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ABSTRACT OF THE DISSERTATION

Application of a Mobile Electrodynamic Balance for Studying Water Diffusion in Single
Charged Aerosol

Katherine Adele Nadler

Doctor of Philosophy in Chemistry

University of California San Diego, 2018

Professor Robert E. Continetti, Chair

Aerosols are ubiquitous in the atmosphere and play a major role in balancing the
incoming solar radiation directly through scattering and absorption, and indirectly by

acting as seeds to nucleate clouds. The ability of an aerosol to uptake water is

XX1



fundamental to the condensational growth necessary for cloud formation, and
additionally alters aerosol properties such as concentration, density, refractive index, and
viscosity. The growth rate under particular relative humidity is dependent on the mobility
of water molecules in the aerosol, reported as the water diffusion coefficient, and

becomes extremely slow at high viscosity.

Ocean-derived sea spray aerosol (SSA) is one of the most abundant natural
sources of atmospheric aerosol and exhibits complex chemical composition. SSA
contains both inorganic and organic compounds, including inorganic salts (NaCl and
CaCly) and saccharides. A number of recent studies revealed that model SSA organic
compounds can achieve high-viscosity, semi-solid phase states at low humidity. The
relationship between viscosity and diffusion based on the Stokes-Einstein (S-E) relation
is used to estimate water diffusion coefficients in aerosol because of the supersaturated
concentrations not accessible to bulk diffusion techniques. However, the S-E relation has
been shown to under-predict water mobility by several orders of magnitude using
recently developed single aerosol diffusion techniques. Only a few methods currently
exist for measuring diffusion in single aerosol, limiting the database of concentration-
dependent water diffusion coefficients necessary for improving the parameterization
between viscosity and diffusion. In this thesis, a new method is presented for directly
measuring the diffusion coefficient of water that applies the Raman spectroscopic isotope
tracing method to single, charged viscous aerosols trapped in a newly built

electrodynamic balance (EDB) under controlled humidity. The EDB Raman isotope

xxil



tracing method is validated by comparing results of the concentration-dependent water
diffusion coefficient using sucrose as a model system. We then apply the method to
directly measure the water diffusion coefficient in ternary sucrose-NaCl and sucrose-
CaCl, mixtures for the first time, and model the results with a Vignes-type diffusion
model. Further application of the EDB isotope tracing method will continue to clarify the

role of chemical composition on aerosol physical properties.
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CHAPTER 1: Introduction to Aerosols and Water

Diffusion

1.1 Introduction to atmospheric aerosols

Atmospheric aerosols are liquid or solid particles ranging in size from 10 nm to
100 pm which are suspended in the air. Aerosols are emitted from a variety of sources
such as volcanic eruptions,l’2 biomass and fossil fuel combustion,”® dust storms,” '° and

: . 11,1
ocean sea spray from bubble bursting mechanisms.' "'

They are also formed through the
nucleation of low volatility gas phase species, termed gas-to-particle conversion, which is

often a result of photochemical and oxidation reactions with atmospheric gases."

Once aerosols are emitted or formed in the atmosphere, they behave as
microscopic chemical reactors, interacting with the surroundings and undergoing
chemical and physical transformations over their lifetime.'"* For example, interactions
with water vapor lead to condensational growth, evaporation, and moisture-induced phase

changes called efflorescence and deliquescence. These physical transformations alter

15,16 17,18

properties such as size, morphology, as well as density and viscosity. Reactions

with reactive trace gases such as Oz, OH, and NOy species can alter the chemical

composition of the aerosol, which subsequently impacts its physical properties and

19-22

lifetime. This dissertation presents work which aims to better understand the



fundamental physicochemical properties of aeresels using model systems to examine the

behavior under atmospherically-relevant humidity and temperature conditions.

Aerosols impact the radiative budget of the atmosphere by directly and indirectly
interacting with incoming solar radiation. The balance between absorption of solar
radiation and scattering influences the radiation budget, where a positive forcing is a net
heating and a negative forcing is defined as net cooling.”> For example, black carbon
aerosols strongly absorb sunlight which leads to a positive forcing on the atmosphere.™
However, aerosols also behave as cloud condensation nuclei, CCN, by providing a

surface for water vapor to condense and activate into cloud droplets.***’

Depending on
the number and size distribution of the droplets, as well as the phase (liquid, ice, or
mixed), the cloud may have either a net positive or negative forcing.”**’ Clouds
composed of small water droplets are more optically reflective and therefore have a net
cooling effect.”® The accuracy in predicting the contributors of radiative forcing relies on
the understanding of a number of atmospheric prcocesses, including cloud formation and
precipitation which can be described using global climate models.® ' An analysis of the
largest parameterization uncertainties in a global 3-D aerosol microphysics model shows
that emissions-related parameters dominate the uncertainty in regions near aerosol
sources, and in remote locations the aerosol microphysical properties are responsible for
large uncertainty.”® Improving the accuracy of global climate models requires a deep

understanding of aerosol microphysical properties.’*>*



One such property is the ability of an aerosol to absorb water described as
hygroscopicity, where aerosols with a higher capacity to absorb water are termed
hygroscopic.®® Aerosol hygroscopic growth directly impacts the size, refractive index,
and viscosity under given environmental conditions, with subsequent implications on
cloud formation and droplet size distributions, which as mentioned earlier have enormous
climate implications.** There is a strong correlation between the size of an aerosol and its
capability to act as a CCN, or CCN activity, where the range between 80-150 nm are the
most efficient. Numerous studies have investigated the CCN activity of ambient aerosols
during field campaigns in forested regions, industrial areas, and over the remote
ocean,’®’ which provide direct measurements that are used to train aerosol models.
Developments in aerosol analytical instrumentation have not only revealed the variation
of size distributions, which can be used to predict CCN and cloud activity, but also the

- e 3841
chemical composition.’

Aerosols are composed of a wide range of chemical compounds including
inorganic and organic components. Inorganic compounds such as nitrates and sulfates,
have been studied extensively due to their abundance in the troposphere sourced from

. . . . . 42-46
fossil fuel combustion, coal emissions, and volcanic eruptions.

The response of
inorganic salts to water vapor is characterized by deliquescence and efflorescence phase
transitions, which are dependent on the solubility of the salt."'**’ Organic components,

on the other hand, generally exhibit continuous and reversible growth as a function of

relative humidity. The extent of hygroscopic growth in binary mixtures of organics and



water varies widely, with large impacts due to the carbon chain length, saturation ratio,

. 25,43,46,48-54
and branching.”"™

Mixtures of organic and inorganic components exhibit a range
of hygroscopic responses dependent on the molecular ratios of components and chemical

identity.

Sea spray aerosol (SSA), produced via bubble bursting and wave breaking
mechanisms in the ocean as shown in Figure 1.1, are one of the most abundant types of
natural aerosols by mass in the atmosphere.” For a long time SSA was assumed to
consist mostly of sea salt, which contains inorganic ions of sodium, calcium, magnesium,

potassium, chlorine and other trace ions.”*'”*>*

However, advances in field
instrumentation have recently begun to unveil the chemical complexity of individual
SSA, particularly the particle-to-particle variability which can not be captured using

traditional filtration-based, mass loading techniques.'"*"*’

These efforts have challenged
the traditional paradigm by showing that SSA contain mixtures of inorganic salts with
organic matter and particulate biological material.*"**' Field measurements conducted in
remote marine regions suggest the organic fraction consists of insoluble, oxygen-rich
species, and spectroscopy evidence show features characteristic of saccharides,®
carboxylic acids,”* and alkanes.”” As mentioned previously, aerosols emitted into the
atmosphere may undergo reactions changing their physical and chemical characteristics
from the time of their original production even by trace amounts of reactive gases present

in remote areas. In order to definitively measure nascent SSA from real seawater in the

absence of pollutants, an enclosed wave channel equipped with a mechanical wave



breaking mechanism was employed to simulate a phytoplankton bloom cycle in a pristine
marine environment. For the first time, nascent SSA were chemically analyzed during
two controlled phytoplankton blooms which led to a new understanding of the size-
resolved chemical complexity on a single-particle level as a function of seawater
biology.*' The SSA were found to contain a variety of organic species including a large
fraction of mono and dicarboxylic acids of C4 — C;3 chain lengths, mono and
polysaccharides, and siliceous material following cycles of phytoplankton growth and

decay and the digestion of lipids and cellular material from heterotrophic bacteria.”**
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Figure 1.1. Sea spray aerosol are produced from ocean waves breaking and undergo
transformations, such as photochemical and chemical aging, condensational growth and
evaporation, and cloud activation, which affect their impacts on the climate.

As research efforts have continued to identify the specific molecules present in

real SSA with varying seasons, location, and sea water chemistry, there has also been a



large push to study simplified proxies to SSA in the laboratory under a controlled

323 During the contained phytoplankton bloom experiments, it was found

environment.
that the average hygroscopicity of SSA changed over the course of a bloom,"" however
unavoidable gaps in our understanding of the specific contributions to this behavior
remain due to the extreme complexity of the aerosols. Laboratory studies on model
systems enable us to bridge the gap, and achieve an accurate representation the
hygroscopic response, ice nucleating activity, and heterogeneous reactivity which is
applied to more complex, realistic aerosols. Monitoring the response of an aerosol to
external conditions, such as temperature and gas phase composition, can lead to a better

understanding of the physicochemical properties of aerosols in phase states not accessible

in the bulk.®

The equilibration size of an aerosol to changes in humidity is described by Kdhler
theory based on the combination of solute interactions, described by Raoult’s law, and
surface tension and curvature, expressed as the Kelvin term.”” The theory predicts the
change in size of an aerosol in the presence of a given RH as water vapor evaporates or
condenses to establish equilibrium. The solute interactions can be predicted using
thermodynamic models, which are trained using experimental data. These models include
the Extended Aecrosol Inorganic Model (E-AIM),**® the Aerosol Inorganic-Organic
Mixtures Functional groups Activity Coefficients (AIOMFAC),"*”* and UmanSysProp.”'
Shown in Figure 1.2 are treatments for the mass fraction of sodium chloride with water

activity, and in Figure 1.3 is a comparison of thermodynamic treatments for the mass



fraction solute with water activity for sucrose compared with empirical
parameterizations. The models incorporate activity coefficients that account for nonideal
interactions which are not accounted for in simple additivity models such as the
Zandovii-Stokes relation.”” Experimental data are used to inform models, such as the
molecular composition to be incorporated, and motivate re-parameterizations, for
example AIOMFAC to include semi-empirical parameterizations of inorganic-organic
interactions, to improve agreement.’””> The accuracy has dramatically improved in well-
studied systems, and shows promising results when applied as predictive theoretical tools
when experimental data is lacking because of the versatility of functional group analysis.
An advantage of the accuracy of the models to predict the equilibrium size for a variety
of binary and ternary chemical systems is the application for studying a variety of other

. . . . . . 4
properties such as density, refractive index, and viscosity.’
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Figure 1.2. Comparison of thermodynamic models for parameterizing the mass fraction
solute (mfs) of NaCl with water activity.
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Figure 1.3. Treatments for the dependence of water activity on the mass fraction solute
of sucrose for the empirical Zobrist et al.” parameterization, Norrish,”® and
thermodynamic treatment of AIOMFAC.”

1.2 The impacts of high viscosity in aerosol

The viscosity of an aerosol is directly related to its atmospheric effects, such as
light scattering, absorption efficiency, and CCN efficiency. Low viscosity, liquid-like
aerosols quickly respond to changes in RH and gas-phase composition, as indicated in
Figure 1.4°*"""® High viscosity organic aerosols, however, display slow kinetics to
changes in RH and gas-phase oxidants at low temperatures and in dry

77,79,80

environments. The relationship between viscosity and water content, dictated by

10
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RH, has been confirmed experimentally where a higher amount of water in an

aerosol correlates to lower viscosity.

Low Viscosity High Viscosity

Gas partitioning is
not diffusion limited

be diffusion limited

s

y

1 Gas partitioning may

Homogeneous ice Q Heterogeneous ice

nucleation nucleation
Heterogeneous Heterpgeneou§
reactions proceed . chemical reactions are
quickly inhibited

Figure 1.4. Schematic describing the differences in gas partitioning, ice nucleation
activity, and heterogeneous reaction kinetics for low viscosity compared to high viscosity
aerosols.

The ability of organic aerosols to reversibly uptake water even at reduced RH
without crystallization led to the assumption that they existed in a low viscosity state.* It
was discovered during laboratory experiments that model organic aerosols achieve ultra-

viscous or glassy states at atmospherically relevant temperatures and RH.* This

11



propelled the development of techniques, both in the field and laboratory, to measure the
viscosity of single aerosol. Subsequent observations in the boreal forest revealed that 40 —
100 nm biogenic organic aerosol exhibited a high bounce fraction when impacted on a
surface, consistent with a viscosity significantly higher than that of liquid-like aerosols.
The bounce factor measurements were confirmed using secondary organic aerosol
surrogate molecules in the laboratory which displayed similar high-rebound fractions at

low RH.

The revelation that organic and mixed-organic aerosols can exist in high viscosity
phases has led to a number of experimental and theoretical developments. The
conventional method to measure viscosity is using a viscometer or rheometer® which can
measure 10” — 10® Pa-s however large volumes of sample are required, and high solute
concentrations beyond the solubility limit can not be accessed.”> A few of the most
widely used experimental techniques for probing aerosol viscosity are explained briefly.
In the poke flow method,''®® aerosols of 20 — 50 pum diameter are deposited on a
hydrophobic-coated substrate contained in an environmental cell through which an RH-
controlled air stream flows. Microscope images are collected over time as the aerosol is
mechanically deformed using a sharp needle, and the relaxation time back to the
equilibrium shape is measured to infer viscosity. An alternative method examines the
coalescence of two aerosol particles contained in holographic optical tweezers under
controlled RH conditions. The elastic backscattered light is used to determine the time at

which the coalesced droplets relax into a single, spherical droplet where fast relaxation

12



times correlate to low viscosity. Optical tweezers coalescence measurements have been
used extensively to study binary aqueous and ternary organic-organic and inorganic-
organic model systems over the viscosity range 10~ — 10° Pa-s.** ™ A third method for
measuring viscosity is to measure the particle rebound fraction as a function of RH.**%
Liquid-like, low viscosity aerosols lose energy through deformation when impacted on a
surface, resulting in a low fraction of aerosols rebounding from the surface. High
viscosity aerosols exhibit high bounce fractions as a result of retaining the kinetic energy
post-impact. The method is applied to smaller aerosols, below 1 pm, and has been

demonstrated in field studies.®°

The various experimental and analytical techniques
used in these methods highlights the need to use complementary techniques to handle the

challenges of viscosity measurements over a wide range un aerosol of varying sizes.

Using these innovative new techniques, viscosity has been measured as a function
of relative humidity for single organic aerosols composed of binary organic-aqueous

22868791 Eioure 1.5, reproduced from Song ef al.,’’ compares the

mixtures in recent years.
viscosity of different saccharides as a function of relative humidity measured using the
holographic optical tweezers coalescence method. Approaching 100% RH all of the
viscosities converge to the viscosity for water, 1x10™ Pa-s, as the solution droplets
become infinitely diluted at this limit. As the RH decreases, the saccharide viscosities
diverge from one, and reach the glass transition viscosity, 1x10'* Pa-s, at different RH.

The difference in viscosity between the simple saccharide model systems highlights the

significant impact of structural differences on bulk properties. Other studies have

13



specifically compared viscosity measurements of organic model systems as a function of
hydroxyl groups, suggesting a near-linear relationship between the log;o(viscosity) and
the addition of OH groups to a carbon backbone.*® The experimental measurements are
often compared to models which use functional group and thermodynamic treatments,
however improvement between theory and experiment has increased due to the available

86,91-93

data used to train the models. Therefore even simple model systems are of great

importance for gaining a better understanding of atmospherically relevant aerosols.

log(viscosity) (Pa s)

0 20 40 60 80 100
Relative Humidity (%)

Figure 1.5. Empirical parameterizations for the viscosity measurements of single
saccharide aerosols using holographic optical tweezers from Song et al:’
monosaccharide (glucose, black), three disaccharides (sucrose, red; trehalose, blue) and a
trisaccharide (raffinose, orange), shaded regions correspond to 95% confidence intervals.
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Studies have also examined increasing complexity in model systems by

79,87,94 / 87

measuring the viscosity of ternary mixtures. Figure 1.6, adapted from Power et a
shows the viscosity of mixed sucrose-sodium chloride droplets with molar ratio
(sucrose:NaCl) 1:4, 1:2, 1:1, 2:1, and 4:1 compared with the binary sucrose-water
mixture. The data are compared with model predictions using the Chenlo e al.”
parameterization of viscosity with molar ratio of NaCl and sucrose, the Norrish™

parameterization for the water activity of sucrose, ADDEM model,***°

and the pure
additivity mixing rules of ZSR.”* The results show a trend of increasing viscosity with
greater mole fraction of sucrose, as expected given the difference in viscosity of sucrose
and sodium chloride. It should be noted that sodium chloride aqueous droplets undergo
deliquescence below 45% RH, however the addition of a non-deliquescing organic
compound, in this case sucrose, prevents crystallization. The model predictions are
consistent with the binary sucrose-water measurements, not shown in this figure, and
agree well with the 4:1 sucrose/NaCl data. However, the model consistently under-
predicts the viscosity for all other mixing ratios, which has been attributed to the sucrose

molecules disproportionately increasing the viscosity by dominating the mechanical

properties of the mixture.
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Figure 1.6. Predictions of viscosity of sucrose-NaCl aerosols as a function of RH for

varying molar described in Power et al.®’

Another analytical method using optical tweezers and elastic light scattering

infers the viscosity from the measured change in size of a droplet in response to a fast RH

change. The authors show that varying the molar ratio of sucrose to NaCl in a ternary

mixture leads to a difference in viscosity by several orders of magnitude compared to the

binary mixture.” Drastic increases in aerosol viscosity are accompanied by slower
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growth and evaporation responses, as shown in Figure 1.7 where the half time is defined

as the time required for an aerosol to reach half of the radius of the equilibrium size:

r2

T1/2 :m (11)

where 7 is the aerosol radius and D is the coefficient of diffusion (m?/s). The blue lines
represent sucrose-water binary aerosols that exhibit an increase in half time by several
orders of magnitude as the RH is lowered from 40% to 20% RH. A 1:1 molar
sucrose/NaCl mixed aerosol, shown in red, exhibits a lower half time by over 5 orders of

1.” The behavior is attributed to an

magnitude at the same RH, adapted from Bones et a
increase in hygroscopicity with the addition of NaCl, which has a higher uptake of water
for a given RH. These results imply that for highly viscous aerosol at sizes below 1 pum,

the timescales for equilibration are on the order of minutes to days which is significant

compared to response times of liquid-like aerosols.
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Figure 1.7. Estimated half-times for sucrose (blue) aerosols and 1:1 molar ratio of
sucrose-NaCl (red) aerosols at 20%, 30%, and 40% RH and 298 K as a function of size.

1.3 Water diffusion in aerosols

The diffusion of molecular components, or molecular mobility, in an aerosol
significantly impacts the kinetics of evaporation and condensation processes, " as well
as the progress of heterogeneous reactions.” Specifically, water diffusion is important for
cloud activation as the translational movement of the water into the particle is necessary

for growth to occur.”” If the water mobility is severely limited, the aerosol may not
g y y y
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achieve activation, which has significant climate implications. Molecular diffusion
described by Fick’s first law shows that the steady-state molecular flux, J, is driven by

the a concentration gradient, dc/dr
J=-D— (1.2)

where D is the diffusion coefficient. The time-dependent non-steady state diffusion is
described by Fick’s second law which describes the concentration of a molecular species

as a function of radial distance and time, c(7,2), given by:

dc(rt) 2
2280 = DV (1.3)

and applied to a sphere, the time-dependent concentration follows:
dc _ 10 2 dc
= =2 (pr?%) (1.4)

where 7 is the radial position in a sphere. The diffusion coefficients in a pure substance
are termed seclf-diffusion, and the mutual diffusion in a mixture of molecules is
mathematically described as a combination of the individual components of self-
diffusion. Different mixing rules have been applied to describe mutual diffusion with
concentrations of components, such as the Vignes relationship which uses an exponential

relationship between self diffusion coefficients of the molecular species i and j:'*

Dij = (Di,self)Xi(Dj,self)xj (15)
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which has shown to provide good agreement in viscous fluids, particularly when the

difference between self diffusion coefficients is large.'"

The Stokes-Einstein (S-E) relationship predicts the diffusion coefficient of a

molecule, D, given by:

_ kgT

- 6mam

(1.6)

where kg is Boltzmann’s constant, 7' (K) is temperature, a is the radius of the diffusing
species, and # is the dynamic viscosity (Pa‘s). With the push toward analytical
instrumentation for measuring viscosity of single aerosols, and only a limited number of
techniques which can measure diffusion in aerosols directly, the S-E relationship has

75,79,81,102

been widely used to infer the diffusion coefficient of water. However S-E has

been shown to break down at high viscosity, a phenomenon which has been studied

$797103-108 and most widely accepted explanation is the formation dynamical

extensively,
heterogeneities, or essential domains within the medium which exhibit different behavior
compared to the average material.'” Therefore the application of the S-E has been shown
to provide only a lower bound to the estimation of the diffusion coefficient.®”'*>!!

Inaccuracies in using viscosity measurements and the S-E relation highlight the need for

techniques which measure water diffusion directly.

The development of methods to measure slow water diffusion in the aerosol phase

directly has been a challenge, and only in recent years several complementary methods
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have been reported. A few methods will be described in detail in order to explain the
theoretical framework, discuss the experimental limitations, and set the stage for the

introduction of the new method presented in this dissertation.

The first category of diffusion measurement techniques, called the Raman tracer
method, uses Raman spectroscopy to track the translational movement of an isotopically-
labeled tracer molecule, which is measured by a difference in Raman shift. Zhu et al. first
applied this framework to quantify the coefficient of water in aqueous maltose using D,O
as the tracer species.''’ Aqueous solutions of varying weight percent of maltose were
prepared in either D,O or H,O, and one drop of each deuterated and non-deuterated
solution were placed on a hydrophobic glass slide. When the droplets were compressed
using a cover slide into 80 — 130 um thick disks, the interface created where the discs
touched was monitored over time using a Raman microscope to map the v(O-D) peak
intensity as a function of position and time. Using this technique the concentration-
dependent water diffusion coefficient of water in maltose was measured and validated
using the pulsed-gradient stimulated-echo technique of Tanner et al. for D,, larger than 1
x 10" m* s."!" The technique demonstrated the ability to use Raman microscopy to
measure diffusion over 8 orders of magnitude. Price ef al. extended the method of Zhu to
measure the diffusion coefficient for water in a sucrose-water disk by isotopically
labeling the gas phase molecules and monitoring the substitution of D,O for H,O in the
solution with Raman microscopy.'® The method expanded the library of water diffusion

coefficients in a number of chemical systems, and enabled direct comparison of methods
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compared to previous studies. However, the experiments at low RH were carried out over
several weeks because of the long timescales and relative large sample sizes (100’s of

um) and required the use of a substrate.

Studying water diffusion of atmospheric aerosols using single particle, contactless
techniques are preferred because the aerosol is free from impacts of surface perturbations
at concentrations above the solubility limit. In addition, single particle measurements are
preferred over ensemble-averaged experiments, because composition and local chemical
environments vary from particle to particle. A widely used technique, optical tweezers,
enables spectroscopic studies of single, spherical particles from 1-10 pm in diameter that
are trapped at the center of a tightly focused laser beam by a balance of photon gradient
forces which are insensitive to charge state.''” Scattering from the focusing laser is
collected to provide high resolution size measurements using cavity enhanced features of

13,114 a5 well as chemical

the light scattering such as morphology dependent resonances,
identity from the Raman scattering or fluorescence. The response of a single particle to
changes in humidity or ambient gaseous composition provides measurements of chemical

2921 and hygroscopicity.'"> Davies et al. applied the isotopic exchange technique

kinetics,
together with aerosol optical tweezers for single-particle confinement''® which reduced
the sample size to less than 6 pm radius, speeding up the experimental timescales from
weeks to hours. Similar to Price et al., the optical tweezers isotopic tracer experiments

were carried out at a constant RH, and therefore constant aerosol size and solute

concentration. Fick’s second law of diffusion applied to a sphere was used to model the
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time-dependent intensities of the v(O-D) and v(O-H) Raman peaks to quantify the
diffusion coefficient as a function of concentration, or water activity, in sucrose, citric
acid, sucrose/citric acid mixtures, and shikimic acid.''® The results were modeled using a
Vignes-type parameterization of Equation 1.5 where the self-diffusion coefficient of
water is 2 x 10” m%/s and the coefficient of the solute component, DOW,O,‘g, was empirically
determined for different molecular compositions. In mixtures of sucrose/citric acid the
Dow,org was determined to be a log-linear function of mass fraction, enabling an effective
mixed-solute DOW,O,‘g to satisfy a Vignes fit without requiring an activity coefficient
correction. The results presented by Davies et al. suggest the practicality of applying the
isotope tracer method in conjunction with a single particle confinement technique for

measuring a water diffusion in variety of atmospherically-relevant viscous aerosols.

The second category of aerosol diffusion techniques is the mass transport method
which infers diffusion coefficients from the water-uptake driven growth of single,
levitated aerosols in response to stepwise changes in the environmental RH.”>*"'!” These
experiments are carried out by trapping a single, micron-sized aerosol using optical
tweezers or an electrodynamic balance (EDB). The electrodynamic balance is a single
particle technique that offers similar advantages to optical tweezers, including contactless
levitation. However, it is not limited by size or morphology, as the trapping potential
depends solely on mass-to-charge ratio. EDBs have been used extensively to measure

118-121

physicochemical properties of single aerosol particles such as evaporation rates and

122-126

nucleation, and provide complementary results to optical tweezers.
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Zobrist et al. first conducted water diffusion measurements by trapping a single
aqueous droplet at an initial RH and after sufficient time for equilibration, the RH was
quickly increased of decreased and the droplet growth response was measured using Mie
resonance spectroscopy.”” The kinetic response of water evaporating or condensing in the
droplet is strongly dependent on the diffusion coefficient of water, which becomes slow
at high viscosity. The size response curves as a function of time were interpreted using a
theoretical framework based on principles of mass transport which applies a numerical
analysis which divides the particle into a discrete number of concentric shells, typically
100-200 of no less than 0.3 nm thickness, between which water molecules translationally
move to reach equilibrium. If the flux of the water molecules between shells, described
by Dy, was assumed to remain constant at the rate of the water self-diffusion coefficient,
the model would over-predict the growth response measurements. Instead, the model
accounts for the formation of a highly nonlinear radial concentration gradient between the
center of the droplet, initially equal to the concentration given by the initial RH condition,
and the outermost layer, which is assumed to establish equilibrium with the gas phase
instantaneously. In this way, the time dependence of the droplet size is modeled by
dynamically changing the concentration profile of each shell as the droplet approaches
equilibrium, yielding excellent agreement with the measurements. The function
describing the concentration profile numerically represents the number of solute
molecules and water molecules present in each shell at a given time, can be used to infer
the value of D,, from the average concentration of neighboring shells.”*' For RH steps

near the glass transition of ~ 23%, the concentration gradient becomes more pronounced
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leading to a steep diffusion front where the particle assumes an approximate core-shell
morphology. At a constant RH, retrieving the refractive index, R/, from the Mie
resonance spectrum is straightforward because the droplet concentration is homogeneous.
However, when a steep concentration front is formed by a step to low RH, the RI
becomes a fit parameter along with the radius, leading to an increase in the uncertainty by
an order of magnitude.'”” Thus the accuracy of the radius measurement decreases at low
RH when the difference in solute concentration between the viscous core and the liquid

surface layer is extremely large.

Despite differences in experimental setups, the isotope tracing model and mass
transport model produce similar water diffusion coefficients in sucrose over a wide range
of RH.”>'%!'® Deviations between the methods arise near the glass transition at low RH
where Zobrist et al.”’ predicts a diffusion coefficient nearly 3 orders of magnitude higher
than Price er al.'® An analysis of the uncertainties in mass transport kinetics at high
viscosities points out key differences in analytical and numerical methodology to solve
the diffusion equations, parameterizations of mass fraction and density, and experimental
challenges associated with maintaining constant RH and temperature conditions over
extended periods of time.'*” At low RH, <25 %, small changes to the RH or temperature
result in large shifts in diffusion timescales because of the logarithmic dependence, which
poses a significant source of uncertainty as instrumental drifts in temperature and RH are
common and the accuracy of RH probes is typically on the order of 1— 3%. Furthermore,

the choice of parameterization for the dependence of mass fraction, density, and
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refractive index with water activity can lead to significant differences below a,, = 0.3.”*
76127 However it was demonstrated that when different thermodynamic treatments for the
mass fraction dependence of sucrose were re-considered in the mass transport method
analysis of Zobrist et al., other parameterizations could not reproduce the experimental
response functions. The disparity between methods at low RH highlights the need for
additional techniques capable of measuring the diffusion of highly viscous aerosols, as
well an expansion of the library of compounds for which diffusion coefficients have been

measured to improve predictions of kinetic behaviors with chemical composition.

The present work reports a new technique that combines the Raman spectroscopic
isotope tracing method on substrate-supported droplets previously applied by Price et
al.'® with single particle electrodynamic trapping. Instead of following the approach of
Davies ef al. to isolate single aerosol in optical tweezers,''® we used a RH-controlled
EDB to trap single charged aerosol droplets for measuring water diffusion. A
microdroplet containing a solute-H,O mixture is trapped and equilibrated at a specific
RH, and then exposed to D,O at the same RH. The D,O behaves as an isotopically
labeled tracer molecule with assumed identical diffusion properties as H,O.''® Raman
spectra of the droplet are acquired as a function of time, in order to assess the progression
of D,O diffusing into the droplet. D,O was observed to eventually replace all H,O, as
indicated by complete disappearance of the v(O-H) asymmetric stretch peak in the Raman
spectrum. It is assumed that the entire droplet is irradiated with the laser and the total

content of water remains constant throughout an experiment so that a volume-averaged
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Fickian diffusion model can be used to describe the exponential growth of the v(O-D)
Raman peak. The solute contentration-dependent water diffusion coefficient is measured
at room temperature (22-24 C) under a range of RH from 20-55 %RH for binary and
ternary model aerosol systems. The results are discussed in the context of previous
diffusion coefficient measurements as well as comparison to coefficients predicted from
the S-E relation when viscosity data are available. The ternary mixture diffusion
coefficient results serve to expand the database of direct measurements of water diffusion
which can be used to inform models and improve predictions of hygroscopic growth.
Additional chemical systems, with a greater number of mixing ratios, will be necessary
for continued evaluation of the use for the Stokes-Einstein relation to predict diffusion

coefficients in semi-solid and glassy regimes.

1.4 Thesis Outline

The second chapter of this dissertation describes the experimental setup of a new,
mobile electrodynamic balance which was designed and characterized for the purpose of
conducting single particle atmospheric-pressure water diffusion, ice nucleation, and
heterogeneous chemistry measurements. The experimental capabilities of the apparatus
are discussed, along with the development of methodology for performing measurements

of water diffusion on single, charged aerosol.
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The third chapter focuses on the application of the mobile EDB for conducting

water diffusion measurements in single aerosol at room temperature as a function of

relative humidity. The method was validated using a commonly used binary model

system, sucrose-water, which showed good agreement with previous studies.

The fourth chapter reports water diffusion measurements in model aerosol

composed of ternary mixtures using mobile EDB, which are compared to diffusion

coefficients predicted from viscosity measurements and the S-E relation.
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CHAPTER 2: The Design and Characterization of

a Mobile Electrodynamic Balance Apparatus

2.1 Introduction

The development of analytical instrumentation in the aerosol community over the
last 20 years has enabled enormous progress toward our understanding of the
physicochemical properties of individual aerosols and the chemical transformations they
undergo.”™ Single particle capabilities such as single particle aerosol mass

11

5,6 . . 78 - - .
spectrometers,” atomic force microscopy,” micro Raman spec‘[roscopy,9 optical

12-16 17-19

tweezers, and electrodynamic balances (EDBs) often provide complementary
information because of the dynamic size ranges and specific analytical information
extracted using each method. While some instrumentation is commercially available,
others are developed exclusively in research laboratories and must be custom built.

A mobile EDB has been constructed, equipped to trap single, charged aerosol
particles for long timescales (days) at controlled relative humidity and temperature for
spectroscopic characterization. The versatile instrument platform is able to trap aerosols
composed of virtually any water-soluble molecular compound and spectroscopically

characterize properties such as hygroscopicity, (the uptake of water-vapor), water

diffusion, and reaction kinetics.

41



In this chapter, the theoretical principles of electrodynamic trapping are described
as an introduction to the design of the mobile EDB and the experimental setup of the
apparatus. Then, the spectroscopic principles of Mie and Raman scattering are discussed,
followed by a description of the optical components chosen for the experimental
applications. Finally, the experimental procedure for conducting water diffusion

measurements is described.

2.2 Theory and Design of a Quadrupole Ion trap

Quadrupole ion trap (QIT) mass spectrometers (MS) are used to store and non-
destructively analyze charged particles defined by their mass-to-charge ratio, m/q. The
confinement of ions in a three-dimensional quadrupole ion trap, or Paul trap®® has been

21,22
7 to

used to study molecules over wide range of sizes, from atomic ions
micrometers.'®* Operated as a mass filter, QITs enable high resolution measurements of
m/q and have become standard components in a large number of commercially available
chemical analysis devices such as gas chromatography MS,** liquid chromatography
MS,* and tandem MS.** QITs used for ion storage enable nondestructive interrogation in
an environment free from solvent interactions and surface perturbations. An advantage of
QITs is the ability to store particles, regardless of composition or shape, for extended

periods of time, up to weeks if desired,”’ allowing the investigation of slow processes”’

and repetitive measurements” on the same sample.
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The principle of trapping ions in a QIT is the formation of a dynamic electric
potential which is experienced by the ion as time-averaged pseudo harmonic potential
well with a spatially localized minimum. Figure 2.1 shows a simulated electric field,
shaped as a saddle point, which oscillates with time.”” In comparison to higher order n-

pole traps, the equations of motion describing the time-dependent trajectory of an ion in a

quadrupolar field are expressed as decoupled one-dimensional Mathieu equations:**""
dZ
d—; + (ay — 2qycost(20))u =0 (2.1)

where u represents the special dimension (X, y, z), and {(=Qt/2 where Q is frequency and ¢

1s time.

';;,:_ii.;gj
i

Figure 2.1 A simulation of a 3-D quadrupole field generated by a quadrupole ion trap.
Adapted from March.*
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In a quadrupole field, the electric potentential is described by:

Gre =3 (r? = 22%) (2.2)

where x = rcos), y = rsinf, and z = r in cylindrical coordinates, 7y, is a geometric
parameter of the trap, and the electrical potential, @y, is the AC driving potential applied

to hyperbolic-shaped electrodes :
Po(t) = Uy + Vysin (2t) (2.3)

where Q = 2zf'and fis the frequency in Hz. The motion of the particle is described using

solutions to the Mathieu differential equation 2.1 giving:

8qUy

a; == e (2.4)
4qV,
G2 = = o 2.5)

as stability parameters along the z coordinate which determine the experimental
conditions for confinement. For a given AC amplitude and frequency, there are specific

m/q which are bound inside of the trap and oscillate at the drive frequency where the
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amplitude of oscillatory secular motion of the ion is proportional to the stability value.

The effective potential, V.4, experienced by an ion inside the quadupolar field is given as:

_8qV
Verr = = pozes (2.6)

The design of a traditional 3D QIT, invented by Wolfgang Paul for which he won
the Nobel Prize in Physics in 1989,>** consists of two conical electrodes, called endcaps,
and a third hyberbolic-shaped ring electrode concentric with the radial symmetry axis and
centered between the endcaps. In an ideal quadrupolar field the endcap electrodes are
spaced by zy, typically 0.5 — 1 cm and the inner radius of the ring is equal to ry = z\2,.

A cloud of ions may be trapped in a QIT simultaneously and repel one another
due to interparticle Coulombic forces. An example of multiple particles contained in a
QIT is shown in Figure 2.2 where a single particle trajectory along the AC field is
visualized as a white line and the endcap electrodes are seen on the left and right of the
cloud. The particles closest to the center of the trap move with the lowest amplitude
motion, and particles located furthest from the center can be seen to have large amplitude
motions, indicating the dependence of stability on the position inside the trap. The image
also serves to highlight the difficulty in unambiguously tracking the evolution of one of
the particles and the desire for trapping a single particle which, in the absence of other

particles, resides in the center of the trap.
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Figure 2.2. A cloud of charged particles in the center of the trap, repelling one another
due to Coulombic repulsion.

In the limit of trapping heavy particles, the weight becomes sufficient to require
an external force in the form of a superimposed DC potential to overcome the force of
gravity and center the particle. This type of trap is called an Electrodynamic Balance
(EDB) because the voltage used to balance the gravitational force is proportional to the

. 36
m/q and can be used as a picobalance scale:

Vie = —= 2.7)
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where C is an empirical constant dependent on the specific geometry of the trap. EDBs
have been used extensively in aerosol science because of the ability to levitate any
charged particle independent of the morphology and chemical composition in a surface-
free environment. Additionally, the large size of the particles analyzed in EDBs, typically
>5 um diameter, are significantly heavier than gas molecules and therefore remain stable
even at atmospheric pressure. Small molecular weight ions commonly analyzed in
commercial QITs are severely impacted by the presence of gas molecules and require
vacuum, < 107 Torr, to perform high mass resolution analysis.

The operation of EDBs at atmospheric pressure enables measurements of single
aerosols undergoing physical and chemical changes in response to water vapor and other
atmospherically-relevant gas phase reactants. This requires isolation of the trap from the
surrounding environment followed by control of the environment as implemented in the
experimental design. Nominally the trap is isolated from the laboratory using an
environmental chamber, into which a select concentration of gas is introduced at a
controlled concentration and flow rate. Altering the humidity inside of the trap is
achieved by mixing dry air with the headspace vapor of a water bubbler, where the ratio
of wet to dry air generates a select relative humidity. A large number of studies in EDBs
have been conducted at room temperature, nominally 20 — 24 °C, without further
temperature regulation. Adding capabilities to control the temperature far from room
temperature requires thermally insulating the trap and a cooling mechanism, generally by

thermalizing air prior to its introduction into the trap.
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A number of electrode configurations have been used for EDB instruments,
although none have been made commercially available. The electrode geometry for the
mobile EDB is based on of the open-electrode configuration of Schlemmer et al.’’ and

Trevitt ef al.*®

The endcap electrodes, similar to the traditional Paul trap, are cones and
carry the AC potential. Eight concentric rod electrodes form a cage structure around the
endcaps and replace the traditional ring electrode. Six of the eight rod electrodes are
electrically grounded and the remaining two, which are located vertically below the
center of the trap, are used to apply DC voltage from an external power supply to
maintain the droplet in the center. The electrodes are mounted in a cylindrical Macor
ceramic insulator for precisely aligning and electrically isolating each electrode, as shown

in Figure 2.3. The endcaps contain a 1.5 mm cylindrical channel, enabling a laser beam to

pass through and serve as an alignment tool.
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Endcap Electrodes

Electrodes

Levitation Voltage Electrodes

Figure 2.3. Open-electrode geometry of the mobile EDB, consisting of two conical
endcap electrodes that carry AC voltage, and eight rod electrodes; two of which carry a
DC levitation voltage.

The octagonal symmetry of the trap is preserved with octagonal stainless steel
plates mounted to a copper standoff in thermal contact with a cryogenic cooler, shown in

Figure 2.4. The stainless steel plates are outfitted with 0.5’ diameter optical windows
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and lenses, and are mounted to the trap using two additional stainless steel plates to create
an isolated volume within the larger chamber. An image of the actual EDB trap is shown

in Figure 2.5.
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Figure 2.4. A) Mechanical drawing of a side view of the EDB trap mounting structure;
B) a hatched view of (A) showing the composition of the trap; C) a projected view of the
EDB components; D) A 3-D rendering of the EDB trap and the copper standoffs.
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Figure 2.5. A picture of the actual mobile EDB trap removed from the environmental
chamber.

Trapping a particle or droplet requires selecting AC amplitude and frequency
parameters which meet the stability relationship in Equation 2.4. Inappropriate values
result in the charge particle following an unstable trajectory, often ejecting axially
through an endcap in a matter of seconds. The AC parameters and DC voltage for
centering the particle can be used to estimate the number of charges on the particle. The

surface charge density, in elementary charges/um’ is also calculated because the charge
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resides on the surface of the droplet, and studies on the influence of surface charge on
properties such as crystallization suggest a strong influence if the charge density exceeds
200 elementary charges/um”.> In Chapter 3, we show that the droplets in our studies
contain charge densities well below the suggested threshold necessary to impact bulk
properties such as diffusion.

Centering of the particle in the center, or null point, of the trap is achieved using
an automated proportional-control feedback loop. The vertical position of the droplet, Pp
(pixels), is measured by fitting a Gaussian distribution to the intensity of the 1D pixel
array collected using a CCD camera focused to the center of the trap. If the difference in

position, 4P, between the droplet and the experimentally determined set-point position,

Psp, exceeds a threshold value the DC voltage is automatically adjusted by 4V, given by:

AV, = CAP = C(Psp — Pp) (2.8)

where C is an empirically determined constant. Figure 2.6 shows the LabView computer
program designed to measure the set point and droplet positions by fitting the laser
scattering from the droplet using a sing Gaussian. The feedback loop cycles at 1 Hz,
optimized experimentally to minimize underdampening which causes oscillations about
the set point. The centering loop enables consistent positioning of a single particle over

extended periods of time, up to days.
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Figure 2.6. Analysis of the vertical position of the droplet in the trap is performed by
collecting a CCD image and fitting a Gaussian curve to the intensity as a function of pixel

location.

2.2 Environmental Control

The mobile EDB was designed for spectroscopically analyzing the physical and
chemical properties of a single aerosol over time in controlled relative humidity and

temperature. Custom computer software programs were created to enable instrument
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control and data acquisition and enabled communication with an assortment of sensors
(temperature, RH), cameras, and other electronic equipment. A schematic of the
experimental setup is shown in Figure 2.7. Control of the environmental conditions was
achieved by sealing off the environmental chamber from the laboratory using an

electronically-actuated shutter.
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Figure 2.7. Schematic of the experimental setup of the mobile electrodynamic balance.
An aqueous sample, approximately 20 pL, is aspirated into the droplet generator which
produces single droplets on demand when triggered using computer software. Droplets
are inductively charged using an electrostatic high voltage charging ring and injected into
an enclosed chamber by opening an electronic shutter. The trapping region is insulated
using a Teflon housing to reduce the volume of air subject to climate control.
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The EDB is mounted inside an environmental chamber (Kimball Physics 4.5’
Spherical Cube) on a DN63CF Conflat flange equipped with electrical and gasline
feedthroughs, shown in Figure 2.8. The chamber and optical boards are built onto a T-rail
cart equipped with wheels, enabling the entire apparatus to be rotated or moved freely
without disruption to the laser alignment. Further outfitting the apparatus for mobility,
instead of using circulating water, all instrument-cooling systems were composed of
electrical fans.

The primary mounting structure of the EDB is augmented with a secondary
Teflon housing, shown in Figure 2.9, with the primary purpose of reducing the volume of
air in the chamber required to equilibrate to the experimental RH. Additionally, the
Teflon structure serves as a channel from the entrance of the chamber directly on the top
face of the chamber where the droplet generation setup is located. An electrically
grounded stainless steel mesh tube inside the channel prevents charging up of the
material from the high voltage electrodes. A custom built electronic shutter at the
chamber entrance is actuated using an Arduino servo and seals the chamber from the
laboratory except when a new droplet is trapped. The high voltage AC potential is
connected through the HV electrical feedthrough while the sensor connections and DC

levitation voltage are made through the low voltage electrical feedthroughs.
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Figure 2.8. Computer-aided-design (CAD) rendering of the environmental chamber; the
droplet generator and charging ring are positioned above the electronic shutter, optical
windows provide spectroscopic access to the trap, and electrical and gasline feedthroughs
are provided using a mini-Conflat tee.
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Figure 2.9. Mechanical drawing and CAD rendering of the Teflon secondary housing
surrounding the primary trap housing. The structure is outfitted with optical windows, a
channel for direct access between the droplet generator and trap, and mount for the
relative humidity probe.

All aerosols are introduced to the EDB in the form of an aqueous droplet which
are generated on demand using a piezoelectric droplet generator (Engineering Arts

DEO03). Aqueous solutions are prepared and filtered to remove particulate matter which
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may clog the droplet dispenser. A small volume of solution (10-20 pL) is aspirated into
the dispense head (45 or 67 um fixed diameter), then a computer-controlled program
signals the drive electronics to generate a pulse sequence for firing droplets into the trap.
An image of the droplet generator firing a train of droplets generated from a sequence of
pulses is shown in Figure 2.10. A charging ring electrode is located between the dispense
head and the chamber shutter for generating a DC electric field between the ring and the
grounded dispense head. As droplets are generated, the electric field induces a net electric
charge to the droplet, where the polarity and magnitude of charges depends on the

direction and strength of the applied field.
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Figure 2.10. A train of droplets firing from the piezo electric droplet generator.

Droplets initially 45-67 um in diameter equilibrate to the surrounding RH inside
of the trap. The humidity is controlled using digital mass flow controllers (Alicat MC-
500SCCM) to mix dry N, with the humidified vapor headspace of a bubbler containing

water. The humidified air is subsequently directed through copper tubing wrapped around
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and welded to a copper standoff in thermal contact with a Stirling free-piston coldhead
cooler (Sunpower Cryotel CT) and resistive heaters which serve to maintain a constant
temperature and thermalize the air before entering the trap.

Alternatively, a temperature-regulated water bath has been implemented for room
temperature studies to sustain a constant temperature over long, ~ 48 hour, experimental
timescales. The water bath is composed of a liquid nitrogen dewar filled with water in
which two copper coils are submerged; one recirculates water through a temperature-
regulated water chiller, and a the other passes the humidified air into the EDB.
Characterization of the temperature regulating capabilities are shown in Figure 2.11
These measurements were recorded with the coldhead cooler maintained at 60 W
allowing the temperature to reach — 40 °C as measured using a PT100 temperature sensor
suspended in the null point of the trap. The humidity and temperature are measured
during water diffusion experiments using a capacitive thin film polymer RH probe
(Vaisala HMP60 and HMP110, £3 % and +1.5 % accuracy, respectively) for high
stability in the range of 0 — 100 %RH and 180 — (-70) °C. The composition of the RH
probe consists of three layers: an upper electrode, a thin film polymer, and a lower
electrode. The capacitance is measured between the upper and lower electrode which
varies as the active material, in this case a thin-film polymer, absorbs water vapor, thus
changing the dielectric proportionally to the change in RH. The probe is placed into the
Teflon channel approximately 25 mm above the trap where the airflow passes directly

over the sensor to the exhaust.
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Figure 2.11. Temperature curve collected using a pt100 thermistor located in the center
of the trap showing the low temperature capabilities by flowing air through copper tubing
welded to a copper standoff in thermal contact with the cryogenic cooler.

During water diffusion experiments, a second bubbler filled with liquid D,O is
implemented for rapidly switching between H>O and D,0O gas phase composition. Figure
2.12 shows a schematic of the valve system where digital mass flow controllers (MFC)
regulate the N, flow into the bubblers and the vapor headspace is either exhausted or
mixed with dry N». Typically during an experiment the HO RH is maintained in the
chamber for 20-180 minutes after trapping a new droplet to ensure equilibration and the
D,0O bubbler is activated for a minimum of 10 minutes prior to switching to allow
intermediate flow lines to reach the set RH. This process minimizes the fluctuation in RH

inside the chamber caused when the gas composition is switched.
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Figure 2.12. Schematic of the dual-bubbler humidity system used for D,O isotope
exchange diffusion measurements; the air flow through H,O bubbler is first directed into
the chamber as the droplet equilibrates at a given RH and then the valves are rotated to
quickly replace the chamber with D,O vapor.

A custom LabView data acquisition program controls the environmental
conditions of the chamber and records settings and measurements of the trap. A CCD
camera aligned to the trap acts to diagnose the presence, stability, and approximate
position of a trapped droplet. On occasion multiple droplets are trapped simultaneously,
experiencing repulsive Coulombic forces and oscillate along the electric field lines

outside of the null point. The AC frequency is adjusted to eject all but one droplet, or to

64



eject all droplets and attempt to trap only a single droplet during the next cycle of droplet
generation. A proportional feedback loop was programmed for automatically centering a
droplet using a CCD camera as a position-sensitive detector. Unlike spectroscopic
measurements of substrate-deposited particles, during which the particle is stationary in
the focal point of the optical setup, the signal collection from droplet in a 3D trap is
sensitive to the optical alignment. Implementation of an automated particle-centering
program was vitally important for ensuring both consistent overlap of the laser beam with

the trapped droplet and sufficient alignment with the collection optics and spectrometer.

2.3 Spectroscopy of levitated particles

Analysis of the physical state and chemical composition of the trapped droplet are
performed using Mie and Raman spectroscopy. The optical layout is shown in Figure
2.13. A vertically polarized, frequency-doubled 532 nm YAG laser is reflected off a
broadband mirror and 532 nm laser edge beamsplitter through optical windows and
focused by a lens to the center of the trap. The laser power and pulse frequency are
controlled with a digital controller with typical operation at approximately 200 mW and
80 kHz. The Mie elastic scattering is collected with f72 optics over a solid angle of 24.5
degrees centered at 45 degrees in the forward direction and passes through optical
windows, a neutral density filter, and linear polarizer and detected on a 2D CCD array,
with a maximum acquisition frequency of 30 Hz. Figure 2.14 shows a side view of the

optical layout. The Raman scattering is collected using an f/2 optic and passed as a plane
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wave through optical windows and the 532 nm laser edge beam splitter which has a sharp
transmission cut off below 532 nm. The transmitted signal is focused with a 100 mm
focal length lens into a high-OH fiber optic cable composed of seven 105 um cores for an
effective core of 355 pum which are linearly arranged at the output to optimize
transmission through the monochromatic entrance slit. The cable is mounted to the
monochromator by means of a custom built XY optical translator which contains a 532
nm notch filter to further reject elastic scatter and a biconvex lens to focus the dispersive
light exiting the fiber optic. The monochromator (Acton SpectraPro 275) is equipped
with a 600 g/mm grating with a 750 nm blaze for maximum quantum efficiency in the
610-630 nm wavelength range. A thermo-electrically cooled CCD detector (2048 x 70
pixels) is mounted to the monochromator and interfaces with the LabView data

acquisition program.
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Figure 2.13. Schematic for the top view of the optical layout; the trapped particle is
irradiated with an 80 kHz YAG laser focused into the trap center. The two dimensional
angular elastic scattering is collected in the forward scattering direction centered around
45° relative to the laser propagation direction and recorded with a CCD camera providing
size and morphology measurements. The Raman scattering is collected in the
backscattering direction centered around 180° through a laser edge beam splitter and
focused into a fiber optic cable mounted to a spectrometer consisting of a monochromator
and CCD detector.
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Figure 2.14. Schematic of a side view of the optical layout which shows the Mie
scattering collection centered at 45° in the forward direction and the backscattering
configuration for detection of the Raman scattering. The trap electrodes have been
omitted for clarity and instead a centered droplet is shown.

2.3.1 Mie Scattering of single microdroplets
The morphology and size of the trapped particle are measured from the angular
elastic scattering intensity spectrum. The interaction of electromagnetic light with

spherical particles has been described using Mie theory.'®*

The theory predicts the
amplitude of an elastically scattered photon, I, measured at a given scattering angle, 0,
with respect to the direction of the incident photon as a function of the size parameter, x.

defined in terms of the radius and wavelength, x=2z7/4, and the relative real part of the

index of refraction of the particle to the medium, m, giving:
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K 2n+1

1tem, 0) = E n(n+1)

n=1

[an (x,m)7 (cos)+b (x,m)T, (cosH)]
(2.9)

where a,(x,m) and b,(x,m) are scattering coefficients and x,(cos6) and z,(cosf) are
angular coefficients. A lens collects a wide solid angle of scattering, typically 20 - 30°
onto a 2D CCD, and the time resolution is limited only by the frame rate of the detector,
typically 30 Hz, although higher frame rate, high-speed cameras are available.
Comparison of experimental spectra with full calculations from Mie theory
provide a measure of the size and refractive index to a high degree of accuracy, + 20 nm

16 .. . .
131® However, achieving this level of accuracy requires well

and + 1x10° respectively.
defined experimental parameters such as the scattering angle and angular resolution, and
is also computationally demanding because the number of terms in the expansion of the
I(x,m,0) is proportional to x, which approaches a value of 400 when the radius exceeds 30
pum. A less computationally complex expression to describe the angular scattering
intensity is desirable where applicable.

The geometric optics approximation of Mie theory is used when the size of the
sphere is significantly larger than the irradiation wavelength.* A large sphere can be
described as a small spherical lens such that a light ray hitting the sphere at an incident
angle, 6;, undergoes partial reflection and partial refraction, repeating this process at

every interface for each ray that interacts with the sphere. When a ray emerges from a

sphere it is characterized by the incident angle, #;, and the number of interfaces, N, it
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encountered. However, instead of expressions as a function of the incident angle, a
dependence of the intensity on the scattering angle is more desirable. It was determined
that for large spheres, x>704, greater than 91% of the total scattering intensity is
contained in the forward scatter, and greater than 99.5% of the forward scattering is
contained for N =1 and N = 2. These come from the rays reflected at the first interface
and the rays that emerge from the second interface after refraction through the first
interface. Using the assumption that the entire scattering intensity may be described only
using the first two terms of the summation over N, the expression can be converted to one
that is expressed in terms of the scattering angle as opposed to the angle of incidence. A
comprehensive description of the derivation has been discussed previoiusly.***' Shown in
Figure 2.15 are theoretical simulations of the scattering intensity as a function of angle
comparin the result fromMie theory and the geometrical optics approximation for (A) a
10 um water droplet and (B) 50 um water droplet. There is excellent agreement of the
geometrical optics approximation with Mie theory at small scattering angles, or those

approaching the forward scattering direction, and as the size parameter x is very large.*
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Figure 2.15. Comparison of the Geometrical Optics approximation with Mie Theory for
the scattering intensity, i(6), with scattering angle, 8 (Degrees), for A) a water droplet
with a radius of 10 um and B) a water droplet with a radius of 50 um. Adapted from
Glantschnig et al.*!

A useful consequence of the geometrical optics approximation is the agreement of
the positions of the peaks and troughs with Mie theory. The undulations are evenly
spaced and the angular spacing between successive maxima, A9, is inversely proportional

to the droplet radius given by:*'

(0
r=a cos(g)+ nsin(3) (2.10)

1+n2-2n cos(g)
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where A is the laser wavelength (um) and 0 is the median scattering angle (rad). Figure
2.17 shows an example scattering image collected on the CCD of a trapped sucrose-water
droplet at 42 %RH. The image consists of a 2D array of intensity values that are sliced
and summed along the vertical coordinate of the image to produce the intensity spectrum
as a function of scattering angle. The angular intensity spectrum is processed by a fast
Fourier transform (FFT) where the maxima in frequency space corresponds to the
average peak spacing. The inset of Figure 2.17 shows the corresponding frequency
spectrum. The computational processing of the spectra via FFT is computationally less
demanding compared to full Mie theory calculations, allowing for a nearly in situ real-
time size calculation of a trapped droplet, provided the index of refraction is known. The
geometrical optics approximation has been used to measure the size of suspended single
particles in a number of studies including measurements of homogeneous ice nucleation,
evaporation rates, hygroscopicity, and heterogeneous reaction kinetics. The FFT

processing can achieve an accuracy of = 100 nm for droplets.*’
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Figure 2.17. A Mie image (upper) of a trapped sucrose water droplet at 42 %RH, angular
intensity spectrum (lower) and FFT frequency spectrum (inset) of the intensity spectrum
where the sharp maximum is equal to the average angular spacing between successive
bands in the image and maxima in the angular intensity spectrum.

Sizing of a trapped droplet via the geometric optics approximation requires

conversion from CCD pixels to scattering angle. Calibration of the scattering angle was
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performed using polystyrene latex spheres (PSLs) of known size and refractive index.
Diluted aqueous/methanol solutions were prepared from the stock concentrated PSL
solutions (Polysciences) which were aspirated into the droplet dispenser for firing
droplets containing PSLs into the EDB and allowing the water to evaporate leaving
behind a single suspended PSL. The PSL scattering angle calculations compiled into a
calibration curve are used to compute the radius from equation 2.10 from any droplet,
provided the index of refraction is known or can be calculated. The calibration with PSLs
is used to determine the value of the solid angle collected by the yielding a conversion
factor from pixels in the CCD array to scattering angle.

The index of refraction is parameterized as a function of mass fraction solute
because the concentration of a droplet changes as evaporation or condensation of water
occurs as a function of the surrounding RH. The dependence of MFS on water activity,
a,, has been well studied for sucrose solutions and the treatment by Norrish** has been

shown to correlate with experimental measurements over the entire RH range:
a,, = x,, exp(kx2) (2.11)

where x,, and x, are the mole fractions of water and solute, respectively, and k& is an

empirical constant equal to -6.47 for sucrose.*” The density of sucrose as a function of

mass fraction is calculated from the empirical parameterization from Cai et al.:*

ps = a + byMFS + b,MFS? + b;MFS3 (2.12)
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where a = 0.9982, b; = 0.02974, b, = 0.20386, and b; = 0.30992. The mole fraction, mass
fraction, and density of NaCl-water and CaCl,-water were calculated using the Extended
Aecrosol Inorganic Model (E-AIM)*"** and Aerosol Inorganic-Organic Mixtures
Functional groups Activity Coefficients (AIOMFAC)*~° respectively. The density of a
ternary mixture can be taken as the volume additivity of components, with the pure

component density of water, p = 1000 kg-m™, and sucrose,” p = 1541.7 kg-m” giving:

1 _y %

Pmix t Pi

(2.13)

where ¢ is the mass fraction of the component. The effective index of refraction for the

. . . . . .. 46
mixture is calculated using the linear molar refraction mixing rule:

Nerr = Xixin; (2.14)

in which x; is the mole fraction and #; is the refractive index for each component taken as
1.33 for water and 1.558 for sucrose.*® The calculated index of refraction of the mixed
component droplet at a given RH is then used in Eqn (2.2) to calculate the droplet

diameter. Applications to ternary mixtures are further discussed in Chapter 4.

2.3.2 Raman Spectroscopy of trapped aerosol
Raman spectroscopy provides information on the molecular vibrations in a sample
through nondestructive inelastic scattering of electromagnetic radiation. The Raman

spectrum gives a molecular fingerprint, observed as peaks commensurate with the
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vibrational modes of the molecules. The modes must have a non-zero time-dependent
polarizability in the interaction with polarized monochromatic light to give rise to an
inelastically scattered photon, described as the Raman effect. Assuming molecular
vibrations are described as harmonic oscillators, a reasonable assumption for low-lying
vibrational states occupied at room temperature, the solution to the Schrodinger equation

gives rise to equally spaced quantized vibrational energy levels:

E, = (v + %) hv, (2.15)

with quantum numbers v = 0, 1, 2,... and allowed transitions occurring between
neighboring states Av = £1. A molecule consisting of N atoms has 3N — 6 vibrational
degrees of freedom, 3N —5 for linear molecules, corresponding to a set of independent
normal modes, O;. A normal mode is defined as a vibrational motion where each atom is
displaced from its equilibrium position by a vector not necessarily defined by a bond
coordinate, the center of mass remains fixed during the vibration, and all the atoms move
in-phase. Using Hooke’s law it follows that the time-dependent displacement in a normal

mode is equal to:

Qx(t) = Qi ocos (2mvyt) (2.16)
and the characteristic normal mode frequency is:

v =L [X (2.17)

21 1%
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where k is the force constant and p is the reduced mass of the vibrating atoms. The
frequency is typically reported in wavenumber, ¥ = v/c and c is the speed of light.
Monochromatic light of frequency w; interacting with the electron density of a

molecule gives rise to an induced dipole :
Uina(t) = aE(t) = aEysin (2mw,t) (2.18)

and the polarizability depends on the bond length displaced from the equilibrium value,

Xo-
a(t) = ap + (j—(j‘k) Qy + - (2.19)

Together the induced dipole is now expressed in the form:

Uina(t) = Eysin 2rw,t) + (2.20)

da A )
<d_Qk) Ey[cos(2m(w, + vy)t) + cos(2m(w, — vy)t)]

This leads to the time-varying dipole scattering of light at the same frequency as incident
light, shown in Figure 2.17, as elastic Rayleigh scattering, and at frequencies equal to ®.
+ v and o, — v, called Stokes and anti-Stokes scattering, respectively. For a molecular
vibration to lead to inelastic scattering, the polarizability vector along a normal

. 51
coordinate must be non-zero.

da
a0k # 0 (2.21)
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Figure 2.17 Schematic representation of the energy transitions in Raman spectroscopy;
the dotten green line represents the energy of the laser and the resulting scattering may be
of equal energy (elastic), greater energy (Anti-Stokes), or lower energy (Stokes).

Experimentally, the inelastically scattered photons are detected using a
spectrometer measuring peaks corresponding to normal mode frequency used to identify
a molecular species in the sample. The energy transitions of Raman scattering occur at
vibrational levels higher and lower than the incident light, as shown in Figure 2.18 where
scattering without a change in energy is elastic, and inelastic scattering at discrete values

equivalent to vibrations higher and lower are termed Stokes and anti-Stokes, respectively.
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For linear Raman scattering, the number of scattered photons per second, Nz (s™)

collected over a solid angle 4Q is given by:

N = (52) 40-2 (N)(S)(L) (2.22)

where ) (W-cm™) is the laser irradiance, (86/0Q) is the Raman scattering cross-section
(cm*st™), o is the laser frequency (s™), N is the number density of molecules (molec-cm™
%), S is the beam cross section (cm?), and L is the interaction length (cm). For example,
the vibrations of bulk H,O give rise to Raman features at 1650 cm™ for the bend, 686 cm™
!libration mode, and a broad OH stretch with a maximum of ~3480 cm™.***

The optical layout for collection of Raman spectroscopy was designed using a 532
nm laser and collection of inelastic scattering in the 550-700 nm wavelength range
allowing measurement of Stokes Raman features shifted by 500 — 4000 cm™. The
apparatus is outfitted with optical windows composed of N-BK7 optical glass or S1-UV
fused silica with high transmission (>90 %) in the 200-1200 nm wavelength range. A 532
nm laser edge beamsplitter (Semrock Razor Edge dichroic) behaves as a reflective mirror
to the laser and a high transmission window for wavelengths greater than 532.5 nm when
aligned at 45°. This configuration enables collection of the high intensity backscattered
light as compared to the lower intensity scattering at 90°. A 12.7 mm diameter S1-UV

lens with a focal length of 25 mm (f72) both focuses the laser beam and collimates the

inelastic back scatter over a solid angle of approximately 28°. The collimated
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backscattered light passes through the laser edge beamsplitter and is focused by at 25.4
mm diameter lens with an anti-reflective coating into the six cores of a fiber optic cable
arranged in a circular cluster. The exit of the fiber cable rearranges the six cores into a
line for high transmission through the slit of a spectrometer. A custom optical mount
aligns the fiber with a 532 nm notch filter and a biconvex lens to focus the signal into the
monochromator. A 600 g/mm grating with a 750 nm blaze is used for high quantum
efficiency in the 600 — 650 nm wavelength range, a linear dispersion of 150 nm, and
spectral resolution of 10 cm™. An open-electrode thermo-electrically cooled CCD
detector (Horiba Syncerity) is mounted to the monochromator and was calibrated using
fluorescent and helium lamps with well-characterized spectra. The CCD suffers from a
large noise associated with analog readout from the CCD electronics to the computer,
which is accounted for in the data processing procedure by subtracting the baseline noise
from an acquired spectrum. A long integration time, typically 30 — 120 s for each spectra
leads to high signal-to-noise for resolving characteristic peaks in the Raman spectrum
rather than averaging over multiple spectra collected with a lower exposure time.

The data acquisition and control are carried out using custom built LabView
programs which interface with the devices associated with the EDB apparatus. The
instrument control panel displays critical environmental parameters such as temperature,
humidity, levitation voltage, and cryocooler power. The spectroscopy control interface
displays the Mie and Raman spectra and records raw spectra for post-processing of the
size and chemical analysis. Example displays of the LabView programs for instrument

control and spectroscopic collection are found in Appendix A.

80



2.4 Diffusion measurements in single aerosol

Measurements of the diffusion coefficient of water are performed on binary and
ternary mixtures in single charged microdroplets by tracking the evolution of the v(O-D)
and v(O-H) Raman peaks corresponding to D,O diffusing into the droplet and
isotopically replacing H,O. Experiments are carried out at constant RH by first trapping a
single sucrose droplet in H,O RH and allowing sufficient time for equilibration. Then
D,O vapor at the same RH is introduced to the chamber, replacing the gas-phase H>O in
the trap and eventually diffusing into the droplet to replace the H,O. During each
experimental run the H,O humidified air is initially directed into the chamber for droplet
equilibration while the D,O bubbler is exhausted to fill intermediate tubing lines,
reducing changes in RH during the gas transition in the trap. When the chamber
atmosphere is switched to D,O the humidity probe measurement must be corrected for
the difference in equilibrium vapor pressure of D,O versus H,O™ as shown in Eqn (1)

where A = -0.30661, B =9.14056, and C = 75.753 and T is in Celsius.

Ph B
ln( 020) —A+-E (2.23)

D,o C+T

Since the total amount of sucrose is constant throughout each experiment all
spectra are normalized to the sucrose v(C-H) peak at 2900 cm™, allowing for correction
for fluctuations in spectral intensity due to low amplitude motions of the droplet in the

laser beam. The spectrum between 2000 — 3800 cm™ is modeled with a seven or eight
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term summation of Gaussians is applied to the spectrum to determine individual peak
contributions and therefore calculations of relative abundances of chemical species
present. Up to two Gaussians contribute to the O-D band, two Gaussians to the C-H
stretch, one Gaussian to the weak C-H overtone peak, two Gaussians to the O-H band,
and a weak, broad Gaussian accounts for background signal. Figure 2.18 shows the
contributions of the seven Gaussians for an example Raman spectra of a sucrose droplet
approximately halfway through an isotope exchange experiment when distinct peaks
from both H,O and D,O are present. The integrated intensity of these features allows

calculation of the fractional concentration of D,O in the sucrose droplet over time.
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Figure 2.18. Raman spectra collected of single (A) sucrose, (B) 1:1 sucrose-NaCl, and
(C) 1:1 sucrose-CaCl, droplets undergoing H/D isotope exchange which are
deconvoluted using a series of Gaussian fits as shown individually and as the summation.
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The intensity of the features corresponding to H,O and D,O are calculated from

the Gaussian fits and used to calculate the fractional concentration of D,O in the droplet:

pop = —2L— (2.24)

where the O-D stretch located at 2500 cm™ has a lower integrated intensity by a factor of
1/N2 based on the difference in reduced mass.”* During an experiment when the gas
manifold valves are rotated to switch from H,O to D,0O there is a time delay until the
chamber is sufficiently filled with D,O and the isotope exchange begins. Figure 2.19
shows the concentration fractions of D,O and H,O at 44% RH that are initially constant
as the droplet equilibrates and then abruptly change from baseline values. It can be
assumed that for a period of time, which is longer at lower humidities, the droplet is
undergoing isotope exchange while the chamber atmosphere is a mixture of HO, HOD,
and D,0. During this time the vapor-liquid interface does not meet the condition that the
gas-phase concentration of D,0 is constant, assumed by the diffusion model derived from
Fick’s second law. We therefore introduce a systematic approach for determining when

constant D,O RH is reached by fitting the time-dependent fractional concentration of OD
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Figure 2.19. Fractional concentration of D,O (upper) and H,O (lower) in a sucrose
droplet undergoing H/D isotope exchange at 44% RH with the model fit for Dy, (green),

+50 % uncertainty in Dy, (gray), and -25% uncertainty in Dy, (yellow).

with a three-parameter S-shaped curve where A, B, and C are empirically determined:

1
" 1+Aexp(—B+Ct)

bop
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The time at the inflection point of the S-shaped fit is selected as t = 0 for D,O diffusion
and indicates the time at which D,O vapor has sufficiently replaced the H,O in the
trapping volume, and only the successive O-D fractional concentration data are used in
the calculations. The solution to Fick’s second law of diffusion applied to a sphere is used

to model the time-dependent concentration, ¢, of the diffusing D,0:"

n?m?Dyt
aZ

Pp,o =1— (%) 15 eXp (— (2.26)

where D,, is the coefficient for translational diffusion of water and « is the droplet radius
(m). Figure 2.20 shows a model of the fractional concentration of D,O for different sized
spheres (10 pm — 35 pm) for a fixed D,, = 1.13x10™"° m?s, which correlates to
approximately 30% RH according to Davies ef al. Figure 2.21 models the dependence of
the fractional concentration of D,O on D,, for a sphere of radius 25 um. Experiments
carried out for measuring concentration-dependent water diffusion coefficients in binary

and ternary mixtures are found in Chapter 3 and Chapter 4.
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Figure 2.20. Expected fractional concentration of D,O over time for droplets of different
radii for D,, = 1.13x10> m/s.

87



—50x10"° +
—10x 107"
5x107"°
1x107°
0.5x 10"

0 0.5 1 1.5 2 2.5 3
Time (s) x10°

o

Figure 2.21. Expected fractional concentration of D,0O for a sphere with radius of 25 pum
with varying water diffusion coefficients.

2.5 Instrument modifications and future directions

The development of a mobile electrodynamic balance apparatus was conceived
for performing low temperature ice nucleation measurements on model and real sea spray
aerosol. As shown in Figure 2.12 the cooling capabilities using the cryogenic cooler
demonstrate the low, ~ -40 °C, temperatures that can be achieved in the trap are sufficient

for observing homogeneous ice nucleation events of supercooled water and low-
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concentration salt solutions. However, experimental challenges were encountered when
temperatures below ~5 °C were reached in the trap because of a build-up of condensed
water and ice in the chamber, leading to frosting of the optical windows, seen in Figure
2.22. Additionally, the droplet generator resides above the chamber and introducing a
fresh droplet into the cold trap resulted in an apparent snow-effect from the intrusion of
humidified laboratory air. Other low-temperature experimental setups incorporate the
particle generation scheme inside the experimental chamber, some with a heating

719 15 order to combat

mechanism to prevent the aqueous solution inside from freezing.
the snowing phenomenon, a custom electronic shutter system was designed and
implemented which seals the chamber from laboratory air. However the focus of the
experimental studies was shifted toward room temperature measurements and the
effectiveness of shutter to eliminate the ‘snow’ has not been tested. Future work
targeting low temperatures, specifically below 0 °C, will require consideration of the RH

prior to lowering the temperature, and also consideration of a modified location for the

droplet dispenser.
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Figure 2.22. Image of the trap after lowering the temperature below — 40 °C.
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CHAPTER 3: Water Diffusion Measurements of Single
Charged Aerosol Using H,O/D,0 Isotope Exchange and

Raman Spectroscopy in an Electrodynamic Balance

3.1 Introduction

Atmospheric aerosols are capable of scattering and absorbing solar radiation
directly as well as interacting indirectly through cloud formation, and thus have great
impact on climate and the hydrological cycle. Recently, the discovery of highly viscous
and amorphous biogenic aerosol'” has attracted attention due to the prospect for very
slow kinetics governing chemical change in these systems.”” While aqueous droplets
with low viscosities establish equilibrium with the surrounding environment rapidly, the
reduced translational mobility of molecules in high viscosity droplets reduces the rate of
equilibration. This inevitably leads to reductions in heterogeneous reaction rates,”’

%1 1 order to quantify and

impedes hygroscopic growth,*” and enhances ice nucleation.
model these phenomena, an understanding of water diffusion within such aerosol

particles is essential as water is often the most mobile component in a viscous aqueous

solution.

The Stokes-Einstein relation describes the diffusivity of solutes as a function of

4,12-14
d 5

viscosity. A number of experimental techniques have been develope to measure
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the viscosity of individual aerosol particles both in the field and in the laboratory. In
particular, recent studies have examined the impact of chemical composition and
oxidation state of a variety of organic compounds on viscosity spanning a dynamic range
from 107 Pa-s to values above the glass transition of 10'* Pa-s."> Experimental techniques
for measuring viscosity are important for improving our understanding of how chemical
and environmental factors impact the phase state and heterogeneous reaction rates of
ambient aerosol. Saccharides, in particular sucrose, have been used as model systems for
validating new techniques to measure single aerosol viscosity”'* because they can
undergo a change in viscosity of greater than 10 orders of magnitude between 0 — 100 %
RH, allowing for the comparison of methods over a wide dynamic range. Recent
chemical analyses on nascent sea spray aerosol have revealed that saccharides are
enriched in aerosol relative to sea water concentrations,'® and thus sucrose is an

appropriate atmospherically relevant model chemical system.

However, application of the Stokes-Einstein relationship to aerosols using
viscosity measurements alone has been shown to provide only a lower bound to the
estimation of the diffusion coefficient because of the ability of water molecules to

P C o 15,1718
percolate through channels in viscous matrices. > "

Therefore, techniques which
measure water diffusion independent from viscosity are necessary to accurately predict

evaporation, condensation, and cloud activation processes.

The development of methods to measure slow water diffusion directly has been a

challenge, and only in recent years several complementary methods have been reported.
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Zhu et al. quantified maltose diffusion using Raman microscopy and isotopic labeling by
compressing a non-deuterated and deuterated drop of maltose between two glass slides,
creating an interface between the droplets.'” The Raman C-D and C-H stretches were
used to monitor the diffusion of the molecules across the interface as a function of
temperature and humidity. Price ef al. extended the method of Zhu to measure the
diffusion coefficient for water in a sucrose-water disk by isotopically labeling the gas
phase molecules and monitoring the substitution of D,O for H,O in the solution with

Raman microscopy.*’

However, compared to studying water diffusion of atmospheric aerosols on a
substrate, contactless single particle techniques are preferred, because the aerosol is free
from impacts of surface perturbations at concentrations above the solubility limit. In
addition, single particle measurements are preferred over ensemble-averaged
experiments, because composition and local chemical environments vary particles from
particle to particle. Optical tweezers are one technique for spectroscopic studies of single,
spherical particles from 1-10 um in diameter that are trapped at the center of a tightly
focused laser beam by a balance of photon gradient forces which are insensitive to charge
state.”! Scattering from the focusing laser is collected to provide high resolution size
measurements using cavity enhanced features of the light scattering such as morphology

22,23

dependent resonances, as well as chemical identity from the Raman scattering or

fluorescence. The response of a single particle to changes in humidity or ambient gaseous

24,25

.. . . . . .., 26
composition provides measurements of chemical kinetics, and hygroscopicity.” For

98



example, Davies ef al. combined the isotopic exchange technique with an aerosol optical
tweezer for single-particle confinement®’ which reduced the sample size to less than 6 pm
radius, speeding up the experimental timescales from weeks to hours. Isotopic tracer
experiments have been carried out at a constant relative humidity (RH) leading to a
constant size and solute concentration. Using Fick’s second law of diffusion, Davies et al.
modeled the time-dependent intensities of the v(O-D) and v(O-H) Raman peaks to

quantify the diffusion coefficient as a function of concentration or water activity.”’

The electrodynamic balance (EDB) is a single particle technique that offers
similar advantages including contactless levitation. However, it is not limited by size or
morphology, as the trapping potential depends solely on mass-to-charge ratio. EDBs have

been used extensively to measure physicochemical properties of single aerosol particles

28-31 32-36

such as evaporation rates and nucleation, and provide complementary results to
optical tweezers. For example, Zobrist et al used an EDB to conduct water diffusion
measurements by creating a step change in the RH and observing the change in particle
size using Mie resonance spectroscopy.”’ The result was interpreted using a theoretical
framework based on principles of mass transport by dividing the particle into a discrete
number of shells, within which water molecules translationally move to establish
equilibrium. The flux of water molecules between shells, along with dynamic adjustment
to the time-steps and shell thickness, was calculated to extract a concentration-dependent

diffusion coefficient. Under high viscosity conditions the particle was assumed as a core-

shell phase state as the surface established equilibrium rapidly while the core remained
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viscous, creating a non-linear radial concentration gradient. This led to the refractive
index becoming a fit parameter along with the radius, decreasing the accuracy of the
model at low RH. Despite differences in experimental setups, the isotope tracing model
and mass transport model produce similar water diffusion coefficients in sucrose over a

wide range of RH.?**7

The present work reports a new technique that combines the Raman spectroscopic
isotope tracing method previously applied on single aerosol in optical tweezers by Davies
et al.*’” with an RH-controlled EDB to trap single charged aerosol droplets for measuring
water diffusion. A sucrose-H,O microdroplet is trapped and equilibrated at a specific RH,
and then exposed to D,O at the same RH. Raman spectra of the droplet are acquired as a
function of time, in order to assess the progression of D,0O diffusing into the droplet. D,O
was observed to eventually replace all H,O, as indicated by complete disappearance of
the v(O-H) asymmetric stretch peak in the Raman spectrum. It is assumed that the entire
droplet is irradiated with the laser and the total content of water remains constant
throughout an experiment so that a volume-averaged Fickian diffusion model can be used
to describe the exponential growth of the v(O-D) Raman peak. In the following section,
the experimental approach is described followed by measurements of the water diffusion
coefficient in single charged sucrose-water droplets are reported over a range of RH
conditions and compared with previous results using some of the alternative techniques

described above.
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3.2. Experimental

Water diffusion in single, charged sucrose-water microdroplets was studied using
a D20/H20 isotope exchange method in a new electrodynamic balance (EDB).
Schematics of the experimental setup and optical layout are shown in Figure 3.1. The
electrodynamic trap electrode geometry is based on the design of Schlemmer et al.*® later
characterized in detail by Trevitt et al.” The trap is composed of two conical endcap
electrodes separated by 5.3 mm with a 2.5 mm axial channel for laser optical access.
Eight concentric rod electrodes replace the ring electrode in a traditional Paul trap,
allowing for optical access over a wide range of angles. Each rod is electrically isolated,
however an external DC levitation voltage is applied to the two rods directly below the
trap center to counterbalance the gravitational force of the trapped microdroplet. The AC
voltage is applied to the endcap electrodes only, at typical values V, = 1500 V and f =
150 Hz. During an experiment the levitation voltage is adjusted using an automated
LabView feedback control loop for maintaining the droplet in the trap center, while the

AC frequency is maintained approximately constant.

The trap is mounted on a DN63CF Conflat flange equipped with electrical
feedthroughs as well as a 1/8” OD copper gas-line feedthrough for introducing
humidified or dried air directly into the trap. The trap is built on two octagonal plates, and
is isolated from the air in the chamber by a set of stainless steel plates outfitted with
windows, serving to electrically shield the high voltage electrodes which may otherwise

interfere with the trajectory of incoming charged droplets. The plates also isolate the
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volume of air in the trap from the surrounding chamber, reducing the time for
equilibration of the RH. The primary mounting structure is augmented by a secondary
Teflon housing that provides a direct channel from the opening of the chamber. The
droplet generator is located above the trap, without interacting with the larger volume of
air in the chamber. An electronic shutter is located at the opening of the chamber that
opens for the introduction of a new droplet. A piezoelectric droplet generator
(Engineering Arts DE0O3) is connected to an electronic syringe pump for precise control
of the production of the aqueous droplets. Filtered aqueous sucrose solution is aspirated
into the capillary of the droplet generator from which single droplets approximately 40
pm diameter are generated on demand using computer-controlled pulse generation to
drive the piezoelectric element. A charging ring located above the shutter inductively
charges the droplets using a DC field. Occasionally multiple droplets are trapped
simultaneously and the frequency of the AC is adjusted until all but one droplet are

ejected.
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Figure 3.1. A) Experimental setup of the electrodynamic balance (EDB) apparatus
contained in a secondary Teflon housing inside an environmental chamber and equipped
with a droplet generator and dual bubbler RH control. B) Optical layout for a trapped
droplet irradiated with a pulsed 532 nm laser. The forward Mie elastic scattering is
collected on a CCD camera and the back-scattered Raman signal is passed through a
beamsplitter and focused into a grating spectrometer.

The relative humidity in the trap is controlled with digital mass flow controllers
(Alicat MC-500SCCM) by mixing N; with the humidified vapor headspace of a bubbler
containing water. The humidified air is subsequently directed through copper tubing
wrapped around and welded to a copper standoff in thermal contact with a Stirling free-
piston coldhead cooler (Sunpower Cryotel CT) and resistive heaters, which serve to
maintain a constant temperature and thermalize the air before entering the trap. However,
the temperature control was not used in these experiments and the trap was maintained at

the laboratory temperature, approximately 20-23° C. The temperature is recorded using a
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temperature probe (Vaisala HMP60) with £1° C accuracy. Two bubblers, one containing
distilled H,O and the other containing high purity D,O (>99.8% D atom, Acros
Organics), are arranged using 3-way valves as shown in Figure 3.1A so that air from one
bubbler is selected to flow into the chamber while the other bubbler is exhausted.
Experiments are carried out at constant RH by first trapping a single sucrose droplet in
H,O RH and allowing sufficient time for equilibration. Then D,O vapor at the same RH
is introduced to the chamber, replacing the gas-phase H,O in the trap and eventually
diffusing into the H,O droplet. During each experimental run, the H,O humidified air is
initially directed into the chamber for droplet equilibration while the D,O bubbler is
exhausted to fill intermediate tubing lines, minimizing changes in RH during the gas
transition in the trap. The relative humidity and temperature are monitored using a
humidity probe (Vaisala HMP60) with £3% RH accuracy located approximately 25 mm
downstream of the RH flow. For each water diffusion measurement the relative humidity
is maintained constant to £1%, or within the error of the probe. When the chamber
atmosphere is switched to D,0, the humidity probe measurement must be corrected for
the difference in equilibrium vapor pressure of D,O versus H,O* as shown in Eqn (1)

where A = -0.30661, B =9.14056, and C = 75.753 and T is in Celsius.

0
ln<”’§—20) —A+ 2 G.1)
pDzo C+T

Two spectroscopic methods are used to characterize a trapped particle: Mie

scattering for determining the particle size and Raman spectroscopy for chemical
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analysis. Shown in Figure 3.1B the trapped droplet is irradiated with a focused 80 kHz,
532 nm Nd:YAG laser beam (RPMC Wedge XF). The elastic Mie scattering is
collimated using an f72 lens with a solid angle of 24.5° centered at 45° in the forward-
scattering direction and imaged onto a monochromatic CCD camera. The morphology of
the trapped droplet is determined by the Mie scattering pattern. Spherical droplets exhibit
evenly spaced bands and crystalline or amorphous solid particles exhibit an irregular
pattern.’” Figure 3.2 shows an example Mie image of a single droplet and the resulting
angular intensity spectrum, previously demonstrated in the literature to follow closely
with Mie theory.” The diameter of droplets in these experiments is significantly larger
than the wavelength of light, allowing a geometric optics approximation to be applied.
The intensity spectrum is processed using a fast Fourier Transform (FFT) to compute an
average band spacing, A0, (rad™). The band spacing is used in conjunction with the index

of refraction, n, to calculate the particle radius, 7, using Eqn (2):*'

-1

r=2 cos (Q) + nSin(g) (3.2)

‘]
1+n2-2n cos(E)

where A is the laser wavelength (um) and @ is the median scattering angle (rad). The
parameterization of the index of refraction with concentration of sucrose is described

further in the Results section.

The evolving chemical composition of the trapped droplet from H,O to D,O is

analyzed using the intensity of the stretches v(O-D) ~ 2500 cm™ and v(O-H) ~ 3400 cm™
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in the Raman spectrum. The integrated intensity of these features allows calculation of
the fractional concentration of D,O in the sucrose droplet over time. The back-scattered
Raman signal is collected using f/2 optics, transmitted through the 532 nm laser edge
beam splitter, and focused into a fiber optic cable coupled into a monochromator (Acton
SpectraPro 275) with an open-electrode TE-cooled CCD detector (Horiba Syncerity). The
spectrometer is equipped with a 600 g/mm grating with a 750 nm blaze for optimized
quantum efficiency between 620-660 nm. The integration time for each spectrum is 30-
120 s to achieve adequate signal-to-noise ratio. The LabView control and data acquisition
program records the Mie and Raman spectra at a designated interval along with trap

settings and conditions.

3.3 Results and Discussion

In this work, the time dependent fractional concentration of the v(O-D) Raman
peak is modeled using Fick’s second law of diffusion to calculate the water diffusion
coefficient in a sucrose microdroplet for a range of RH. The timescale for diffusion is
highly dependent on the droplet radius and therefore an accurate size measurement is
necessary for incorporation into the diffusion model. In order to calculate the droplet size
from the angular intensity spectrum produced by the Mie scattering, the index of
refraction was calculated as a function of sucrose concentration, which varies with water

activity or RH. The method of parameterization of the index of refraction will be
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presented, followed by a discussion of how the Raman spectra were analyzed to
determine the rate of isotopic substitution as D,O diffused into the suspended droplet.
With these results, the sucrose-concentration-dependent water diffusion coefficients were
calculated and modeled using a Vignes-type fit for comparison with the literature and

validation of this method.
3.3.1 Parameterizations of the index of refraction

Calculation of the index of refraction for the sucrose droplet as a function of varying RH
requires parameterization of the mass fraction solute (MFS) and density (p). The
dependence of MFS on water activity, a,,, has been well studied for sucrose solutions and
the treatment by Norrish*? has been shown to correlate with experimental measurements

over the entire RH range:
a,, = x,, exp(kx2) (3.3)

where x,, and x, are the mole fractions of water and solute, respectively, and k is an
empirical constant equal to -6.47 for sucrose.* The density of a sucrose-water mixture
can be taken as the volume additivity of pure component densities (VAD), with the pure

component density of water, p,,= 1000 kg:m™, and sucrose,* p, = 1580.5 kg-m™ giving:

1 1-MFS MFS
=4 —

p Pw Ps (3.4)

The refractive index of a sucrose solution varies with MFS and is parameterized using a

linear fit with the refractive index for water, n = 1.33, at MFS(0) and n = 1.558 at
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MFS(1).* The calculated index of refraction of the sucrose droplet at a given RH is then

used in Eqn (2) to calculate the droplet diameter.

3.3.2 Diffusion of D,O using Raman Spectroscopy

The coefficient for translational diffusion of water, Dy, as a function of water
activity, or RH, is extracted using a solution to Fick’s second law of diffusion as applied
to a sphere.*® Since the total amount of sucrose is constant throughout each experiment
all spectra are normalized to the sucrose v(C-H) peak at 2900 cm™, allowing for
correction for fluctuations in spectral intensity due to low amplitude motions of the
droplet in the laser beam. A seven-Gaussian fit is applied to the spectrum between 2000 —
3800 cm™ to determine individual peak contributions and therefore calculations of
relative abundances of chemical species present. Two Gaussians contribute to the O-D
band, two Gaussians to the C-H stretch, one Gaussian to the weak C-H overtone peak (o),
two Gaussians to the O-H band, and a weak, broad Gaussian accounts for background
signal. Figure 3.2B shows the contributions of the seven Gaussians for an example
Raman spectra of a sucrose droplet approximately halfway through an isotope exchange

experiment when distinct peaks from both H,O and D,O are present.
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Figure 3.2. A) Mie scattering image collected on a CCD camera for a 54 pm sucrose
droplet and the associated angular intensity spectrum used to calculate the droplet size. B)
Representative Raman spectrum for a sucrose droplet undergoing isotope exchange
contains overlapping vibrational peaks which are simulated with a series of Gaussian
peaks shown as the sum (red) and individual peak contributions (grey dashed).

At a constant relative humidity, the total amount of water in the droplet is
assumed to be constant and equal to the sum of the contributions from H,O and D,O.
Figure 3.3A shows the progression of Raman spectra collected during an experiment,
starting from the top where only the v(O-H) is observed and over time the intensity of the
v(O-H) decays and the v(O-D) grows in. The spectrum is decomposed using seven
Gaussian peaks fitting as discussed earlier, from which the peak areas for O-D and O-H

are used to calculate the fractional concentration of D,O in the droplet:

pop = ——2— (3.5)

Aopt,AoH
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where the O-D stretch located at 2500 cm™ has a lower integrated intensity by a factor of
1/N2 based on the difference in reduced mass.*” When the gas manifold valves are rotated
to switch from H,O to DO, there is a time delay until the chamber is sufficiently filled
with D,O and the isotope exchange begins. Figure 3.3B shows the concentration
fractions of D,O and H,O at 44% RH that are initially constant as the droplet equilibrates
and then abruptly change from baseline values. It can be assumed that for a period of
time, which is longer at lower humidities, the droplet is undergoing isotope exchange
while the chamber atmosphere is a mixture of H,O, HOD, and D,0. During this time the
vapor-liquid interface does not meet the condition that the gas-phase concentration of
D,O is constant, assumed by the diffusion model derived from Fick’s second law. We
therefore introduce a systematic approach for determining when constant D,O RH is
reached by fitting the time-dependent fractional concentration of OD with a three-

parameter S-shaped curve where A, B, and C are empirically determined:

1
" 1+d4exp (-B+Ct)

$op (3.6)

The time at the inflection point of the S-shaped fit is selected as t = 0 for D,O
diffusion and indicates the time at which D,O vapor has sufficiently replaced the H,O in
the trapping volume, and only the successive O-D fractional concentration data are used
in the calculations. The solution to Fick’s second law of diffusion applied to a sphere is

used to model the time-dependent concentration, ¢, of the diffusing D,0:*’

(3.7)

n?m?Dy,t
a2

bpyo =1— () Zi, S exp (-
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where a is the particle radius and D,, is the translational diffusion constant. A three-term
expansion of equation (3.7) with a single adjustable parameter is used to calculate D,, for
each of the experimental runs at a different RH. The upper limit for diffusion coefficients
measured using this technique is calculated as ~5 x 10" m’s™". The sources of the upper
limit include the rapid diffusion in the droplet sizes at high RH, the acquisition time
required for adequate spectral signal-to-noise, and the time delay associated with fully

replacing the composition of air in the trapping volume.*’
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Figure 3.3. A) An example set of Raman spectra for a 54 um sucrose droplet undergoing
isotope exchange at 44% RH shows the decrease in peak intensity of the v(O-H) at ~3400
cm” and the growth of the v(O-D) at ~ 2900 cm™. B) The fraction of the water
concentration of D,O and H,O in the droplet over time.
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The water diffusion coefficients measured for sucrose-water droplets at RH
between 26-54% at room temperature are shown in Figure 3.4. The RH is reported with
absolute error of the probe, £3 %, and the error in the D,, measurement is estimated as
50%, calculated from an uncertainty of £20% in the model fit, +1 pm uncertainty in the
size calculation, differences in self-diffusion between H,O and D,O, the RH fluctuation
(x1%) and temperature stabilization (£ 1 °C) over the course of an experiment. The
results are compared with parameterizations from literature reported by Zobrist et al.,’’
Price et al,”” and Davies et al®’’ Our results agree well with the Vignes-type

parameterization which describes the variation of the water diffusion coefficient, Dy,

with composition in a binary mixture:*

W (1-xw)
D, = (Dg,,)™(DSs) (3.8)

where x,, is the mole fraction of water, D’,,,, is the translational diffusion coefficient in
pure water (2 x 10® m*s™), and D', is the self-diffusion coefficient of water in pure
solute. It was found in this work that the value for D, agreed well with the
parameterized value, 1.9 x 107" m?s™, reported by Davies ef al.”” There is also excellent
agreement between the present results using the EDB and previous reports showing the
viability of this method for quantifying the translational diffusion coefficient over a range
of water activities. However, the agreement deviates when approaching at the high RH
limit. At 54 % the timescale for diffusion is comparable to the turnover time for replacing
the air in the chamber, allowing for isotopic exchange to occur rapidly in the droplet

while exposed to an effectively lower D,O concentration because the air is still a mixture
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of H,O and D,O. The resulting D, at high RH, approximately 1x10™"° m’s™, is lower
than the Vignes-type trend followed by the remaining experiments and serves as an upper
bound to the dynamic range of the diffusion coefficients able to be quantified using this

experimental setup.

+@1 This work
Zobristetal. T=295 K
10-10 — Pricg et al.

= = Davies et al. a=1

0 20 40 60 80 100
% RH

Figure 3.4. Calculated water diffusion coefficients in sucrose droplets at varying RH
studied in this work compared with parameterizations provided by Zobrist ef al.,’’ Price
et al.*® and Davies et al.”’
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The results in Figure 3.4 are consistent with measurements carried out using
isotope exchange over 6 — 300 um diameter samples which suggests there is not a
significant impact of droplet size on the water diffusion coefficient in the 35 — 60 um size
range studied. The droplet diameters studied in this work were significantly larger than
the <10 um diameter droplets used by Zobrist et al.’’ and Davies et al.*’ and significantly
smaller than the 200 — 300 pm diameter substrate-supported disks used by Price ef al.*
Figure 4 shows that the present data is in good agreement with other isotope exchange
methods. It is suggested that the droplet size does not have a significant effect on the
diffusion coefficient since a correlation between D,, and diameter across these different

size ranges is not observed.

Figure 3.4 also shows that our results follow the trend of the isotope exchange
methods from Davies et al. and Price et al. at low RH, but deviate from the mass
transport model reported by Zobrist e al.’’ Different assumptions used in the isotope
exchange and in mass transport models could explain the differences in the reported
diffusion coefficients, as the predictions diverge as the glassy regime is approached at
low (~25%) RH. When approaching the glass transition, the viscosity of a sucrose-water
droplet increases over 10 orders of magnitude compared to the bulk.'* Accordingly, the
diffusion timescales for water lengthen to tens of hours to days at the associated high
solute concentrations. The isotope exchange experiments are carried out at constant RH
and therefore assume radial homogeneity of the solute concentration allowing for a single

adjustable parameter in the diffusion model. The mass transport model, on the other hand,
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describes size changes in association with stepwise changes in RH and translational
movement of water through radial concentration gradients.” Interpretation of the diffusion
in the mass transport model requires analysis of the concentration gradient, which is
nonlinear at low RH, as well as the size and refractive index that also involve multiple
inter-dependent fitted parameters. The mass transport method requires a complex
numeric treatment in the analysis of low RH experiments, while the linearity of the
concentration gradient at high RH simplifies the analysis and makes the mass transport
method simpler. In comparison, as noted earlier, the rapid diffusion rates, data acquisition
rates and the time constant for switching between an H,O and D,0O environment limits

the experimental method presented here at high RH.

Lastly, our results are compared with both charge-neutral particles in the case of
the isotope-exchange measurements of Price ef al*’ and Davies et al*’ and charged
particles in the mass-transport measurements of Zobrist ef al.’’ The comparison suggests
that the surface charge density on the droplets in this work (<40 elementary charges/um®)
do not significantly influence D,0O diffusion into droplets. If the charge state significantly
impacted the diffusion of D,O into the droplet the best agreement can be expected
between the results conducted in EDBs, which is not the case and instead good agreement
was found between the measurements in neutral and charged microdroplets using the
isotope labeling technique. Our results can be understood in the context of studies on the
influence of charge on both ice nucleation and efflorescence. Homogeneous ice

nucleation rates of pure water droplets were measured in a temperature-controlled EDB
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as a function of temperature and absolute charge where the authors concluded that while
the temperature strongly influenced the nucleation rate, no correlation with the surface
charge was observed over a range of £200 charges/um>.*> The authors analyzed charge
droplets with 10x greater surface charge density compared to the droplets in the current
work and no interference of the charge with nucleation was found, in agreement with the
suggestion that excess charges are not interfering with bulk processes such as diffusion
within a droplet. Other new studies measured the dependence of efflorescence relative
humidity on the magnitude of the surface charge in sodium chloride microdroplets and
found no relationships below 500 elementary charges/um”, and a strong correlation only
appears when the droplet exceeds this threshshold.*® Molecular dynamics simulations in
their study show that only above this charge density threshold, the charges interact with
dissolved ionic species to form stable critical cluster sizes necessary for overcoming the
energetic nucleation barrier at RH higher compared to neutral droplets. In the present
work, the sucrose droplets contain surface charge density significantly below the
threshold suggested by Hermann ef al.*® to impact efflorescence behavior. Furthermore,
the presence of dissolved ionic species was essential for charges to impact the
efflorescence humidity, which could explain why we do not observe charge-induced
phenomena in droplets without ionic species similar to previous works in EDBs.**
Future experiments on single aerosols containing ionic species, such as ternary mixtures

of sucrose, water, and inorganic salts, are planned to investigate further the role excess

charge may have on the rate of diffusion.
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3.4 Conclusions

The translational water diffusion coefficient was measured in single charged
sucrose droplets as a model system for sea spray aerosol at humidities ranging from 26-
54 % RH at room temperature. A new method has been presented for quantifying water
diffusion using H>,O/D,O isotope tracing measured with Raman spectroscopy of a single
charged droplet trapped in a humidity-controlled EDB. The measured water diffusion
coefficients-molar concentration relationship follows an exponential dependence,
described as a Vignes-type parameterization. The data were compared with previous
studies of the sucrose-water system using the isotope exchange technique on neutral
samples and a mass transport method on charged droplets. The comparison between our
results and other Raman spectroscopy based methods shows good agreement of water
diffusion coefficients across a wide range of sample sizes and volumes, suggesting the D,,
values are not size-dependent. The agreement of this work using charged droplets in an
EDB with neutral particles in an optical trap suggests that charge does not play a

significant role under the conditions studies.

The Raman spectroscopic technique for isotope exchange analysis is limited to
particle sizes greater than 1um because of the low signal to noise ratio. Improvement of
the sensitivity of the optical setup would be of great value in extending the present
measurements to smaller aerosols with diameters of 50-200 nm, which are the size

50,51

population most efficient for cloud activation and therefore of large climate

relevance. Experimental modifications to control temperature and particle charge will
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reduce uncertainties in the diffusion measurements and allow a more detailed
examination of charge effects. Temperature control will also serve for further
comparisons of the method over a range of atmospherically relevant temperatures with
the temperature-dependent D,, measurements made using the mass transport method,’” as
well as extending these measurements to examine the effect of viscosity and chemical

composition on ice nucleation.

The importance of the present measurements is demonstration of the ability to
measure water diffusion independently from viscosity under atmospherically relevant
conditions. The isotope exchange method for measuring water diffusion rates can be
applied to a variety of chemical systems and complexity including ternary mixtures of
atmospheric relevance, the influence of hygroscopic inorganic salts, and concentration-

dependent effects of monovalent and divalent cations found in sea spray aerosols.

Chapter 3, in full, has been submitted for publication of the material as it may
appear as “Water Diffusion Measurements of Single Charged Aerosol Using H,O/D,0
Isotope Exchange and Raman Spectroscopy in an Electrodynamic Balance,” Nadler,
Katherine A.; Huang, Dao-Ling; Kim, Pyeongeun; Xiong, Wei; Continetti, Robert E,

2018. The dissertation author was the primary investigator and author of this paper.
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3.5 Supplementary Information

Supplementary Information Accompanying: “Water Diffusion Measurements of Single
Charged Aerosol Using H,O/D,0O Isotope Exchange and Raman Spectroscopy in an

Electrodynamic Balance”

Authors: Katherine A. Nadler,'Dao-Ling Huang, ' Pyeongeun Kim, ' Wei Xiong, '

Robert E. Continetti’

'Department of Chemistry and Biochemistry, University of California San Diego

Journal: Physical Chemistry Chemical Physics

Contact: Robert E. Continetti, rcontinetti@ucsd.edu
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The Raman spectra are fit using a 7-term Gaussian expansion of the form:

Fit= Y!_,aexp (— (b;—f)z) (S3.1)

Normalized Intensity

R
- |.L\L \.I_
T T T n

2200 2400 2600 2800 3000 3200 3400 3600 3800

Raman Shift (cm_

Figure 3.S1. Raman spectra collected during an isotope exchange experiment carried out
at 50% RH at early (top) and late (bottom) time points. The spectra are deconstructed into
7 Gaussians as described in the manuscript, which are shown here individually.
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Table 3.S1. Gaussian fit parameters for each of the 7 Gaussians in a single spectrum
accompanying Figure S1 where a, b, and ¢ follow Equation S1. The full dataset of fit
parameters will be available in the Digital Collection.

Upper Peak a b c
1 0.010 2915 2000
2 0.017 2475 150
3 0.164 2794 100
4 0.791 2900 45
5 0.549 2957 45
6 0.196 3290 194
7 0.127 3450 123

Lower  Peak a b c
1 0.012 2915 2000
2 0.349 2475 145
3 0.150 2790 95
4 0.779 2898 39
5 0.637 2954 45
6 0.009 3290 200
7 0.010 3450 120

The area of the v(O-D), a, v (C-H), and v (O-H) peaks are calculated by the following

equations:

Areayp = Areapeqin

Area, = Areapeqis

Areacy = Areapegrs + AT€0pegis

Areapy = Areapeqre + ATeApeqiy
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Figure 3.S2. Peak area calculations for an experiment carried out at 54% RH which
shows the growth of the v(O-D), decay of the v(O-H), and the constant contributions for
the v(C-H) and o over time.
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CHAPTER 4: Water Diffusion Measurements of
Ternary Mixtures in Single Charged Aerosol Using

H,0/D,0 Isotope Exchange

4.1 Introduction

Sea spray aerosols (SSA) are produced from breaking waves in the ocean and
contribute a significant fraction of the natural aerosol in the atmosphere. SSA impact the
climate by directly scattering and absorbing incoming solar radiation and through indirect
processes by acting as efficient cloud condensation and ice nuclei, particularly over
remote oceans far from terrestrial particle sources. However, the accuracy of global
climate models in predicting radiative forcing of marine-derived aerosols is limited by
our understanding of the microphysical properties, such as viscosity, which govern
aerosol-cloud interactions.' The viscosity of aerosols impacts the diffusion rates of
molecular components which affect the rate of hygroscopic growth.> Despite the
complexity of ambient aerosol, laboratory studies on model systems are crucial for
understanding of how mixed chemical systems impact climate relevant properties.

Further, the expansion of simple model systems to incorporate ternary mixtures will lead
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to improved parameterizations of component interactions on aerosol physicochemical
properties.

The chemical composition of SSA consists of inorganic and organic compounds,
where the fraction of organic mass can achieve >0.9 in submicron populations.* Analysis
of the molecular identity of organic content has revealed significant amounts of long-
chain fatty acids, short-chain fatty acids, free saccharides, poly- and oligo-saccharides,
and siliceous material.* ¢ Although nascent SSA exhibit complex chemical compositions,
phase states, and size, it is useful to perform laboratory measurements using simple
model systems to better understand how chemical composition and humidity impact
physicochemical properties.

Recently, the discovery of highly viscous and amorphous biogenic aerosol”® has
attracted attention due to slow kinetics governing chemical change in these systems.” "
This propelled the development of a number of experimental techniques for measuring

. . : 10,12-16
viscosity in the aerosol phase”'®

which is typically supersaturated with respect to the
solubility limit and cannot be accessed using traditional methods.'” The techniques have
been deployed for measuring viscosity in a number of ambient and laboratory model
systems and demonstrate high viscosity, semi-solid and glassy regimes can be accessed at
low relative humidity (RH) and temperature. High viscosity has also been shown to
reduce heterogeneous reaction rates,'®"” impede hygroscopic growth,'*** and enhance ice

21,22

nucleation. which are directly related to its atmospheric impacts, such as its light

scattering and absorption efficiency and CCN efficiency.
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The viscosity of a number of binary model systems have been studied at
controlled RH and temperature, including saccharides, alcohols, and fatty acids.'¢%
Results reveal an increase in viscosity with increased molecular weight, carbon chain
length, and number of hydroxyl groups,” contributing to the database of organic
compounds with atmospheric relevance. However, Song et al. showed that model
predictions of the RH-dependent viscosity could not reproduce experimental results
above 1 Pa s.'°

A few viscosity measurements have been carried out on ternary mixture aerosol

142426 power et al. shows that varying the molar ratio of sucrose to NaCl in a

systems.
ternary mixture leads to a difference in viscosity by several orders of magnitude
compared to the sucrose-water binary mixture alone.'* The data are compared with model
predictions using the Chenlo ef al.>’ parameterization of viscosity with molality of NaCl
and sucrose, the Norrish®™ parameterization for the water activity of sucrose, ADDEM

29,30
model,”

and the simple additivity mixing rules of Zandovskii-Stokes Robinson
(ZSR).” The poor agreement between the model predictions and data are attributed to the
sucrose molecules disproportionately increasing the viscosity by dominating the
mechanical properties of the mixture. In another study, Marsh et al. investigated the
temperature and RH-dependent viscosity for ternary citric acid-sucrose-water and
NaNOs-sucrose-water aerosol model systems, which similarly displayed a decrease in

viscosity with the addition of a hygroscopic molecule due to the plasticizing effect of the

water.”® Increasing the complexity of model systems is important for testing the
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application of mixing rules, and for providing data which are used to improve predictive
models.

The mobility of molecular components in an aerosol is related to viscosity
and significantly impacts the kinetics of evaporation and condensation processes, *** as
well as the extent of heterogeneous reactions.” Specifically water diffusion coefficients
are important for modeling cloud activation as the translational movement of the water
into the particle is necessary for growth to occur.”® If the water mobility is severely
limited, the aerosol may not achieve activation, which has significant climate

implications. The Stokes-Einstein (S-E) relation is used to calculate the diffusion

coefficient, D, from viscosity given by:

_ kgT

= sran (4.1)
where kpis Boltzmann’s constant, 7" (K) is temperature, a is the radius of the diffusing
species, and 7 is the dynamic viscosity (Pa-s). The S-E relation has been widely used for
low viscosity, bulk liquid systems and therefore has been applied as a first approximation
in aerosols using viscosity measurements. The relationship has shown good agreement
for the sucrose diffusion coefficient in a sucrose-water matrix even at high viscosity in
bulk solutions.”> However, the general application of the Stokes-Einstein relationship to
aerosols has been shown to under predict the diffusion coefficient and provides only a

lower bound for small molecules, such as water, because of their ability to percolate

. . 24,363 : .
through channels in viscous matrices.****” Therefore, techniques which measure water
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diffusion independent from viscosity are necessary to accurately predict evaporation,
condensation, and cloud activation processes.

In recent years the diffusion coefficient of water in binary and ternary aerosol
mixtures has been measured using new techniques which study single, levitated aerosol.
The mass transport method uses optical tweezers or an electrodynamic balance (EDB) to
trap single, micrometer-sized aqueous droplets and spectroscopically measure the size

change in response to stepwise jumps in the relative humidity.'**%>’

The kinetic response
of water evaporating or condensing on the droplet becomes slow at high viscosity and is
strongly dependent on the diffusion coefficient of water. The size response curves as a
function of time were interpreted using a theoretical framework based on principles of
mass transport. This treatment applies a numerical analysis that divides the particle into a
discrete number of concentric shells, characterized by a solute concentration and
diffusion coefficient. As the droplet responds to a jump in RH, a highly nonlinear radial
concentration gradient forms because the aerosol liquid-air interface is assumed to reach
equilibrium instantaneously while the center of the droplet remains at the initial water
concentration. The timescales for the concentration gradient to diminish are related to the
water diffusion coefficient, which is a strong function of concentration. Using an iterative
approach that accounts for the average concentration of the neighboring shells, the value
of Dy is inferred.*®** Approaching high viscosity, the numerical treatment for the
retrieval of the diffusion coefficient must incorporate additional fitting parameters

because the refractive index, necessary for the size calculation, also becomes a parameter

that varies rapidly in the presence of the steep concentration gradient. At these low RH,
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high viscosity regimes, an increase in the uncertainty by an order of magnitude reduces
the accuracy of the diffusion measurements.*' Nevertheless, the method has been applied
to a number of binary and ternary chemical systems, highlighting the breakdown of the S-

E relation by several orders of magnitude in citric acid, sucrose, and a-pinene SOA.*

Another technique called the Raman isotope tracer method measures the diffusion
coefficient by tracking the translational movement of an isotopically-labeled molecule,
measured by a change in intensity of vibrational peaks in the Raman spectrum. The
method was first applied on substrate-deposited aqueous disks with D,O as the tracer

. . 43,44
species for maltose and sucrose solutions.™”

Davies et al. then applied the isotopic
exchange technique together with aerosol optical tweezers for single-particle levitation®
reducing the sample size to less than 6 um radius, speeding up the experimental
timescales from weeks to hours. The optical tweezers isotopic tracer experiments were
carried out at a constant RH, and therefore constant aerosol size and solute concentration.
Fick’s second law of diffusion applied to a sphere was used to model the time-dependent
intensities of the v(O-D) and v(O-H) Raman peaks to quantify the diffusion coefficient as
a function of concentration, or water activity, in sucrose, citric acid, sucrose/citric acid
mixtures, and shikimic acid.* The results were modeled using a Vignes-type
parameterization*® describing the water diffusion coefficient, D,, as a mass fraction-
weighted exponential function dependent on the self-diffusion coefficient of water, 2 x

10° m%/s, and the empirically determined self-coefficient in the limit of pure solute

component, D, for different molecular compositions. In ternary mixtures of sucrose-
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citric acid the D’,,; was determined to be a log-linear function of mass fraction, allowing
an effective mixed-solute D', to satisfy a Vignes fit without requiring an activity
coefficient correction. The results presented by Davies ef al.*’ suggest the practicality of
applying the isotope tracer method in conjunction with a single particle confinement
technique for measuring water diffusion in a variety of atmospherically-relevant viscous

aerosols.

We present water diffusion measurements on ternary aqueous NaCl-sucrose and
CaCl,-sucrose mixtures using the isotope exchange method applied to single, charged
microdroplets in an electrodynamic balance. The current database of available water
diffusion measurements in binary and ternary mixtures is severely limited, which in turn
propels the application of the S-E relation to new systems because no direct diffusion
data are available. The results are interpreted using the application of Fick’s second law
of diffusion applied to a sphere for determining the concentration-dependent water
diffusion coefficient and are modeled using a semi-empirical Vignes-type fit, as

presented below following a discussion of the experimental technique.

4.2 Experimental

Water diffusion measurements on ternary mixtures of sucrose, water, and
inorganic salt (NaCl and CaCl,) were performed on single charged microdroplets trapped
in a temperature and RH controlled electrodynamic balance (EDB). The experimental

setup has been described previously”’ in detail and will be briefly outlined, followed by

135



an explanation of the parameterizations for density and refractive index used to analyze
the spectroscopic measurements for calculating the concentration-dependent water

diffusion coefficient.

The EDB allows trapping of single charged aerosol at the center of an
electrodynamic trap for interrogation by a 532 nm laser allowing spectroscopic analysis
of the aerosol morphology, size, and chemical composition over time. Shown in Figure
4.1A, the trap is composed of two conical endcap electrodes and eight concentric rod
electrodes providing a wide optical access for laser irradiation and signal collection. The
AC potential is applied to the endcap electrodes, typically V, = 1500 V, /=100 — 200 Hz,
and a DC potential, typically 150 — 400 V, is applied to the two rod electrodes directly
below the trap center to offset the gravitational force of the microdroplet. The remaining
six rods are grounded, creating an effective quadrupolar electric field which tightly
confines the microdroplet in space. The EDB is built on stainless steel octagonal plates
for preservation of the optical access and is isolated from the surrounding air in the
chamber by a set of stainless steel plates outfitted with windows. The primary mounting
structure is augmented with a secondary Teflon housing which provides a channel from
the droplet generator located above the chamber to the trap, and acts to further insulate
the trapping volume humidity and temperature. An electronic shutter seals off the

chamber from laboratory air and is opened to allow a new droplet to be trapped.
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Figure 4.1. A) Experimental setup of the electrodynamic balance (EDB) apparatus
contained in a secondary Teflon housing inside an environmental chamber and equipped
with a droplet generator and dual bubbler RH control. B) Optical layout with a trapped
droplet irradiated with a pulsed 532 nm laser and the forward Mie elastic scattering
collected on a CCD camera and the back-scattered Raman is focused into a fiber optic
cable mounted to a monochromator equipped with a CCD detector.

Aqueous solutions of 1:1 molar NaCl-sucrose and 1:1 molar CaCl,-sucrose
(Fisher Chemical for all compounds) were prepared using DI water. The solutions were
filtered using a 0.05 pm PTFE syringe filter to remove undissolved precipitates and
aspirated into the capillary of a piezoelectric droplet generator (Engineering Arts DEO3)
equipped with a 67 pm diameter orifice (DHO067). Single droplets are generated on-
demand with computer-controlled drive electronics and are inductively charged upon
generation from an electric field applied between a DC charging ring electrode and the

electrically grounded capillary tip. Droplets are produced with an initial diameter of

137



approximately 67 um and carry a surface charge density of approximately 10 — 30
elementary charges/um’. Stabilization of a single droplet at the center of the EDB is
performed by adjusting the AC frequency until minimal harmonic oscillation motion is

observed.

The relative humidity in the trap is controlled with digital mass flow controllers
(Alicat MC-500SCCM) by mixing N, with the humidified vapor headspace of a bubbler
containing water. The humidified air is directed through a copper coil submerged in a
water bath, which is temperature-regulated by a water chiller (Neslab CFT-25), and
subsequently guided into the chamber and flown vertically over the trapped droplet. Two
bubblers, one containing distilled H>O and a second containing high purity D>O (>99.8%
D atom, Acros Organics), are arranged using 3-way valves so that air from one bubbler is
selected to flow into the chamber while flow lines from the second bubbler are
equilibrated is exhausted. Experiments are carried out at constant RH by first trapping a
single sucrose droplet in H,O RH and allowing sufficient time for equilibration. Then
D,0 vapor at the same RH is introduced to the chamber, replacing the gas-phase H>O in
the trap and eventually diffusing into the droplet to replace the condensed-phase H»O.
During each experimental run the H,O humidified air is initially directed into the
chamber for droplet equilibration while the D,O bubbler is exhausted to fill intermediate
tubing lines, reducing changes in RH during the gas transition in the trap. The relative
humidity and temperature are monitored using a humidity probe (Vaisala HMP60)

located approximately 25 mm downstream of the RH flow with £1.5% RH and +1 °C
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accuracy, respectively. For each water diffusion measurement the relative humidity is
maintained constant to £1%, or within the error of the probe. A custom LabView control
and data acquisition program monitors the trap settings and environmental conditions
every 1 s. When the chamber atmosphere is switched to D>O the humidity probe
measurement must be corrected for the difference in equilibrium vapor pressure of D,O
versus H,O* as shown in Eqn (4.1) where A = -0.30661, B = 9.14056, and C = 75.753

and T is in Celsius.

0

In (”’320) =A+-2 4.1)

pDzo C+T

The trapped droplet is continuously irradiated to provide spectroscopic
characterization of size using Mie scattering and evolving chemical composition from
H,0O to D,O using Raman spectroscopy. Shown in Figure 1B, an 80 kHz 532 nm laser
(RPMC Wedge XF) is reflected off of a broadband mirror and 532 nm laser edge
beamsplitter and focused in the center of the trap; the elastic Mie scattering is collected
over a solid angle of 24.5° centered at 45° in the forward-scattering direction relative to
the laser propagation direction and imaged onto a monochromatic CCD camera at a rate
of 30 Hz. The back-scattered Raman signal is collected using f/2 optics, transmitted
through a 532 nm laser edge beam splitter, and focused into a fiber optic cable coupled
into a monochromator (Acton SpectraPro 275) outfitted with a 600 g/mm grating and an
open-electrode TE-cooled CCD detector (Horiba Syncerity). The integration time for

each Raman spectrum is 60-120 s to achieve adequate signal-to-noise ratio.
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Mie theory is applied to calculate the size of spherical particles from the angular-
resolved elastic scattering intensity with high accuracy.” When the particle radius is
significantly larger than the laser wavelength, the geometric optics approximation may be
used where the evenly spaced bands evident in the Mie angular intensity spectrum are
processed via FFT to calculate the average angular spacing of the bands, 46 (radian™), for
determining the droplet radius, »:°

-1

r= Ai cos (—) + nSin(E) (4.2)

6
2_ Z
1+n<-2n cos(z)

where 4 is the laser wavelength (um), » is the refractive index of the droplet, and @ is the
median scattering angle (radian). The treatment of the refractive index parameterization

for ternary mixtures is described in Section 4.3.2.

4.3 Results and Discussion

The RH-dependent water diffusion coefficient is calculated for ternary aerosol
mixtures using isotope exchange from the quantification of the time-dependent D,O
concentration and droplet size. The timescales for diffusion into a sphere are dependent
on radius, and an accurate calculation for the size using the geometric optics

approximation requires parameterizations of index of refraction as a function of mass
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fraction of the solutes. The treatments for binary mixture mass fraction solute with RH
are introduced followed by descriptions for calculating the mass fraction and density of
ternary mixtures Additionally, the aerosol density is used for calculating the predicted

diffusion coefficients from viscosity via the Stokes-Einstein relation.

4.3.1 Parameterizations of the mass fraction and density

The calculation of the index of refraction as a function of varying RH requires
parameterization of the mass fraction solute (MFS) and density (p). The dependence of
MFS on water activity, a,, has been well studied for binary sucrose aqueous solutions
and the treatment by Norrish’® has been shown to correlate with experimental

measurements over the entire RH range:

a,, = x,, exp(kx2) (4.3)

where x,, and x, are the mole fractions of water and sucrose, respectively, and k is an
empirical constant equal to -6.47 for sucrose.””® The impact of the choice for mass
fraction sucrose treatment is explored by comparison with the widely-used Aerosol
Inorganic-Organic Mixtures Functional groups Activity Coefficients (AIOMFAC), a
general thermodynamic activity coefficient model based on a modified Universal
quasichemical Functional group Activity Coefficients (UNIFAC) functional group

contribution model.’’>* and verified with experimental data from wide range of
p g
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atmospheric inorganic and organic compounds. The density of the binary sucrose-water

solution with mass fraction is calculated following Zobrist ef al.:*®

ps =a+ b;MFS + b,MFS? + b;MFS3 + b,MFS* (4.4)

where a = 0.9989, b; = 0.3615, b, = 0.02964, b3 = -0.3186 and b, = 0.24191. The mass
fraction of the binary NaCl-H,O solution is calculated using AIOMFAC’'" and the

density treatment is from an empirically-derived fit provided by Tang et al.”

NacCl :a+b1MFS+b2MFSZ+b3MFS3+b4MFS4 (4.5)
p

where MFS is expressed in percent and a = 0.9971, b; = 7.41x107, b, = -3.741x107, b; =
2.252x10° and b, = -2.06x10°®. The mass fraction of the binary CaCl,-H,O solution was
also calculated using AIOMFAC.’'”* Then, the ternary mixture density is calculated
using the volume additivity rule described by Tang er al>® Figure 4.2 shows the
difference between the Norrish and the AIOMFAC treatments for the MFS of sucrose as
a function of RH in a binary aqueous mixture (A), which has been converted into
molality (B), and the density of the ternary 1:1 molar ratio NaCl-sucrose-water mixture
(C). It is worth noting that while the difference between the treatments in mass fraction
solute, particularly below 30% RH, is less than 0.05, the conversion to molality results in
a significant difference with the AIOMFAC because of the large molar mass of sucrose
compared to water, predicting a higher molality of greater than 20 mol/kg below 20% RH

where measurements in this study were conducted. The Norrish treatment was shown by
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Power et al.** to best represent their sucrose viscosity measurements, and recently it was

recognized by Rickards et al.>*

to yield excellent agreement for the modeling of viscosity
when comparing numerous sucrose-MFS treatments. While numerous treatments of the
equilibrium solution properties for sucrose are found in the literature,”* the AIOMFAC

was chosen for comparison due to the thermodynamic basis and extensive and rigorous

. . . . . . . . 51
validation with inorganic-organic mixed component experiments.
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Figure 4.2. Comparison of the Norrish treatment”® (black) and AIOMFAC calculations™
(red) for (A) mass fraction solute as a function of % RH for the sucrose-water mixture,
(B) molality of the sucrose-water mixture, and (C) the ternary 1:1 molar ratio NaCl-
sucrose mixture.
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In order to apply the S-E relation for the water diffusion coefficients in ternary
NaCl-sucrose mixtures, the viscosity must be calculated. The kinematic viscosity, defined
as the ratio between dynamic viscosity and density, was calculated for sucrose, NaCl, and
varying mixing ratios by Chenlo et al.*’ and the parameterization has been extrapolated to

14.20243% The dynamic viscosity, hereafter referred to

concentrations achieved in aerosols.
as viscosity, is calculated from the Chenlo parameterization and mixed solution density,
shown in Figure 4.3, as a function of RH using the Norrish (black) and AIOMFAC (red)
treatments for sucrose and AIOMFAC for NaCl. The binary sucrose-water viscosity is
shown as a dashed line, compared with recent parameterizations determined from
measurements by Song et al.'® using holographic optical tweezers and Grayson et al.,”
who compiled measurements from a number of sources and reported an empirical fit up
to 10° Pa-s. The prediction for the ternary 1:1 molar NaCl-sucrose aqueous mixture are
also shown (solid lines), and found to be several orders of magnitude lower in viscosity
compared to binary sucrose mixtures. Power er al®* measured the viscosity using
holographic optical tweezers coalescence and reported measurements of binary sucrose-
H,O and NaCl-H,O mixtures, and molar ratios between 1:4 and 4:1 for NaCl-sucrose-
H,O ternary mixtures. of the results they obtained for the binary mixtures agreed well
with the predictions of Chenlo er al. given the extrapolation to concentrations (>30
mol/kg) well beyond the values (4.5 mol/kg) of the original experiment. However, the
ternary viscosity model using the Norrish and Chenlo treatments and ZSR’' for

estimating the water content of the mixture underpredicted the experimental

measurements, with a deviation of greater than an order of magnitude at 40% RH.
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Compared to other parameterizations of Starzak & Peacock® and Quintas ef al.,” the
Norrish and Chenlo combination provided the best agreement, although empirical best fit
parameterizations were not provided. The viscosity parameterizations for the binary
sucrose-water and ternary NaCl-sucrose-water mixtures are implemented in the S-E
relation for the estimation of water diffusion coefficients and are compared to the direct

measurements reported here.
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Figure 4.3. Parameterizations for viscosity of binary sucrose-water (all dashed lines) and
1:1 NaCl-sucrose mixture (solid) as a function of RH using the Norrish and AIOMFAC
treatments, compared to the empirical parameterizations of Grayson et al.*> (blue) and
Song et al.'® (green).

146



4.3.2 Parameterization of the index of refraction

The timescale for diffusion into a sphere is a function of size, measured
experimentally by Mie scattering. To use the geometric optics approximation, shown in
equation (4.3), for calculating the droplet radius, the refractive index needs to be
parameterized as a function of RH. Literature parameterizations for the concentration-
dependent index of refraction for binary sucrose-water,”’ NaCl-water,””’ and CaCl,-
water”® aqueous solutions are used for the ternary mixtures by applying the molar

refractive mixing rule®

Nepr = N Piny 4.7)

in which ¢; is the mass fraction and #; is the refractive index in the binary mixture and i
are the solute components. The variation in the size of a droplet over the course of an
experiment was < 0.15 pm (1o) and we estimate a conservative absolute uncertainty of

~1%, £ 0.5 um caused by uncertainty in the index of refraction mixing rules.

4.3.3 Diffusion of D,O using Raman Spectroscopy

The chemical composition of the droplet evolving from containing H,O to D,0 is
determined using the change in the Raman spectrum as a function of time. The diffusion
of D,O into the droplet is analyzed using the difference in the Raman intensities for the

features that arise from the H,O and D,0 vibrations at v(O-H) ~ 3400 cm™ and v(O-D) ~
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2500 cm'. Since the total amount of sucrose is constant throughout each experiment all
spectra are normalized to the sucrose v(C-H) feature at 2900 cm™', allowing for correction
of fluctuations in spectral intensity due to low amplitude motions of the droplet in the
laser beam. The normalized spectra are fit using a sum of Gaussian peaks between 2000 —
3800 cm™ to model the contribution of individual species and are used to calculate the
intensity of H,O and D,O in the droplet as a function of time. When the droplet is
initially equilibrated with a pure H,O humidified atmosphere there is no contribution
from the v(O-D). As the chamber becomes increasingly concentrated in D,O vapor the
v(O-H) is observed to decrease in intensity and the v(O-D) peak grows in. At a constant
relative humidity, the total amount of water in the droplet is assumed to be constant and
equal to the sum of the contributions from H>O and D,0O as described in our previous

study of binary sucrose-H,O aerosol.”’

Shown in Figure 4.4 are example spectra for NaCl/sucrose (A) and CaCly/sucrose
(B) droplets during an isotope exchange experiment modeled using a seven-term and
eight-term Gaussian expansion fit, respectively. Up to two Gaussians contribute to the O-
H band, two Gaussians to the C-H stretch, one Gaussian to the weak C-H shoulder peak,
two Gaussians to the O-H band, and a weak, broad Gaussian accounts for background

signal.
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Figure 4.4. Raman spectra of a droplet undergoing isotope exchange for A) 1:1 NaCl-
sucrose at 32% RH which is modeled using a summation of 7 Gaussians and B) 1:1
CaCl,-sucrose at 31% RH which is modeled using a summation of 8 Gaussians.

The fractional concentration of D,O in the droplet is calculated from the
integrated intensity of the Gaussian fits for O-D and O-H peaks:

Aop
= — 4.8
bov = 1P (48)

where the O-D stretch located at 2500 cm™ has a lower integrated intensity by a factor of
1/\2 based on the difference in reduced mass.” The solution to Fick’s second law of

diffusion applied to a sphere is used to model the time-dependent concentration, ¢, of the

diffusing D,O:*

Gop =1— () Zeey exp (- 2P (4.9)

2 a2
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where a is the particle radius and D,, is the translational diffusion constant. A three-term
expansion of equation (4.9) with a single adjustable parameter, 4 = D.,/a’, is used to
calculate D,, for each of the experimental runs at a different RH. The fractional
concentration calculated a NaCl-sucrose droplet is shown in Figure 4.5 for (A) D,O and
(B) for H,O as a function of time, modeled using equation (4.9) in green, with +30 %
estimated error in the adjustable 4 fit parameter indicated in shaded grey. The baseline at
early times is when the droplet is initially equilibrated in H,O RH for collection of

reference Raman and Mie spectra prior to measurements of the translational diffusion.
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Figure 4.5. The fractional concentration of water in a 1:1 molar NaCl-sucrose droplet at
32% RH for (A) D,0, the model in green, and the £30% uncertainty in shaded grey, and
of (B) H,O over time.

When the gas manifold valves are rotated there is an unavoidable time delay until
the chamber air has sufficiently turned over from H,O and the D,O partial pressure
reaches a maximum. The approach for determining the time at which the chamber has

sufficiently reached a constant gas-phase concentration of D,O has been described
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previously*’ and leads to an experimentally constrained upper limit of 2x10™ m’s™ for

the diffusion coefficients able to be studied using this method using the current apparatus.

4.3.4 NaCl-sucrose Ternary Mixture

The calculated water diffusion coefficients as a function of RH are shown in
Figure 4.6. The data obtained in the current study are shown in red with error bars
representing the uncertainty in the RH based on the probe manufacturer specifications
(1.5 %RH) and estimated + 50% in the D,, based on the D,O concentration fit and +£0.5
um uncertainty in the size measurement from fluctuations during an the experiment and
accuracy of the geometric optics approximation. Data are shown from this study (red
squares) compared against the S-E predictions for the 1:1 NaCl-sucrose mixture using the
Norrish and AIOMFAC sucrose MFS treatments (green dashed and purple dashed,
respectively). Also shown for comparison are data from our previous study*’ on binary
sucrose-water aerosol using this apparatus (grey circles), the sucrose Vignes fit (solid
gray), and the S-E prediction of the sucrose based on the viscosity measurements of

Grayson et al. (dashed grey). The Vignes-type fit (red) is described as:

D,, = (D3,,)™(DYs)" (4.10)

where D’,,,, is the self diffusion of water equal to 2 x 10° m%/s, D’ is the diffusion of

water in the limit of pure solute, and x,, and x; are mole fractions of water and solute,
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respectively. The solute in this case is the combination of NaCl and sucrose and a single
value for D, = 1x10%* m*/s was found to best represent the 1:1 mixture data. The value
for the combined D', has been previously suggested to be a linear relationship between
the log(Dow,S) of the individual components, here D, suerose and D’ vucy, and the mass
fraction of the respective components.'® While a similar analysis of the relationship
between log(DOW,S) and mass fraction of NaCl would require additional mixing ratios, our
proposed value for the mixed-solute D', is five orders of magnitude greater than the
literature value for the single solute component sucrose (1.9 x 102’ m?/s). The trend
toward higher D,, with the addition of NaCl suggests the salt disrupts the strong hydrogen
bonding network of concentrated sucrose molecules enabling water to have higher
mobility. The hygroscopic properties of NaCl also lead to a higher concentration of water
for a given RH compared to binary sucrose-water, leading to a lower viscosity based on
the plasticizing effect of water, as seen by the higher D, values compared to aqueous

SucCrose.
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Figure 4.6. Relative humidity-dependent water diffusion coefficients for 1:1 molar NaCl-
sucrose (red squares), and Vignes mixture fit (red), the S-E prediction for 1:1 mixture
using the Norrish®™ treatment (purple dashed), and AIOMFAC® treatment (green
dashed), compared with previous sucrose data®’ (grey circles), and sucrose Vignes fit*’
(grey solid), S-E prediction from Grayson et al.*® viscosity data (grey dashed).

The comparison with the S-E relation shows better agreement for the 1:1 ternary
NaCl-sucrose-H,O mixture compared with the binary mixture, however the S-E
prediction still lies more than an order of magnitude below the measurements. In the case

of aqueous sucrose, the S-E relation underestimates the experimentally measured D,
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values by several orders of magnitude, even at the highest RH measured. This
phenomenon has been reported for other chemical systems, suggesting the formation of
dynamic heterogeneities caused by strong hydrogen-bonded networks and ability of small

374560 1t has been

water molecules to diffuse through small volumes of the matrix.
suggested in previous literature that the presence of ions in a concentrated sugar matrix
also led to decoupling of diffusion and viscosity, where the ions show preference for
solvation with water and can diffuse more easily through the water-rich domains.*’ In the
context of comparisons with the single aerosol viscosity measurements of Power et al.
reporting higher viscosity than predicted by models, the associated D,, values based on
the S-E relation would be lower than the models shown in Figure 4.5. This would lead to
a larger difference between the measurements and S-E predictions, highlighting the
breakdown of the relation even for ternary systems and demonstrates the necessity of

further direct diffusion measurements on a wider range of atmospherically-relevant

chemical systems.

4.3.5 Ternary CaCl,-sucrose ternary mixture

The results for the water diffusion coefficient as a function of RH in 1:1 molar
ternary CaCly/sucrose single aerosol are shown in Figure 4.7. The data (red) are shown
with an uncertainty of + 50% and £1.5 %RH as discussed for the NaCl-sucrose data. The
results are fit with mass fraction-dependent Vignes fit similar to Section 4.3.4 where the

solute is the combination of sucrose and CaCl,, and shown with an S-shaped curve (black
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dashed) to guide the eye for the sharp decrease in D,,. For comparison, the binary
sucrose-water data’’ (grey circles), binary sucrose Vignes fit* (grey), and S-E sucrose
predictions based on Grayson et al. data® (dashed grey) are shown. The measured
diffusion coefficients in the ternary mixture are larger compared to binary aqueous
sucrose values, which is again attributed to the increased hygroscopicity of the mixture

and lowering of the viscosity due to greater water content.
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Figure 4.7. Water diffusion coefficients as a function of RH in 1:1 molar ternary CaCl,-
sucrose single aerosol (blue squares), mass fraction-based Vignes fit for the mixture (blue
line) are shown with an S-curve (black dashed) to guide the eye, additionally shown for
comparison with aqueous sucrose data®’ (grey circles), Vignes fit for sucrose®™ (grey),
and S-E for sucrose™ (dashed grey).

The data are modeled with Vignes-type fit as a function of the combined mass
fraction of solute modeled from AIOMFAC as discussed in Section 4.3.1. The data give

rise to an S-shape indicated by a steep decrease in Dy, between 26-28% RH. The Vignes
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fit is shown with an envelope of uncertainty, unlike the NaCl-sucrose data, because a
single value does not adequately capture the S-shaped behavior apparent in the data. This
behavior may be indicative of gel formation in the aerosol, although the effect is not as
conclusive as previous literature showing a decrease in D,, over several orders of
magnitude with RH in MgSO,-water aerosol.®’ Calcium has been identified in marine-
derived microgels®® and is known to form gel structures in polysaccharides and
proteins.”* Calcium has also been demonstrated to interact with carbohydrates by
binding to hydroxyl groups.”” The S-shaped behavior at 26-28% RH indicates the onset
of the formation of gel-like structures under high concentration conditions achieved at
low RH. Gels have previously been modeled with percolation theory which assumes a
mixture of media have distinct, different diffusion coefficients giving rise to a sharp
decrease of the combined diffusion coefficient visualized in an S-shaped curve.”® A
physical model of the theory requires parameterizations of the volume fraction and
packing fraction and is beyond the scope of this work. Additional studies examining the
Ca®" concentration dependence on water diffusion using a range of mixing ratios may

reveal a stronger effect.

4.4 Conclusions
The concentration-dependent water diffusion coefficient in ternary mixtures of
sucrose-NaCl-H,O and sucrose-CaCl,-H,O in model aerosol were measured using

isotope exchange in an electrodynamic balance for the first time. Mixed inorganic-
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organic aerosol are prevalent in the atmosphere, particularly in marine environments, and
understanding the physicochemical properties is crucial to understand their impacts on
climate. Water diffusion measurements independent of viscosity are important for
understanding when the Stokes-Einstein relation breaks down, and for improving the
models used to predict the concentration and RH-dependent mobility of water in aerosol.
There is a need to collect direct water diffusion measurements on model organic and
mixed organic aerosol to better inform and improve models which incorporate diffusion
for predicting aerosol growth, reaction kinetics, and phase state. We have shown that
while the S-E relation underpredicts the water diffusion coefficient by many orders of
magnitude in binary sucrose/water aerosol, the relation is in better agreement for the
ternary sucrose-NaCl-H,O mixture, suggesting that the hygroscopic NaCl component
disproportionately impacts the water mobility compared to sucrose. While no viscosity
data is currently available for the sucrose/CaCly/water system, the results indicate that the
behavior of CaCl, can be described using a variation of percolation theory better than a
single-solute diffusion coefficient in a Vignes-type parameterization. Future studies
examining a range of molar ratios and additional carbohydrate systems can confirm this
behavior.

The methodology of isotope tracing and Raman spectroscopy combined with an
electrodynamic balance is a useful tool for studying the water diffusion coefficient in
single, charged aerosols at controlled RH and temperature. The method has successfully
been applied to ternary mixtures, allowing comparison to diffusion coefficients predicted

using viscosity measurements and the Stokes-Einstein relation. Moreover, the method
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enables a database of atmospherically-relevant binary and ternary chemical systems to be
compiled, data which are currently severely lacking.'” Expansion of a library of diffusion
data will improve our understanding of how the physicochemical properties of aerosols,
such as viscosity and chemical composition, impact climate-relevant water uptake and
cloud activation behaviors.

Chapter 4, in part, is currently being prepared for publication of the material.
Nadler, Katherine A.; Kim, Pyeongeun; Continetti, Robert E. The dissertation author was

the primary investigator and author of this paper.

4.5 Supplementary Information

Supplementary Information accompanying “Water Diffusion Measurements of Ternary
Mixtures in Single Charged Aerosol Using H,O/D,0 Isotope Exchange”

Authors: Katherine A. Nadler, Pyeongeun Kim, ' Robert E. Continetti'
'Department of Chemistry and Biochemistry, University of California San Diego

Contact: Robert E. Continetti, rcontinetti@ucsd.edu
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4.5.1 Ternary 1:1 molar NaCl-sucrose-water mixture

All Raman spectra for ternary NaCl-sucrose-H,O are fit between 2050 cm™ — 4000 cm™
using a 7-term Gaussian expansion of the form:

Fit= Y!_,aexp (— M) (S4.1)

c2

The area of the v(O-D), a, v (C-H), and v (O-H) peaks are calculated by the following
equations:

Areapp = Aredpeqia (S4.2)
Area, = Areapqis (S4.3)
Areacy = Areapegrs + Ar€0pegis (S4.4)
Areapy = Areapeqre + Ar€Apegi7 (§4.5)

Intensity (a.u.)

2200 2400 2600 2800 3000 3200 3400 3600 380C
Raman Shift (cm™)

Figure 4.S1. Raman spectra of a 1:1 NaCl-sucrose droplet undergoing isotope exchange
at 31% RH at early (top) and late (bottom) time points. The spectra are deconstructed into
7 Gaussians as described in the manuscript, which are shown here individually.
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Table S4.1. Gaussian fit parameters for each of the 8 Gaussians in a single spectrum
accompanying Figure S4.1 where a, b, and ¢ follow Equation S4.6. The full dataset of fit
parameters will be available in the Digital Collection.

Upper  Peak a b c
1 -0.004 2930.0 2000.0
2 0.013 2500.0 150.0
3 0.152 2800.0 99.1
4 0.787 2900.0 42.4
5 0.592 2955.9 45.0
6 0.171 3295.0 180.0
7 0.224 3425.4 134.7

Lower  Peak a b c
1 0.017 2915.0 2000.0
2 0.442 2492.0 120.0
3 0.146 2794.6 95.0
4 0.767 2900.0 37.3
5 0.633 2954.0 45.0
6 0.013 3290.0 180.0
7 0.027 3425.0 120.0

Data for the water diffusion coefficients in 1:1 molar NaCl-sucrose aerosols as a function
of RH shown in Figure 4.6 in the main text were fit with a 3™ degree polynomial of the
form:

D, =a+ b;RH + b,RH? + b3;RH? (54.6)

Table 4.S2. Table of best-fit values for the 1:1 molar NaCl-sucrose mixture water
diffusion coefficients.

a b1 bz b3
-20.33 0.2847 -2.855E-03 1.17E-05
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4.5.2 Ternary 1:1 molar CaCl,-sucrose-water mixture

All Raman spectra for ternary CaCly-sucrose-H,O are fit between 2050 cm™ — 4000 cm™
using a 8-term Gaussian expansion of the form:

—2)2
Fit= Y%, aexp (— (bcf) ) (S4.7)

The area of the v(O-D), a, v (C-H), and v (O-H) peaks are calculated by the following
equations:

Areapp = Areapegiry + Are€apeqis (54.8)
Area, = Areap,qiq (S4.9)
Areacy = Areapeqrs + Areapqqie (S4.10)
Areapy = Areapeqr7 + Areapeqrs (S4.11)
| 16
[ 8
g 4| !
\
2 3 l |
!’ \\

Intensity (a.u.)
e
b
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| n

P—

2200 2400 2600 2800 3000 3200 3400 3600 380C
Raman Shift (cm™)

Figure 4.S2. Normalized Raman spectra of a 1:1 molar CaCl,-sucrose droplet at 32% RH
undergoing isotope exchange. The spectra is modeled with 8 Gaussian fits as shown.
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Table 4.S3. Gaussian fit parameters for each of the 8 Gaussians in a single spectrum
accompanying Figure S4.2 where a, b, and ¢ follow Equation S4.7. The full dataset of fit
parameters will be available in the Digital Collection.

Upper Peak a b c
1 -0.005 2915.0 2000.0
2 0.019 2450.0 220.0
3 -0.020 2485.0 50.0
4 0.151 2800.0 100.0
5 0.748 2900.0 43.5
6 0.585 2954.0 45.0
7 0.280 3295.0 191.1
8 0.295 0.0 128.5
Lower  Peak a b c
1 0.013 2930.0 2000.0
2 0.125 2440.0 200.0
3 0.460 2488.0 113.2
4 0.129 2790.0 95.0
5 0.796 2900.0 37.0
6 0.627 2954.0 45.0
7 0.028 3290.0 200.0
8 0.036 3425.0 120.0

The water diffusion coefficient measurements in 1:1 molar CaCl,-sucrose mixtures
presented in Figure 4.7 in the main text were fit with a 2" degree polynomial of the form:

D, = a+ b;RH + b,RH? (S4.12)

Table S4.4. Table of best-fit values for the 1:1 molar CaCl,-sucrose mixture water
diffusion coefficients.

a b1 bz
-9.83E-06 1.60E-03 -15.08
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Appendix A

A.1 Tabulated data of diffusion measurements
Experiments described in Chapter 3 and 4 measure the water diffusion coefficient in in
single, charged aerosol composed of binary and ternary mixtures using isotope exchange

and Raman spectroscopy in an electrodynamic balance at room temperature.

Table A.1 Experimental values for single sucrose-water diffusion measurements reported
in Figure 3.4.

%RH +%RH T (°C) r (m) A D,, (m?’/s) +D,, (m?/s)
25.7 2 23.1 1.95E-05  1.17E-05  4.5E-16  2.3E-16
28.0 2 22.9 1.86E-05  3.68E-05  13E-15  6.4E-16
30.6 2 23.5 1.94E-05  4.59E-05  1.7E-15  8.7E-16
31.5 2 22.4 2.02E-05  4.70E-05  2.0E-15  9.8E-16
34.6 2 21.6 226E-05  836E-05  43E-15  2.2E-15
39.1 2 21.1 2.60E-05  195E-04  13E-14  6.7E-15
44.0 2 22.3 2.71E-05  430E-04  3.2E-14  1.6E-14
46.9 2 22.4 1.98E-05  1.25E-03  5.0E-14  2.5E-14
48.0 2 20.3 2.69E-05  7.46E-04  55E-14  2.7E-14
50.2 2 23.5 2.81E-05  1.33E-03  1.1E-13  5.3E-14
53.9 2 22.4 237E-05  1.39E-03  7.9E-14  4.0E-14
54.1 2 23.0 2.38E-05  1.17E-03  6.7E-14  3.4E-14
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Table A.2. Tabulated data from Figure 4.4 of 1:1 molar NaCl/sucrose water diffusion
measurements.

%RH +%RH T (°C) r (m) A D,, (m%*/s) D, (m%s)
21.1 1.5 23.3 2.41E-05  5.90E-06  3.5E-16 1.7E-16
25.0 1.5 23.2 2.50E-05  2.02E-05  1.3E-15 6.4E-16
27.0 1.5 23.6 2.51E-05  3.85E-05  2.5E-15 1.2E-15
27.8 1.5 225 2.18E-05  7.86E-05  3.8E-15 1.9E-15
28.3 1.5 243 2.02E-05  1.99E-04  8.2E-15 4.1E-15
322 1.5 24 2.63E-05  3.01E-04  2.1E-14 1.1E-14
32.4 1.5 22.6 2.03E-05  3.74E-04  1.6E-14 7.8E-15
32.5 1.5 24.1 2.53E-05  2.62E-04  1.7E-14 8.5E-15
34.4 1.5 22.9 2.09E-05  1.11E-03  4.9E-14 2.5E-14
37.7 1.5 24.1 221E-05  1.65B-03  8.2E-14 4.1E-14

Table A.3. Tabulated data from Figure 4.7 of 1:1 molar CaCl,/sucrose water diffusion
measurements.

%RH +%RH T (°C) r (m) A D, (m*s) =D, (m%/s)
23.3 23.4 1.5 2.51E-05  1.51E-15  1.5E-15  2.32E-05
24.9 23.5 1.5 2.82E-05  291E-15 29E-15  3.53E-05
27.2 23.1 1.5 3.66E-05  1.55E-14  1.5E-14  1.12E-04
29.4 24.4 1.5 2.46E-05 2.71E-14  27E-14  4.34E-04
31.1 23.4 1.5 2.51E-05  3.35E-14  3.3E-14  5.15E-04
35.5 22.8 1.5 2.73E-05  6.34E-14  6.2E-14  8.27E-04
42.0 22.7 1.5 2.97E-05 148E-13  1.5E-13  1.64E-03

A.2 LabView Data Acquisition (DAQ) Programs
The instrument description found in Chapter 2 describes the application of custom
LabView software for communicating with an assortment of CCD detectors, instruments,

and sensors. The user interface panels for controlling the EDB apparatus are described in

Figures A.2.1 and A.2.2.
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