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ABSTRACT OF THE DISSERTATION

Predicting Phase State and Viscosity of Secondary Organic Material
and Their Impact on Amine Uptake by Atmospheric Particles
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Associate Professor Manabu Shiraiwa, Chair

Atmospheric aerosol particles affect air pollution, public health, and radiative forcing of
climate. Their phase state and morphology have far ranging effects on gas uptake, particle phase
rate of reaction and aging. Recent reports have demonstrated that atmospheric particles may exist
in semi—solid or glassy solid states. The phase transition between these two states occurs at the
glass transition temperature (7,). The goal of Chapters 2 and 4 of this work was to predict the
phase state and viscosity of secondary organic aerosol (SOA) mixtures. A modeling approach to
predict viscosity as a function of ambient temperature and relative humidity (RH) that uses a
parameterization for estimating T, of organic compounds from molecular composition is
presented. The method is applied to a—pinene and isoprene SOA using marker compounds and
toluene and diesel-derived SOA using high-resolution mass spectrometry (HRMS) data.
Predictions agree well with measured viscosities. Finally, the viscosity of biomass burning SOA
is predicted with two sets of HRMS data collected using different ionization techniques,
electrospray ionization and atmospheric pressure photoionization, on the same samples. The use

of different ionization techniques leads to a difference of ~10* in predicted viscosity at low RH.
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Next, measurements of the reactive uptake of dimethylamine (DMA) by ammonium
sulfate (AS) and mixed AS—sucrose particles at different RH are simulated with the kinetic
multi-layer model of gas particle interactions (KM-GAP) in Chapter 3. Investigations into the
role of amines in new particle formation and nano—particle growth are essential to our
understanding of cloud condensation nuclei. KM-GAP is well suited to elucidating the
mechanisms underlying amine uptake as it explicitly treats the temporal evolution of all species
from the gas phase to the particle. Particle mass growth over time and its humidity dependence is
successfully reproduced for all experimental samples. Uptake in the mixed AS—sucrose particles
is limited by diffusion of DMA and AS through a viscous sucrose-rich shell at lower RH.
Uptake coefficients increase when RH increases, but decrease when the molar fraction of sucrose
increases at fixed RH. The model is extrapolated to emulate atmospheric conditions. At RH
greater than or equal to 70% for liquid particles, amine uptake can lead to a mass increase of

approximately 20 to 60%.
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Chapter 1

INTRODUCTION



1.1: Overview of troposphere and atmospheric aerosols

Characterization of atmospheric aerosol particles in the troposphere is a major research
focus due to their contribution to air pollution and health effects, and uncertainty about the

1318 Extending approximately 10-15 km

impact of atmospheric particles on radiative forcing.
above the Earth’s surface, the troposphere is the lowest layer of the atmosphere and has the most
direct impact on life on Earth. Humans experience conditions in the troposphere as weather and
climate. In addition to the primary gaseous components (N2, O, argon and CO,) that comprise
over 99.9% of dry air, the troposphere contains trace gases, particles, and emissions from both
biogenic processes, related to animals and vegetation, and anthropogenic sources such as
automobiles and power plants.' >

Many components of the troposphere comprise more than one phase and can be described
collectively as aerosols, a term which refers to a heterogeneous system in which condensed
phase particles are dispersed throughout a gas.”' The particles are small — ranging in size from a
few nanometers to tens of micrometers in diameter — and their physical properties are influenced
by ambient temperature, relative humidity, solar radiation and other environmental factors.
Additionally, the composition of the aerosol particles can be altered by heterogeneous reactions
between the gas and condensed phases.”

Depending on their size, aerosol particles may remain suspended in the air for hours or
days. As such, they can be inhaled or ingested by humans and other animals and this exposure
can negatively affect respiratory and cardiovascular systems, contributing to allergies, lung

19-23.24 particles in the atmosphere also scatter or absorb light and can

cancer and other diseases.
significantly reduce visibility, creating phenomenon such as urban haze.'> *>?® The ability of

aerosols to affect the passage of light is at the heart of why aerosol particles are an important



consideration in how the Earth’s atmosphere interacts with solar radiation. In general, aerosol
particles are reflective, and will direct incoming light from the sun back out into space.'”'**" If
aerosol particles contain compounds that absorb light, however, such as the organic compounds
referred to as ‘brown carbon,” they will absorb solar radiation, leading to an increase in the
temperature of the atmosphere and a positive radiative forcing effect.”**° Aerosol particles can
also act as nuclei for ice and cloud condensation, influencing weather and cloud formation, but
also interact with both solar and long wave radiation.">'>*

Aerosol particles are frequently a mixture of inorganic and organic components.”>** The
main inorganic components are salts of ammonium (NH;") and sodium (Na') with sulfate
(SO4*), nitrate (NO3") and chloride (CI) originating from dust, soot and minerals in sea spray.
For atmospheric aerosol particles with diameters smaller than 1 um, it is estimated that organic

compounds can account for 50-90% of the mass.” *°

Directly emitted organics, or primary
organics, are volatile organic compounds (VOCs) emitted directly from sources. Primary
organics may undergo gas—phase oxidation, oligomer formation in the particle phase,
degradation or other types of transformation to form secondary organics. If secondary organics

are sufficiently oxidized, their volatility may become low enough to also enter the condensed

phase leading to the formation of secondary organic aerosols (SOAs).!

1.2: Aerosol particle phase state

Recently reported experimental observations of laboratory—generated and collected

ambient aerosol particles have demonstrated that atmospheric aerosol particles are likely to exist

9, 10, 37-41

in semi—solid or glassy solid states. The condensed phase of an aerosol can range from



liquid droplets to semi—solid or solid particles and the composition and consistency may vary

1,34,42

depending on the precursor, geographic location and time of day. If aerosol particles are
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Figure 1.1. Characteristic time of bulk diffusion (t) in liquid, semi- 3 4D
solid, and solid particles as a function of diffusion coefficient and the range of 107-10
particle diameter. In the size range of the atmospheric aerosol

accumulation mode (d, = 10° nm), .4 in semi-solid particles varies from seconds and the partitioning
seconds to year (light green arrow). Reproduced from Shiraiwa et al.,
(2011).! of  oxidation  products
between the gas and particle phases would reach equilibrium almost instantaneously (Figure
1.1).%

In the semi-solid (10 < m < 10'%) and solid (q > 10'%) phases, however, viscosity
increases dramatically and characteristic mixing times extend by orders of magnitude to minutes

(~10% s) and years (~10” s). Solid particles in the atmosphere may take crystalline form or appear

glassy. Because of the many compounds present in SOA, crystalline solids are less likely to

5,35,37,46

develop. Instead, such mixtures tend to form glasses: non—ordered amorphous solids that



are distinguished from semi—solids or liquids by their high viscosity ( > 10> Pa s) and physical

characteristics that make them appear solid.>*’ Crystalline solids go through a first-order phase

transition to reach a state of thermodynamic equilibrium with the accompanying liquid phase.

Glass formation, however, is a non-equilibrium process in which the molecular motion of a

compound slows as the temperature lowers to the point where translational motion (flow) and

diffusion through the compound decrease signifcantly.’

Glasses exhibit the mechanical properties of solids, but unlike a crystalline solid, there is

no long-range order in a glass. Well mixed, low viscosity, liquid particles are ergodic systems,

meaning that collecting
data on a number of
points throughout the
particle will provide
equivalent information
to collecting data for a
the

single point in

system over an

extended period of

49
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Figure 1.2. The phase state of amorphous organic aerosol varies depending
on environmental conditions and source. Oxidation leads to chemical aging.
Aged aerosol particles may participate in cloud activation or nucleate ice.

Reproduced from Shiraiwa et al., (2011)."

flow to any point within the particle. When glass formation occurs, flow is restricted as the

system becomes non-ergodic. This loss of ergodicity is one of the defining characteristics of a



glass. Translational motion could still occur over a sufficiently long time period. In addition,
because a glass is not in a state of thermodynamic equilibrium, glass formation is heavily
influenced by kinetic factors, such as the rate at which a particle is cooled or heated. The
composition of the particle is also extremely important as the temperature range at which glass
formation occurs and the rate at which viscosity changes around the glass transition temperature
(Ty) varies between compounds.™ The presence of compounds that form glasses at relatively low
temperatures, such as water, will significantly affect the glass formation of a mixture.”!

Aerosol particle morphology and the partitioning of components may also affect
interactions between the gas and particle phases. Traditionally, atmospheric particles were
assumed to be homogeneous and well-mixed. However, phase separation has been reported for
aerosol particles, including liquid-liquid phase separation. The most likely morphologies are
core—shell, in which one phase completely engulfs the other, and partially engulfed, where both
phases are in contact with each other and the gas phase. Data consistent with phase separation
has been reported for mixed particles containing inorganic and organic components as well as

electrolyte—free organic particles.’>

The morphology of a particle is determined by the relative
surface tensions of the phases in contact with each other, which are, in turn, heavily influenced
by particle composition and water content.* The low surface tension organic phase is often
observed forming the outer phase of core—shell particles. Consequently, gas uptake and bulk
diffusion experiments have been reported with SOA coatings on cores ranging from water to

inorganic salts.’*>®

The overall effect of morphology on gas—particle processes is not yet clear
and may be heavily reliant on composition and water content of the particle.

The phase state and morphology of aerosol particles can have important and far-ranging

effects. Slower diffusion in the particle phase will affect gas uptake and the rate of reactions in



the particle, affecting the composition, mass and growth of aerosol particles with important
implications for their mass and size distributions. Decreased diffusion also can affect aging
reactions (Figure 1.2), gas—particle equilibrium partitioning and the composition of the gas

59, 60

phase. In addition, organic components in particles that have higher viscosity or core—shell

morphology may be shielded from atmospheric oxidants, extending their lifetimes and allowing

them to undergo long—range transport.®"

Finally, aerosol particle phase state and composition
will affect physical properties that determine the role aerosols play in ice nucleation and liquid
cloud droplet activation processes (Figure 1.2).%

Despite the substantial implications of SOA particle phase state, its variations and effects
have not been considered explicitly in current air quality models. The Shiraiwa group has
targeted development of a bottom—up modeling approach to predict the viscosity — and hence the
phase state — of aerosol particles as a function of ambient temperature (T) and relative humidity

(RH). Such a method could then be implemented in regional or global air quality models for

simulating the distribution of SOA phase state in the atmosphere.

1.3: Parameterizations and modeling

Often, simplifying assumptions must be made when investigating a complex system of
reactions or compounds. A common approach used is to introduce a parameterization—a
mathematical equation or set of equations that can be used to generate approximate values for a
quantity of interest in the system that is challenging or time—consuming to determine otherwise.
The equation(s) may be derived from the extrapolation of basic physical principles for similar
systems as in the case of cloud parameterizations used in global atmospheric models,” or

generated through numerical fitting of a representative dataset as demonstrated in the



development of parameterizations to predict saturation mass concentration of organic

compounds.®* The independent variables in these equations are referred to as parameters and are

fewer than the true number of variables in the real world system. Since the parameterization

relies on fewer variables, its use decreases the complexity of the system, which is advantageous

if the approximate values generated are reasonably accurate.

A closely related approach is the development of a model. Models are collections of

mathematical equations that describe multiple variables of interest in a system. These equations

may include parameterizations and/or known equations for basic physical processes.

Additionally, the assumptions required to implement the model and boundaries of model

sat
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Figure 1.1. Schematic illustrating the resistor model
for atmospheric processes. Here, processes considered
include gas phase diffusion, surface accommodation,
solvation in a liquid particle and bulk reaction.

Adapted from Davidovits et al., (2006) Figure 2.3

application must be expressed
mathematically. Thus, a model can be
considered a detailed and educated ‘guess’
for the mechanism behind a physical
process. As such, testing the accuracy of the
guess by comparing model predictions to a
wide range of experimentally—derived data
and field measurements is essential to
improving model accuracy. Models that

have been demonstrated to provide

acceptably accurate predictions for a dataset

can be used to extrapolate to similar conditions by varying parameters, providing guidance for

future experiments to further refine the model’s accuracy.®



1.4: Atmospheric Modeling

Elucidating the mechanism of heterogeneous atmospheric processes is challenging for
multiple reasons. In addition to the large number of atmospheric species and physical processes
that must be considered, the timescales associated with a particular species or process may span a
wide range. On one end of this range are timescales less than a second, such as the desorption
lifetime of the major atmospheric oxidant, OH, which is predicted to be approximately 10
nanoseconds (tg = 1x10™ 5).°® On the other end are timescales of days, months or years, such as
the lifetime of peroxyacetylnitrate reservoir (PAN) due to thermal decomposition, which can
vary between 1 hour (3.6x10* s) to months (60 days = 5.2x10° s) depending on ambient
temperature.67’ 68

Atmospheric processes can be represented as sets of differential equations, with physical
quantities varying with time. For systems of related processes, the equations for some processes
may contain more than one variable because other processes affect them. In such cases, the
differential equation for those processes will contain variables that are dependent variables in
other equations. Such systems of differential equations are described as ‘coupled.” Coupled
differential equations are usually too complex to solve directly and require a numerical approach
with a computational solver program. However, given the wide range of timescales encountered
in atmospheric processes, these systems are often ‘stiff” meaning that the correct solution is very
close numerically to incorrect solutions. In this situation, if the solver encounters an incorrect
solution, it will be led away from the correct solution, greatly increasing the solving time and
computational cost.”” For this reason, small time steps must be used and computing a detailed

simulation of a dynamic atmospheric process can be extremely challenging.



Another major challenge to the study of atmospheric processes is the need to consider
reactions and processes between components in different phases. The study of heterogeneous
reactions and processes has lagged significantly behind that of homogeneous liquid or gas
systems. Much of the recent progress has been driven by the needs of atmospheric science and
was aided by the application of the resistor model approach (Figure 1.3).”

The work of Danckwerts and Schwartz formed the basis of the resistor model.”"’
Danckwerts derived a set of differential equations that could describe the diffusion of a gas into a
liquid droplet. His approach assumed that a first-order rate equation could be used if the contact
time between the two phases was short and the diffusivity of the droplet was uniform and
constant. This approach gave researchers a starting point to calculate uptake of a gaseous species
by a liquid droplet.

The formal resistor model was introduced by Schwartz and coworkers, who likened
atmospheric systems to electrical circuits where individual processes acted as sources of
‘resistance’ to the uptake (y) of a gaseous species.” The inverse of the uptake coefficient for a
process provides a numerical value for the resistance. By assuming steady state conditions, a
sequence of atmospheric processes could be decoupled and treated as resistive elements in series
or in parallel. As illustrated in Figure 1.3, during the uptake of a gaseous species, molecules of

the gas may diffuse through the gas phase to the particle where a portion of the molecules will

collide with the surface of the particle and enter the liquid droplet. This sequence of events is
described as gas phase diffusion, for which the resistance term is expressed as r;’ and mass
diff
accommodation, for which the resistance term is expressed as i Once inside the particle, the gas
molecules must dissolve in the liquid bulk to diffuse through the particle (solvation, FL) and
sat

over time an equilibrium will become established that will affect the previous processes in the

10



sequence. If the gas molecules react with the particle bulk, this reaction will affect the solvation

1

equilibrium of the gas species, so a term for the bulk reaction ( ) is added to the resistor

FTX’H.

model in parallel to the solvation term. Each resistance term affects the uptake of the gaseous
species by the liquid droplet and the overall uptake can be described by solving the following

equation:

1_ 1 1. 1
14 1—‘diff a l—‘sat + Frxn

Application of the resistor model has enabled researchers to calculate approximate solutions to

58,71,72 .
' some with errors of only a few

the differential equations for many atmospheric processes,
percent compared to numerical solutions.”’

A number of promising models have been developed using the resistor model to account
for the atmospheric chemistry of SOA particles. However, the resistor model is limited by the
assumption that atmospheric aerosol particles exist primarily in the liquid phase,* exhibit
homogeneous mixing, and satisfy the criteria for steady—state or quasi—equilibrium conditions.
Such requirements are met for the case of a gas phase reactant interacting with homogeneous,
low viscosity, liquid aerosol droplets. In this case, thermodynamic considerations can be used to
describe gas particle interactions. If, however, the particle phase state is more viscous or is not
homogeneously mixed, as would be the case for semi—solid or solid particles, and for particles

3% 774 the assumptions required for the resistor model may no

that exhibit phase separation,
longer be valid.

In 2007, P6schl, Rudich and Ammann introduced a kinetic framework for modeling of
atmospheric heterogeneous systems.”” The PRA framework laid the foundation for a complete

kinetic treatment of gas—particle interactions for aerosol and cloud processes and demonstrated

that their approach is compatible with the resistor model. Our group has developed kinetic
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Figure 1.2. Kinetic multi-layer model of gas-phase interactions in aerosols and clouds (KM-GAP). (a)
Model compartments and layers with corresponding distances from the particle center (r), surface areas
(A), and volumes (V); (b) Transport fluxes (green arrows) and chemical reactions (red arrows). The black
arrows indicate that each bulk layer can grow or shrink. (reproduced from Shiraiwa et al., 2012, Figure 1).
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models based on the PRA framework, including the kinetic double—layer surface (K2—SURF)
model that considers interactions between the gas phase and a surface”, the kinetic multi—layer
model of surface and bulk (KM-SUB) that explicitly considers mass transport and reactions at a
particle surface and bulk™, and the kinetic multi-layer model of gas—particle (KM—GAP)
interaction®.

KM-GAP is the most powerful version of the kinetic models developed by the Shiraiwa
group based on the PRA framework. It considers surface and bulk reactions and explicitly treats
all mass transport processes from the gas phase to the particle bulk (Figure 1.4). These processes
may include: gas—phase diffusion, adsorption and desorption from the surface of the particle,
bulk diffusion, condensation, evaporation and heat transfer.* The model treats the gas phase with
two layers: a quasi—continuous gas phase and a near—surface gas phase layer. Multiple layers
represent the condensed phase: sorption layer, quasi—surface layer, and a variable number of bulk
layers.

While KM-GAP can be used to simulate the same types of systems as the resistor model,
it does not require steady—state conditions and is well-suited for application to simulations of
particles that are not homogenous and well-mixed. For every one of the layers, the number of
each species is calculated as a function of time and an unlimited number of chemical species can
be included in the model. Another key feature of KM-GAP is the ability for the layers to
increase and decrease in size to reflect changes in molecular composition as mass transport and
chemical reaction(s) occur.® As a result, KM-GAP also can be used to simulate changes in
particle size over time.

Another advantage of KM-GAP over traditional resistor models is that the particle bulk

can be treated with a variable number of layers, enabling users to optimize computational cost
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without sacrificing resolution in the particle bulk. Individual terms for mass transport between
bulk layers are used to explicitly simulate the change in number of species over time. Bulk

diffusion in KM-GAP is treated according to Fick’s first law of diffusion in the following form:

ZDD,Z,:
kip,z, (k) = (B(R)+3(k+1))

where ky, 5, 7. (k) is the first-order transport rate coefficient for mass transport between bulk

layers (molecules cm™ s™), Dy, 7, 1s the bulk diffusion coefficient (molecules cm™ s for species

Z;, and is the average distance (cm) travelled by a molecule between bulk layers k&

(6(K)+6(k+1))
and k+1.* Mass transport flux (J, molecules cm™ s™) can then be calculated with Jopz, =
ki bz, (k) [Z;]p. Thus, detailed simulations of the processes inside a particle over time can be

conducted with KM-GAP.
A differential equation is constructed for each layer to account for mass transport and

gain or loss from chemical reactions. For example, the change in the absolute number of

dNZi, k

b)is

molecules of species Z; in bulk layer £ over time ( "

dNZi,bk
dt

= (]bk—l,bk,Zi _]bk,bk—l,Zi)A(k) + (]bk+1,bk,Zi _]bk,bk+1,Zi)A(k +1)

+ (Porz, — Loz )V(K) (k=2,...,n—1)
This equation includes multiple terms to represent mass transport flux between bulk layer £ and

the layers before and after it (k-1, k+1 respectively). (Jox—1,bk,z;) 1S the mass transport flux for
species Z; from bulk layer k-1 to bulk layer k and Jyy px—1,7; 18 the mass transport flux for species

Z; from bulk layer k& to bulk layer k-1. The difference between these terms is the net flux between
the two layers which is multiplied by the area A(k) (cm®) of bulk layer k to determine the number

of molecules of Z; that is gained or lost from layer k at each time step. A similar expression is
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used for mass transport between layers k£ and k+1. Also included in the differential equation for

. . 3 -3
the layer is a term for the production (P z,, molecules cm™ ) and loss (Lyy,z,, molecules cm™)

from a chemical reaction. An analogous differential equation is included for each chemical
species in every layer. Since the kinetic framework on which KM-GAP is based is compatible
with the resistor model, predictions from the kinetic model can be used with already existing
information from previous models to consider kinetic limitations in a system.

Due to the substantial global presence of atmospheric aerosol particles, it is crucial that
the processes related to their formation, reactivity and aging be characterized well to accurately
consider their effect on public health and the climate. Consequently, the need to consider kinetic
limitations on partitioning and other processes within or on the surface of SOA particles is of

paramount importance.

1.5: Importance of amines and mixtures to atmospheric aerosol particles

Application of KM-GAP to key atmospheric systems will aid in the elucidation of
mechanisms for processes that may experience kinetic limitations, such as new particle
formation (NPF) and nanoparticle growth, which are essential to our understanding of cloud

55,76, 77

condensation nuclei. It is already commonly accepted that sulfuric acid, which is formed

when sulfur dioxide is oxidized in the air, plays a major role in NPF and growth.'” 7® 7
Thermodynamic modeling predicts that sulfuric acid in the presence of water and base will
preferentially form low volatility sulfate salts.”” Since ammonia is the most abundant basic
compound in the atmosphere — present at up to ppb levels depending on proximity to source — its
protonated form ammonium is the expected counter ion. During recent field campaigns though,

signals attributed to aminium salts were detected during the analysis of nanoparticles.”® *°
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In aminium salts, the cations are protonated amines such as methylamine or
dimethylamine. Amines are derivatives of ammonia, where one or more hydrogen has been
substituted with an alkyl or aryl group. While there are many different amines present in the
atmosphere, the most prevalent are low molecular weight small chain amines, such as
methylamine, dimethylamine and trimethylamine.” Small—chain alkyl amines were not thought
to be involved in particle formation as they are highly volatile and present at much lower ppt
levels.®! However, Smith et al.”® concluded that depending on location, aminium salts could
account for almost half of positive ions from particles collected in the field. Additionally, Zordan
et al., observed that ammonia alone could not account for the nitrogen present in atmospheric
aerosol particles.”” Hence, the role of atmospheric amines in aerosol particle formation and
growth has become an area of great interest.

Due to their high vapor pressure, amines most likely to partition into the particle phase by
dissolving in the aqueous phase through reaction, undergoing oxidation to form SOA or through
reactive uptake reactions such as acid-base reactions to form aminium salts.'> " The
displacement of ammonium by aminium ions from ammonium bisulfate and ammonium nitrate
has been demonstrated to be favored for 1-2 nm molecular clusters. However, this result is not
projected to extend to larger cluster sizes.*’ In the past decade, multiple studies of reactive
uptake of amines by ammonium sulfate and ammonium nitrate particles have been reported.'> "
5 It has been reported that the phase state of the particle is an important factor. Thus, a kinetic
model for this system could provide important information about the effect of phase state on the
reactive uptake of amines by ammonium salts.

Systems with aerosol particles containing both inorganic and organic compounds should

be investigated. As discussed in Section 1.1, aerosol particles typically contain a mixture of
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organic and inorganic components, with many of the organic compounds comprising SOA
generated from reactions of volatile organic compounds in the gas phase or particle phase. SOA
can be formed from a variety of volatile organic compounds emitted from anthropogenic or
biogenic sources. The most common precursors are biogenic compounds emitted by vegetation,
such as a-—pinene and isoprene.’’ However, anthropogenic VOCs, such as toluene and
naphthalene, have also been shown to form SOA and can interact with biogenic aerosol
particles.>*>! Charnawskas et al. reported that anthropogenic SOA affects cloud formation to a
greater degree than biogenic SOA.’' The interplay between inorganic and organic compounds,
and anthropogenic and biogenic sources adds an additional level of complexity to our
atmosphere that global models must be able to simulate.

The organic portion of atmospheric aerosol can consist of hundreds or thousands of
compounds. For this reason, investigation of SOA mixtures from different organic precursors is
strongly encouraged. For example, aerosol from vegetation that is burned for campfires and other
domestic uses — known as biomass burning aerosol — is considered one of the primary sources of
brown carbon.”® The composition and physical properties of brown carbon is highly dependent
on source and the location at which it is generated. Another important source of information
about such mixtures is diesel-derived SOA. Diesel fuel vehicle emissions are a significant source
of anthropogenic VOCs. Since diesel emissions contain both combustion products and residual
fuel, they lead to the release of a wide range of hydrocarbons and aromatic compounds.® Diesel
exhaust is also the source of particulate matter that is implicated in air pollution and disease as
their inhalation can bring allergens into the body or exacerbate existing conditions.”** Thus, the
viscosity and phase state of atmospheric particles and their kinetic implications on atmospheric

processes is a rich area of study that warrants continued attention
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CHAPTER 2

PREDICTING THE GLASS TRANSITION TEMPERATURE AND
VISCOSITY OF SECONDARY ORGANIC MATERIAL USING
MOLECULAR COMPOSITION

Portions of this chapter are reproduced with permission from: DeRieux, W. S. W.; Li, Y.; Lin, P.; Laskin, J.; Laskin,
A.; Bertram, A. K.; Nizkorodov, S. A.; Shiraiwa, M., Predicting the glass transition temperature and viscosity of
secondary organic material using molecular composition. Atmospheric Chemistry and Physics 2018, 18, 6331-6351.
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2.1: Introduction

Secondary organic aerosol (SOA) accounts for a large fraction of submicron particles in the

atmosphere and they play an important role in climate, air quality and public health.*> *

Traditionally, SOA particles were assumed to be liquid with dynamic viscosity # below 10° Pas,
but a number of recent studies have shown that they can also adopt amorphous semi-solid (10* <

n < 10" Pa s), or glassy solid (4 > 10'* Pa s) states, depending on chemical composition and

5, 36,37, 87

temperature. The phase state is also strongly affected by relative humidity, as water can

act as a plasticizer to lower viscosity.'* Ambient and laboratory-generated SOA particles have

been observed to bounce off the smooth hard surface of an inertial impactor at low RH, implying

10, 88-90

a non-liquid state, whereas predominantly biogenic SOA particles in the Amazon basin did

not bounce off the impactor surface at high RH, implying they are primarily liquid.”' Upon

92, 93

dilution or heating, SOA particles were observed to evaporate unexpectedly slowly, and

recent modeling studies have evaluated the contributions of low diffusivity and volatility to slow

. 94, 95
evaporation rates.””

Measurements of the viscosity of SOA bulk material derived from the
oxidation of (x-pinene,38’ 409 Jimonene,”’ isoprene,39 and toluene’ have confirmed that SOA
particles adopt a wide range of viscosities.

Viscosity can be directly converted to bulk diffusivity in organic molecules using the

Stokes—Einstein equation.” "'

This equation has been shown to work well for organic molecules
diffusing through materials with 7 below ~10° Pa s.""> ' Note that this relation is not accurate
for predicting the bulk diffusivity of water and small molecules and it may also underestimate
the diffusivity of organic molecules in a highly viscous matrix by a few orders of magnitudes.”
36,98-107

The particle phase state, viscosity, and bulk diffusivity have been shown to affect the gas

uptake and chemical transformation of organic compounds due to the kinetic limitations of bulk
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1, 58, 66, 104, 108-116

diffusion, which may facilitate the long-range transport of organic compounds

62, 117

embedded in viscous or glassy particles. Molecular motion can be hindered in a highly

97, 118

viscous matrix, slowing down photochemical reactions in particles. Water diffusion can still

be fast even in an amorphous solid matrix under room temperature, but it can be hindered

14, 32, 119-121

significantly under low temperatures, affecting homogeneous vs. heterogeneous ice

nucleation pathways.>> 2%

Despite the substantial implications of the SOA particle phase
state, its effects on gas-particle interactions have not yet been considered explicitly in current
climate and air quality models.*

The partitioning of semi-volatile compounds into viscous particles may result in

130-132
th,

kinetically limited growth in contrast to quasi-equilibrium grow which also affects the

evolution of particle size distribution upon SOA growth.®” '3

Note that the equilibration
timescale of SOA partitioning is determined by bulk diffusivity or viscosity, but is also affected
by other factors such as volatility, accommodation coefficient, particle size and mass loadings.**
3% 13 Chamber experiments probing the mixing timescales of SOA particles derived by
oxidation of various precursors such as isoprene, terpene, and toluene have observed strong
kinetic limitations at low RH, but not at moderate and high RH."”*"** Several studies have
observed the kinetic limitations of the bulk diffusion of organic molecules including polycyclic

12139 and isoprene-derived epoxydiols™ in SOA, while Gorkowski et

aromatic hydrocarbons
al.>® did not observe significant diffusion limitations for glycerol and squalene in a-pinene SOA.
Quasi-equilibrium versus kinetically-limited or non-equilibrium SOA growth remains an open
issue and warrants further investigations.

Group contribution methods have been used to predict the viscosities of pure compounds

when the functionality and molecular structure are known.” '** Song et al.'*' showed that

20



estimations from group contribution approaches combined with either non-ideal or ideal mixing
reproduced the RH-dependent trends particularly well for the alcohol, di-, and tricarboxylic acid
systems with viscosity of up to 10* Pa s. In contrast, model calculations overestimated the
viscosity of more viscous compounds including monosaccharides, disaccharides, and
trisaccharides by many orders of magnitude.'*' A recent study compiled the viscosity of organic
compounds with atmospherically relevant functional groups, investigating the influence of the
number and location of functional groups on viscosity.” These studies provide important insights
in estimating the viscosity of individual organic compounds.

Particle phase state can be characterized by a glass transition temperature (7;), which is a
characteristic temperature representing a non-equilibrium phase transition from a glassy solid
state to a semi-solid state as the temperature increases.” Recently, a method has been developed
to estimate 7, of pure organic compounds comprised of carbon, hydrogen, and oxygen (CHO
compounds) with molar mass less than 450 g mol™ based on their molar mass and atomic O:C
ratio.”* It has been applied successfully in a global chemistry climate model to predict T, ¢ and the
phase state of atmospheric SOA, which indicated that SOA particles are mostly liquid or
semi-solid in the planetary boundary layer, while they should be glassy in the middle and upper
troposphere.®® A recent study provided a consistent result, suggesting that mixing timescales of
organic molecules within SOA are often < 1 h in a global planetary boundary layer.'**

It has been shown that SOA particles contain oligomeric compounds with molar masses
higher than 450 g mol™,'®'® which makes the previously developed parameterization
incomplete. In this study, we extend the parameterization of 7, to higher—-molar—mass
compounds, and apply it to high-resolution mass spectrometry data for toluene SOA and

biomass burning particles. The Arrhenius approach and the Gordon—Taylor mixing rules were
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applied to estimate the viscosity of SOA bulk materials to compare with the literature—reported
viscosity measurements. This method will be useful for estimations of viscosity of organic
particles, for which high—resolution mass spectra are available. It can also be applied in global or
regional models to evaluate the impacts of the particle phase state on the role of SOA in climate

and air quality.

2.2: Parameterization development

2.2.1: Glass transition temperature

Figure 2.1a shows the dependence of 7, on the molar mass (M) of organic compounds.
Solid markers represent measured 7, of 258 CHO compounds,”” while open markers represent
654 CHO compounds in SOA.* Markers are color-coded by atomic O:C ratio. Their melting
points (7},) were estimated by the Estimation Programs Interface (EPI) Suite software version
4.1'" and their T, . values were estimated using the Boyer—Kauzmann rule: 7, = g-Tr, with g =
0.7.>** This rule can provide good estimates of 7, o, as has been validated in previous work” and
also shown in Fig. 2.2(a). A subset of data shown in Figure 2.1 was originally published in
Shiraiwa et al.>* for compounds with M < 450 g mol”. This version of the figure has been
updated to include a number of experimentally measured 7, values of larger compounds with M
up to 1153 g mol”, including aliphatic compounds containing OH and/or COOH groups.
Specifically, data for 76 aliphatic alcohols, 39 carbohydrates and their derivatives, 4 carboxylic
acids, and 4 hydroxy acids, as compiled by Rothfuss and Petters,” have been added to Figure 2.1.
Eight of these compounds are carbohydrates with A > 450 g mol™'. These updates are critical for
reliable parameterization of 7, based on M. When M increases above ~500 g mol”, the slope of

T, decreases, making it challenging to extrapolate the low-M data from the original Shiraiwa et
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al.** study to higher M values. When M increases to ~1000 g mol™, the corresponding T, appears

to level off at around 420 K.
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Figure 2.1. Characteristic relationships between molecular properties and the glass transition temperature
(T,) of organic compounds. (a) T, of organic compounds as measured (circles) and estimated with the
Boyer-Kauzmann rule (squares) plotted against molar mass. The markers are color-coded by atomic O:C
ratio. (b) Measured (circles) and estimated (squares) 7, of organic compounds plotted against O:C ratio.
The markers are color-coded by molar mass. (c¢) Predicted 7, for CHO compounds using a
parameterization (Eq. 2) developed in this study compared to measured (circles) and estimated 7, by the
Boyer-Kauzmann rule (squares). The solid line shows 1:1 line and the dashed and dotted lines show 68%
confidence and prediction bands, respectively.
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Such dependence on M has been described for polymers with the Fox-Flory equation:'*®

To(M) = Tgeo — %“, where Ky, is a constant and 7, ., is the asymptotic value of 7, specific to the

polymer. We conducted a literature search and found that most of the reported 7, ., values fell
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Figure 2.2. (a) Comparison of measured and estimated 7, by the Boyer-Kauzmann rule for 251 organic
compounds (Koop et al.;’ Dette et al.;® Rothfuss and Petters’) with their measured T}, available. The
markers are color-coded by molar mass. (b, ¢) Predicted 7, using Eq. (2) compared with (b) measured 7,
for CH compounds and (c) predicted T, using Eq. (1) for CHO compounds. The solid line shows 1:1 line.
Solid circle markers represent organic compounds as compiled in Koop et al.'> and open square marker
represent SOA oxidation products in Shiraiwa et al.® in panel (c).
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below ~500 K.'"*'** The Fox-Flory equation works very well for high molar mass compounds
and is also generally applicable to smaller compounds,’ as supported by an approximately linear
dependence of 7, on the inverse molar mass in Fig. 2.3(a). Figure 2.1b plots the values of 7, as a

function of the atomic O:C ratio of
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Figure 2.3. (a) T, of organic compounds as measured (circles) and estimated with the Boyer-Kauzmann
rule (squares) plotted against the inverse molar mass. The markers are color-coded by atomic O:C ratio.
(b) Predicted 7, for CHO compounds using a parameterization (Eq. 2) developed in this study compared
to measured 7, (circles). The solid line shows 1:1 line and the dashed and dotted lines show 68%
confidence and prediction bands, respectively.

organic molecules. Figures 2.1a and 2.1b clearly demonstrate that 7, depends primarily on the

molar mass with a weak dependence on the atomic O:C ratio.
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A parameterization for 7 calculation based on the molar mass and atomic O:C ratio was
developed in Shiraiwa et al.,*® which is applicable to CH and CHO compounds with M < 450 g
mol':** T, = A + BM+ CM* + D (0:C) + E M (0:C), (D)
where A = —21.57 (£13.47) [K], B = 1.51 (£0.14) [K mol g"'], C = -1.7X 107 (3.0X 10 [K

mol® g”], D =131.4 (+16.01) [K] and E = —0.25 (+£0.085) [K mol g']. These values were

Table 2.1. Composition classes and the n2 and b values (K) for glass transition temperature
parameterizations obtained by least-squares optimization using the measurements compiled in Koop et
al.,” Dette et al.,6 and Rothfuss and Petters."*®

Classes ng bc bH bCH bo bco
CH 1.96 61.99 -113.33 28.74
(£1.81)  (£53.65)  (£44.47)  (+£20.86)
CHO 12.13 10.95 —41.82 21.61 118.96 —24.38

(£2.66)  (£13.60)  (£14.78)  (£5.30)  (49.72) (£4.21)

obtained by fitting the measured 7, of 179 CH and CHO compounds with M <450 g mol™ with
multi-linear least squares analysis. Note that application of Eq. (1) may provide unreasonable 7,
values for compounds with A > 500 g mol™ because it does not account for the strong curvature
in the 7, vs. M dependence shown in Figure 2.1a.
In this study we have developed an improved parameterization to predict 7, of CH and

CHO compounds using the number of carbon (n¢), hydrogen (ny), and oxygen (n0) that can also
be applied to higher—-molar—-mass compounds. Motivated by a good correlation between 7, and
volatility (Fig. la in Shiraiwa et al.”®), we use an equation with a similar formulation to the
equation used to predict the saturation mass concentration or volatility:** '>*

Ty = (nd + In(nc)) be + In(ny) bu + In(nc) In(ny) bent In(no) bo + In(nc) In(no) beo (2)
where n(O; 1s the reference carbon number, bc, by and bo denote the contribution of each atom to

Ty, and bcy and bco are coefficients that reflect contributions from carbon-hydrogen and carbon-

oxygen bonds, respectively. These values were obtained by fitting the measured 7, of 42 CH
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compounds and 258 CHO compounds with multi-linear least squares analysis with 68%
prediction and confidence intervals. The best-fit parameters are summarized in Table 2.1. Note
that the evaluation dataset used to derive Eq. (2) contains CH compounds with M < 260 g mol™
(see Fig. 2.2b for comparison of measured and predicted 7,). Thus, the application of Eq. (2) to
higher—molar-mass compounds may require further refinement of the method when measured 7,
for higher-molar—mass CH compounds becomes available. 2.1c shows that the 7, values
predicted using Eq. (2) are in good agreement with the 7, values measured in experiments (see
also Fig. 2.3(b)) or estimated by the Boyer-Kauzmann rule as indicated by the high correlation
coefficient of 0.95. 7, of individual compounds can be predicted within +£21 K as indicated by
the prediction band (dotted lines in Fig. 2.1c); however, this uncertainty may be much smaller for
multicomponent SOA mixtures under ideal mixing conditions as indicated in the confidence
band (dashed lines, almost overlapping with the 1:1 line).

These results are noteworthy given that the parameterization (Eq. 2) does not consider
either explicit molecular structures or functional groups. Previous studies have shown that 7, can
be especially sensitive to the number of OH groups, which interact strongly through hydrogen
bonding. For example, Nakanishi and Nozaki'** found a direct relationship between T, ¢ and the
number of hydroxyl groups in a molecule for sugar alcohols; 7, increases as the number of OH
groups increases. They reported that the correlation between 7, and the number of OH groups
was much stronger than the correlation between 7, and the number of carbons in a molecule.
Such a trend is implicitly included in Egs. (1) and (2), which contain the O:C ratio and number of
oxygen atoms as parameters, respectively. Recently, Rothfuss and Petters'™® showed an
approximately linear relationship between the number of OH groups and 7, for compounds with

up to eight OH groups. Grayson et al."”> showed that addition of hydroxyl functional groups
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increases viscosity, a conclusion supported by both the experimental data and quantitative
structure-property relationship model. The correlation between 7, and the number of carbon
atoms is consistent with the free volume theory, in which molecular motion is restricted by the
difference between the space required for a molecule to vibrate versus the space in which the

. . 156
molecule resides (i.e., the free volume).

The correlation between 7, and the number of OH
groups is more consistent with the topological constraint theory, in which the primary influence
is the three—dimensional structure of the molecule as determined by molecular bonds and

hydrogen-bonding networks.'** '’

Future experiments targeting more comprehensive 7, data,
especially for higher-molar-mass compounds, would lead to further refinements of our 7,
parameterizations.

Comparing Egs. (1) and (2), the two parameterizations give a similar performance for
compounds with M < 450 g mol " as shown in Fig. 2.2¢. The statistical measures of correlation
coefficient (R), mean bias (MB), and root mean square error (RMSE) are 0.93, —6.45 K, and
25.64 K, respectively, for the performance of Eq. (1), while for Eq. (2), they are 0.95, 3.15 K,
and 21.11 K, respectively. It should be noted again that Eq. (1) cannot be used to predict 7, for
compounds with M > 450 g mol'. For example, 7, ¢ of stachyose (M = 667 g mol™) predicted by
Eq. (1) is 198 K, while that by Eq. (2) is 394 K, which agrees much better with the measured
mean 7, of 396 K.” Eq. (2) is more flexible than Eq. (1) and can be potentially expanded to
include compounds containing heteroatoms (e.g., nitrogen or sulfur), once substantial sets of
experimental values of T, for such compounds become available. Regarding the applications in
air quality and climate models, Eq. (1) can be applied in the volatility basis set (VBS)™'** and

8, 64
h’

the molecular corridor approac to predict the 7, of SOA particles,”® while the new

28



parameterization may be suitable for coupling with the statistical oxidation model, which
characterizes the SOA evolution as a function of n¢ and no.">> '

These parameterizations (Eqgs. 1, 2) calculate 7, based on the elemental composition of
organic compounds. SOA particles contain a number of organic compounds as well as a variable
amount of liquid water, which has low 7, (136 K) and can act as a plasticizer. '* Under humid
conditions, SOA particles take up water by hygroscopic growth in response to RH, lowering T,
and the viscosity of SOA particles. Estimations of 7, for SOA-water mixtures were discussed by
Shiraiwa et al.*®, who applied the Gordon—Taylor equation validated for a wide range of mixtures

. 6, 37,46, 160, 161
of organics, polymer, and water.

Briefly, T, of mixtures of SOA compounds under
dry conditions (7o) Were calculated assuming the Gordon—Taylor constant (kgr) of 1: T ore
=2 W;Tg;, where w; is the mass fraction of organic compound i, which can be derived using
mass concentrations of SOA products. The Gordon-Taylor equation can also be applied to
calculate 7, of organic—water mixtures considering the mass fraction of organics (Were) in SOA

particles:’

1
(1_Worg)Tg,w+EW0rng,org

3)

Ts(w, =
g( org) (1_Worg)+$worg

Worg €an be calculated using the mass concentrations of water (mu,0) and SOA (msoa) as Worg=

msoa / (msoa + mu,0). mu,o can be estimated using the effective hygroscopicity parameter (x):'%

KPpwMsoA
PSOA(ﬁ—l)

Myz0 =

4)
The density of water (py,) is 1 g cm™, the density of SOA particles (psoa) is assumed to be 1.2 g
-3 163

cm™, " mgoa is the total mass concentrations of SOA, and ay, is the water activity calculated as

ay = RH/100. Pajunoja et al.'® found that water uptake in subsaturated conditions is inhibited
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until RH is high enough for the dissolution of water in SOA particles with relatively low O:C
ratios. As the oxidation of SOA increases, the solubility of water increases and dissolution occurs
at lower RH values. In both cases, the use of subsaturated hygroscopicity measurements was

supported.

2.2.2: Viscosity

The temperature dependence of viscosity (1) can be predicted using the modified Vogel-

Tammann-Fulcher (VTF) equation:**

ToD

N = NeelTo (5)

where 7, 1s viscosity at infinite temperature; 7 is the Vogel temperature; 7 is the ambient
temperature. The fragility parameter, D, characterizes how rapidly the dynamics of a material
slow down as T approaches T, reflecting to what degree the temperature dependence of the
viscosity deviates from Arrhenius behavior. When T is close to 7 (7,/T = 1), smaller D values
indicate that viscosity is sensitive to temperature change (fragile behavior); while larger D values
indicate that viscosity is less sensitive to temperature change (strong or Arrhenius behavior).

Assuming 17,=10" Pa s:*

logn = —5 + 0.434% (6)

10
When I'=T,, = 10" Pa s, which leads to:** '®

39.17 Ty
D+39.17

0

(7
As can be seen in Eq. (7), both T, and D are required to calculate # from Eq. (6) at a given

temperature. Figure 2.4 shows the T,-scaled Arrhenius plot of fragility (viscosity versus 7y/7T)
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Figure 2.4. The Angell plot of viscosity (1) vs. T,/T. The lines represent different fragility parameter (D)
values in the range of 5 - 100, with D = 10 (the solid line) used as a base case for this study. A large
fragility parameter value is associated with a strong glass former, while fragile materials are associated
with lower values. The black dashed line at viscosity of 10° Pa s indicates the approximate threshold
between liquid and semi-solid states.

referred to as an Angell plot.*’ D values of organic compounds are typically in the range of

~5-30.>° To estimate D values that could be applied to SOA compounds, we compiled measured
fragility values. Fragility was often measured in the form of the fragility steepness index (m),
which represents the slope of the Arrhenius plot at the point where 7 = T, g.49 Compounds with
lower m exhibit higher D values, indicating stronger glass formers. The measured m values of 95

organic compounds are included in the Table. m can be converted to D using equation (8):

_ 665.89
m-17

D

(8)

The fragility steepness index (m) is defined as:

_ . dlogn
m= TILI’}'lg d(Ty/T) ©)

Combining Eq. (9) with Eq. (6) gives:

m = (—5 +0.434 102 ) (10)

lim
T—Tg d(Tg/T) T-T,
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Considering that n = 10'* Pa s at 7= T,,"® and by defining Ax = 1- T,/T, a combination with Eq.
g n g Y g g

(7) leads to:
39.17 T,
1 D +39.17
m= Al)lcr_r)loﬂ 12— | -5+ 0.434 T, 3917 T,

1—Ax D +39.17

1 39.17T.D(1 — Ax
(17— 0.434 it )>

= lim —
ax20 Ax DT, + 39.17T,Ax

_ i (66589 +17D)
~ axs0 (D + 39.17Ax)

__665.89+17D

> (11)
Note that Eq. (11) is derived assuming that the high temperature limit of viscosity 7, is equal to
10 Pa s*® in the VTF equation (Eq. 5). Similar equations for the relation between m and D were

. . : : . .. 51,119, 165
given by previous studies using different 7, and units®> "~

and applying those gave very
similar results in our study.

Figure 2.5 shows the measured D as a function of (a) molar mass and (b) the atomic O:C
ratio of organic molecules. The molar mass exerts a stronger effect on fragility, while there is
little dependence of D on the O:C ratio. As molar mass increases, D approaches a lower limit of
10.3 (£ 1.7), consistent with the value of 10 used in our recent study.’* To evaluate the impact of
the variations of D on viscosity prediction, sensitivity calculations were conducted as described
in Sect. 2.3.

Besides the VTF equation, another commonly used equation for describing the temperature

T _ —C (T_Tg)

dependence of viscosity is the Williams—Landel-Ferry (WLF) equation: logT7 T G’
g 2 g

where empirical parameters C; and C, are adopted as 17.44 and 51.6 K, respectively.''* '?% 16
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The two equations are mathematically equivalent, both defined with respect to a reference

temperature, and their parameters are related through C; = % and C; = T, — Ty. For the
. g~ lo

WLF equation, T, is the reference temperature and there is a linear dependence assumed between

temperature and

fragility, D

L 1 A
200 400 600 800 1000 0.4 0.6 0.8 1.0

molar mass (g mol”') O:C ratio

Figure 2.5. Fragility parameter of organic compounds (D) plotted against (a) molar mass and (b) atomic
O:C ratio. Error bars are standard deviations. The solid red lines represent the fitted curves with fitted
equations for (a) D = 602.6/M + 10.3 and (b) D = 14.4 —2.3(0:C) respectively. Dashed red lines indicate
the 95% confidence band.

167-169
free volume.

For the VTF equation, the reference is the Vogel temperature (7o), a
hypothetical temperature at which all non-vibrational motion ceases and viscosity becomes

infinite and the theoretical foundation of the VTF equation includes both thermodynamic and

167-169 0

kinetic considerations. Recently, Rothfuss and Petters'”’ applied a similar approach to
model viscosity for sucrose particles by applying the VTF and Gordon—Taylor approaches. The
calculations of the viscosity of multi-component SOA mixtures in this study are based mainly on
the VTF equation, and the difference between calculated results from the two equations will be

briefly discussed in the following section.
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Table 2.2. Fragility values from literature. Shaded rows indicate multiple values have been reported for a
compound.

Compound Name m D

0/100 polyurethane/polyaminourethane'”’ 1.3
1,1'-Di(4-methoxy-5-methylphenyl)cyclohexane' " 66 13.59
1,1'-Di(4-methoxy-5-methylphenyl)cyclohexane'” 60 15.49
1,1'-Di(p-methoxyphenyl)cyclohexane'” 90 9.12
1,1'-Di(p-methyloxyphenyl)cyclohexane' 72 12.11
1,2-propanediol " 52 19.03
1,2,4-butanetriol ™ 60.7 15.24
1,2,6-hexanetriol™* 67.6 13.16
1,2,7-heptanetriol ** 68.2 13.01
1,3-bis(1-naphthyl)-5-(2-naphthyl)benzene'’ 66 13.59
1,3-bis(1-naphthyl)-5-(2-naphthyl)benzene' " 86 9.65
1,3-bis(1-naphthyl)-5-(2-naphthyl)benzene'”® 76 11.29
1,3-bis(3-phenoxyphenoxy)benzene'®’ 85 9.79
1,3-diphenyl-1,1,3,3-tetramethyldisiloxane'’® 87 9.51
100/0 polyurethane/polyaminourethane'”’ 2.00
2-benzylphenol' ™ 61 15.13
2-methyl-1-propanol'’® 39 30.27
2-methylpentane' ™ 36 35.05
2-methylpentane'"® 58 16.24
2-methyltetrahydrofuran'’ 65 13.87
3-bromopentane' "® 53 18.50
3-methyl-1,3,5-pentanetriol** 57 16.65
3-methylaniline' ™ 79 10.74
3-methylaniline'”® 98 8.22
3-methylpentane'’® 56 17.07
3-methylphenol'”® 57 16.65
9-br0mophenanthrene176 69 12.81
Benzene'”’ 81 10.40
Beta-D-fructofuranose'"® 61 15.13
Butyronitrile'”* 47 22.20
Butyronitrile'"® 56 17.07
Cimetidine'”® 65 13.87
Cimetidine'”® 54 18.00
Cimetidine'”® 45 23.78
Cinnarizine'” 70.75 12.39
Cinnarizine'” 70.67 12.41
cis/trans-decahydro-naphthalene'®’ 147 5.12
cis/trans-decahydro-naphthalene'"® 145 5.20
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Compound Name m D
Cyanoadamantane'®" '** 23 110.98
Cyanocyclohexane'™" '® 48 21.48

D-glucose'"® 72 12.11
Decahydroisoquinoline'” 158 4.72
Deuterated 1,3-bis(1-naphthyl)-5-(2-naphthyl)benzene' " 83 10.09
Dibutyl phthalate™ 69 12.81
Dibutyl phthalate'* 85 9.79
Diethyl phthalate'® 2.20
Diethyl phthalate'® 32.00
Diethyl phthalate'’® 73 11.89
Dipyridamole'” 81.94 10.25
Dipyridamole'” 65.51 13.73
Ethano!* 2.70
Ethanol ' ¥ 52 19.03
Ethanol'® 55 17.52
Ethylbenzene'”° 58 16.24
Ethylene glycol™ 16.00
Ethylene glycol'™® 50 20.18
Famotidine' ™ 68 13.06
Famotidine'”® 43 25.61
Flopropione'"® 81 10.40
Glibenclamide'"® 75 11.48
Griseofulvin'" 65 13.87
Hydrochloro-thiazide'"® 65 13.87
Hyperbranched polyamine ester'®’ 2.50
Hyperbranched polyamine ester'®’ 8.20
Indomethacin'®® 89 9.25
Indomethacin'” 75 11.48
Isooctylcyanobiphenyl'®', '* 85 9.79
Isopropylbenzene'”® 70 12.56
Li-acetate'’® 115 6.79
m-fluoroaniline'®’ 70 12.56
m-fluorotoluene'’® 45 23.78
m-xylene'”® 56 17.07
Maltitol'"® 75 11.48
Methanol® 12.40
Methanol'’® 39 30.27
n-Butene'"® 63 14.48
N-Ethylacetamide'"® 65 13.87
n-Propanol'’® 40 28.95
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Compound Name m D
Nizatidine'”® 91 9.00
Nizatidine'”® 62 14.80
Nizatidine'”® 56 17.07
o-Terphenyl'® 81 10.40
o-Xylene'”’ 55 17.52
Phenobarbital'”° 70 12.56

Phenolphthalein'™ 62 14.80

Phenyl salicylate® 38.70

Phenyl salicylate'"® 76 11.29

Poly(4-methylstyrene)'”’ 121 6.40
Poly(4-methylstyrene)'” 75 11.48
Poly(alpha-methylstyrene)'” 149 5.04
Poly(alpha-methylstyrene)'* 74 11.68
Poly(benzylmethacrylate)'” 89 9.25
Poly(cyclohexylethylene)'” 117 6.66
Poly(cyclohexylethylene)'®” 82 10.24
Poly(cyclohexylmethacrylate)' 83 10.09
Poly(cyclohexylmethacrylate)'*” 80 10.57
Poly(cyclohexylmethacrylate)'*” 71 12.33
Poly(diphenoxyphosphazene)'*’ 104 7.65
Poly(phenylmethacrylate)'*’ 92 8.88
Poly(t-butylstyrene)'° 141 5.37
Poly(t-butylstyrene)'”’ 71 12.33
Polytetrahydrofuran'" 109.6 7.19
Polytetrahydrofuran'®'! 63.8 14.23
Polytetrahydrofuran'®'! 86.1 9.64
Polytetrahydrofuran'®'! 67.9 13.08
Polytetrahydrofuran'®! 77.9 10.93
Polytetrahydrofuran'®! 63.1 14.44
Probucol' 67 13.32
Propane-1 ,2,3—‘[ri01192 57 16.65
Propane—1,2,3—triol193 53 18.50
Propane—l,2,3—triol154 50 20.18
Propane—l,2,3—triol176 51 19.59
Propane—l,2,3—triol176 53 18.50
Propanol™ 33 41.62
Propylene carbonate® 104 7.65
Propylene carbonate'®' 90 9.12
Propylene carbonate'” 93 8.76
Propylene carbonate'’® 99 8.12
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Compound Name m D
Sorbitol'” 128 6.00
Sorbitol'”? 127 6.05
Sorbitol'** 1023 7.81
Sorbitol'™* 93 8.76
Sorbitol'"® 107 7.40
Squalane'” 75 11.48
Sucrose™ 0.15
Sucrose'"° 98 8.22

Sucrose benzoate'*! 94 8.65
Tetrachloromethane'” 118 6.59
Threitol'”” 79 10.74
Threitol'™* 68.4 12.96
Toluene'™ 131 5.84

Compound Name m D
Toluene'”* 59 15.85
Toluene'” 103 7.74

Triphenyl phosphite™ 160 4.66
Triphenyl phosphite'”® 125 6.17
Triphenyl phosphite' " 115 6.79
Triphenylchloromethane'®’ 93 8.76
Triphenylethene'”° 91 9.00
Triphenylphosphate'”* 160 4.66
Xylitol'” 94 8.65
Xylitol'™* 78.3 10.86
Xylitol'”® 87 9.51

2.3: Comparison of predicted viscosity with measurements

2.3.1: SOA formed from o.—pinene and isoprene

The purpose of this section is to demonstrate that the viscosity of SOA material can be
predicted over a broad range of RH values from four parameters: 7 of dry SOA (T} o), fragility
(D), hygroscopicity (k), and the Gordon—Taylor constant for mixing SOA and water (kgr). The
viscosity of a-pinene SOA has been measured or estimated as a function of RH by several

groups using multiple experimental techniques as shown in Fig. 2.6(a).'% % 4041 13%. 197198 pe
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wide range of experimentally measured viscosities reported for a-pinene SOA, particularly from
30-60% RH is most likely a consequence of the different experimental approaches, mass
loadings and O:C ratios for each experiment. For instance, Grayson et al.*' used mass loadings of
121 to 14000 ug m~ and observed that viscosity decreased as mass loading increased. Higher
mass loadings would lead to greater partitioning of semi-volatile and lower—molar—mass
compounds into the particle phase, which would lead to the decrease in 7, and the viscosity of
the resulting SOA mixture, as very recently demonstrated experimentally by Jain et al.'”
Grayson et al.’* concluded that their results should be considered a lower limit for the viscosity
of a-pinene SOA in the atmosphere. It should also be noted that the viscosity measurements
from Renbaum—Wolff et al.*® were for the water-soluble portion of the SOA. These datasets
suggest that the viscosity of a-pinene SOA approaches very high values (~>10® Pa s) below
20-30% RH and decreases with an increase in RH reaching a value of ~10 Pa s at 80% RH. As
can be seen in Fig. 2.6(b), PAM—generated isoprene SOA is less viscous with # < 10° Pa s even
under dry conditions, undergoing a phase transition from a semi-solid phase to a liquid phase at
~55% RH.'">

The solid lines with the shaded areas in Fig. 2.6 are viscosity values predicted using 7 org,
D, K, kgt. Tgore values were adopted by Berkemeier et al.,”* who estimated 7, o.org With the
Boyer-Kauzmann rule using the melting point of representative SOA oxidation products. Note
that Egs. (1) and (2) were not used to estimate 7 g, Which should be done in future studies by
obtaining their elemental composition using high-resolution mass spectrometry. For a-pinene,
Ty org Was assumed to be 278 K corresponding to an O:C ratio of 0.5, which is a typical O:C

ratio of a-pinene SOA. >

38



The Ty, selected for isoprene SOA was 255 K, corresponding to the O:C ratio of 0.6.
Although no measurements of the O:C ratio for the experimental isoprene SOA data were
reported, Song et al.*” estimated O:C of 0.64-1.1 based on literature values. As O:C ratios are
useful in estimating 7., We encourage the measurement of the O:C ratio of SOA when
conducting viscosity measurements. In contrast to a-pinene SOA, there are limited viscosity
measurements for isoprene SOA. While the predicted viscosity is consistent with the
experimental data, comparison of our model predictions to additional measurements is strongly
recommended. Song et al.”’ prepared isoprene SOA in a potential aerosol mass (PAM) reactor
while the data by Bateman et al.'"’ were for isoprene SOA generated in a smog chamber. It has

been suggested that under ambient conditions, the majority of isoprene-derived SOA can be
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Figure 2.6. Comparison of measured and predicted viscosity of (a) a-pinene SOA and (b) isoprene SOA
at 295 K as a function of RH. The solid lines represent base simulations applying glass transition
temperature of dry SOA (Ty.r), fragility (D), hygroscopicity (k) and Gordon-Taylor constant (kgr) of
278.5 K, 10, 0.1 and 2.5 respectively for (a) a-pinene SOA and 255 K, 10, 0.1 and 3.0 respectively for
(b) isoprene SOA. The shaded regions were calculated with varying those parameters: Ty, = 300 K
(278.5 K), k = 0.1 (0.1), D = 20 (10), kgt = 2.5 (2.0) for the upper (lower) limit in (a); Tyo, = 255 K
(255 K), k=0.15(0.15), D =15 (8), kgt = 3.0 (2.5) for the upper (lower) limit in (b).
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derived through heterogeneous interactions with acidic sulfate particles forming oligomers,*”*>%

which may increase viscosity compared to the model SOA generated in PAM or a chamber.
Further studies are warranted to compare laboratory-generated and ambient isoprene SOA and to
investigate the effect of the acidic seed on the viscosity.

For both a-pinene and isoprene SOA, D was set to 10 based on the analysis presented in

198, 206-208
’ and kg was

Fig. 2.5(a). K was set to 0.1 based on field and laboratory measurements
assumed to be 2.5.> %" Using these parameters, the predicted viscosities match the magnitude and
the RH-dependence of the measured viscosity of a-pinene and isoprene SOA. Figure 2.6 also
shows predicted viscosities (dotted lines) using the WLF equation, which shows similar values as
the VTF equation, but slightly underestimates the viscosity of a-pinene SOA at low RH and
overestimates the viscosity of isoprene SOA at high RH.

Sensitivity studies were conducted to examine the effects of T o, D, K and kgr, on the
calculated viscosity. In these studies, 7oy 0f 0-pinene and isoprene SOA were varied within
229-328 K and 255-316 K, respectively, representing T, o, of different oxidation states.’> D was
varied between 5 and 30, which is the range characteristic for organic compounds (see Fig. 2.5a).
x values of 0.05-0.15 were used for a-pinene and isoprene SOA.'***"” For the Gordon-Taylor
constant, values of 2.5+1.5 were considered.> 3" 4

The effect of varying each parameter on the calculated viscosity of a-pinene SOA is
illustrated in Fig. 2.7. Variations of +50 K in T o, result in 3-6 order of magnitude differences in
calculated values at dry conditions, indicating that T, is a critical parameter for viscosity
estimations. Decreasing D from 10 to 5 led to a decrease in calculated values by more than 1

order of magnitude. The calculated results were within the upper limit of measurements when

increasing D from 10 to 20, and the predicted values were only slightly enhanced when further
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increasing D from 20 to 30. Calculated values with variations in k from 0.05 to 0.15 and kgr
from 1.0 to 4.0 were all within the measured ranges. For isoprene SOA, an increase of T org tO
287 K, which represents a higher oxidation state,’ led to calculated values to be several orders of
magnitude higher than the upper limit of measurements (Fig. 2.8a). When 7 o, reaches 316 K,
isoprene SOA can occur as a solid for RH lower than ~40%. Compared to o-pinene SOA, a
variation in D has a larger effect on the calculated viscosity (Fig. 2.8b). For a range of 5-30 for

D, calculations with the D value of 10 agreed well with the measurements, while other D values
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Figure 2.7. Sensitivity calculations for viscosity of a-pinene SOA at ambient temperature of 295 K
as a function of RH at varying: a) glass transition temperature of dry SOA (T,or), b) fragility (D),

¢) hygroscopicity (k), and d) Gordon-Taylor constant (kgr).
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resulted in calculated viscosity outside of the measured ranges. Figures 2.8c and 2.8d show that
decreasing k and kgt below the reference values, the predictions overestimate the measured # by
1 or 2 orders of magnitude. The latter is most evident at RH > 60%, at which the calculated
values were higher than the upper limit of measurements. Modeling results with k and kg

increasing to 0.15 and 4.0, respectively, were within the lower limit of measurements.
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Figure 2.8. Sensitivity calculations for viscosity of isoprene SOA at ambient temperature of 295 K
as a function of RH at varying: a) glass transition temperature of dry SOA (T, ), b) fragility (D),
¢) hygroscopicity (k), and d) Gordon-Taylor constant (kgr).
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The above comparison between the measured and predicted viscosity demonstrates that
the method described in this study can reproduce reasonably well the measured RH-dependent

viscosity of SOA formed from a-pinene and isoprene. The sensitivity calculations showed that
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Figure 2.9. (a) Molecular corridor of molar mass plotted against volatility of toluene SOA formed under
dry conditions® color-coded by glass transition temperature (7, ) estimated using Eq. (2). The upper
dashed line indicates the low O:C bound of the molecular corridor (linear alkanes C,H,,+, with O:C = 0),
and the lower dotted line indicates the high O:C bound (sugar alcohols C,H,,»0, with O:C = 1). (b)
Comparison of measured (markers) and modeled (lines) viscosity of toluene SOA at 295 K as a function
of RH. Viscosities were calculated using fragility (D) of 13, the hygroscopicity (x) of 0.25 and the
Gordon-Taylor constant (kgr) of 3.0 with different glass transition temperatures of dry SOA (Tger) as
estimated using Eq. (1) or (2) under low and high RH conditions. The shaded regions were calculated by
varying those parameters: Ty oy = 313 K (295 K), k = 0.20 (0.25), D = 13 (10), kgr = 2.5 (3.5) for the
upper (lower) limit. Mass loadings were 23 ug m™ for LRH and 8 ug m™ for HRH.”

Ty org contributed the most to the uncertainty in the viscosity estimates. Previous studies have
shown that the experimental conditions such as particle mass concentrations*' and RH upon SOA

2,197

formation can impact chemical composition of SOA and hence the phase state and viscosity.

Further efforts to constrain the wuncertainties are needed both in experiments and

parameterizations.

43



2.3.2: SOA formed from toluene

In this and the following sections, we examine the feasibility of calculating the value of 7 ore
from mass spectrometry data on SOA.> measured the elemental composition of toluene SOA
using nanospray desorption electrospray ionization high-resolution mass spectrometry
(nano-DESI-HRMS).?* ' Toluene SOA were formed by OH photooxidation in an aerosol
smog chamber at <2% RH (mass loading = 23 ug m ) and 75% RH (mass loading = 8 pug m)
to investigate the effect of RH on the chemical composition of toluene SOA formed under
low-NOy conditions. Measurements revealed a significant reduction in the fraction of oligomers
present in toluene SOA generated under high RH conditions compared to SOA generated under
low RH conditions.” The detected molar mass of individual oxidation products spanned a range
of 102-570 g mol " at high RH, which increased up to 726 g mol ' at low RH.

Figure 2.9a shows the interdependence of glass transition temperature, volatility, and
molar mass of the detected toluene SOA compounds. Glass transition temperatures were
calculated using Eq. (2). The saturation mass concentrations or volatilities of detected
compounds were estimated from the elemental composition by using the parameterization of Li
et al.* The analysis is based on the molecular corridor approach—a two-dimensional framework
of volatility and molar mass of SOA components constrained by boundary lines of low and high
atomic O:C ratios, corresponding to n-alkanes (C,Hz,+2, O:C = 0) and sugar alcohols (C,H2,120,,

8, 64

O:C = 1), respectively, " The toluene SOA constituents are well constrained by the molecular
corridor and 7, values are higher for compounds with a higher molar mass and lower volatility.
Equation (1) was used to calculate 7, for individual compounds with M < 450 g mol

while excluding compounds with molar mass higher than 450 g mol'. This approach was

deemed reasonable as such high—-molar-mass compounds account for < 10% of all toluene SOA
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products formed at low RH, and for < 2% formed at high RH. Equation (2) was used to calculate
T, for all the detected compounds. T, of dry toluene SOA (7y,or,) Was then computed using the
Gordon-Taylor approach with kgr = 1 (Sect. 2.2.1). The relative mass concentrations of
individual components were assumed to be proportional to their relative abundance in the

211,212 .
<2 and as we will see

nano-DESI-HRMS spectrum. This assumption has a number of caveats,
below, it results in deviations between the predicted and measured viscosity. Table 2.2

summarizes the results of such calculations, showing that the 7, s by Eq. (1) — excluding

Table 2.3. Glass transition temperatures calculated using Eq. (1) and (2) for toluene SOA mixtures at low
relative humidity (low RH < 2%) and high relative humidity (high RH = 75%) conditions.

Ty org (K) low RH high RH
Equation (1)* 299 295
Equation (2) 313 303

Compounds with M > 450 g mol” were excluded from the analysis.

high-molar-mass compounds — is about 10 K lower as compared to T org by Eq. (2). Ty ore at low
RH is predicted to be higher than 7, at high RH, which results from a lower abundance of
high-molar—-mass compounds observed at high RH. This trend is consistent with,"” who showed
that SOA material formed under dry conditions is more viscous than that formed under wet
conditions.

Figure 2.9b shows the predicted viscosity of toluene SOA as a function of RH compared
to the measured viscosity of toluene SOA formed in an oxidation flow reactor at 13% RH.’
Indirect viscosity measurements are also included in shaded boxes for toluene-derived SOA.'* !
Lines with shaded areas are calculated viscosities using 7 org as described above. k was assumed

207,213

to be 0.25 based on laboratory measurements. To achieve good fit, D was set to 13 and kgt

was assumed to be 3.0.° Estimations with Eq. (1) match the measured viscosity values very well
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over the entire RH range. Predictions with Eq. (2) overestimated the measurements by 1 or 2
orders of magnitude at moderate RH between 30% and 50%, while they agreed with the
measurements derived at RH > 60% and at the dry conditions.

There are several possible reasons for the difference between the measurements and
predictions. First, the relative abundance of high—-molar-mass compounds observed in HRMS
measurements may be overestimated, as high—-molar—mass compounds tend to have higher (yet
generally unknown) ionization efficiencies compared to lower—-molar—-mass compounds. Second,

25—

I T I I .
(a) Subalpine Fir () Subalpine Fir
() 5
4x10° ESI APPI 14 x10
109 1070 .
z ' ° 3
2 = o o
2 g =
— 2 2 Q.
8 g
1 1
L 0 004, | T T T | 1
100 200 300 400 500 00 02 04 06 08 10 12
Molar Mass (g mol™) o/c
6
14x10 I H1.0x10° 25
12b) Lodgepole Pine | - (d) Lodgepole Pine
10 ESl _APpI 705 “
8- 20 =@omes o
5x10°F R Lk .
* - 5x10° RN .-
Al o 154 :j:'g .
g R A3
5 3 5 i 2EIINTALL
= 13 § 1.0 e ormu:’:'o-:; o.:..
é 2 l \31‘: S
S
05} {.;:«s,'.,‘ .
?oo 200 300 400 500 00 ' ' ' ' ' '
00 02 04 06 08 10 12
Q/C

Molar Mass (g mol™)

Figure 2.10. Mass spectra of biomass burning organic particles collected from test burns of (a) subalpine
fir and (b) lodgepole pine as measured by high resolution mass spectrometry with two ionization
techniques: electron spray ionization (ESI, red) and atmospheric pressure photoionization (APPI; blue).
Numbers of elemental formulas identified by ESI (red), APPI (blue) and both modes (black) are also
specified. Van Krevelen plots of the compounds identified by ESI (red) and APPI (blue) mode in BBOA
from burning of (c¢) subalpine fir and (d) lodgepole pine.
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the nano-DESI-HRMS analysis of toluene SOA was limited to m/z range of 100-1000. It is
possible that some SOA products with lower molar mass were present in particles but not
detected, which would lead to an overestimation of 7,. Third, the chemical composition of
toluene SOA is likely different between Hinks et al.**' and Song et al.” because of the differences
in the experimental conditions. Specifically, toluene SOA was formed in a Teflon chamber in
Hinks et al., while Song et al. used an oxidation flow reactor to generate toluene SOA. The O:C
ratios are 0.71 at low RH and 0.63 at high RH based on nano-DESI-HRMS measurements in
Hinks et al.,*®! while the O:C ratio was 1.06 in Song et al.” based on the aerosol mass
spectrometry (AMS) measurements.

In addition, different mass loadings may have affected viscosity. Song et al.’ measured
viscosity at two different mass loadings (60-100 and 600-1000 ug m) and compared their
results to the toluene SOA data in Bateman et al. (2015; 30-50 ug m ) and Li et al. (2015;
44-125 ug m™), observing little impact of mass loadings on viscosity. We carried out a
sensitivity study of mass loadings on viscosity using a set of compounds detected by HRMS. The
saturation mass concentration was predicted for each component using the molecular corridor
approach.”® Assuming that the mass signal intensity is proportional to the total mass
concentration of the compound in the mixture and applying the absorptive partitioning theory,*'*
particle—phase concentrations of each compound were predicted to estimate 7, at different

organic aerosol mass
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Figure 2.11. Effect of mass loading on predicted viscosity for toluene SOA. Solid lines represent the
predicted viscosity with Eq. (2) using chemical composition of toluene SOA formed at low RH. Viscosity
was predicted with different mass loadings ranging from 1-1000 ug m™. Markers and shaded boxes
represent experimentally measured viscosity values. Song et al.” mass loadings were 60-100 and 600-
1000 ug m™. Bateman et al.,'” and Li et al.,'"' mass loadings were 30-50 ug m” and 44-125 ug m>,
respectively.

loading values (1-1000 ug m™). The glass transition temperature of the SOA mixture decreases
as mass loading increases. Viscosity decreases up to 2 orders of magnitude at low RH, while at
high RH there is little difference as shown in Fig. 2.11. Simultaneous measurements of viscosity

and chemical composition with different mass loadings should be performed in future studies.

2.3.3: Biomass Burning Particles

To further explore the applicability of our viscosity prediction method using elemental
composition as measured by HRMS, we performed similar calculations for biomass burning
organic particles emitted from test facility burns of subalpine fir and lodgepole pine trees, which
were conducted as a part of the FIREX 2016 campaign.”’> These samples were analyzed by

HRMS using two different ionization sources: electrospray ionization (ESI) and atmospheric

48



pressure photoionization (APPI). The mass spectra shown in Fig. 2.10a and b indicate that a
substantial number of compounds were detected by both methods (109 and 170 compounds for
subalpine fur and lodgepole pine, respectively). However, pronounced differences are also
observed between the ESI and APPI spectra both in terms of the identity and signal intensities of

the detected compounds.
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Figure 2.12. Predicted viscosity for biomass burning particles of (a) subalpine fir and (b) lodgepole
pine trees as measured by high resolution mass spectrometry with two ionization techniques:
electrospray ionization (ESI, red) and atmospheric pressure photoionization (APPI; blue). T o are
specified in the figure legend and other used parameters are fixed to x = 0.1, D = 10, kgr =2.5.

Glass transition temperatures for the assigned CH and CHO compounds were computed using
Eq. (2). Nitrogen— and sulfur—containing compounds (CHON and CHOS) are not yet covered by
Eq. (2) and were therefore excluded from the analysis. CHON and CHOS compounds comprised

less than 10% of the detected ion intensity and <15% of the assigned compounds. Note that we
do not intend to provide accurate estimates of the viscosity of ambient biomass burning particles
(as inorganic components are also not included in this analysis), but we investigate how the use
of different ionization methods would lead to variations in our viscosity predictions. 7 values of

organic mixtures (7gorg) Were then calculated using the Gordon—Taylor approach with kgt = 1,
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assuming that the relative concentration of each compound is proportional to its MS signal
intensity. The calculated 7 o, values for the mixtures are specified in the legend of Fig. 2.12. For
both types of mixtures, the calculated T, for the APPI MS data is lower than the value
calculated based on the ESI MS data with a difference of 32 K for subalpine fir and 11 K for the
lodgepole pine. Figure 2.12 shows the predicted viscosity as a function of RH, assuming D = 10,
kK =0.10 and kgr = 2.5. The difference in 7o derived from ESI and APPI results in a variation
of predicted viscosity at low RH by up to 5 and 2 orders of magnitude for subalpine fir and
lodgepole pine, respectively.

The difference in the calculated 7., values is attributed to the chemical profile of the
species detected using different ionization techniques as shown in the mass spectra in Fig. 2.10a
and b. The van Krevelen diagrams in Fig. 2.10c and d illustrate these compositional differences
between chemical species detected by ESI and APPI. ESI is more efficient at detection of polar
compounds,”'® which typically have higher O:C ratios and therefore would result in higher
predicted values of glass transition temperature.” ® APPI enables the detection of nonpolar
compounds with lower O:C ratios, in particular polycyclic aromatic hydrocarbons (PAHs), that

S.2'" 2% Dye to the complementary

have low ionization efficiencies when analyzed by ESI M
nature of these ionization methods, it is most likely that the actual glass transition temperature
and viscosity of each type of organic components in biomass burning aerosols are somewhere in
between the values inferred from ESI and APPI data sets: ESI MS may be viewed as providing
the upper limit of viscosity, while APPI MS gives the lower limit. Our results indicate that the

use of complementary ionization techniques may help evaluate the associated uncertainty for the

prediction of viscosity values based on elemental composition as measured by HRMS.
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2.4: Conclusions
We have developed a parameterization for the calculation of the glass transition
temperature of individual SOA compounds with molar mass up to ~1100 g mol ' using the

number of carbon, oxygen, and hydrogen

10 ? ! i atoms. The viscosity of SOA was
Isoprene SOA —
1010 a-Pinene SOA _| . . .
Toluene SOA estimated using the 7T,-scaled Arrhenius
g Biomass burning|
— 10 = . .
® | plot of viscosity versus 7 /7 and the
S ot i
> Gordon—Taylor approach to account for
1]
g 10° T : L
& - — mixtures of SOA and water. The fragility
10° |- 1
B =1 parameter D was compiled for organic
10°
. 1 compounds and we found that D
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Figure 2.13. Summary of predicted range of viscosity of the molar mass increases. The resulting

a-pinene SOA (red), isoprene SOA (blue), toluene SOA

(purple), and biomass burning particles (green). viscosity estimations agree well with the

measured viscosity of a-pinene and isoprene SOA, validating our method. Using HRMS data,
the glass transition temperatures of individual components and the viscosity of toluene SOA
were predicted, also resulting in a good agreement with measurements. However, we note that
the predicted viscosities were higher than the measured values suggesting that additional
considerations may need to be taken into account. For example, the ionization efficiency of both
low— and high-molar—-mass compounds may have a pronounced effect on the relative abundance
of different classes of compounds in HRMS data. The viscosity prediction method was also
applied to biomass burning particles, whose elemental composition was measured using HRMS

with two different ionization techniques. Substantial differences in viscosity estimations were
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obtained using ESI and APPI mass spectra because these two ionization methods probe different
subsets of compounds.

Figure 2.13 summarizes the predicted range of viscosity of a-pinene SOA, isoprene SOA
(generated by PAM), toluene SOA, and biomass burning particles. Isoprene SOA has lower
viscosity, reflecting lower glass transition temperature due to the relatively low molar mass of
isoprene oxidation products. o-Pinene and toluene SOA have much higher viscosity with a
different shape of the RH dependence due to differences in glass transition temperatures and
hygroscopicity. Biomass burning particles have moderate viscosity between the two extreme
cases. Currently, both predictions and measurements are subject to large uncertainties and
variations. Complementary measurements of viscosity and chemical composition employing
different ionization techniques are desired to further constrain RH-dependent viscosity in future
studies. Current 7, parameterizations do not consider functionality or molecular structure
explicitly and further measurements of 7, and viscosity of SOA would allow us to refine the
method presented in this study. Nevertheless, current results offer a promising starting point and
such simple parameterizations are practical for predicting viscosity of particles as measured by
HRMS. The developed viscosity prediction method should also be useful in recent efforts to
simulate the distribution of SOA phase state and related properties in regional or global air

quality models e.g., ** '**
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CHAPTER 3

EFFECTS OF PHASE STATE AND PHASE SEPARATION ON DIMETHYLAMINE
UPTAKE OF AMMONIUM SULFATE AND AMMONIUM SULFATE-SUCROSE
MIXED PARTICLES

Reproduced with permission from ACS Earth & Space Chemistry. DeRicux, W. S. W.; Lakey, P. S. J.; Chu, Y.;
Chan, C. K.; Glicker, H. S.; Smith, J. N.; Zuend, A.; Shiraiwa, M., Effects of phase state and phase separation on
dimethylamine uptake of ammonium sulfate and ammonium sulfate—sucrose mixed particles. Submitted for
publication to ACS Earth & Space Chemistry. Unpublished work © 2019.
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3.1: Introduction
Atmospheric submicron aerosol particles play an important role in air quality, climate

45, 219, 220
h4S 21

and public healt The role of alkyl amines in atmospheric aerosol chemistry is of

interest due to the unexpectedly high amounts of aminium salts detected in ambient aerosol

: 76, 221-223
particles.”™

These amounts are out of proportion to the relative amounts of amine and
ammonia detected in the atmosphere, since small chain alkyl amines are typically present at
concentrations several orders of magnitude lower than ammonia in the gas phase.” Ammonia is
known to form or contribute substantially to inorganic aerosols by neutralizing atmospheric
acids, while amines are receiving growing attention for their potential role in new particle
formation.

One pathway through which amines partition from the gas phase into particles is reactive
uptake by ammonium sulfate aerosols. Various studies have reported the displacement of
ammonium by an alkyl aminium ion. Earlier reports investigated the reaction at low pressure

84, 224 :
Q

iu et al.?*

under conditions with limited water. studied the heterogeneous uptake of
methylamine, dimethylamine and trimethylamine vapor by ammonium sulfate and ammonium
bisulfate coatings on glass tubes at low pressure and low RH, reporting initial uptake coefficients
of (2.6 - 3.4)x10 and steady-state uptake coefficients of (2.3 - 60)x10™*. Liu et al.** studied the

displacement of ammonium from various powdered ammonium salts by aqueous methylamine

vapor at very low pressure to report uptake coefficients of 2.3x10° — 1.8x107%,
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Several studies have reported investigations of amine uptake reactions by ammonium
sulfate and other particles.®”**>**° Chu and Chan'? reported measurements of the reactive uptake
of dimethylamine by crystalline or aqueous ammonium sulfate (AS) and AS-sucrose mixed
particles. The net reaction is:

(CHgNH (g) + NHy* (aq) —~ (CHa)oNHy" (aq) + NHg(g) (1)

They performed their experiments under conditions of controlled relative humidity (RH) and
observed that the amine/ammonium exchange reaction appeared to be water and bulk—diffusion
limited. Chu and Chan'? also reported visual observations and Raman spectroscopic data
consistent with the presence of liquid-liquid phase separation in their mixed ammonium
sulfate—sucrose micron—sized particles. Sucrose is a widely used surrogate for the hydrophilic
organic component of secondary organic aerosol (SOA) particles.

SOA can adopt liquid, semi—solid or glassy phase states depending on chemical

> 36,38, 6188 phase state and associated particle viscosity may

composition, temperature and RH.
affect crucial atmospheric aerosol processes such as ice nucleation,'” gas uptake and particle
growth both in terms of magnitude and characteristic timescales.””” The presence of a viscous
semisolid or glassy phase state can limit reactive uptake by reducing mass transfer and bulk

1,66, 104, 108, 113, 228, 229 particle morphology is another important factor

diffusion in aerosol particles.
affecting uptake processes. It has traditionally been assumed that aerosol particles are
homogeneously well-mixed. However, phase separation into two or more liquid or viscous
amorphous phases has been observed both in aerosol particles containing organic and inorganic
components mixed with water, as well as electrolyte—free aqueous organic particles.” %%

Phase—separated particles can adopt either a core—shell morphology, in which one phase

completely engulfs a second phase, or a partial-engulfing structure, in which both phases
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maintain direct contact with the gas phase over some surface area.”’ Several studies have
demonstrated that the presence of an SOA coating on particles in a core—shell morphology will
lead to a substantial decrease in the uptake of gaseous species.”® >* #*

In this study we investigate the amine/ammonium displacement reaction in particles
containing different morphologies and phases using kinetic and thermodynamic modeling to
further constrain the reaction mechanism and develop an understanding of limiting processes. A
kinetic multi—layer model facilitates the systematic investigation of the reaction over a range of

particle sizes, compositions and environmental conditions. Such information can be useful in

setting up future experiments and helps in determining priorities for field measurements.

3.2: Methods

3.2.1: Summary of previous experimental work

Our model was applied to previously reported experimental data from Chu and Chan,
briefly described in the following.'* Single particles were generated from aqueous solutions of
ammonium sulfate (AS) and sucrose with the following sucrose molar fractions on a dry basis:
Fs,=0.00, 0.15, 0.28 and 0.50. Particles were levitated in an electrodynamic balance (EDB) and
their dry diameters were recorded after drying at low RH (<5%). Each particle was then
equilibrated at a specified RH value (RH < 5% and RH = 10, 20, 30 and 70%) in the EDB at a
temperature of 297+1 K. Initial particle diameters were in the range of 37-71 um. Output from
the EDB was recorded during exposure to a constant flow of dimethylamine (DMA, 1 ppm) gas
to determine changes in particle mass, size, phase state and chemical composition due to DMA
uptake. Particles were characterized with a Raman spectroscopic system coupled to the EDB.

After each experimental run, particles were dried and visually inspected under a microscope.
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3.2.2: Model description

Kinetic modeling was utilized to investigate the reactive uptake of DMA by AS and
mixed AS—sucrose particles. The change in mass of each particle, expressed as the ratio of the
particle mass at each time point relative to its initial mass, was simulated using the kinetic
multi-layer model of gas—particle interactions in aerosols and clouds (KM-GAP).* Schematics of
the kinetic model are provided in Figure 3.1. For the simulation of single particle experiments
from Chu and Chan, a spherical geometry was applied.'> The model treats the gas phase with two
layers: a quasi—continuous gas phase and a near—surface gas phase layer. Multiple layers
represent the condensed phase: sorption layer, surface layer, and a variable number of bulk
layers. KM—GAP treats the following mass transport processes explicitly: gas—phase diffusion,

adsorption and desorption, surface—bulk exchange, and bulk diffusion. The chemical reaction (1)

(a) Gas phase (b) Gas phase

e ~..  Nearsurface  Near surface ..o
gas layer . _emTm=s :

Sorption layer

Figure 3.1. Schematics of the kinetic multilayer model of gas—particle interactions (KM—GAP) for (a)
ammonium sulfate (AS) particles and (b) mixed AS—sucrose particles. The sorption layer is represented
by the blue dashed line. In the mixed particles, the core is treated with an AS-rich phase that is either
crystalline or aqueous depending on RH and the shell is initialized as a sucrose-rich phase based on
phases and composition data from experiments as well as predictions from AIOMFAC-based equilibrium
thermodynamics.
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was treated in the surface and bulk layers. The model layer thicknesses changed as the simulation
experiment proceeded due to solvation of DMA, mass transport between layers, and the

conversion of reactants into products, leading to particle growth.

Model components and treatment of particulate water

For the pure AS particles (Figure 3.1a), the model treats the reactants and products
(ammonia and dimethylaminium sulfate (DMAS)) of the DMA/AS exchange reaction. For the
mixed particles, sucrose is also included. AS, DMAS and sucrose are hygroscopic.'* The number
of associated water molecules is related to the amount of each component present and remains
constant at each RH. Since water molecules are expected to remain closely associated with
specific components in the model, we chose to associate the mass and volume of water in
non—crystalline layers with these components for simplicity rather than treating water explicitly.
The amounts of associated water for AS, DMAS and sucrose are summarized in Table 3.1. AS
and DMAS associated water values were optimized for the pure AS particles using the approach
from Chu and Chan as a starting point.'* The same values were also used for the mixed particles.
For the mixed AS—sucrose particles, water associated with sucrose was constrained to
Table 3.1. Associated water expressed as the ratio of water molecules to each molecule of indicated
component used in KM—GAP modeling for species in non-crystalline layers. The same AS and DMAS
associated water values were used for both AS—only and AS—sucrose mixed particles. For the AS-sucrose

mixed particles, water associated with sucrose was calculated to be consistent with mole fractions
predicted by AIOMFAC."

RH 1% 10% 20% 30% 70%
AS 1.0x107 0.1 0.2 0.8 6.4
DMAS 0.1 1.0 2.1 3.7 11.8
Sucrose 5.5x107 0.6 1.1 1.8 6.1
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be consistent with mole fractions determined by the Aerosol Inorganic—Organic Mixtures

Functional groups Activity Coefficients (AIOMFAC) based equilibrium model."

Ammonium sulfate only particles
At RH < 70%, the initial AS particles were observed to exist in crystalline form.'?
Previous studies have shown that there are surface—adsorbed water molecules on AS particles

below the deliquescence RH.!* 23523

The initial thickness of this layer can range from less than
one monolayer (on average) to multiple monolayers depending on RH as summarized in Table

3.2 and implemented in KM—GAP.

Table 3.2. Monolayers of water present on ammonium sulfate at different RH values."*

RH (%) 1 10 20 30 70
Monolayers
of H,O 0.01 0.6 2.6 4.6 34

After particle equilibration, the adsorbed water layer would be saturated with AS. Using
the associated water ratios in Table 3.1 with the volume of the surface layer, the initial amount of
dissolved AS was calculated. For simplicity, mass transport to and from the bulk was allowed
only for AS, so the particle bulk decreased in size as AS reacted and DMAS formed in the
surface layer. At 70% RH the initial phase of the particle was observed to be liquid in
experiments. The volumes of the associated water and the measured dry particle radius were
combined to determine the initial aqueous particle volume and diameter.

Kinetic parameters are summarized in Tables 3.3-3.5 that include the gas-phase diffusion

coefficient (D), surface accommodation coefficient on a free substrate (), desorption lifetime

(T4), second-order surface (ki) and bulk (k) reaction rate coefficients for reaction (1), Henry’s

237

law coefficient of DMA in water (5.0x10” mol cm® atm™)*’, and bulk diffusion coefficients
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(Dy) for DMA, AS, NH; and DMAS. We assumed o of unity and 74 of nanoseconds for DMA.
A first-order approximation of Fick’s diffusion equation using bulk diffusion coefficients was
utilized to describe mass transport fluxes between the layers. D, were varied to optimize the
model predictions in comparison to the experimental data. For an initially aqueous particle at
70% RH, the chemical reaction would take place in both surface and bulk layers. A second—order

reaction rate coefficient between DMA and NH4™ of 1.0x10™"° cm® s was used, but predicted

Table 3.3. General parameters used for KM—GAP. Values are for all species unless otherwise indicated.

Parameter Description Units Value Range Source
EPA tools for
D, Gas diffusion online site
coefficient cem’ s 0.1 - assessment
Surface Shiraiwa et al.,
accommodation Nat. Commun.,
coefficient on free 8, 150021-
0o substrate - 1 - 150027 (2017)

Shiraiwa et al.,
Nat. Commun.,

Desorption (DMA) 1.00x10” ) 8, 150021-
To lifetime s (NHj) insensitive 150027 (2017)
reaction rate .
constant for 1.00x10°"° 1.00x10"°- fitting
Kssir and ko, reaction (1) em3 s-1 1.00x1077 parameter

Sander, Atmos.
2 4.75x107— Chem. Phys.,

Henry's law mol cm’ 5:00x10 5.25x107 15, 4399-4981
H coefficient atm™’ (2015)

Table 3.4. Input parameters for ammonium sulfate only particles.

Initial dry Bulk diffusion
radius (cm) coeff (cm2 s"l)
Fsu=0.00 (AS only)
1% 2.8x107 1.25x10™"
10% 2.35x10° 6.25x10™"!
20% 2.35x10° 1.50x107"°
30% 2.00x107 1.50x107"°
70% 2.45x107 5.00x10°
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Table 3.5. Input parameters for mixed AS—sucrose particles.

Initial Bulk [Sucrose] | [Sucrose]
dry diffusion n_delta” n alpha* n_beta’ [AS] core | [AS] shell
: - 3 - 3 - 3 3 3 core shell
radius coeff. (mol/m?) (mol/m”) (mol/m”) (mol/cm”) | (mol/cm’) (mol/em®) | (mol/em’)
(cm) (cm’s™)
F,,=0.15
1% 2.1x107 | 1.20x10™° | AS 8.49x10°" 0 7.72x10"" | 4.56x10°" | 9.01x10" 0 1.75x10°'
Su 0 0 1.50x10°®
H,O 0 0 8.33x1071°
10% 2‘22"10 170x10° | AS 8.49x10° 0 9.48x107!! 4.56x10°! 1.08x10" 0 1.70x10%!
0
Su 0 1.50x10°®
H,O 0 8.38x10”
0% 2‘12"10 4.00x10° | AS 8.49x107 0 1.22x101° | 4.56x10% 1.35x10" 0 1.65%x10%!
0
Su 0 0 1.50x10°®
H,O 0 0 1.72x10°%
30% 3‘52"10 7.00x10° | AS 8.48x107 0 1.65x101° | 4.56x10% 1.76x10" 0 1.60x10%!
0
Su 0 0 1.50x10°®
H,O 0 0 2.70x10°®
70% 2.5x10% | 1.00x10° | AS 0 8.01x10° | 4.89x10° | 2.44x10”" | 3.69x10% | 6.49x10" | 1.13x10”
Su 0 2.13x10" | 1.50x10°®
H,O 0 5.08%107 1.22x107
F,,=0.28
1% 2‘52"10 2.00x107 | AS 7.19x107® 0 1.44x10"° | 4.56x10*" | 9.01x10'® 0 1.75%x10%!
0
Su 0 2.80x10®
H,O 0 1.56x10”°
10% 1‘82"10 150x10° | AS 7.18%107® 0 1.77x101° | 4.56x10% 1.03x10" 0 1.64x10%!
0
Su 0 0 2.80x10°®
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Initial

Bulk

dry diffusion n delta” n alpha** n beta” [AS] core | [AS] shell [Sucrose] | [Sucrose]
: - 3 - 3 - 3 3 3 core shell
radius coeff. (mol/m”) (mol/m”) (mol/m”) (mol/cm”) | (mol/cm’) 3 3
2 -1 (mol/ecm”) | (mol/cm”)
(cm) (cm”s™)
H,0 0 0 3.85x10°
0% 2‘22"10 450x10° | AS 7.18%107® 0 2.29x1071° 4.56x10°! 1.35x10" 0 1.65%x10%!
0
Su 0 0 2.80x10°%
H,O 0 0 3.21x10°*
2.70x10 ] AS ] ]
30% (b) 3 1.00x10® 7.17%10°® 0 3.08x107!° 4.56x10°! 1.76x10" 0 1.60x10%!
Su 0 2.80x107%
H,0 0 5.05x10°
2‘12"10 1oox10® | AS 7.17%10°® 0 3.08x107!° 4.56x10°! 1.76x10" 0 1.60x10%!
30% (a)
Su 0 0 2.80x10®
H,O 0 0 5.05x10°°
0% 2‘12"10 1oox10® | AS 0 6.29x10° 9.13x107 2.44x10%" | 3.69x10%° | 6.49x10'° 1.13x10%!
0
Su 0 1.67x107"2 2.80x107%
H,O 0 3.99x107 2.27x107
F,,=0.50
1% 2‘3(_)3"10 230x10° | AS 4.97x10® 0 2.58x107!° 4.56x10*" | 9.01x10" 0 1.75%x10%!
0
Su 0 5.00x107
H,O 0 2.78x107°
10% 2‘02"10 2.05x10° | AS 4.97x10® 0 3.16x107"° 4.56x10°! 1.08x10" 0 1.70x10%!
0
Su 0 0 5.00x10°®
H,O 0 0 2.79x10°%
0% 1‘82"10 1.85x10° | AS 4.96x10® 0 4.08x1071° 4.56x10°! 1.35x10" 0 1.65%x10%!
0
Su 0 0 5.00x107
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H,O 0 0 5.74x10°
30% 2‘02"10 2.05x10° | AS 4.95x10® 0 5.49x1071° 4.56x10°! 1.76x10" 0 1.60x10%!
0
Su 0 0 5.00x107
H,O 0 0 9.01x1078
0% 2‘52"10 2.55x10° | AS 0 3.37x10° 1.63x107® 2.44x10%" | 3.69x10%° | 6.49x10'° 1.13x10%!
0
Su 0 8.94x107! 5.00x10°
H,O 0 2.14x107 4.06x107
Chu &
Chan, J
Phys fittin
Source Chem parame%er AIOMFAC | AIOMFAC | AIOMFAC | AIOMFAC | AIOMFAC | AIOMFAC | AIOMFAC
A, 121,
206
(2017)

“Initial moles of indicated component in the indicated phase before DMA uptake predicted by the AIOMFAC-LLE model. Delta phase corresponds to the solid
phase in the hydration case. Beta phase and alpha phase correspond to the sucrose-rich and AS-rich phases, respectively, that are predicted to form in both the

hydration and dehydration cases by the thermodynamic model. For further information, please refer to the main article text.
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mass ratios were found to be insensitive between the range of 1.0x10™° to 9.0x10™"7 cm’ s, A
single bulk layer was sufficient to describe the solid AS particles (RH<70%), while multiple
layers were used for the aqueous bulk at 70% RH. The number of layers was increased until
model predictions converged. At 70% RH, experimental data were fitted with a bulk diffusion
coefficient of 5.0x10°cm® s™' for DMA and AS. For RH < 70%, experimental data were fitted

with DMA and AS bulk diffusion coefficients ranging from 1.5x10"'°~1.25x10"" cm® 5™

Ammonium sulfate-sucrose mixed particles

Figure 3.1b shows a schematic of the modeling approach used for the mixed AS—sucrose
particles. The modeling approach is consistent with visual observations and Raman spectroscopic
data reported by Chu and Chan, implying the presence of a sucrose-rich shell phase in some of
these particles.'” Thermodynamic model predictions also suggest that AS—sucrose particles
would be phase—separated (see results section), as also discussed in a previous study.”® Thus,
AS—sucrose particles were modeled assuming a viscous, multi—layered, sucrose—rich, outer shell
and a monolayered AS core at RH < 70% (Figure 3.1b). Activity coefficients from a
thermodynamic model prediction of particle hydration were used to set initial conditions for a
solid AS core and semi—solid sucrose shell containing a small amount of dissolved AS. At 70%
RH, activity coefficients from the dehydration case (AIOMFAC-based prediction) were used to
set initial conditions for a homogeneously mixed aqueous ammonium sulfate core and the
viscous, aqueous sucrose shell in KM—GAP. At all RH values below 70%, the DMA/ammonium
exchange reaction (1) was considered in the sucrose—rich shell phase and mass transport from/to
the core was only considered for ammonium sulfate. For 70% RH, the chemical reaction and

diffusion of all components were considered throughout the particle.
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Kinetic parameters are listed in Tables 3.3-3.5. The number of layers in the shell was
increased until model predictions converged. For the mixed ammonium sulfate—sucrose particles,
initial particle diameters ranged from 37-71 um. The bulk diffusion coefficients at 70% RH for
Fsu=0.15, 0.28 and 0.50 were set to 1.0x10° cm® s, consistent with an aqueous particle. For
RH<70%, experimental data were fit well with bulk diffusion coefficients ranging from

2.0x101°= 1.0x10® cm? s\

3.2.3: Thermodynamic Modeling

The Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients

(AIOMFAC) thermodynamic group-contribution model, described elsewhere in detail,'>**

was
used to estimate the degree of non-ideal mixing among condensed—phase species in
liquid/amorphous phases and to consider the potential for liquid—liquid phase separation within
the AS—sucrose system as a function of equilibrium relative humidity. The AIOMFAC-based
model employed in this study included a version of the liquid-liquid equilibrium (LLE)

algorithm by Zuend and Seinfeld,**’

which predicts the phase compositions of up to two liquid
phases for a given overall composition of a mixture based on the activity coefficients computed
by AIOMFAC for the variable composition of each individual phase. Furthermore, the solid—
liquid equilibrium of crystalline AS with AS dissolved in an aqueous (sucrose-rich) phase was

also solved numerically based on the method described in Hodas et al.**’

The molar input
concentrations were determined using the mole fractions of sucrose and ammonium sulfate in the
dry particles, and the relative humidity at which each particle was equilibrated before exposure

to DMA were used to specify the initial mixture composition. The equilibrium computations

were carried out for a constant temperature of 297.15 K, representative of the experimental
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conditions. The AIOMFAC-based LLE model predictions for the equilibrium phase
compositions of liquid particle phases o and B, and solid AS phase 6 (where applicable), as well
as associated component activity coefficients were then used as input parameters to constrain the

kinetic model simulations with KM—GAP.

3.2.4: Field measurements

We analyzed particle and gas phase concentrations of ammonia and amines measured
during the Holistic Interactions of Shallow Clouds, Aerosols and Land Ecosystems (HI-SCALE)
field campaign in north—central Oklahoma in the summer of 2016.**' Gas phase amines were
measured by ambient pressure proton transfer mass spectrometry.*> Concomitant measurements
of size-resolved nanoparticle composition were performed during HI-SCALE by Thermal
Desorption Chemical Ionization Mass Spectrometry (TDCIMS).”® Calibrations were performed
during the campaign using either atomized ammonium sulfate or dimethylaminium sulfate
particles to associate signal intensity to collected sample mass. The average relative humidity

measured during this campaign was 72 £+ 18% (10), with peaks in relative humidity at night.

3.3: Results and Discussion

3.3.1: Pure ammonium sulfate particles

Figure 3.2a shows experimental data from Chu and Chan and modeled particle mass ratio
for the pure ammonium sulfate particles as a function of exposure time to DMA. The particle
mass ratio is defined as the mass of the particle at time 7 relative to that at time 0 (zy). Particle
mass ratios increase at different rates depending on RH until they reach a plateau at the

completion of the DMA/ammonium displacement reaction. The rate of particle growth was
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fastest for the aqueous particle at 70% RH and sensitivity studies revealed that for this condition,
growth is limited only by gas—phase diffusion of DMA.** The bulk diffusion coefficients of
DMA increase as RH increases, leading to higher rates of reaction and particle growth rates. The
model simulations reveal that predicted mass ratios are sensitive to the Henry’s law coefficient,
the bulk diffusion coefficient of DMA, and the initial concentration of AS in the surface layer.
Therefore, the availability of DMA and AS in the surface layer during the initial stages of DMA
uptake controls the rate of particle growth. At 30% RH the particle mass ratio reaches a plateau

at a high value, as the particle undergoes a phase transition from solid to liquid due to DMAS

(a) 20F i T j T D '1 5 1‘0-10 "2 19 Model (b) 1.7 T T T T T T T A
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Figure 3.2. Temporal evolution of particle mass ratio upon DMA exposure as measured by Chu and
Chan'? (markers) and simulated by KM-GAP (solid lines). The sucrose fraction in an AS—sucrose particle
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formation and associated water uptake. This phase transition leads to an enhancement in the

liquid particle mass relative to the dry mass at time zero, which is different from the case
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Figure 3.3. Concentrations (molecules per cm®) of DMA (red), AS (black), NH; (dashed blue) and DMAS
(purple) in the surface layer during DMA uptake by an AS particle at RH of (a) 1%, (b) 10%, (c) 20% and
(d) 30%.

Y

at 70 % RH, in which no phase transition occurs. Chu and Chan observed that the particle phase
gradually transformed from crystalline solid into liquid during DMA uptake judging from the 90
Mie scattering pattern and Raman spectrum of the particle.'”

The temporal evolution of concentration of each component over time in the surface layer

is shown in Fig. 3.3. While a minimal decrease in AS concentration is observed for RH < 5%
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(Fig. 3.3a), the reaction proceeds to completion at all other RH values and the AS concentration

drops to zero as the DMAS concentration plateaus. A drop in DMA concentration (red line) may

be observed while the exchange reaction proceeds due to the volume of the surface layer

growing, while the rate of DMA accommodation to this layer remains relatively constant. Once

the reaction reaches completion in Figs. 3.3b—d, the DMA concentration begins to increase until

it reaches the saturation concentration. The concentration of NHj in the surface layer (dotted blue
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Figure 3.4. Bulk concentration profiles of (a) AS, (b) DMAS, (c) DMA and (d) NH; when an AS particle

is exposed to DMA at 70% RH.
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line) remains constant while the reaction is occurring as determined by the balance between
formation and evaporation but drops to zero due to particle—to—gas partitioning once the reaction
has reached completion.

The temporal evolution of bulk concentration profiles of components for the aqueous
particle at 70% RH is provided in Fig. 3.4 as a function of reaction time (x—axis) and distance
from the particle center (y—axis). The concentration of AS (Fig. 3.4a) decreases commensurate
with an increase in the concentration of DMAS (Fig. 3.4b). Since the particle is initially aqueous,
all AS is dissolved and no diffusion limitation is observed. A low concentration of DMA is
present until the reaction reaches completion, as DMA diffusing into the particle bulk is rapidly
consumed by the exchange (Fig. 3.4c). The concentration of NHj3 (Fig. 3.4d) in the particle is
constant until the reaction completes. It then drops due to particle—to—gas partitioning as

observed in the surface layer.

3.3.2: Mixed ammonium sulfate—sucrose particles

Fig. 3.5 shows the mass fractions of the components in the AS/sucrose/water system at
time zero as predicted by the AIOMFAC-LLE model for the case with a dry molar sucrose
fraction of Fg, = 0.15. Thermodynamic equilibrium computations were conducted for both
dehydration and hydration cases. In the dehydration case starting from high RH conditions with
all components in a liquid/amorphous phase, a metastable, supersaturated salt solution is
considered and crystallization suppressed in the calculations (Fig. 3.5b), while in the hydration
case, starting at low RH, AS is allowed to adopt a crystalline physical state below its predicted
complete deliquescence at ~79% RH (Fig. 3.5a). In the hydration case, AS is predominantly

partitioned to the solid phase (0) while sucrose is found in a separate amorphous/liquid phase
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that further contains water and small amounts of dissolved AS (in solid—liquid equilibrium) up to
the complete AS deliquescence at ~79% RH. Two liquid phases, one AS-rich (o) phase and one
sucrose—rich () phase are predicted to coexist between 79% < RH < 94% in the hydration case.
For the dehydration case, liquid-liquid phase separation leads to the formation of AS-rich (o)
and sucrose—rich () phases at RH < 94% (before AS is expected to crystallize spontaneously at
RH ~<36%, not shown in Fig. 3.5b). In the phase—separated regime, a non—negligible fraction of
AS is predicted to partition into the sucrose-rich (aqueous) phase, while the aqueous AS-rich
phase a is virtually sucrose—free. The exception is the RH range from ~84% — 93%, close to the
upper limit of phase separation, in which at least 1% of the total sucrose amount partitions into
phase a.

These predicted compositions were used to constrain the initial partitioning of
components in KM-GAP. Based on experimental data on aerosol morphologies,'> KM-GAP
treats the AS—rich phase as the core and the sucrose-rich phase as the shell (Fig. 3.1b) and the
predicted activity coefficients of the different species in each phase were used to constrain bulk
diffusion. For RH < 70%, values from the hydration branch (Fig. 3.5a) were used, while activity
coefficients from the dehydration branch (Fig. 3.5b) were used for 70% RH. It should be noted,
however, that some of the particles at RH < 70% were observed to remain water—bound and
amorphous in the experiment. Figures 3.2b—d show the experimental measurements and
modeling results with KM-GAP for the mixed AS—sucrose particles. The particle growth of
aqueous mixed particles at 70% RH at all mole fractions of sucrose was limited by gas—phase
diffusion. For RH < 70%, the mixed AS—sucrose particles differed from the pure AS particles in

that the mixed particles exhibited no sensitivity to the value of the Henry’s law coefficient.
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Instead, the growth of the mixed particles is limited only by the bulk diffusion coefficients of
DMA and AS through the sucrose-rich shell.

Figure 3.6 shows bulk concentration profiles of the model components for the particle
with Fg,= 0.15 at 10% RH. The concentration of AS in the sucrose-rich particle shell (Fig. 3.6a)
remains low due to slow transport of AS from the AS—rich core to the sucrose—rich shell and loss
by the displacement reaction. As the reaction progresses and the particle grows, the AS core
decreases in size and the shell volume increases, as exhibited by the plots of DMAS, sucrose and
ammonia concentration (Figs. 3.6b, c, e, respectively). The reaction products (e.g., DMAS, NHj3)
are mostly concentrated in the outer portion of the particle shell throughout the reaction. Sucrose
does not react with DMA so the number of sucrose molecules does not change as the reaction
proceeds and the molecular concentration of sucrose decreases due to dilution as the shell
volume grows. The concentration of DMA is highest near the surface of the particle, before it
encounters AS as it diffuses into the shell. The reaction reaches completion over the
experimental time period for all conditions apart from RH < 5% and 10% RH when Fg,= 0.50.
With Fg, = 0.50 at 10% RH, the increase in particle mass ratio is severely diminished and
becomes almost indistinguishable from the RH < 5% case due to strong kinetic limitations of
bulk diffusion (with bulk diffusivity < 5.0x10™"* cm® s™') in a glassy sucrose—rich shell.

Further indications of kinetic limitations can be found by comparing values of the uptake
coefficient for each particle. DMA uptake coefficients (the ratio between net uptake rates to
molecular collision rates) calculated from the model are summarized in Table 3.6. It also
includes effective uptake coefficients, which are calculated without considering gas—phase
diffusion (i.e., collision rates were calculated using average gas—phase concentrations). A large

difference between the true and effective uptake coefficients at 70% RH demonstrates the
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importance of gas—phase diffusion at high RH, where near—surface gas—phase concentrations are
reduced due to large uptake. The order of magnitude values for the effective uptake coefficients
(Table 3.6) are consistent with those derived from laboratory experiments, with the largest
discrepancy within one order of magnitude.'”> DMA uptake coefficients range from 7.8x107 to
2.6x107 for initially solid particles at RH < 70%, while they are 0.70—0.82 for initially aqueous
particles at 70% RH.

The modeled uptake coefficients follow similar trends as the reported, experimentally
derived values: DMA uptake increases as RH increases for all molar fractions of sucrose. An
examination of AS concentrations in the modeled particles reveals that the concentration of AS
in the shell increases with increasing RH. The higher AS concentration is consistent with
increased solvation of AS with higher water content (as shown in Fig. 3.5), resulting in higher
DMA uptake. In general uptake coefficients decrease as the molar fraction of sucrose increases.
The plausible explanation for the effect of sucrose is a change in viscosity of the shell layer. The
higher viscosity of sucrose—containing aqueous solutions at intermediate and low RH has been
well-documented.'”' As the relative amount of sucrose in the particle increases, the higher

viscosity of the sucrose-rich layers would affect bulk diffusion of DMA.

Table 3.6. Modeled true and effective (in brackets) uptake coefficients (y) for dimethylamine.

Relative humidity (%)
Fs, 1 10 20 30 70
0.00 7.75%10° 3.87x10™ 9.27x10™ 9.28x10™ 0.82
' (7.59x10°) | (3.54x10") | (7.68x10%) | (7.86x107) (4.18x107)
015 3.41x10‘§ 3.87><10'j 1.23x10'j 2.54x10‘§ 0.80 3
(3.38x10°) | (3.57x107 | (0.95x10%) | (1.27x107) (3.47x107)
(a) 2.60x107
0.28 2.74x10‘§ 2.05x10'j1 7.08x10': (1.64x10‘3)3 075
(2.71x10°) | (1.97x10%) | (7.08x10%) | (b)2.19x10° (4.13x107)
(1.37x107)
0.50 1.42x10'3 1.00x10': 2.78X10': 9.84><10';‘ 0.70 3
(1.42x107) | (1.00x10°%) | (2.64x10%) | (8.18x10™% (3.61x107)
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3.4: Atmospheric implications and conclusion

Using the kinetic model, we sought to extrapolate to particle sizes and DMA mixing
ratios representative of ambient conditions to assess atmospheric implications. The experiments
conducted by Chu and Chan were performed on particles with diameters in the micron range
(37-71 um) at a DMA mixing ratio of 1 ppm. Analysis of particle and gas-phase concentrations
of ammonia and amines measured during the Holistic Interactions of Shallow Clouds, Aerosols
and Land Ecosystems (HI-SCALE) field campaign in north-central Oklahoma in the summer of
2016 provided values for use as reference.”*' The average mixing ratios of ammonia, DMA and
methylamine were 245 + 47 ppt, 0.813 £ 0.670 ppt and 0.601 + 0.480 ppt, respectively and

significant amounts of aminium salts were detected in 20—40 nm particles.

Ambient Experimental Ambient Experimental
—> —> —> —>
(@) 2.0 (b) 1.0
30 nm particle 30 nm particle
1 day \ 1 day
1.8 = 3 08 -
=
el 2
@ <
o 1.6 — * 06 —
g g
° ASonly Fg,=0.50 2 AS only,
£ 14 —10% ---.10% ® 041 —30% -
© —30% ---.30% o —70%
o —70% ---.70% =
%) Fs,=0.50
LA o Y R e A < 0.2} = 10%
--------------------------- 1 ---:30%
\\ ---70%
1.0 = 0.0 L . . . ! !
0.00 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
DMA mixing ratio (ppb) DMA mixing ratio (ppb)

Figure 3.7. (a) Predicted particle mass ratios (particle mass after exposure to DMA divided by initial
particle mass) and (b) molar AS ratio (number of AS molecules after DMA exposure divided by initial
number of AS molecules) as a function of DMA mixing ratio. Kinetic modeling was used to simulate
DMA uptake by pure AS or AS—sucrose (Fy, = 0.50) particles with 30 nm diameter over 1 day at varying
DMA mixing ratios. DMA mixing ratios range from ppt levels found in the atmosphere to ppm levels
used in experimental data. A reaction rate coefficient of 1 x 10"° cm® s™ was used for the simulations.

Given this information, we simulated the growth of a 30 nm AS particle over 1 day upon

exposure to DMA at mixing ratios varying from typical levels of 1 ppm in laboratory
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experiments to the 1 ppt range observed in the HI-SCALE field measurements. The predicted
mass ratios as a function of DMA mixing ratio are shown in Fig. 3.7a. Also included is the
predicted ratio of remaining AS to initial AS for the same conditions (Fig. 3.7b). Unlike the
simulations corresponding to the experimental data, for the significantly smaller atmospherically
relevant particle sizes, DMA uptake is sensitive to the reaction rate coefficient as shown by
sensitivity tests in Figs. 3.8-3.11. Growth is likely to be limited for atmospherically relevant
DMA mixing ratios at lower RH values (Figs. 3.7, 3.8 and 3.10). However in the presence of
hydrophilic organics and with a high reaction rate coefficient (~10"° cm’ s') substantial growth
would occur (Fig. 3.10). Significant growth is predicted at 70% RH under atmospheric
conditions (Figs. 3.7, 3.9 and 3.11) unless the rate coefficient is low (~10"" cm® s™). For the 30
nm particles used for these simulations the increase in mass ratio is no longer limited by gas—

hase diffusion at 70% RH; therefore, if we assume a fast reaction rate, the reaction proceeds
p p
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Figure 3.8. Sensitivity of (a) predicted particle mass ratios (particle mass after exposure to DMA divided
by initial particle mass) and (b) AS ratio (number of AS after DMA exposure divided by initial number of
AS) to variation in the reaction rate coefficient at RH=30%. Kinetic modeling was used to simulate DMA
uptake by pure AS particles with 30 nm diameter over 1 day at varying DMA mixing ratios. DMA mixing
ratios range from ppt levels found in the atmosphere to ppm levels used in experimental data.
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Figure 3.9. Sensitivity of (a) predicted particle mass ratios (particle mass after exposure to DMA divided
by initial particle mass) and (b) AS ratio (number of AS after DMA exposure divided by initial number of
AS) to variation in the reaction rate coefficient at RH = 70%. Kinetic modeling was used to simulate
DMA uptake by pure AS particles with 30 nm diameter over 1 day at varying DMA mixing ratios. DMA
mixing ratios range from ppt levels found in the atmosphere to ppm levels used in experimental data.
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Figure 3.10. Sensitivity of (a) predicted particle mass ratios (particle mass after exposure to DMA divided
by initial particle mass) and (b) AS ratio (number of AS after DMA exposure divided by initial number of
AS) to variation in the reaction rate coefficient at RH = 30%. Kinetic modeling was used to simulate
DMA uptake by AS—sucrose (Fy, = 0.50) particles with 30 nm diameter over 1 day at varying DMA
mixing ratios. DMA mixing ratios range from ppt levels found in the atmosphere to ppm levels used in

experimental data.
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Figure 3.11. Sensitivity of (a) predicted particle mass ratios (particle mass after exposure to DMA divided
by initial particle mass) and (b) AS ratio (number of AS after DMA exposure divided by initial number of
AS) to variation in the reaction rate coefficient at RH = 70%. Kinetic modeling was used to simulate
DMA uptake by AS—sucrose (Fg, = 0.50) particles with 30 nm diameter over 1 day at varying DMA
mixing ratios. DMA mixing ratios range from ppt levels found in the atmosphere to ppm levels used in
experimental data.

quickly and reaches completion after one day even at low DMA mixing ratios.*** This
observation also applies to the mixed AS—sucrose particles modeled at a sucrose mole fraction of
Fsy= 0.50. These results suggest that in locations of high RH, when aerosol particles are in the
liquid phase state, amine uptake could result in a mass increase by approximately 20 — 60%,
depending on the composition of the particle. However, given the sensitivity of the kinetic model
to the reaction rate constant at ambient conditions, measurements of smaller particles are needed
to better constrain the reaction rate coefficient in the model.

Further work on smaller particles is required to fully understand the importance of
aminium formation on particle growth. The kinetic model described in this paper was motivated
by experimental work on simplified mixed particles containing only ammonium sulfate and one
organic compound. In contrast, TDCIMS measurements of particulate ammonium in 20—40 nm

particles during HI-SCALE found that ~47 wt% of the detected ammonium can be attributed to
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ammonium sulfate, suggesting that other counter ions for ammonium exist in particles such as
nitrate or deprotonated organic acids. TDCIMS measurements also determined that amine salts
could be important constituents of ambient particles. Applying the assumption that the measured
DMA and methylamine form neutralized salts with sulfuric acid, HI-SCALE measurements
determined that DMA sulfate comprises 20.0 + 36.8 wt% (uncertainties here indicate standard
deviation and not measurement uncertainty) and methylaminium sulfate comprises 20.1 + 38.1
wt% of 20-40 nm particles, although it is also likely that these strong bases form salts with other
particulate anions. These findings from HI-SCALE are consistent with previous field
measurements in which 10-47% of TDCIMS—detected positive ions were attributed to aminium
salts depending on location.”® Thus, while the amine/ammonium exchange reaction could
contribute to formation of ambient particles, HI-SCALE measurements suggest other
ammonium salts are also present in ambient particles and must be considered in future
investigations.

It should also be noted that all experiments were conducted at a temperature near 298K.
Seasonal fluctuations lead to lower and higher temperatures throughout the world. At lower
temperatures, viscosity will increase so particles are expected to become more viscous and
kinetic limitations are more likely for DMA uptake, whereas kinetic limitations are not expected
at higher temperatures.’* In addition, geographic location and atmospheric altitude are important
as SOA are predicted to be liquid in regions of high RH, semi—solid in the mid-latitudes areas

and solid over dry lands, and in the middle and upper troposphere.**
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CHAPTER 4

LIQUID-LIQUID PHASE SEPARATION AND VISCOSITY
WITHIN SECONDARY ORGANIC AEROSOL GENERATED FROM
DIESEL FUEL VAPORS

Portions of this chapter are reproduced with permission from: Song, M.; Maclean, A. M.; Huang, Y.; Smith, N. R.;
Blair, S. L.; Laskin, J.; Laskin, A.; DeRieux, W. S. W.; Li, Y.; Shiraiwa, M.; Nizkorodov, S. A.; Bertram, A. K.,
Liquid-liquid phase separation and viscosity within secondary organic aerosol generated from diesel fuel vapors.
Atmospheric Chemistry and Physics Discussions 2019, 1-37.
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4.1: Introduction

Despite the importance of SOA, many of the physicochemical properties of SOA remain
poorly understood, such as viscosity. Viscosity together with the Stokes-Einstein equation can be
used to predict diffusion rates of organics within SOA, which can critically impact a number of
processes involving SOA. Studies that quantify the viscosity of SOA generated from a complex
mixture of VOCs of atmospheric relevance are needed. Methods have been developed to predict
the glass transition temperature and viscosity within an organic matrix of atmospheric relevance
using molar mass and oxygen to carbon elemental ratio (O:C) or the number of carbon, hydrogen

and oxygen atoms of the organic compounds within the organic matrix.** ¢'

In the following,
viscosity within SOA particles generated by photooxidation of diesel fuel vapors are predicted
based on the methods developed by Shiraiwa et al. (2017)** and DeRieux Li et al. (2018)°' and

compared with measured viscosity. ** ¢!

4.2: Predictions of viscosity based on high-resolution mass spectrometry
Viscosity of the diesel fuel SOA was predicted using the elemental composition of the
SOA and the methods developed by Shiraiwa et al. (2017)** and DeRieux Li et al. (2018).°' The
elemental composition of the diesel fuel SOA were taken from a previous study (Blair et al.,
2017)* using of SOA generated with identical conditions (DSL/NO, Table 1 of Blair et al.
(2017)). In the previous study by Blair et al. (2017) high-resolution nanospray desorption

. . 210 . ..
electrospray ionization mass spectrometry” ~ was used to determine the elemental composition.
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Shiraiwa et al. (2017) reported a parameterization (Eq. 1) to estimate the glass transition
temperature (7;) of individual CH or CHO compounds with molar mass <~450 g mol™.
T,= A +BM+ CM* + D (0:C) + E M (0:C) (1)

where M is the molar mass and O:C is the ratio of oxygen to carbon atoms. The coefficients are:
A=-21.57(K),B=1.51 (Kmol g"), C=-1.7x10" (K mol* g*), D = 131.4 (K) and E = -0.25 (K
mol g). DeRieux Li et al. (2018)°' reported another parameterization (Eq. 2) to predict 7, , of CH
and CHO compounds with molar mass up to ~1100 g mol™ using the number of carbon (nc),
hydrogen (ny), and oxygen atoms (no):

Ty = (nd + In(nc)) be + In(ny) bu + In(nc) In(ny) ben + In(no) bo + In(nc) In(no) beo (2)
Values of the coefficients [n2, bc, b, ben, bo, and beo] are [1.96, 61.99, -113.33, 28.74, 0, 0] for
CH compounds and [12.13, 10.95, -41.82, 21.61, 118.96, -24.38] for CHO compounds.61 To
estimate the 7, for a dry organic mixture (7o), the relative mass concentration of each
compound was assumed to be proportional to its relative abundance in the mass spectrum and the
Gordon-Taylor mixing rule was employed with a Gordon-Taylor coefficient (kgt) value of 1 °.

For the 7, of a mixture of organics and water (T, mix), the effective hygroscopicity
parameter (x) was applied to calculate the mass fraction of water in the SOA particles '*. A «
value of 0.1 was used for the diesel fuel SOA based on an average O:C of 0.45 for diesel fuel-
derived SOA (Fig. S1 and Table S3 in Blair et al. (2017)) and the relationship between O:C and
x reported in Lambe et al. (2011, Fig. 7)**7 and Massoli et al. (2010, Fig. 2)**. To estimate the
T, mix, the Gordon-Taylor equation was applied with kgt set to 2.5, based on previous studies that

suggested 2.5 = 1.0.°**" Once T, «mix Was determined, viscosity was estimated using the
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modified Vogel-Tammann-Fulcher (VTF) equation and an assumed viscosity of 10'? Pa s at the

glass transition temperature (7 = 7,) and an assumed viscosity of 10° Pa s at a very high

48,165
temperature "

logn = —5+ 0.43422L  (3)

T—T,

39.17 Ty
Df+39.17

where Ty =

4)

In these equations, Dy is the fragility parameter and 7, is the Vogel temperature. In our
calculations, we assume Dy equal to 10 based on previous studies that showed a lower limit of

~10 (x1.7) as the molar mass increases.”!

4.3: Comparison with previous measurements and predictions

In Fig. 4.1 the measured viscosities determined from individual poke-and-flow
experiments are grouped by RH and compared with the viscosity of SOA generated by the
photooxidation of toluene. Toluene SOA is commonly used as a proxy of anthropogenic
SOA.* 10133246247 The viscosities of the toluene SOA and the diesel fuel SOA are similar. At
RH values between 38 and 50 % both have viscosities in the range of approximately 10 to 10°
Pa s while at < 10 % RH, both have viscosities = 1x10° Pa s.

In Fig. 4.1, the viscosity of diesel fuel SOA is also compared with predicted viscosities
based on O:C and molar mass (Eq. 1) and the number of carbon, hydrogen, and oxygen atoms
(Eq. 2). Within the uncertainty of the measurements, the predicted viscosities are consistent with

the measured viscosities (Fig. 4.1). Measurements of viscosity with reduced uncertainties would

be useful to better test the predictions. Common methods used to measure viscosities (i.e., bulk
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viscometers) are more precise than the poke-and-flow technique, but require more material than
is typically produced in environmental chambers.*®
Interestingly, predictions based on the number of carbon, hydrogen, and oxygen atoms

(Eq. 2) are almost 3 orders of magnitude higher than predictions based on O:C and molar mass
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Figure 4.1. Viscosities of diesel fuel-derived SOA with the viscosities from individual poke-and-
flow experiments grouped by RH. Each data point corresponds to a viscosity determined from a
single poke-and-flow experiment. The lower limit to the viscosities and the upper limit to the
viscosities represent the lowest and the highest viscosities in the group, respectively. At least two
data points were included in each group. The x error bars represent the lowest and highest RH
ranges in the group and the uncertainty in the RH measurements. Also included are viscosities of
toluene SOA from Bateman et al. (2015) (green box) and Song et al. (2016) (green bar) and
predicted viscosities of the diesel fuel SOA using Eq. (1) (black solid line) and Eq. (2) (black
dashed line).” '
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(Eq. 1) for dry conditions (i.e. 0 % RH) (Fig. 4.1). Eq. 2 was applied to molar masses up to
~1100 g mol while Eq. 1 was applied to molar masses < 450 g mol™. If Eq. 2 was limited to
molar mass < 450 g mol, the predicted viscosities would only decrease by a factor of < 1.3 (Fig.
4.2). The difference in the predictions based on Eq. 2 and Eq. 1 shown in Fig. 4.1 is due to the
uncertainties in those two parameterizations. More comprehensive experimental 7, datasets are
needed to further refine the 7, parameterizations. The predicted viscosities shown in Fig. 4.1
only consider CH and CHO compounds. For the diesel fuel SOA studied here, 257 compounds

(~36% of the intensity weighted peaks) were CHON compounds.® A comprehensive
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Figure 4.2: Predicted viscosities of the diesel-derived SOA using Eq. (2) for all the detected CHO
compounds (black dashed line, same as that shown in Fig. 4.1), and CHO compounds with molar mass
<450 g mol™ (blue dashed line).
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experimental 7, dataset for organic compounds containing nitrogen atoms is required to improve

the viscosity predictions of diesel fuel SOA.

4.4: Conclusion

The measured viscosities were consistent with predictions based on molar mass and O:C
and predictions based on the number of carbon, hydrogen, and oxygen atoms of identified SOA
compounds. Additional measurements of viscosity of diesel fuel SOA with reduced uncertainties
would be useful to better test the predictions. Furthermore, additional comprehensive

experimental 7, datasets are needed to further refine the parameterizations.
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