ-EDB. The droplets become confined
axially by the electrodynamic forces established within a vertically oriented quadrupole
supplied with AC voltages (500 to 1000 V at 300 to 1000 Hz). A 532 nm laser (Thorlabs
CPS532, 5 mW) was used to illuminate the levitated particles for their visual verification
upon initial trapping and positioning of the particles, and was disabled during

measurements.

Solvent evaporation during the initial trapping step yielded sample particles confined in
the electric fields. A counterbalance DC plate electrode with an applied voltage generated
an electrostatic force to balance the forces on particles, including gravitational force and
drag force due to gas flow. A continuous dry or humidified gas flow was introduced into
the chamber to control the environmental conditions inside the LQ-EDB setup. The relative
humidity (RH) inside the LQ-EDB was maintained by varying the ratio of dry and
humidified nitrogen gas and a total flow of 200 sccm was typically used. A CMOS camera
(Thorlabs DCC1545) was used to image and stabilize the position of the lowermost particle
by varying DC voltage through a PID feedback loop, programmed using LabVIEW
software. The LQ-EDB setup was coupled with Mie resonance spectroscopy allowing the
lowermost particle to be probed in real-time to determine its size and real part of the
complex refractive index. Compositional measurements of the particles were carried out
by Orbitrap mass spectrometry (MS) that was coupled to the LQ-EDB using an open port

sampling interface (OPSI)®"7071,
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Figure 1: Schematic configuration of the ozonolysis setup including the linear quadrupole
electrodynamic balance (LQ-EDB) coupled with mass spectrometer (MS) using open port
sampling interface (OPSI) for studying ozonolysis on single levitated particles. A dry or
humid flow of nitrogen with ozone generated from a photochemical ozone generator was
introduced into the LQ-EDB for initiating heterogeneous transformation. A stack of 5 to
10 particles underwent ozonolysis at the same time, and the lowermost particle was probed
in real-time using broadband spectroscopy and then ejected to the OPSI platform for
sampling by mass spectrometry.
7.3.1.3. Mie Resonance Spectroscopy

The lowermost particle in the stack was illuminated with a broadband red LED centered
at 660 nm with a spectral width (FWHM) of 20 nm. Backscattered light from the particle
was collected by optical fiber and delivered to a spectrophotometer (Ocean Insight
HR4000). For spherical particles, a spectrum is obtain characterized by sharp resonance
peaks associated with wavelengths that form morphology dependent resonances (MDRS)

in the particle. The wavelength position of the MDRs is indicative of the size and refractive

index of the particle. Using algorithms developed by Preston and Reid, the experimental
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wavelength positions are compared to positions predicted by Mie theory for a dynamic
library of size and refractive index combinations.”>" A least-squares error minimization is
performed, and the size is determined with an accuracy and precision of 5 nm and the RI
is determined to within 0.001 to 0.005. Changes in the Mie resonance spectra, such as
broadening and disappearance of peaks, is indicative of phase transitions, as discussed
further in the results. Additionally, non-spherical particles cannot support MDRs, and

backscattered spectra show only light reflected from the particle surface.

7.3.1.4. Compositional Analysis Using Mass Spectrometry

Compositional measurements were carried out by individually ejecting levitated particles
from LQ-EDB into the open port sampling interface (OPSI) of a Q Exactive Focus Orbitrap
Mass Spectrometer (Thermo Scientific). The OPSI acts as a sampling platform which
connects LQ-EDB to the Heated Electrospray lonization (H-ESI) probe of the mass
spectrometer (MS). A detailed description of the operating principle, measurement method
and data analysis for this procedure is discussed in our earlier works.®” In brief, the OPSI
is continuously fed with a solvent mixture of methanol, doped with trace amounts trans-3-
(3-pyridyhacrylic acid (TPAA, Aldrich, 99% pure) to act as a standard, by a syringe pump
(Chemyx Inc., model Fusion 100T). The signal from the standard is analyzed to ensure ESI
stability and account for any variations in the MS signal intensity over time. During a
measurement, the lowermost particle is ejected from LQ-EDB, by pulsing the DC
balancing voltage to zero for tens of milliseconds, prompting one particle to fall below the

balancing electrode and out of the trap into the solvent reservoir at the top of OPSI. The
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particle dissolves in the solvent, and the analyte solution is drawn into the ESI probe due
to the Venturi effect caused by reduced pressure region at probe tip. An electrospray is
established at the spray tip and ions are generated according to standard ESI processes’® "4
76, The ESI nebulizing gas was nitrogen (technical grade, 99.97% pure) and a solvent flow
(50 to 70 pL/min) was achieved based on nebulizer gas pressure at a set point of 30 psi.
The MS was operated in negative ion mode with a typical scan range of 50 to 1000 m/z, a
resolution of 35000 and maximum ion injection time of 100 ms. The resulting mass spectra
were initially analyzed using Xcalibur 4.1 software (ThermoFisher Scientific) and
extracted ion chronograms for the peaks of interest were exported to data analysis software
(MagicPlot Pro 2.8.2) for processing. The compositional abundance of species in each
particle was determined in terms of the relative peak area of the respective ions with respect
to its starting composition. Calibration measurements using OA, EA, and azelaic acid (AA)
were performed to explore the relative ionization efficiencies of typical product compounds

relative to the starting reactant.

7.3.2. Flow-Tube Measurements
7.3.2.1. Particle Generation and Characterization

A Pyrex tube was charged with small amounts of either liquid oleic acid (OA, Sigma-
Aldrich Co., 99%) or solid elaidic acid (EA, Tokyo Chemical Industry Co. Ltd., >97%).
For EA sample, the tube was inserted into a furnace and heated to 105-110 °C, at which
temperature the solid white elaidic acid crystals melted to a clear liquid. Dry nitrogen at a

flow rate of 0.3 standard liters per minute (SLM) at room temperature was passed through
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the heated Pyrex tube and polydisperse particles were formed in the resulting flow by
homogeneous nucleation. The flow was then passed through an annular charcoal denuder
to remove residual organic from the gas phase, as part of a precooling step, entered a loop
of copper tubing submerged in the reservoir of the recirculating pump (Figure 2) to bring
the particles to the desired temperature before passing on to the flow tube. Particle
distributions were measured at the exit of the flow tube using a Scanning Mobility Particle
Spectrometer (SMPS) consisting of a Differential Mobility Analyzer (3080, TSI Inc.) and

a Condensation Particle Counter (3025A, TSI Inc.).
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Figure 2: Flow-tube experimental apparatus showing the particle generation, ozone
generation, temperature control using a recirculating pump and thermostatic bath, a DMA
and CPC for characterizing particle size distributions, and the atmospheric pressure
chemical ionization (APCI) source on the mass spectrometer. A full description of the
apparatus is provided in the text.
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7.3.2.2. Flow Tube Reactor and Temperature Control

Particles and ozone were mixed in a cylindrical quartz flow tube reactor of fixed volume
which at a typical total flow of 1.03 SLM (standard liter per minute) results in a residence
time of approximately 23 seconds. In addition to the particle-laden 0.3 SLM flow of N2
from the nucleator oven, 0.5 SLM of pure N2 and 0.2 SLM of dry O2 (99.993%, Praxair)
were introduced at the inlet of the reactor. Ozone was generated using a 0.1 SLM flow of
02 into a corona discharge source (Ozone Services, Yanco Industries), after which the flow
was diluted with 5 SLM of N2 in a glass mixing cell. The concentration of Os in the flow
was measured with a commercial ozone monitor (106M, 2B Technologies) at the exit of
the mixing cell. The voltage on the corona discharge source was adjusted to achieve O3
concentrations in the range 8 — 640 ppm. A rotameter (King Instruments) was used to
deliver 30 sccm of the diluted O3/O2/Nz flow into the flow tube reactor, where resulting Os
concentrations range from 0.2 — 20 ppm. At the exit of the flow tube, the flow passed
through an annular ozone scrubber packed with Carulite 200 catalyst, which terminated the
ozonolysis reaction. The temperature during the reaction was controlled by a chilled 50/50
ethylene glycol and water mixture fed through the outer jacket of the flow tube by a

recirculating pump (VWR AD15R-30) with a thermostat setting between -20 and +20 °C.

7.3.2.3. APCI Mass Spectrometry
The reaction kinetics for ozonolysis measurements were monitored using a Velos Pro
LTQ Mass Spectrometer (Thermo Scientific) fitted with an Atmospheric Pressure

Chemical lonization source, modified to take particle-laden gas flow through a ceramic
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inner bore, as described in Roveretto et. al.”” The outer ceramic inlet tube was heated to
180 °C to vaporize the aerosol particles prior to entering the ionization region. The flow
into the inlet of the mass spectrometer included the N2 sheath gas at a flow setting on the
mass spectrometer of 1.8 (arbitrary units). The auxiliary gas flow was not used. Mass
spectra were recorded with a typical scan range of 50 to 1000 m/z in negative ion mode.
The discharge voltage was set to 1.5kV with a typical current of 8 HA. The analyzer region
of the mass spectrometer was maintained with helium gas (99.998%, Airgas) at 40 psi. The
decay of OA and EA were measured using the intensity of the m/z = 281 peak,
corresponding to the [M-H*] ion of each fatty acid. From the mass spectra, chronograms
of the parent ions and product ions resulting from ozonolysis were extracted using

XCalibur 4.1 for subsequent data analysis in Python.

7.3.3. Kinetic Analysis
To interpret and compare the ozonolysis kinetics across measurements, we apply a simple
model to determine the effective rate constant and the uptake coefficient. The loss of OA

or EA over time was fit to an exponential decay to give the rate constant according to:

M =e _korg(03>t-t
lorglo

where Korg IS the effective rate constant for the reaction of OA or EA (i.e. the organic),
(05); is the time-averaged 0zone concentration, assumed to be equal to the measured ozone

concentration, and t is time.
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Based on the analysis reported by Smith et al.’®, the uptake coefficient, defined as the
ratio of the number of reactive decays of OA or EA molecules to the number of collisions
with ozone molecules, may be formulated as:

4korgDporgNA
6CMorg

org __

Yo,

where, y,,  is the ozone uptake coefficient, k,, is the rate constant, D is the diameter
of the particle, p,,, is the density of reactant, N, is Avogadro’s number, ¢ is the mean

speed of ozone gas molecules and M,,., is the molar mass of reactant molecules.

This formulation allows for the surface-to-volume ratio effect on heterogeneous reactions
to be normalized, however it does not account for size-dependent and time-dependent
processes that may limit reactivity, such as diffusion limitations. It represents a useful tool
for comparing across datasets, but care must be taken when interpreting absolute values.
The uptake coefficients of super-micron particles using single particle measurements and
sub-micron particles using flow-tube measurements are analyzed and compared in the

subsequent sections.

7.4. Results and Discussion

A comparison between the ozonolysis of oleic acid (OA) and elaidic acid (EA) is
presented to explore the differences in their reactivity and phase behavior that arise from
the different orientation of the carbon—carbon double bond. In bulk at room temperature,

OA is a liquid while EA is a solid. Both species are soluble in organic solvents, such as
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ethanol and 1-propanol, which evaporates after levitation resulting in the formation of
either liquid or solid particles. In general, levitated particles containing OA were observed
to exist in liquid state, whereas EA attained both supercooled liquid and solid phase states
on a pseudo-random basis. Ozonolysis measurements were performed to explore the
influence of these phase states on reactivity and reaction mechanisms. Additional
measurements using a temperature-controlled flow-tube were performed as a means of

comparing phase states using temperature as a control and are discussed in Section 7.4.4.

In the following sections we break down the results into discussions of the size, refractive
index, and phase morphology of OA and EA super-micron particles undergoing ozonolysis,
with information derived from Mie resonance spectroscopy. We go on to discuss the
evolving chemical composition using information derived from mass spectrometry. We
then discuss measurements of sub-micron particles performed using a flow-tube setup, and

finally discuss the influence of factors such as RH and ozone concentrations.

7.4.1. Evolution of Size, Refractive Index and Phase State of Single Levitated
Particles
7.4.1.1. Oleic Acid
The size and RI of liquid oleic acid particles were determined using Mie resonance
spectroscopy and are shown in Figure 3A. The radius decreases as the reaction progresses
and semi-volatile products are evolved into the gas phase, discussed in more detail later. In
most experiments, this led to an increase in the RI as the ozonolysis proceeds indicating

the changing chemical composition, leading to changes in the optical properties of particle.
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Figure 3: (A) Size and RI evolution of liquid OA particles exposed to 2.3 ppm of Oz under
dry conditions using Mie resonance spectroscopy. The black points correspond to the
sequentially measured radius of all particles in the stack, and the blue points correspond to
the RI of the particles. The accuracy of size is determined to be within 5 nm and the RI is
within 0.001 to 0.005 for homogeneous and spherical particles. The green shaded region
in indicates where LLPS occurs, with the spectra degrading and leading to much larger
scatter in the size and RI. (B) Mie resonance spectra before and after ozonolysis of OA
shows clear peaks indicative of a homogeneous spherical particle initially that becomes
distorted following LLPS, consistent with the formation of surface islands due to product
formation that interrupt the spherical cavity. (C) Size and RI evolution of supercooled
liquid EA particles exposed to 2.3 ppm of Os under dry conditions. (D) Mie resonance
spectra before and after ozonolysis of EA particles, showing a spherical homogeneous
morphology is retained.

In many datasets with OA, an abrupt change was observed in the RI, as seen in Figure
3A at around 500 s. This occurs as the Mie resonance spectra begins to degrade, shown in

Figure 3B. A similar effect was noted, with different extent of spectral breakdown, in the
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majority of experiments on OA particles. A likely explanation for degradation of the Mie
resonance spectra is the occurrence of a phase transition due to the liquid-liquid phase
separation (LLPS) following the formation of low solubility organic species as the
ozonolysis proceeds. This leads the particle to deviate from a well-mixed homogeneous

composition and as a result, the Mie resonance spectra becomes distorted.

Possible morphologies that may form due to LLPS include a fully engulfed core shell-
type morphology, in which the spherical structure is retained, and Mie resonance spectra
appear undisturbed, a partially engulfed morphology, in which the particle deviates from a
spherical structure and the spectra break down, and an emulsion-type morphology, where
aggregates for product species formed scatter light either at the surface or in the bulk,
leading to some distortion of the spectra. LLPS in oleic acid ozonolysis reactions has been
observed in previous work, and microscopy images reported by Xu et al.5 indicate the
formation of liquid islands at the surface, a form of aggregation due to the low solubility
of the products in oleic acid. This is consistent with our observations, as the Mie resonance
spectra retain the overall structure of a spherical particle, but with disruptions and
deviations caused by the scattering of light by these islands. This leads to a degraded ability

to accurately determine the size and the RI following LLPS.

7.4.1.2. Elaidic Acid
Although solid at room temperature in the bulk, levitated particles of EA typically
exhibited a spherical morphology, indicative of a supercooled liquid phase state. In some

cases, solid particles were formed, identified by the lack of regular scattering structure in
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the Mie resonance spectra. The formation of supercooled or solid EA particles appeared to
be random and no dependence on any experimental parameters could be identified. Similar
stochastic phase behavior has been observed in measurements of diacids under dry
conditions.®® In cases where the EA particles were formed as a supercooled liquid, Mie
resonance spectroscopy was used to measure the size and RI, as with OA, shown in Figure
3C. Contrary to the liquid OA, these particles do not show any sign of abrupt changes in
the scattering pattern or derived properties during the ozonolysis, which indicates that the
particles do not undergo LLPS and, hence, retain a spherical homogeneous structure
throughout the reaction (Figure 3D). Compared to OA, the straight chain EA molecules
may be able to solubilize the reaction products to a greater extent than the bent OA
molecules. Furthermore, the supercooled elaidic acid is already in a thermodynamically
metastable state, indicating that some kinetic barrier exists to the nucleation of the solid

phase that may also be present for the nucleation of a phase separated state.

During a typical experiment, up to ten droplets of the starting solution were trapped to
produce a linear array of particles that are exposed to ozone. In around 1 in 10 experiments
with EA, all particles in the array were formed with a solid phase state. Due to irregular
shape of the solid phase, there was no regular Mie resonance scattering pattern observed
which results in a lack of information on size and RI. For these particles, we rely on the
mass spectrometry data and the assumption that their effective radius is equal to the radius
of spherical particles created from the same starting solution. Further discussion of solid

EA particles is presented in subsequent sections.
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7.4.2. Chemical Evolution of Single Levitated Particles

The chemical evolution of particles as they react with ozone was determined using mass
spectrometry. A linear sequence of initially similar-sized particles was trapped in the LQ-
EDB, and ozone of a known concentration was introduced. Particles were ejected
sequentially, over the course of several hours, and each yielded a snhapshot of the
composition at that point in the reaction. The example mass spectra for OA before and after
ozonolysis are shown in Figure 4A while the chronogram of the parent peak and primary
products are shown in Figure 4B. The integrated area corresponding to the chronogram

signal for each peak of interest was determined for all particles in the experiment.
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Figure 4: (A) Mass spectra of oleic acid particles with a diameter of ~10 um before and
after ozonolysis. The black data represents mass spectrum before the start of ozonolysis
reaction whereas the red data represents mass spectrum after ozonolysis. (B) Mass
chronograms show the time-dependent ion intensity of [M-H*] signal for a decrease in
oleic acid reactant peaks (281 m/z, black) with simultaneous increase of first-generation
product peaks, such as 9-oxononanoic acid (m/z 171) and azelaic acid (m/z 187 m/z).
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7.4.3. Oleic Acid and Elaidic Acid Reaction Kinetics

Both OA and supercooled EA particles exhibit similar heterogeneous reaction rates with
ozone, as reflected in the similar decay rate of the parent compounds as a function of
exposure. In both cases, integrated peak intensity at m/z 281 was used to determine the
amount of reactant in the unreacted particle at the start of the experiment, and the signal
associated with subsequent particles undergoing ozonolysis is shown as a fraction of this

starting value.
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Figure 5: Normalized intensity of reactant and 1 generation products in OA (A) and
supercooled EA (B) for particles with a starting diameter of ~10 um exposed to 4.1 ppm
of ozone. Note the x-axis reflects the ozone exposure in units of concentration (ppm) x
time (S). The solid lines reflect exponential decay fits to the data as discussed in the text.
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While the peak area and intensity decreases for m/z 281, the signals for primary products
emerge as ozonolysis proceeds (Figure 5A for OA and Figure 5B for EA). First-generation
products are formed along with Criegee intermediate (CI) in the beginning due to reaction
between OA (or EA) and ozone, after which these further combine with CI, and dissociate
or dimerize to result in the formation of second-generation products. Data points for 187
and 171 m/z signal in Figure 5 represent the relative peak areas for the first-generation
products azelaic acid (AA) and 9-oxononanoic acid (ONA), respectively. The MS signals
for AA and ONA first increase and, for ONO, subsequently decrease as evaporation and

further chemistry occurs during ozonolysis.

A simple multi-component evaporation model,% assuming ideal mixing of reactants and
products, isothermal evaporation, and using the vapor pressures reported by Mueller et
al.,*® predicts timescales of evaporation for 10 um diameter particles to be on the order of
100’s seconds for ONA and on the order of 1000’s seconds for AA. Thus, AA will likely
accumulate in the particle to a greater extent than ONA, and the subsequent decrease in
signal for ONA may be due to evaporation. Nonanoic acid and nonanal are both volatile
on the timescale of these measurements and are not observed as products. The ionization
efficiencies of measured products with respect to the parent compound vary, accounting
for the different product signal intensity seen in Figure 5A and Figure 5B. For AA, the
ionization efficiency with respect to EA was double that for OA. Thus, we expect to
measure approximately double the amount of product signal in the EA system for the same
amount of material. Considering this, our data shows no clear difference in the product

formation between the two isomers.
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When determining uptake coefficients across all experiments, there is a slightly higher
value determined for elaidic acid, with yz;, =86+ 11x10"* and y,, =7.1%
1.7 x 107, although there is agreement within the uncertainty in the standard deviations
based on repeated trials at similar experimental conditions. The value for OA falls close to
the expected literature values considering the size of the particles.> We break down these
values further in a later section to explore more closely the influence of ozone concentration
and RH on the measured values. Interestingly, even though OA was observed to undergo
LLPS in most cases, the reaction kinetics were unaltered. This is likely due to the surface
of the particle being insufficiently covered by product species to reduce the uptake and

reaction of ozone.

In the case of solid EA particles, much slower reaction kinetics were observed compared
with the supercooled counterpart. Figure 6A shows the decay curves for a representative
example of a solid particle compared to a supercooled liquid particle. The reaction between
solid EA and ozone is drastically slower than ozonolysis of supercooled EA or liquid OA.
An exponential decay curve was fit to the data to derive a rate constant, and the estimated

particle size was used to determine the uptake coefficient.
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Figure 6: (A) A comparison of the decay of supercooled liquid EA particles compared to
solid EA particles under the same reaction conditions. The solid lines represent an
exponential fit. The inset figure C shows the signal for products AA (m/z 187) and ONA
(m/z 171) for the solid particle. (B) A comparison of the decay of homogeneously frozen
EA particles at -20 °C and supercooled liquid EA at 20 °C, along with inset figures D and
E showing the AA and ONA signal for frozen and supercooled particles respectively. Note
that the compositional analysis was carried out with the help of mass spectrometry
technique.

For measurements on solid elaidic acid particles in the LQ-EDB, we found yg, s = 3.2 &

1.6 X 107*, just under three times smaller than for the supercooled equivalent. The
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measured standard deviation in these measurements is greater due to the more limited
number of observations. The quantitative analysis of the MS data for solid EA particles
revealed that there were signals for the product ONA, while AA and other products were
absent (Figure 6C). This may indicate that the reaction pathways for the solid particles
may differ due to the limited mobility of products within the particle, prohibiting secondary
chemistry. Furthermore, because first-generation products are formed at the surface, they
can evaporate more easily and are thus less clearly observed. In should be noted, however,
that the low reaction extent brings challenges in reliably detecting products signals, and we

hesitate to draw any conclusions from these data.

7.4.4. Influence of Temperature on Phase and Kinetics

Temperature-controlled flow-tube measurements were also performed as a complement
to single particle measurements. As described in the Experimental Setup Section,
polydisperse aerosol of OA and EA were generated by homogeneous nucleation. In OA
experiments, the mass-weighted mean diameter of the log-normal distribution lay between
154 and 167 nm, with a geometric standard deviation (og) of 1.35. For EA, the mass-
weighted mean of the particle distribution lies between 167 and 204 nm, with a og 0f 1.37.
Negative ion APCI-MS was used to measure the decay of each acid over ozone exposures
up to 300 ppm s. The exponential decay curves were analyzed in the same way as described
earlier and reactive uptake coefficients were determined as a function of temperature,

shown in Figure 7.
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Figure 7: Uptake coefficients from temperature-controlled flow tube reactor studies. Red
open circles correspond to measurements of oleic acid, and green open shapes correspond
to measurements of elaidic acid with (diamond) and without (circle) the precooling step
described in the Experimental Section. Shaded horizontal regions show the linear
quadrupole electrodynamic balance (LQ-EDB) measurements for comparison, the vertical
size of the bar indicating the uncertainty. We use the term “solid” here, although care
should be taken with this description as described in the text.

These measurements reveal several interesting observations when compared to the larger
levitated particles. First, the magnitude of the uptake coefficient is larger at room
temperature for both OA and EA, indicating that the influence of diffusion limitations are
reduced due to the decreased size of the particles, and the reaction occurs faster, as
predicted by Smith et al.>* Second, the uptake coefficient for OA particles is invariant with
temperature, while for EA there is a steep decrease at between 260 and 270 K. The
temperature at which slowing is observed likely coincides with the homogeneous freezing

temperature of the supercooled EA, and the resulting solid EA particles exhibit much

smaller uptake coefficients that agree more closely with the measurements on solid EA
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particles in the LQ-EDB. Interestingly, when measurements were performed without a
precooling step, the uptake coefficients measured were greater, indicating only partial
freezing occurred. This may result in either an internally mixed slurry of solid and liquid
material, or an external mixture of some solid particles and some liquid particles.
Comparing against the larger uptake coefficients measured in the LQ-EDB, an internal
mixture with a varying ratio of solid to liquid may explain the differences seen across

measurements.

When comparing the decay trends in Figure 6A and 6B, both the solid LQ-EDB particles
and the low temperature flow-tube measurements reveal a similar trend. Given the LQ-
EDB measurements are on single particles, this indicates that an internal mixture may be
formed, and a plateau observed when the liquid extent of the particle is reacted away,
leaving only solid material that decays much more slowly. The insets C, D and E in Figure
6 show the measured signals arising from AA and ONA. As was observed in solid particle
levitation measurements (Figure 6C), the abundance of 1% generation products was
significantly reduced in measurements on the solid particles frozen at -20 °C (Figure 6E).
The abundance of these products in frozen EA particles is less than for the same reaction
extent on liquid EA particles at 20 °C (Figure 6D), further indicating the chemistry is

modified relative to the well-mixed case.

7.4.5. Influence of Ozone Concentration and Relative Humidity
Over the course of these measurements, we explored the influence of varying ozone

concentrations and relative humidity on the properties of liquid OA and supercooled EA
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particles. As previously discussed, the loss of liquid OA and supercooled EA over time
was characterized with an exponential to give the rate constant, and an uptake coefficient
was calculated. The values of uptake coefficients for varying ozone concentrations at 0%

RH and varying RH at 2.3 ppm of ozone, respectively, are reported in Figure 8.
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Figure 8: (A) Comparison of uptake coefficients for liquid OA and supercooled EA
undergoing ozonolysis as a measure of varying ozone concentrations under dry conditions
using MS. (B) Comparison of uptake coefficients for liquid OA and supercooled EA
undergoing ozonolysis as a measure of varying relative humidity at 2.3 ppm of ozone. For
both sets of measurements, liquid OA data is represented as red open circles and
supercooled EA data is represented as green open circles. The error bars represent the
standard deviations based on repeated trials at similar experimental conditions.

Overall, we observe a higher value of the uptake coefficient for supercooled EA as
compared to liquid OA, but neither system shows any measurable dependence on ozone
concentration or RH. The latter observation is not surprising given the hydrophobic nature
of the reactants and, while the products are expected to be more hydrophilic, the additional
water present has no role in the decay of OA or EA. The influence of ozone concentration

might be expected in systems that showed diffusion limitations, as the renewal of reactants

at the interface cannot compete with the loss due to reaction when ozone concentrations
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are high. Due to the low concentrations of ozone and the slow rate of reaction, we expect
minimal diffusion limitations, consistent with the constant uptake coefficient. Secondary
reactions have been previously reported to vary with ozone concentration, however our

measurements do not span a sufficiently large range to identify such trends.*®

7.5. Summary and Conclusions

Single particle and flow tube measurements were performed in this study to compare the
ozonolysis kinetics and product distributions of two geometric isomers, oleic acid and
elaidic acid, under a variety of laboratory conditions. The different physical states of oleic
and elaidic acid under ambient conditions yield interesting experimental observations that
are the focus of this work. The existence of elaidic acid in supercooled liquid state as single
levitated particles resulted in similar ozonolysis kinetics as liquid oleic acid, which are
significantly faster than the kinetics of solid elaidic acid particles. While it is known that
high viscosity can lead to diffusion limitations that impede the rate of chemical reactions,
experiments that show this impose other changes that may also influence reactivity, such
as changes in the amount of water or the inclusion of additional compounds inside the
particles. These results directly demonstrate the differences in reaction kinetics for the
heterogeneous transformation of the same chemical system under different phase states.
Furthermore, we confirm that liquid oleic acid particles react with ozone gas leading to the
onset of phase separation. No changes in the ozonolysis kinetics were observed following
LLPS, and the newly formed phase is likely a mixture of high-molecular weight products

that are insoluble in liquid oleic acid, resulting in liquid-liquid phase separation, probably
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as inclusions, as observed by Mie resonance spectroscopy. There is no discernable
difference in composition at the point of LLPS in oleic acid particles as compared to

supercooled elaidic acid particles.

Flow-tube measurements using a temperature-controlled reactor were also performed,
allowing for supercooled elaidic acid particles to be frozen to the solid state. These
measurements agree with the single particle measurements, showing uptake coefficients
for supercooled elaidic acid to be slightly higher than oleic acid, with a marked decrease at
the temperature where homogeneous freezing occurs. Interestingly, the uptake coefficient
was reduced to a lower value in the flow-tube measurements where pre-cooling was
applied, with larger values observed without precooling in the LQ-EDB measurements. We
surmise this is due to the formation of a slurry in which the extent of solidification depends
on the temperature and time. Additionally, the size dependence owing to diffusion rates in

solid particles and those of intermediate viscosity may explain these differences.>%:"®

Using an electrodynamic balance coupled with mass spectrometry, chemical
transformations on super-micron single particles may be explored with extended timescales
of levitation under reaction conditions that approach atmospherically relevant low-oxidant
concentrations. Flow-tube measurements focus on sub-micron aerosol particles, in which
the reaction timescales are shortened by utilizing higher concentrations of oxidants.
Exposure of particles to ozone in both these techniques led to the formation of primary
generation products which further undergo reactions with Criegee intermediates, resulting

in the formation of second-generation products. A direct comparison reveals that the uptake
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coefficient is dependent on size, with sub-micron particles generated in flow tube have
higher uptake coefficient value than single levitated super-micron particles. While the
dependence we observe here differs from earlier work,® this likely arises due to the
different ozone concentrations, as reaction-diffusion effects will depend on both length and
timescales. This work provides a comparison between these two common aerosol methods
applied to the same chemical systems, demonstrating complementary information that may
be obtained. Further, while oleic acid has been extensively studied in the literature, the role

of phase on its chemistry has not been observed.

This work demonstrates that solid elaidic acid may be an effective proxy for oleic acid
embedded in high viscosity media, allowing further study of the role of diffusion-
limitations on chemical transformations. The uptake coefficient for elaidic acid reported
by Wang and Yu®* fall in between those reported in this work for solid and liquid elaidic
acid particles. This indicates that the phase state of ambient particles containing elaidic
acid, and by extrapolation other high melting point organic compounds, may exist in a
continuum between liquid and solid, complicating our understanding of heterogeneous
reaction kinetics and raising the importance of developing in-situ probes of phase
morphology when exploring heterogenous reactions. The morphology and other
physicochemical characteristics of aerosol particles also change greatly in the process of
organic chemical aging, necessitating a unified approach to tackling the problem of organic
aerosol chemical processing to better understand the implications for atmospheric

chemistry, climate, and public health.
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CHAPTER 8

Summary, Implications and Future Directions

8.1. Thesis Summary and Conclusions

In this thesis, a series of laboratory studies on levitated particles has been presented that
aim at improving our understanding of the connection between the physical and chemical
characteristics of aerosol particles and heterogeneous chemical transformations occurring
in the atmosphere. It is essential to link the microphysical properties, chemical composition
and reaction timescales for levitated particles undergoing transformations under controlled
environmental conditions to quantify these evolving properties. The measurement and
interpretation of heterogeneous transformations, namely non-reactive transformations
caused by evaporation of volatile and semi-volatile species, and heterogeneous oxidation
caused by ozone, has been the focus of this thesis. This thesis presents a comprehensive
discussion on the characteristics of aerosol particles, the development of a new method for
probing chemical changes in levitated particles, and the application of these methods to
explore and quantify the characteristics of the levitated particles exposed to a variety of

reaction conditions. An overview of the preceding seven chapters is presented below.

Chapter 1 provides an overview and significance of the aerosol particles in various fields
of scientific interest, including a detailed discussion on their role in the atmosphere. The

understanding of chemical composition relating to atmospheric aerosols offers an insight
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into their associated properties which determine their interactions with the environmental
conditions. This is followed by a generalized description of the measurement techniques,
such as ensemble and single particle methods, utilized by researchers to understand the
aerosol properties and associated chemical transformations. The chapter is then concluded

by discussing the thesis goals supported by research motivation and significance.

Chapter 2 presents the technical information on the development and utilization of
analytical methods capable of conducting the heterogeneous transformations on levitated
particles. The linear quadrupole electrodynamic balance (LQ-EDB) for particle levitation
is effectively coupled with Mie resonance spectroscopy (MRS) and mass spectrometry
(MS) for the characterization and quantitation of physicochemical properties associated
with particles. The utilization of sampling and ionization platforms, namely paper spray
(PS) and open port sampling interface (OPSI), offer effective transfer of the sample particle
from levitation trap to MS for compositional analysis. The potential of the combined LQ-
EDB-MS technique to carry out and measure chemical changes on transforming particles

is discussed.

A comprehensive account of the procedures associated with LQ-EDB coupled with MS
through PS as the sampling and ionization platform is covered in Chapter 3.! Different
analytes, such as simple acids, dicarboxylic acids, polyethylene glycols and fatty acids, are
studied to examine the capability of PS-MS method for examining single picoliter particles.
The MS data respective of the particles containing single and binary mixtures is

investigated to benchmark these measurements by analyzing the evolving peak signals as

258



a function of analyte mass. The measurements confirm good sensitivity, reproducibility,
and both qualitative and quantitative reliance for a range of chemical species, ensuring

efficacy of the method for analyzing the compounds of atmospheric interest.

Chapter 4 describes the development and implementation of a robust setup that couples
LQ-EDB with MRS as well as electrospray ionization (ESI) - MS through OPSI as the
sampling platform.? Laboratory measurements are reported to confirm the applicability of
the developed method to carry out chemical transformations on levitated particles and a
full account of the use of both MRS and MS approaches is discussed to explore the
particles’ physical properties as a function of changing composition. The method has been
applied to study the MS signal reproducibility, peak area quantitation and evaporation
trends for different chemical compositions in levitated particles, which assists in drawing
comparisons between OPSI and other sampling methods, like PS. The advantages offered
by OPSI method over PS platform for compositional analysis, such as no requirement of
internal standard and better signal reproducibility, are described in detail. The technical
frameworks established in chapter 3 and 4, including significant measurement benchmarks,

form the basis for the interpretation of measurements in the subsequent chapters.

Chapter 5 focusses to explore the evaporation dynamics of particles composed of a range
of semi-volatile organic compounds (SVOCs), namely n-ethylene glycols, in binary and
ternary mixtures.® The partitioning of the volatile species from particle-phase to the vapor-
phase helps us in understanding the atmospheric chemistry of ambient aerosols undergoing

non-reactive transformations. Through compositional measurements and thermodynamic
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modelling, excellent agreement for both size and chemical composition was achieved in
accordance with the model simulations. Understanding the transformation kinetics under
dry conditions and elevated relative humidity, in which particles deviate from ideal mixing,
is important to understand the transformation parameters, such as evaporation kinetics and
activity coefficients, related to gas-particle partitioning of SVOCs in ambient aerosol
particles existing under a wide range of relative humidity conditions in the atmosphere.
Finally, the measurement results for non-reactive transformations provide confidence in
the applicability of our techniques for exploring the heterogeneous oxidative aging of

levitated particles.

In Chapter 6, the vapor partitioning of semi-volatile organic molecules between the
condensed phase and gas phase is determined across a range of temperatures with the help
of a newly developed specialized LQ-EDB, capable of attaining above-ambient
temperatures.* In particular, the exploration of the evolving composition due to the
evaporation dynamics for a series of straight-chain dicarboxylic acids and their mixtures
yields important information on the role of phase state and molecular interactions for
regulating the gas-particle partitioning. These measurements distinguish the crystalline and
sub-cooled liquid phase states, determined by the odd-even alteration of carbon numbers
in the diacids, in terms of their vapor pressures and enthalpy of vaporization that helps in

evaluating the volatility of the aerosol particles present in the atmosphere.

The utilization of particle levitation method is taken a step further in Chapter 7 to discuss

the laboratory measurements conducted to explore the heterogeneous ozonolysis reactions
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of aerosol particles, which is contrary to non-reactive transformations covered in previous
chapters. The information on the evolving physical and optical characteristics due to
changing chemical composition for two geometric isomers having different phase states,
due to heterogeneous oxidation under a variety of reaction conditions, is derived to improve
our knowledge of such transformations of ambient aerosols. A comparison between
particle levitation and flow tube measurements for quantitative analysis of
physicochemical characteristics associated with particles undergoing ozonolysis allows us
to evaluate different particle properties and reaction conditions. Finally, the determination
of reaction parameters, such as kinetics, uptake coefficients, phase effects, and product

distributions, help in interpreting the oxidative aging pertinent to atmospheric aerosols.

8.2. Wider Implications of this research

It has been well recognized that aerosol particles are ubiquitous in the atmosphere, and
they play a significant role in determining the Earth’s climate system, air quality, and health
effects.>® The ever-evolving chemical composition and associated properties of aerosol
particles due to various atmospheric interactions have led to a major effort directed towards
understanding their chemical transformations. Chemical aging of atmospheric aerosols due
to transformation processes, such as heterogeneous oxidation and exchange of SVOCs,
may have major implications for exhibiting the negative health effects, as some of the
particle-bound oxidation products (like polycyclic aromatic hydrocarbons) may show
higher degree of toxicity than the original chemical species.” The heterogeneous oxidation

products besides exhibiting the direct climatic effects can also enhance the overall
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hygroscopicity of the aerosol particles, resulting in their ability to form the cloud

condensation nuclei.

Through the research work dedicated for this thesis, laboratory-based methods were
developed to study chemical transformations on model aerosol systems that mimic the
organic aerosol composition that have been either previously detected in atmospheric
aerosols or possess similar characteristics. Single particle measurements help in
understanding these processes on individual micrometer-sized levitated particles which can
be further extended to explore the impact of several important transformation parameters,
such as reaction kinetics, diffusion limitations and phase states, on aerosol processing.® It
IS important to recognize that the size range studied in these experimental measurements
represent only a tiny fraction of atmospheric aerosols in terms of the number concentration,
as most particles exist in accumulation mode (< 1um in diameter). However, the analysis
of important microphysical properties, such as phase behavior, hygroscopicity, vapor
pressure, refractive index, and morphology, associated with the coarse particles can lead to
simplification of the measurement, decoupling surface and bulk characteristics that provide
invaluable insight on accumulation mode particles exhibiting complicated bulk and surface
effects.'®! In addition, conclusions drawn for coarse particles, such as particle morphology
like liquid-liquid phase separation, will still be valid for particles as tiny as 100 nm in size,
below which these extrapolations may become invalid. Thus, conducting systematic
studies of complex behavior to simple parameterizations is essential for relating aerosol
properties with chemical transformations, such as exchange of semi-volatile organics

between particle and gas phase, and comparison of different phase states in isomeric
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compounds towards ozonolysis, that may help in drawing general conclusions about

aerosol chemistry in the atmosphere.

8.3. Future Directions

Single particle laboratory studies for exploring the chemical transformations of
atmospheric aerosol proxies have provided an important foundation for understanding the
role and impacts of these processes in the ambient aerosols. Numerous aerosol studies
utilize microparticle levitation techniques, such as linear quadrupole electrodynamic
balance and optical tweezers, for a variety of measurements focusing to understand the
mechanisms and Kinetics of transformations affecting physical and chemical properties of
aerosol particles.® This thesis highlights that gathering comprehensive information on the
size, refractive index, morphology, reactivity, composition, and product distribution,
associated with levitated particles undergoing chemical transformations is a challenging
task that requires the coupling of multiple analytical methods to provide a full range of

necessary information.

The tremendous advances over the past decade have unraveled the complexity of
chemical transformations on aerosol particles, such as exchange of SVOCs and
heterogeneous oxidation, in the atmosphere. Many uncertainties still remain due to the
complex and ever-evolving properties of ambient aerosol particles. As the research
advances, it is imperative that aerosol properties are further explored for evaluating their
role in atmospheric chemistry. More accurate information on particle characteristics, such
as phase state, reaction kinetics and product distribution, will ultimately allow us to better
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understand the chemical transformations. To bridge the gap between single particle studies
and field observations of ambient aerosols towards aerosol chemical transformations,
future work should focus not only on advancing our understanding on the microphysical
properties but also expand to more realistic compositions of model aerosols under
atmospherically relevant conditions.'? In particular, studies may focus on conducting
heterogeneous chemical transformations under controlled conditions by levitating the
ambient particles formed freshly from chemical processes conducted at laboratory level.
There is also a great potential for developing particle levitation techniques that are capable
of accurate characterization and quantification of chemical changes for particles in the sub-
micrometer size range that is more comparable to the ambient particles. Another promising
avenue for future single particle laboratory studies is to effectively couple different mass
spectrometry techniques with levitation methods which assist in precise identification and
guantitation of compositional changes in real-time as the particles evolves due to various
chemical transformations. Such efforts will assist in providing an arsenal of the available
mass spectrometry techniques, making it possible to pick the most compatible method
tailored to a specific particle levitation method. For heterogeneous oxidative
transformations, it is worth exploring size dependence of aerosol particles on the reaction
kinetics along with a comprehensive analysis of the product distribution and reactive
uptake of the oxidant introduced at different oxidant concentrations. Addressing these
knowledge gaps would benefit the future developments in the emerging aerosol field for
exploring chemical transformations that connect the laboratory studies and atmospheric

processes. All the more, it is important to further intensify the collaborations and
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interdisciplinary exchange of scientific knowledge across the fields of atmospheric
chemistry, physics, environmental sciences, climatology, toxicology, epidemiology, and

aerosol science.
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