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Abstract

Aerosol-cloud interactions are one of the largest sources of uncertainty in climate predictions. The process

of ice nucleation in clouds by aerosols containing ice nucleating macromolecules (INMs) is particularly

challenging to predict due to the heterogeneity and complexity of INMs. One quality of macromolecules

that may influence their ice nucleating activity is their aggregation behavior and supramolecular structure,

yet this relationship remains under-investigated in the context of atmospheric ice nucleation. In this

thesis, I explored the effects of aggregation of three micelle-forming surfactants, namely sodium dodecyl

sulfate (SDS), sodium deoxycholate, and Triton X-100, and the biopolymer lignin on ice nucleation in

droplets. The critical micelle concentration (CMC) was measured for SDS, deoxycholate, and Triton

X using three techniques, specifically pyrene fluorescence, conductivity, and dynamic light scattering

(DLS). Experimentally measured CMCs were generally found to agree with literature values. However,

a CMC could not be found for lignin using these methods, suggesting the absence of micelles in lignin

solutions. DLS was additionally used to measure sizes of aggregates in solutions of the four compounds;

SDS, deoxycholate, and Triton X had micelles sizes of approximately 4.68 ± 0.09 nm, 2.10 ± 0.06 nm,

and 10.0 ± 0.1 nm, respectively. SDS, deoxycholate, and lignin also showed presence of larger aggregates

around 100 nm, but Triton X did not. Finally, ice nucleation activity was measured with the Freezing

Ice Nuclei Counter (FINC) and revealed that SDS and deoxycholate solutions froze at temperatures

above the background only for concentrations higher than the CMC. Moreover, lignin solutions were ice-

active at all concentrations although the freezing behavior was non-linear with increasing concentration.

Triton X solutions did not nucleate ice warmer than background freezing in FINC. To explain these

results, I hypothesize that the secondary aggregates may have an essential role in causing increased

freezing temperatures, because Triton X was the only compound not to show secondary aggregates in

the DLS measurements. However, all results reported in this thesis remain preliminary. Replicates of

DLS and freezing experiments are required to strengthen the suggested trends. Other further research

could include analyzing a more extensive set of surfactants and complex organic molecules, as well as

investigating mixed-surfactant systems to relate the results to real atmospheric aerosol better. The

questions addressed and raised in this thesis can help further the community’s understanding of ice

nucleation in cloud droplets by organic matter.
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1 INTRODUCTION

1 Introduction

1.1 Atmospheric ice nucleation

A significant component of the uncertainty in predicting Earth’s climate is aerosols’ effect on clouds

(IPCC, 2013). In particular, some aerosols contain ice nucleating particles (INPs) which cause the freezing

of supercooled cloud droplets. Ice crystal concentrations in clouds influence cloud radiative properties,

including cloud lifetime and albedo (Storelvmo, 2017). Further, the ice phase is a primary initiator

of precipitation; Heymsfield et al. (2020) recently estimated that around 63% of global precipitation

originates from the ice phase. Precipitation is then another processes affecting clouds’ radiative properties

as well as more directly affecting climate. However, it remains a challenge to accurately measure or predict

the number of ice crystals in clouds because of the complexity of the freezing process.

Freezing of liquid cloud droplets can occur spontaneously (<1 s) either homogeneously at around -38 °C
for a 10 µm droplet or at nearly any warmer temperature by heterogeneous nucleation via INPs (Kanji et

al., 2017). Following primary ice formation in a cloud, secondary ice processes can dramatically increase

ice crystal formation, thereby further affecting cloud radiative balance (e.g., Lauber et al., 2018; Mignani

et al., 2019). Despite the importance of INPs, they are rare – only an estimated 1 in 106 particles in the

atmosphere are ice nucleating at -20 °C (DeMott et al., 2010) – and after decades of research, a complete

mechanistic understanding of heterogeneous ice nucleation is still lacking. The unanswered questions

include which substances are effective INPs, and why, when, and how these substances nucleate ice. In

this thesis, I attempt to help tackle these questions, specifically regarding the ice nucleation of organic

surfactant molecules.

1.1.1 Ice nucleation of organic matter

Though INPs traditionally include solid surfaces such as mineral dusts and whole-cell organisms for

which ice can template on the surface of, recent work has found nano-scale ice nucleating macromolecules

(INMs) as well (e.g., Pummer et al., 2012; O’Sullivan et al., 2015; Pummer et al., 2015; Mochizuki et al.,

2017; Borduas-Dedekind et al., 2019; Bogler & Borduas-Dedekind, 2020; Miller et al., 2020). Some of

the first evidence for INMs was of proteins, such as the protein from the highly efficient ice nucleating

bacteria P. syringae (Maki et al., 1974; Govindarajan & Lindow, 1988; Schmid et al., 1997; Morris et al.,

2004). Others have since identified proteinaceous INMs from other bacteria, fungus, soil, and freshwater

(e.g., Gurian-Sherman & Lindow, 1993; O’Sullivan et al., 2015; Pummer et al., 2015; Hill et al., 2016;

Knackstedt et al., 2018; Suski et al., 2018). In addition, known anti-freeze proteins have been found to

be ice nucleating (P. W. Wilson et al., 2010; Qiu et al., 2017; Hudait et al., 2018; Eickhoff et al., 2019).

Proteins are useful INMs to investigate mechanistically because of their often well-defined structure and

function.

Other organic, non-proteinaceous INMs have also been identified in recent years. For example, INMs,

likely carbohydrates, were identified in the washwater of birch pollen by Pummer et al. (2012), Augustin

et al. (2013), and Dreischmeier et al. (2017). Similarly, macromolecular and nano-scale ice nucleating

activity has been detected in sea spray aerosol (e.g., T. W. Wilson et al., 2015; DeMott et al., 2018; Perkins

et al., 2020), freshwater river and lake dissolved organic matter (DOM) (Knackstedt et al., 2018; Moffett

et al., 2018; Borduas-Dedekind et al., 2019), and in soils (e.g., Hill et al., 2016; Suski et al., 2018). More

recently, lignin, an environmentally-abundant macromolecular biopolymer from woody plants, has been

shown to be ice nucleating (Steinke et al., 2019; Bogler & Borduas-Dedekind, 2020; Miller et al., 2020).
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1.2 Surfactants in atmospheric aerosol 1 INTRODUCTION

Thus, there is ample evidence for the ice nucleating ability of biological and organic macromolecules, but

a unifying mechanism for ice-nucleating macromolecules remains elusive.

Much of the theory explaining the “why” and “how” of heterogeneous ice nucleation by biogenic and

organic matter stems from the more well-established theory for mineral dust INPs, namely that a surface

is needed as a template to order water molecules into the ice structure. One significant factor that allows

particles or macromolecules to be ice nucleating is size, as a larger size gives a larger surface. Indeed, it

has been shown that larger sizes of proteins or protein clusters (e.g., Mueller et al., 1990; Pummer et al.,

2015; Eickhoff et al., 2019; Qiu et al., 2019; Cascajo-Castresana et al., 2020) and longer chains of alcohols

(Popovitz-Biro et al., 1994; Ogawa et al., 2009; Qiu et al., 2017) are more efficient ice nuclei. Another

recognized factor for a good ice nuclei is its structural match (or mismatch) to the ice lattice; a better

match to the ice crystal structure leads to more efficient, or warmer, freezing (e.g., Popovitz-Biro et al.,

1994; Qiu et al., 2017). Similarly, the charges and functional groups on the surface of a particle or a

macromolecule aid in ordering the water molecules, especially if these functional groups can participate

in hydrogen bonding (e.g., OH groups) (e.g., Pummer et al., 2015; Glatz & Sarupria, 2016; Abdelmonem

et al., 2017; Qiu et al., 2017; Glatz & Sarupria, 2018; Xue et al., 2019). Still, there is difficulty predicting

ice nucleating activity of any given organic substance or macromolecule because of the interplay of these,

and likely other, factors. Looking into the ice nucleating ability of surfactants, which are a special class

of organic substances that form predictable aggregation structures (micelles), may provide a useful view

into one aspect of INM mechanisms, namely that of the role of supramolecular structure and size.

1.2 Surfactants in atmospheric aerosol

Surfactants are one of the most versatile substances in the chemical industry, used in products such

as detergents, pharmaceuticals, cosmetics, motor oils, paints and inks, and biotechnology (Rosen &

Kunjappu, 2012). Surfactants are also naturally occurring; for example, phospholipids are the basis of

cell membranes, and fatty acids are produced from cell membrane breakdown (Cochran et al., 2016). It

is of no surprise then that both synthetic and biogenic surfactants are present in the environment, and

also in atmospheric aerosol. In fact, several researchers over the years have demonstrated the presence of

surface-active agents in real atmospheric aerosol (Latif & Brimblecombe, 2004; Kiss et al., 2005; Taraniuk

et al., 2007; Asa-Awuku et al., 2008; Baduel et al., 2012; Frka et al., 2012; Cochran et al., 2016; Gérard

et al., 2016; Frossard et al., 2019; Gérard et al., 2019; Sugo et al., 2019). Others have investigated the

role of surfactants in changing the physicochemical properties of atmospheric aerosol, such as Tabazadeh

(2005) and Pfrang et al. (2017). Particularly interesting is the work of Pfrang et al. (2017) which reported

spectroscopically-determined complex three-dimensional self-assembly of surfactants in model aerosols,

demonstrating micelle formation in micro-scale droplets.

The connection between surfactants in aerosol and their effect on cloud droplet formation has also been

investigated (Asa-Awuku et al., 2008; Sareen et al., 2013; Nozière et al., 2014; Petters & Petters, 2016;

Ovadnevaite et al., 2017; Forestieri et al., 2018; Kroflič et al., 2018; Lin et al., 2020). However, there is

yet to be an effort to assess the effect of surfactants on atmospheric ice nucleation within aqueous aerosol.

Some work has investigated the ice nucleation effects of fatty acid and fatty alcohol films and monolayers

on aerosol drop surfaces (DeMott et al., 2018; Perkins et al., 2020), though films are of a different

phase than dissolved or micellar surfactant solutions. If surfactant concentrations are high enough, the

surfactant molecules will not only be on the surface. They will also start to form micelles within the

droplet, as Pfrang et al. (2017) demonstrated, and these micelles may aid in ice nucleation. There is one

such paper by Kuwabara et al. (2014) which assessed the ice nucleating ability of a series of surfactants

2



1 INTRODUCTION 1.3 Surfactants and micelles

in solution mixed with two other known INPs, a bacteria and silver iodide, and unintentionally found

that many of the surfactants were capable of ice nucleation on their own. Together, these studies provide

compelling motivation to investigate the ice nucleating ability of surfactants and to probe the relationship

between ice nucleating ability and self-assembled supramolecular structure.

1.3 Surfactants and micelles

Surfactants, so-called “surf ace-act ive agents,” are substances that, at low concentrations, significantly

alter the interfacial free energies of a system by adsorbing to the interfaces (Rosen & Kunjappu, 2012). In

other words, for an air-water system, a surfactant in the aqueous phase will preferentially arrange at the

surface and lower the surface tension of water. Surfactants behave in this way because of their amphiphilic

molecular structure. Amphiphilic molecules consist of a hydrophobic group, repellent to water, and a

hydrophillic group, attracted to water; typically these are called a polar “head” and a nonpolar “tail” (Fig.

1) (Nesměrák & Němcová, 2006). However, the tail is not always a straight-chain alkyl group, but can also

consist of branched alkyl groups, cyclic alkyls, aromatic rings, polysiloxanes, perfluoroalkyl groups, and

more (Rosen & Kunjappu, 2012). The hydrophobic group distorts the structure of water by interfering

with hydrogen bonding, so the molecules are expelled to the surface to minimize the disruption. The

hydrophillic groups, however, prevent the surfactant molecules from forming their own separate phase (as,

for example, oil behaves when mixed with water) (Rosen & Kunjappu, 2012). Therefore, the surfactant

molecules orient themselves on the surface with their nonpolar groups up toward the essentially nonpolar

air, which increases the similarity between the liquid and air phases, thus reducing the surface tension

(Rosen & Kunjappu, 2012).

Surfactant molecules also tend to form micelles, or regularly-shaped clusters of molecules in solution, at

a certain concentration (Rosen & Kunjappu, 2012). After the amphiphilic surfactant molecules saturate

the interface, the bulk-solution molecules begin to associate with each other, minimizing exposure of

the hydrophobic moieties to water. They thus form micelles, with the hydrophillic tail directed outward

toward the water and the hydrophobic head on the interior (Fig. 1) (Nesměrák & Němcová, 2006;

Rosen & Kunjappu, 2012). The concentration at which micelles start to form is termed the critical

micelle concentration, or CMC (Fig. 1). The CMC is defined by IUPAC (1997) as the “relatively small

range of concentrations separating the limit below which virtually no micelles are detected and the limit

above which virtually all additional surfactant molecules form micelles.” The CMC is thus operationally

defined with the method of choice, where the measured property is characteristically different below

and above the CMC (IUPAC, 1997) (see also Section 1.3.1). The value of the CMC is unique to every

micelle-forming surfactant and depends on molecular structure, solvent properties, temperature, and the

presence of other substances (Nesměrák & Němcová, 2006; Rosen & Kunjappu, 2012). Additionally,

above the CMC, increases in concentration and temperature changes may cause changes in the size and

shape of the micelle. The micelle shapes may vary from spherical to rod-like, disk-like, and lamellar

shapes with increasing concentration, and the micelles may further aggregate into larger secondary or

tertiary aggregates (Rosen & Kunjappu, 2012).

Though micelle-forming compounds are typically the only types of compounds to be considered as sur-

factants, there are also many other compounds that lower the surface tension of water. In fact, nearly

any water soluble organic substance interferes with water’s hydrogen bonding, which is responsible for

water’s high surface tension. This interference is evident when measuring the surface tension of organic

solutions of increasing concentration (Gérard et al., 2019). Indeed, considerable research has reported

lowered surface tension due to a range of organic compounds, for example, carboxylic acids, fulvic acids,

3



1.3 Surfactants and micelles 1 INTRODUCTION

Figure 1: Diagram of the equilibrium between micelles and monomers in solution (left) and the relationship between the

concentration of monomers and micelles in solution with increasing total concentration (right). Adapted from Nesměrák

and Němcová (2006).

and humic-like substances (HULIS) (e.g., Guetzloff & Rice, 1994; Kawahigashi & Fujitake, 1998; Kiss

et al., 2005; Tabazadeh, 2005; Taraniuk et al., 2007; Tuckermann, 2007; Sugo et al., 2019). These other

types of compounds likely do not form micelles, or at least not the regularly shaped and sized micelles as

they are traditionally thought of, though this has been debated (e.g., Guetzloff & Rice, 1994; von Wan-

druszka, 1998; Swift, 1999). Because of the more complex and heterogeneous molecular structures, the

formed aggregates are also likely irregular and heterogeneous in size and shape (Wershaw, 1999; Piccolo,

2001; Devarajan et al., 2020).

1.3.1 Techniques for characterizing surfactants and micelles

The study of surfactants has been ongoing for decades, and there are thus many different established

methods for characterizing surfactants and measuring their CMCs. The methods for CMC determination

can be broadly split into two classes: direct and indirect measurements (Nesměrák & Němcová, 2006).

Direct measurements are those that measure a change of a property of the solution which changes with

increasing concentration of the micelle-forming surfactant. A discontinuity of the signal vs. concentration

plot gives the CMC (Fig. 2) (Nesměrák & Němcová, 2006). These methods include measuring surface

tension, electrical conductivity, osmotic pressure, and turbidity (Fig. 2). Indirect measurements are those

that measure a property of another substance, a probe, in the micelle-forming surfactant solution, where

the property of the probe changes with increasing concentration (Nesměrák & Němcová, 2006). Indirect

methods include voltammetric and spectrometric measurements.

The methods used in this thesis for CMC determination include the indirect measurement of pyrene

fluorescence (Section 1.2.2.1) and direct measurements of electrical conductivity (Section 1.2.2.2) and

dynamic light scattering (Section 1.2.2.3).

1.3.1.1 Pyrene fluorescence 1:3 method

Pyrene is a fluorescent, hydrophobic molecule which is often used to probe micellar systems and to de-

termine the CMC (e.g., Kalyanasundaram & Thomas, 1977; Kalyanasundaram, 1988; Kogej & Škerjanc,

1999; Aguiar et al., 2003; Pan et al., 2008; Kumar et al., 2015; Piñeiro et al., 2015). When a hydrophobic

probe like pyrene is transferred from an aqueous environment to a micellar solution, the change in mi-

croenvironment around the probe is reflected in a change in its fluorescent intensity. Maximum changes

in intensity occur when surfactant concentrations are at or near the CMC (Kalyanasundaram, 1988).

4



1 INTRODUCTION 1.3 Surfactants and micelles

Figure 2: Examples of different methods for measuring the CMC of a compound, and how the signal response for each

method changes with concentration. Measurements include osmotic pressure, turbidity, surface tension, molar conductivity,

and voltammetry. Reprinted from Nesměrák and Němcová (2006).

Specifically, the “pyrene 1:3 method” utilizes the ratio of fluorescent intensities at pyrene’s first and third

vibronic bands of 373 and 384 nm, respectively. A plot of the 1:3 ratio versus surfactant concentration

gives a characteristic sigmoidal curve that is used for determining the CMC (Fig. 3). The 1:3 ratio

curve below the CMC corresponds to pyrene experiencing a hydrophillic environment. As the surfactant

concentration increases, pyrene experiences an increasingly hydrophobic environment, reflected in the 1:3

ratio decreasing in a sigmoidal shape, until above the CMC where the 1:3 ratio stabilizes (Fig. 3). This

stabilization at a constant value indicates that the pyrene molecules are completely incorporated into

the micelles’ hydrophobic core (Zana et al., 1998; Aguiar et al., 2003). By fitting the curve to a sigmoid

function, the CMC can be identified by one of two methods, according to Zana et al. (1998) and Aguiar

et al. (2003): 1) for “very low” CMCs (below 1 mM), the inflection point of the sigmoid is taken as the

CMC, or 2) for “higher” CMCs (above 1 mM), the CMC is equal to the x-value at the intercept of the line

tangent to the inflection point and the line tangent to the constant post-CMC value (Fig. 3) (Aguiar et

al., 2003). The reason for the difference is about how steep the sigmoidal decay is, or how quickly pyrene

fully partitions to the hydrophobic phase. Zana et al. (1998) explains that low-CMC surfactants have a

shallower sigmoidal decrease than high-CMC surfactants, due to a difference in the relative volume of the

hydrophobic phase; in low-CMC surfactant systems, a concentration higher than the CMC is required to

reach a volume of hydrophobic phase large enough for pyrene to completely partition into, and thus a

shallower sigmoidal decrease is observed.

1.3.1.2 Conductivity

Conductivity is a common technique for CMC determination, as it is relatively simple and requires

inexpensive instrumentation (Nesměrák & Němcová, 2006). As micelles form in a surfactant solution,

the conductivity trend of the solution changes. When conductivity is plotted against total surfactant

concentration, there is a change in slope at the CMC (Fig. 4). Obtaining the CMC from the data is,

however, not trivial. One simple method is to find the intersection of two linear regressions formed before

and after the CMC (Inoue et al., 2007; Perger & Bešter-Rogač, 2007; Kumar et al., 2015). Despite it being

one of the more common ways to determine the CMC, this method is less accurate and less reproducible

because it is the user’s choice for how many data points to include in the regressions below and above

the transition, and it becomes less accurate for compounds with a more gradual transition (Carpena

et al., 2002). More quantitatively, one can also calculate the second derivative of the concentration-

versus-conductivity data, fit the data to a Gaussian curve, and then take the CMC as the minimum of

the Gaussian (Pérez-Rodŕıguez et al., 1998). Alternatively, Carpena et al. (2002) recommends using the

5



1.3 Surfactants and micelles 1 INTRODUCTION

Figure 3: Characteristic decreasing Boltzmann-type sigmoid curve of a pyrene fluorescence experiment, with the pyrene 1:3

ratio plotted versus the surfactant concentration. The two methods of CMC determination, as reported in Aguiar et al.

(2003), are represented as (xCMC)1, which is the center of the sigmoid, and (xCMC)2, which is the intersection of the two

straight lines y2 = A2 and y3 = f(x). Reprinted from Aguiar et al. (2003).

first derivative, fitting a Boltzman-type sigmoid curve, and taking the CMC as the center of the sigmoid

curve. The various methods result in small but not insignificant differences in the determined CMC, and

it is essential to be consistent for comparisons.

Figure 4: Conductivity K versus concentration c (mM) of a long-chain imidazolium ionic liquid (1-Tetradecyl-3-

Methylimidazolium Bromide) at different temperatures, where the change in slope is apparent and occurs at the critical

micelle concentration. Reprinted from Inoue et al. (2007).

1.3.1.3 Dynamic light scattering (DLS)

The dynamic light scattering (DLS) technique gives particle size information by measuring the scatter of

light from suspended particles diffusing in solution (Hallett, 1994; Berne & Pecora, 2000; Cieśla et al.,

2013; Malvern Instruments, 2013). The intensity of light scattered depends on a particle’s position, which

changes in time due to Brownian diffusion motion. Since Brownian diffusion is size-dependent, a particle

size distribution can be obtained from the fluctuation of detected light intensity over time (Fig. 5) (Cieśla

et al., 2013; Malvern Instruments, 2013) .
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Figure 5: Schematic of the possible data output of a dynamic light scattering (DLS) measurement for small and large

particles. The scattered light intensity is measured from an incident laser beam on a suspension in a sample cuvette. The

correlation function is based on the scattered light intensity over time, and the size distribution is calculated from the

correlation function. Adapted from Malvern Instruments (2020).

The time-dependent fluctuations of intensity are evaluated with an instrument component called a digital

correlator, which measures the degree of similarity between two signals over varying time lags (on the

scale of nanoseconds to seconds) (Malvern Instruments, 2013). The correlator produces a “correlation

function” (G2(τ)) of the intensity signal, which decreases exponentially with the time lag τ , assuming a

monodispersed particle population:

G2(τ) = A[1 +B ∗ exp(−2Γτ)] (1)

where A is the time-independent constant, proportional to the squared mean scattered light intensity, B

is a coefficient characteristic of the apparatus, and Γ is the speed of the correlation function decay (Cieśla

et al., 2013). The speed of the correlation function decay Γ is proportional to the apparent diffusion

coefficient Dapp, described by the equation:

Γ = Dapp ∗ q2 (2)

where q is the factor of the scattering vector:

q =
4πn

λ0
sin(θ/2) (3)

where n is the refractive index of the solvent, λ0 is the length of the laser beam wave in a vacuum, and

θ is the angle of the laser (Cieśla et al., 2013). Finally, the apparent diffusion coefficient Dapp is related

to the particle’s apparent hydrodynamic radius Rh,app by the Stokes-Einstein equation:

Dapp =
kBT

6πηRh,app
(4)

where kB is the Boltzmann constant, T is the temperature, and η is the solvent viscosity (Cieśla et al.,

2013).

When running a DLS measurement, the light intensity per second (or photon count rate) and the corre-

lation function G2(τ) are reported graphically in real-time (see for example in Fig. 5). A measurement

includes a set number of runs, where a “run” is the set amount of time for which a correlation function

is produced. For example, a measurement can have 10 runs of 20 seconds each, where a correlation

7



1.3 Surfactants and micelles 1 INTRODUCTION

Figure 6: Example of a number, volume, and intensity size distribution with a bimodal particle size population, depicting

the favoring of large particle sizes in the intensity distribution. Reprinted from Malvern Instruments (2013)

.

function is produced with the count rates over every 20 seconds. Then, at the end of the 10 runs, the 10

correlation functions are averaged to give one correlation function. Thus, the output data includes the

average correlation function, the average count rate, the average apparent hydrodynamic diameter, and

size distributions.

The primary size distribution is an intensity distribution (Fig. 5 and Fig. 6), which is weighted by

the scattering intensity of each particle size class. The intensity distribution can be converted to a

volume distribution using Mie theory, which can further be converted to a particle number distribution

(Fig. 6) (Malvern Instruments, 2013). While the intensity distribution is closest to the raw data, it can

appear misleading because it favors the larger sizes, as the relative scattered intensity of a particle is

proportional to the particle’s diameter to the sixth power (Fig. 6). In contrast, the relative volume of

particles is proportional to the particle’s diameter to the third power, and the relative number of particles

is not proportional to the particle’s diameter (Fig. 6). It is useful to look at all three size distributions,

since they each convey complimentary information. Note, however, that the intensity distribution is

technically the most accurate, because the conversion into volume and number distributions hinges on

the assumptions that the particle population is made of spherical, homogeneous, and isotropic particles

whose optical properties (refraction index and absorbance) are known, and that the correlation function

data is of good quality (Malvern Panalytical, 2020). Nevertheless, the size information given from the

three distributions can be valuable for comparisons between samples.

Finally, DLS measurements also provide information to estimate the CMC of a surfactant by plotting

the change in average count rate over increasing concentration. At concentrations below the CMC, the

count rate is low and unchanging, and then increases linearly starting at the CMC (Fig. 7) (Topel et al.,

2013; Horiuchi & Winter, 2015).
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Figure 7: Intensity (average count rate in kilo counts per second, kcps) versus surfactant concentration (mol/L ∗ 10−6) as

obtained by DLS measurements for an amphiphilic surfactant, polybutadiene-block-poly(ethylene oxide) diblock copolymer.

The CMC is at the point where the intensity starts increasing linearly. Reprinted from Topel et al. (2013).

1.4 Goals of this thesis

Ice nucleation affects clouds and thus climate, but open questions remain on the mechanism of heteroge-

neous ice nucleation by organic matter. At the same time, surfactants are known components of atmo-

spheric aerosol and there are established methods for characterizing surfactants and their supramolecular

properties.

In this thesis, I investigated the role of aggregation and supramolecular structure on ice nucleation.

Building on the theories that a surface is required to template ice and that larger sizes are more efficient

ice nuclei, I hypothesized that organic molecules that form aggregates can template ice, especially when

they aggregate to form large sizes. For example, proteins have been shown to be more ice active in

their aggregated cage-like form, which can be induced by pH changes (Cascajo-Castresana et al., 2020).

Surfactants that form micelles are thus a useful model to examine aggregation and ice nucleation, and

there is limited evidence of how micelle-forming substances potentially present in organic aerosols can act

as ice nuclei (Kuwabara et al., 2014). This thesis explores the connection between micellar aggregations

and ice nucleation explicitly for the first time. The aggregation properties of three micelle-forming surfac-

tants – sodium dodecyl sulfate, sodium deoxycholate, and Triton X-100 – and the humic-like substance

lignin were analyzed with pyrene fluorescence, conductivity, and dynamic light scattering to measure

their CMCs and their aggregation sizes. The ice nucleating ability of the four compounds was then mea-

sured with an immersion freezing technique, and their freezing behaviors were compared to their micellar

properties.

2 Methods

2.1 Chemicals

2.1.1 Standard surfactants

Three common surfactants were studied for their micellar properties and their ice nucleating abili-

ties: sodium dodecyl sulfate (SDS) (Sigma Aldrich, 436143), sodium deoxycholate (Acros Organics,

218591000), and Triton X-100 (Sigma Adlrich, T8787) (Fig. 8). SDS is a synthetic anionic surfactant

used in many cleaning and hygiene products, and the CMC is between 6.3 - 8.8 mM at 25°C (Table

1) (Mukerjee & Mysels, 1971). Sodium deoxycholate is the salt of a bile acid and is used as an anionic

detergent to solubilize cells. It has a reported CMC of 2.4 - 10 mM at 25°C (Table 1) (Matsuoka & Moroi,

2002). Finally, Triton X-100 is a synthetic nonionic surfactant also used as a detergent in biological appli-
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2.1 Chemicals 2 METHODS

cations, with a CMC of 0.2-0.3 mM at 20-20°C (Table 1) (Zhang et al., 2010; Thakkar et al., 2015; G.-Y.

Wang et al., 2017). A range of CMC values is reported because the CMC generally varies depending on

which method is used for CMC determination (Mukerjee & Mysels, 1971). Molecular weights reported

from their production company were used: 288.38 g/mol for SDS, 414.58 g/mol for deoxycholate, and

625 g/mol for Triton X.

Figure 8: The three standard surfactants studied here. From left to right: sodium dodecyl sulfate (SDS), sodium deoxy-

cholate, and Triton X-100.

Table 1: Literature CMC values of the surfactant compounds used in this thesis.

Compound CMC at 25°C (mM) Reference

Sodium dodecyl sulfate (SDS) 6.3 - 8.8 e.g., Mukerjee and Mysels (1971)

Sodium deoxycholate 2.4 - 10 e.g., Jover et al. (1996), Matsuoka and Mo-

roi (2002), Kumar et al. (2015)

Triton X-100 0.15 - 0.37 e.g., Mukerjee and Mysels (1971),

Dharaiya and Bahadur (2012), Thakkar

et al. (2015)

Lignin none

2.1.2 Lignin

In addition to well-characterized surfactants, lignin (low-sulfonate alkali kraft lignin, average molecular

weight 10000, Sigma Aldrich, 471003,) was studied in this thesis as a more complex and atmospherically-

relevant organic macromolecule. Lignin is a biopolymer (Fig. 9) found in woody plants accounting

for about 30% of all organic carbon in the environment (Boerjan et al., 2003). Lignin is a humic-like

substance, which are known environmental surfactants (Taraniuk et al., 2007; Tuckermann, 2007; Gérard

et al., 2016; Gérard et al., 2019; Sugo et al., 2020). In addition, lignin has previously been shown to be ice

nucleation active (Steinke et al., 2019; Bogler & Borduas-Dedekind, 2020; Miller et al., 2020), therefore

a good candidate for analysis of correlating surfactant properties to ice nucleation ability.

Figure 9: Example molecular structure of lignin.
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2.2 Sample Preparation

All solutions were prepared by weighing material into sterile plastic tubes (Eppendorf or Falcon) and

diluting with microbiology-free reagent water (Sigma Aldrich, W4502; SA water). All solutions were

vortexed and sonicated until complete solubilization (no visible particles remaining in solution) and

then left at room temperature overnight or until the foam and bubbles disappeared. For DLS and ice

nucleation experiments, solutions were then filtered through a 0.2 µm sterile PES syringe filter (Whatman,

GE Healthcare Life Sciences) to remove contaminating dust or other larger particles. For all molecules

except lignin, which was previously shown to have stable ice nucleating activity over time (Miller et al.,

2020), solutions were prepared no longer than 48 hours before analysis by any of the following methods

and were stored at room temperature.

2.2.1 Tests to determine best method of sample preparation

Sample preparation is crucial for ice nucleation experiments, as any small amount of contamination can

cause early freezing. A review by Polen et al. (2018) has looked explicitly into water contamination in

ice nucleation experiments. My previous work also investigated non-homogeneous freezing behavior in

FINC, suggesting possible effects of the tray shape and material (Miller et al., 2020). Here, I evaluated

the impact of using glassware versus sterile plastic tubes for sample preparation. Samples prepared

in glassware cleaned with 3x water, 3x acetone, and heating to 120°C were shown to have higher ice

nucleating activity than samples prepared in sterile plastic tubes (Fig. 10) The glassware may have been

contaminated with substances from previous use which was not removed in the cleaning procedure. The

plastic tubes, however, are single-use, minimizing sources of contamination. Therefore, I used the plastic

tubes for sample preparation and storage.

Figure 10: The median freezing temperature (T50) of Triton X solutions of varying concentration and preparation methods.

Replicate concentration series in cleaned glassware (purple and dark blue markers) and replicate concentration series in

plastic tubes (light blue and green markers) demonstrate the issues of reproducibility.

2.3 Ice nucleation experiments with Freezing Ice Nuclei Counter (FINC)

The home-built drop Freezing Ice Nuclei Counter (FINC) was used to measure the ice nucleating ability

of the various surfactant solutions of interest, as described in Miller et al. (2020). FINC uses an ethanol

bath to cool microliter-sized sample aliquots to −32 °C, while a camera records freezing from above (Fig.

11
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11a,b). In a laminar-flow fumehood to prevent contamination from lab air, samples were pipetted into

96-well Piko PCR plates, pre-cleaned for one hour at 120 °C. The pipetted volume depended on the

sample; for samples with very low ice activity (i.e., very near the background limit), larger volumes were

required to be able to detect freezing above the background. Here, volumes of 5 µL were used for lignin

and SDS, and 10 µL for Triton X and deoxycholate. After preparation, the trays were placed inside the

ethanol bath, with a plexiglass cover to prevent contamination during an experiment. The wells in the

bath were illuminated from below with an LED-array. The bath was then ramped down from 0 °C to

−32 °C at a rate of 1 °C/min while the camera recorded photos every 0.2 °C. At the same time, the

ethanol bath level height was continuously kept constant to ensure the wells were always sufficiently

submerged; a level sensor measured the height of the bath, and a peristaltic pump was programmed to

move ethanol between the bath and an ethanol reservoir (Fig. 11c), to counteract the effect of ethanol

density increasing at lower temperatures.

After each experiment, the photographs were analyzed for freezing. The process is based on the principle

that frozen water scatters light significantly more than liquid water. For example, a frozen well appears

dark compared to an unfrozen well (Fig. 11d). To start the data analysis, a Circular Hough transform

algorithm, as described in David et al. (2019), was implemented to locate the wells on the images auto-

matically. When this method failed to select the wells accurately, there was also an option for manual

well-alignment. Once the wells were located, the average pixel intensity was calculated per well per image,

from which an intensity profile as a function of temperature was generated. Finally, the greatest change

in light intensity was attributed to the freezing temperature. The data output for each experiment then

was a vector of these 288 freezing temperatures, which could be used for all further analysis and data

visualization.

Figure 11: (a) Photograph of FINC. (b) Computer-aided design (CAD) software model of the movable structure placed

inside the Lauda bath. The circled numbers correspond to the following components: (1) chip-on-board LED-array, (2)

thin polytetrafluoroethylene sheet, (3) camera, (4) three clear Piko™ PCR trays, (5) level sensor, (6) peristaltic pump, (7)

Arduino board and stepper motor driver, (8) ethanol reservoir, and (9) Plexiglas plate. (c) Flow chart of the bath leveler

control setup. (d) Image of two of the three trays taken by the FINC camera showing the difference in light intensity

between the liquid (circled in red) and frozen (circled in blue) wells used for freezing temperature detection. Reprinted from

Miller et al. (2020).
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2.4 Micelle probing experiments

2.4.1 Pyrene fluorescence 1:3 method

Pyrene fluorescence experiments were performed based on the method by Aguiar et al. (2003). A 100 µM

pyrene solution was prepared by weighing 1.0 mg of pyrene into 90:10 acetonitrile:water; the solution

was stored in the fridge at 4 °C. For each surfactant, a dilution series was prepared, with at least 10

concentrations ranging from below to above the expected CMC from the literature (Table 1); for lignin

a concentration series was prepared spanning the range of its solubility in water (up to 2000 mg/L). The

pyrene solution was then spiked into the surfactant solutions to obtain a final pyrene concentration of

2 µM. Every sample was gently shaken to ensure complete mixing of the solutes. Finally, 200 µL of each

solution was pipetted in triplicates into a black polystyrene 96-well plate (Nunc™ F96 MicroWell™, Thermo

Fisher). The prepared trays were covered and brought to the Tecan Infinite® 200 PRO Microplate Reader

(Tecan, Switzerland) to be analyzed. The fluorescence method on the plate reader used an excitation

wavelength of 335 nm and measured fluorescent intensity at 373 and 384 nm. Each well was measured

in triplicate, and all measurements were conducted at a set temperate of 29 °C. The output data were

intensities of both fluorescent wavelengths for each of the replicate excitations of each sample well. For

calculating the CMC based on the pyrene 1:3 ratio, the ratio of the intensity at 373 nm to the intensity

at 384 nm was calculated and plotted against surfactant concentration, as shown in Figure 3.

2.4.2 Conductivity

Conductivity was measured for SDS, sodium deoxycholate, and lignin. Note that Triton X is nonionic

and thus has a conductivity of 0 µS/cm. Measurements were made using an Oakton Waterproof CON

150 portable conductivity meter (Fisher Scientific). The Oakton conductivity meter has a one-point-

per-range calibration, a conductivity resolution of 0.01 µS/cm to 0.1 mS/cm, and an accuracy of ±1%.

It also measures temperature in the range of -10 to 110°C with a resolution of 0.1 and an accuracy of

±0.5°C. For the conductivity experiments, samples were kept at the desired temperature by submerging

them inside an ethanol cooling bath while simultaneously stirring by hand with the conductivity probe.

To obtain a concentration series for each surfactant, a sample container was first filled with 20 mL

of MilliQ water and brought to the desired measurement temperature (25, 15, 10, 5, or 0 °C). Then,

a small amount (e.g., 100 - 1000 µL depending on the desired final concentration) of a concentrated

surfactant solution was added in steps to slowly increase the concentration in the sample container. In

between each addition, the sample was stirred, and the conductivity measurement was recorded only when

both the temperature and the conductivity reading stabilized, typically after 2-5 minutes. In between

each concentration series, the Oakton probe was rinsed with MilliQ water and dried to prevent cross-

contamination or unintended dilution. The CMC was obtained through inflection point analysis of the

conductivity versus concentration plot.

2.4.3 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) was the final method used to determine the CMC, with the additional

ability to measure the size of the micelles or agglomerates. Here, DLS measurements were done with a

Malvern Zetasizer Nano SZ (Malvern Panalytical). The measurement range for particle size is 0.3 nm

to 10.0 µm in diameter, with an accuracy of ± 2% and a precision of ± 2%. The Zetasizer uses a

He-Ne laser at 633 nm and a measurement angle of 173°. Using a 173°angle is known as backscatter

detection. It is part of a new technology called Non-Invasive Back-Scatter (NIBS), which is advantageous
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over the previously common 90°angle because it can be used on higher concentration samples, there is

reduced multiple-scattering effects, and there is reduced scattering by larger foreign particles (Malvern

Instruments, 2013). All measurements were done at 25 °C. For each sample, three measurements of 10 by

20-second runs were taken to assess the reproducibility and stability (over 200 seconds) of the suspension.

The instrument and software automatically determines the best attenuation level to obtain backscatter

intensities in the proper range for analysis. The attenuator modifies the laser intensity, and can be set

to a level between 1 and 11, where 11 is the maximum attenuation, used for more dilute samples. The

attenuation used for each sample was recorded with each measurement.

For CMC and particle size determination, a dilution series of the surfactants of interest were prepared,

ranging from below to above the expected CMCs (see Table 1). Directly before analysis in the Zetasizer,

samples were pipetted into disposable plastic cuvettes, and then taken out with a syringe and filtered

through a 0.22 µm Nylon filter in three cycles to ensure all contamination of larger particles from the

cuvette were removed, as these can significantly interfere with the backscatter signal. The highest concen-

tration was then measured first, using the “automatic attenuation” setting to automatically determine

the best attenuation level for the sample series. The lower concentrations in the dilution series were

then measured with the “manual attenuation” setting, with the attenuator set to the same level as the

initial sample, to allow for direct comparison of the count rate between the different concentrations. All

measurements were done in triplicate, with each measurement containing 10 runs of 20 seconds each.

Finally, the average count rate for each measurement was plotted against the surfactant concentration to

obtain the CMC.

The mean particle size of micelles within a sample was obtained from the reported average hydrodynamic

diameter and the given size distributions. However, the size information is less reliable for concentrations

near or below the CMC because there are too few micelles. Therefore, in addition to the dilution series

in the CMC range, a few samples of much higher concentration (e.g., 10 to 100 times higher, depending

on solubility limitations) were prepared and measured with “automatic attenuation” to obtain more

reproducible and accurate sizes.

3 Results

3.1 Pyrene fluorescence experiments

The pyrene fluorescence 1:3 method was used to measure the CMC of the three known micelle-forming

surfactants and of lignin. For SDS, deoxycholate, and Triton X, a sigmoidal curve fit was obtained by

plotting the pyrene fluorescence 1:3 ratio versus the surfactant concentration (best examples for each are

shown in Fig. 12a, 12b, 12c; results from all measurements are in Appendix Fig. A1, A2, A3). The

CMC was determined according to Aguiar et al. (2003), using both CMCmethod1 (CMC as the center of

the sigmoid) and CMCmethod2 (CMC as the intersection of two tangent lines on the sigmoid, see Section

1.3.1.1); the values obtained from both analysis methods are reported in Table 2 for each compound. The

CMCs of SDS, deoxycholate, and Triton X obtained fit well within the range of CMC values reported

in the literature (Table 2). It should be noted again that Aguiar et al. (2003) recommend CMCmethod1

as the most appropriate method for Triton X because the CMC is less than 1 mM, and CMCmethod2 as

the most appropriate for SDS and deoxycholate because their CMCs are greater than 1 mM. Indeed for

Triton X, CMCmethod1 gives a CMC that more closely fits the literature values.

For lignin, however, the fluorescence of pyrene did not behave as the other surfactants. In fact, the
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3 RESULTS 3.1 Pyrene fluorescence experiments

1:3 ratio versus concentration did not give a decreasing sigmoidal curve, but rather led to an increasing

logarithmic curve (example shown in Fig. 12d, two replicate experiments in Appendix Fig. A4). Because

a sigmoid cannot be fit to this data, a CMC could not be obtained. To investigate the result further, the

pyrene fluorescent intensity at each wavelength over increasing lignin concentration was compared to the

same of deoxycholate (Fig. 13). In the deoxycholate concentration series, the fluorescence of pyrene at 384

nm (Peak 3) in water was approximately 2600 Relative Fluorescence Units (RFU). As the concentration

of deoxycholate increased and approached the CMC, the pyrene fluorescence remained below 3000 RFU,

and subsequently increased logarithmically to 14000 RFU (Fig. 13). However, in the lignin solutions, the

fluorescence of pyrene at 384 nm decayed with increasing lignin concentrations to 700 RFU (Fig. 13).

This discrepancy might be explained by the interference of lignin with pyrene fluorescence, particularly

since lignin absorbs in the wavelength range of the excitation and fluorescent wavelengths (see Appendix

Fig. A5). It should also be noted that two control measurements of lignin at 500 mg/L and 1500 mg/L

without pyrene showed that lignin itself did not fluoresce (Fig. 13). Three possible explanations for the

decreasing fluorescence of pyrene observed in Figure 13 are that 1) the excitation of pyrene molecules is

inefficient with increasing lignin concentration because lignin absorbs the incoming photons; 2) pyrene

is excited but rather than fluorescing, it transfers its energy to lignin, or 3) pyrene is excited, but the

fluoresced photons are absorbed by lignin and do not reach the detector. Any of these scenarios, or a

combination thereof, could explain the observed decrease in fluorescence. Further, because of lignin’s

interference with pyrene fluorescence, one may not be able to observe micelle formation in these solutions

if it were present.

In summary, the pyrene 1:3 method successfully demonstrated micelle formation and allowed for the

calculation of the CMC of SDS, deoxycholate, and Triton X. Unfortunately, the method was inappropriate

for probing aggregates or possible micelles of lignin due to the likely interference of lignin’s absorbance

in the relevant wavelengths.

Table 2: CMC values obtained by the pyrene fluorescence, reported by using either CMCmethod1 and CMCmethod2, with

literature values for reference. Average ± standard deviations of three trials are reported for SDS and deoxycholate, and

averages of two trials are reported for Triton X.

Compound Lit. CMC (mM) CMCmethod1 (mM) CMCmethod2 (mM)

SDS 6.3 - 8.8 6.98 ± 0.43 8.04 ± 0.48

Deoxycholate 2.4 - 10 4.20 ± 1.64 7.2 ± 0.3

Triton X 0.15 - 0.37 0.35 0.51

Lignin None None None
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Figure 12: Pyrene fluorescence 1:3 ratio versus concentration for a) SDS, b) deoxycholate, c) Triton X, and d) lignin. The

I1/I3 ratio (y-axes) is the ratio of fluorescent intensities at 373 and 384 nm wavelengths. Markers indicate experimental

values in triplicate at each concentration, and curves are a sigmoid fit through the data (only in a, b, c). Replicates 1, 2, and

3 (dark to light blue) indicate results of identical solutions pipetted into three different wells. Samples at each concentration

contain 2 µM pyrene.
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Figure 13: Comparison of the fluorescent intensities (in Relative Fluorescence Units RFU)) of Peak 3 at 384 nm versus

concentration for deoxycholate (left) and lignin (right). Replicates 1, 2, and 3 (dark to light blue) indicate results of identical

solutions pipetted into three different wells. Samples at each concentration contain 2 µM pyrene, except for controls at 18.5

mM deoxycholate and at 500 and 1500 mg/L lignin in which no pyrene was added.
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3.2 Conductivity experiments

The second method used to measure the CMC of each compound was conductivity. The electrical

conductivity of a concentration series was measured for SDS at 25, 15, 10, 5, and 0 °C (Fig. 14a), for

deoxycholate at 25, 15, and 0 °C (Fig. 14b), and for lignin at 25 and 0 °C (Fig. 14c). Triton X is

non-ionic and thus its CMC could not be measured using this method. The conductivity method only

worked effectively for SDS, and thus further temperature experiments with deoxycholate and lignin were

not pursued.

The CMC was determined by fitting a sigmoid curve to the first derivative of conductivity versus con-

centration (Fig. 14). Other data analysis techniques suggested in the literature were attempted (e.g.,

fitting a Gaussian to the second derivative as in Pérez-Rodŕıguez et al. (1998)), but the sigmoidal method

was used and deemed most appropriate because of a well-fitting curve. This method was successful in

identifying the CMC for SDS (Figure 15a). The CMC values for two trials of SDS at 25 °C were 7.95

and 7.60 mM, in agreement with the range of literature values (Table 2). The CMC values of SDS at the

other temperatures measured are reported and discussed in Section 3.2.1.

For deoxycholate, however, the conductivity-concentration data was linear (R2 range of 0.996 to 1 for all

trials and temperatures; Fig. 14b); the first derivative showed an evenly scattered, shapeless distribution

(Fig. 15b). Therefore, a CMC could not be determined. The reason for the linear behavior is unclear,

as Kumar et al. (2015) for example reported success using the conductivity method to find the CMC for

deoxycholate. One plausible explanation that I investigated was the possibility of a kinetic component

to micelle formation. I hypothesized that more time between the addition of the surfactant and the

conductivity measurement could be needed for the micelles to form. To test this hypothesis, an experiment

was performed where the conductivity was measured for five concentrations (0, 3.4, 8.7, 11.1, and 13 mM)

and where the solution was left undisturbed for 1 hour following each subsequent surfactant addition.

The conductivity was measured before and after 1 hour, rather than after 2-5 minutes as in previous

experiments, to test the kinetics of micelle formation. A one hour timespan was chosen because the

solutions rested for approximately one hour during the pyrene fluorescent experiments (Section 3.1),

where deoxycholate’s CMC could be measured. However, after 1 hour, the conductivity did not change.

The resulting conductivity-concentration curve was still linear (R2 = 0.9997) and matched the previous

experiments (Fig. A6).

The conductivity experiments with lignin also produced linear curves for both trials of both temperatures

(the lowest R2 was 0.9982; Fig. 14c). Therefore, the first derivative plot could not be fitted to a sigmoidal

curve (Fig. 15c) and thus a CMC could not be extracted. This result indicates that lignin does not form

micelles, which is in agreement with the lack of CMCs reported in the literature (Table 1).

3.2.1 Temperature dependence of SDS micelle formation

Because of my interest in how micelles affect freezing, it was essential to measure the temperature

dependence of the CMC of the compounds, especially at colder temperatures. Measuring at different

temperatures was possible with the conductivity method, though only until 0 °C because of limitations

with supercooling large volumes of water.

The temperature dependence of the CMC of SDS was therefore investigated (Fig. 16a,16b). A partial

U-shaped curve was obtained from the data, where the CMC decreased between 0 and 25 °C. Others

have previously reported a U-shaped curve for the CMC temperature dependence of SDS (Shah et al.,

2001; Kim & Lim, 2004; Noudeh et al., 2007; Marcolongo & Mirenda, 2011; Tennouga et al., 2015),

17



3.2 Conductivity experiments 3 RESULTS

0 2 4 6 8 10 12 14 16

SDS Concentration (mM)

0

200

400

600

800

1000

1200

C
o
n
d
u
c
ti
v
it
y
 (

µ
S

/c
m

)

0 50
0

10
00

15
00

20
00

25
00

30
00

35
00

40
00

45
00

SDS Concentration (mg/L)

(a)

0 2 4 6 8 10 12 14

Deoxycholate Concentration (mM)

0

200

400

600

800

1000

1200

C
o
n
d
u
c
ti
v
it
y
 (

µ
S

/c
m

)

0 80
0

16
00

24
00

32
00

40
00

48
00

56
00

Deoxycholate Concentration (mg/L)

(b)

0 0.02 0.04 0.06 0.08

Lignin Concentration (mM)

0

20

40

60

80

100

120

140

C
o

n
d

u
c
ti
v
it
y
 (

µ
S

/c
m

)

0 10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

Lignin Concentration (mg/L)

(c)

Figure 14: Conductivity versus concentration measurements for a) SDS, b) deoxycholate, and c) lignin. Conductivity was

measured for a concentration series at different temperatures: 25 °C (purple markers in a, b, c), 15 °C (blue markers in a),

10 °C (light blue markers in a,b), 5 °C (green markers in a), and 0 °C (yellow markers in a, b, c).
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Figure 15: Visualization of the analysis of conductivity measurements to elucidate the CMC for a) SDS, b) deoxycholate,

and c) lignin. Black markers indicate conductivity versus concentration data and blue markers indicate the first derivative

of conductivity-concentration data. In a), the first derivative was fit with a sigmoidal curve (blue line) and the CMC was

taken as the center of the sigmoid (black dashed line).

though others have not measured at 0 °C. As suggested by Kim and Lim (2004), the data was fit with a

curve of the form ln(CMC) = A+B(T ) +C/(T ) with temperature in Kelvin (Fig. 16b); the coefficient

values obtained were A = −132.1, B = 0.2194, and C = 18440. The curve fits reasonably well with my

experimental data (R2 = 0.8419). The minimum at T = 290 K and ln(CMC) = −4.88 is similar to that

of T = 295 K, ln(CMC) = −4.81, reported for SDS by Marcolongo and Mirenda (2011).

Unfortunately, the temperature dependence at sub-zero temperatures is still unknown. Based on these

experiments, a CMC range of 2 mM between 25 and 0 °C was observed. Though one should interpret

with caution, I hypothesize that a CMC change in the range of 2 mM may not affect the CMC-dependent

difference observed in the ice nucleation experiments presented in Section 3.4.
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Figure 16: Temperature dependence of the CMC of SDS. a) The CMC of SDS in mM is plotted versus the temperature

(°C) at which the conductivity experiment was conducted. b) The natural logarithm of the CMC of SDS is plotted versus

temperature (K) and a fit of the form ln(CMC)=A+B(T)+C/(T), as recommended by Kim and Lim (2004). The coefficients

for the curve fit are A=-132.1, B=0.2194, C=18440 (R2=0.8419).

.

3.3 DLS experiments

Dynamic light scattering (DLS) was used to measure the CMC and to estimate sizes of Triton X (Section

3.3.1), SDS (Section 3.3.2), deoxycholate (Section 3.3.3), and lignin (Section 3.3.4). For each compound,

the correlation functions were used to to evaluate the data quality to assess how reliable the results are for

CMC and particle size. In general, conditions for good quality correlation functions are a) a correlation

function with a y-intercept close to 1, b) reproducible correlation functions at each concentration, and

c) a smooth exponential decay (Malvern Instruments, 2013). When these conditions are not met, the

interpretation must be made with caution.

3.3.1 Triton X micelle size and CMC

DLS measurements of Triton X were taken for a concentration range near the CMC between 0.1 and

1.0 mM, and additionally at 30 and 100 mM to investigate aggregation at higher concentrations. The

conditions for good-quality correlation functions were met for Triton X, especially at concentrations of

100, 30, and 1 mM (Fig. 17a). The correlation functions for 100 and 30 mM were nearly identical,

indicating excellent reproducibility of micelle sizes at these concentrations (Fig. 17a). At 1 mM, the

correlation function y-intercepts were below 0.8 and were less reproducible between the triplicates, yet

still met the data quality controls. More noteable was the shift of the 1 mM curve to the right from

the 100 and 30 mM curves. The shift to the right indicates that for a longer time lag, there was the

same degree of correlation. In other words, particles present in solution were slower-moving and were

thus larger. Indeed, this trend of decreasing size with increasing concentration has been reported before

for Triton X (Streletzky & Phillies, 1995). However, it is puzzling that this shift to larger sizes was

only present between 30 mM and 1 mM. Indeed, below 1 mM, the intercepts of the correlation functions

decreased, and the 0.9, 0.8, and 0.7 mM curves shifted slightly to the left (i.e., a smaller time lag for

the same degree of correlation) with decreasing concentration, again indicating a slight decrease in size

(Fig. 17a). Below 1 mM, however, the correlation functions were of poorer quality, with jagged functions

and less reproducibility, and therefore, one should interpret this data with caution. Accordingly, I only

report the micelle diameters calculated using the 100, 30, and 1 mM correlation functions. The average
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hydrodynamic diameters calculated by the Malvern Zetasizer DLS software for the micelles at 100, 30,

and 1 mM are 10.0 ± 0.1 nm, 9.3 ± 0.1 nm, and 34.3 ± 1.2 nm, respectively, with an average ±
standard deviation of triplicates. Li et al. (2000) found that the average hydrodynamic diameter at 6

g/L (equivalent to 9.6 mM) was close to 9 nm at 25 °C on DLS, which agrees well with my result.

In addition to comparing the calculated average hydrodynamic diameter, the intensity size distributions

were used for estimating micelle sizes (Fig. 17b; volume and number size distributions in Appendix

Fig. A7). For Triton X, the intensity size distributions for 100 and 30 mM showed a single, narrow

peak centered around 10 nm, agreeing with the average hydrodynamic diameter. At 1 mM, the size

distribution was much broader, with the main peak around 50 nm and a secondary peak at 10 nm. This

result also agrees with the larger hydrodynamic diameter reported here for 1 mM. It is unclear whether

the shift toward larger sizes was a real result of the micelles being larger than at 30 mM or if it was due to

noise because of the lower signal-to-noise ratio of the less concentrated solutions. The size distributions

for the concentrations below 1 mM were highly variable, as was their corresponding correlation functions,

and therefore should not be interpreted further (Appendix Fig. A7).

Finally, to find the CMC of Triton X from the DLS measurements, the average count rate versus concen-

tration was plotted (Fig. 17c). At the lowest concentrations of Triton X of 0.1 and 0.2 mM, the count

rate was very low and steady at 30 kspc, and then began increasing linearly at 0.3 mM. These results

indicate that the CMC was between 0.2 and 0.3 mM, which agrees with the literature CMC range for

Triton X and the previous pyrene fluorescence measurements (Table 2).
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Figure 17: Dynamic light scattering results for Triton X, including a) the correlation functions for each concentration

measured (color range from dark blue to yellow with decreasing concentration), b) the size distributions by percent intensity

for 100, 30, and 1 mM (equivalent to 62500, 18750, 625 mg/L), and c) the average count rate (kilo counts per second) versus

concentration to elucidate the CMC.

3.3.2 SDS micelle size and CMC

SDS solutions were measured on DLS with concentrations between 1 and 12 mM to elucidate the CMC,

and additionally at 20, 60, and 100 mM to observe the micellar size at higher concentrations (Fig. 18). The

correlation functions of the 100 and 60 mM solutions were very reproducible within each concentration,

though with unexpected bumps towards the bottom of the curves, disrupting the primary exponential

decay curve and indicating a secondary aggregate population (Fig. 18a). At 20 mM, the decay curve did

not have a bump and was represented by a single exponential decay. Additionally, there was a noticeable
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shift of the correlation functions to the right (i.e., larger time lag for the same degree of correlation)

with decreasing concentration, indicating a shift to larger sizes. At concentrations lower than 12 mM,

the shape of the curves became dissimilar to the higher concentrations, with more extended plateaus

before the decay, which may indicate that a primary aggregate population of larger sizes was present.

These lower concentrations’ curves were also, however, less reproducible and less smooth, indicating lower

data quality likely from a lower signal of micelles. Calculating the average hydrodynamic diameter from

the correlation functions for the 100, 60, and 20 mM gave the following diameters, respectively: 4.68 ±
0.09 nm, 6.73 ± 0.31 nm, and 12.95 ± 0.24 nm. These values indeed show increasing micelle size with

decreasing concentration. These values agree with, for example, Chodankar et al. (2007), who reported

an average micelle diameter of 4.2 nm for a 1 wt% SDS solution (equivalent to 100 mM), measured using

DLS. However, the bumps in the correlation functions indicate high polydispersity, meaning that there

is more uncertainty to the calculated average hydrodynamic diameter because the calculation assumes

monodisperse distributions.
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Figure 18: Dynamic light scattering results for SDS, including a) the correlation functions for each concentration measured

(color range from dark blue to yellow with decreasing concentration), b) the size distributions by percent intensity for 100,

60, and 20 mM (equivalent to 28800, 17300, 5800 mg/L), and c) the average count rate (kilo counts per second) versus

concentration to elucidate the CMC.

This polydispersity in the higher concentrations likely reflects the presence of larger aggregates. The

possible presence of aggregates was also seen in the intensity size distribution in Figure 18b – the size

distributions at both 100 and 60 mM showed primary peaks at 1.7 nm and secondary peaks at around

60 nm. At 20 mM, there were two peaks: a primary peak at 3 nm and a secondary peak at 60 nm. The

bimodal size distributions indicate primary and secondary aggregation, and the high reproducibility of

the curves suggests that this result was real and not due to noise. However, the volume and number size

distributions (Appendix Fig. A8) of SDS showed only one peak below 10 nm for every concentration,

suggesting that the presence of aggregates was small relative to the presence of primary micelles.

At concentrations below 20 mM, the size distributions were highly variable between measurements, indi-

cating significant noise, as the correlation functions also suggested, and therefore should not be further

interpreted (Appendix Fig. A8).

Finally, the average count rate plotted against the SDS concentration allowed for CMC determination

(Fig. 18c). At 1 and 3 mM the average count rate was at around 25 kcps, and starting at 5 mM

the count rate increased linearly until 8 mM. The count rates at 9, 10, and 12 mM did not fit with

the linearity, likely due to changes the micelles’ size with higher concentrations or to larger aggregate
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formation. Nonetheless, these data indicate a CMC of SDS of between 3 and 5 mM. This measured CMC

is lower than the expected range of 6 to 8.8 mM (Table 2), and the reason for this difference is not yet

known.

3.3.3 Deoxycholate micelle size

DLS measurements on deoxycholate were performed for 100 mM and 8 mM (Fig. 19). At 100 mM,

the correlation functions were highly reproducible and showed a steep decay (Fig. 19a). The calculated

hydrodynamic diameter at 100 mM is 2.10 ± 0.06 nm, agreeing with a literature value of 2.5 nm for a 100

mM deoxycholate solution (Esposito et al., 1987). The intensity size distribution at 100 mM indicates

the presence of secondary aggregates with a small peak at 200 nm, in addition to primary aggregates

(micelles) with a peak at 1.5 nm (Fig. 19b). The volume and number size distributions (Appendix Fig.

A9) however only indicate the presence of significantly smaller sizes, with a peak below 1 nm. These small

diameters were at the lower limit of detection by the Malvern Zetasizer DLS, and thus should remain

qualitative.

At 8 mM, however, the correlation functions were nonsensical and irreproducible, indicating an extremely

low signal (Fig. 19a). A hydrodynamic diameter could thus not be calculated. The intensity size

distributions additionally showed highly variable and noisy curves (Fig. 19b). This low signal indicates

a lack of micelles in the 8 mM solution, even though deoxycholate had a CMC measured by pyrene

fluorescence of 7.2 mM (Table 2).

A larger set of concentrations were not measured because of the low signal at 8 mM, and because of the

sizes at the detection limit for 100 mM. I was thus not able to measure a CMC for deoxycholate with

DLS, though it is clear from the 100 mM measurement that micelles were present at that concentration.
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Figure 19: Dynamic light scattering results for deoxycholate, including a) the correlation functions for both concentrations

measured (purple for 100 mM and blue for 8 mM), and b) the size distributions by percent intensity for 100 and 8 mM

(equivalent to 41500 and 3300 mg/L).

3.3.4 Lignin aggregation sizes

Lignin solutions at 2000, 400, 200, 100, and 40 mg/L were measured with DLS (Fig. 20). The correlation

functions for all concentrations had low y-intercepts, indicating poor quality measurements. At 2000

mg/L however, the curves were smooth and somewhat reproducible, which means the measurements

at 2000 mg/L meet the good data quality requirements (Fig. 20a). At 400, 200, and 100 mg/L, the

correlation functions were not smooth and more highly variable, further indicating poor quality DLS
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measurements (Fig. 20a). Additionally, the 40 mg/L solution was so low in signal with count rates

below 20 kcps that the measurement was automatically stopped early by the software and no correlation

functions were produced (hence the absence of 40 mg/L in Fig. 20a,b). The poorer data quality for

all the lignin measurements compared to the previously discussed compounds may be due to lignin’s

higher polydispersity. Indeed, the intensity size distributions indicate multimodal, and thus polydisperse

solutions (Fig. 20b). At 2000 mg/L, there was a primary peak at around 100 nm and a secondary peak at

diameters around 5 nm (Fig. 20b). There was high variability, however, between the measurements. At

the 400, 200, and 100 mg/L concentrations, the intensity size distribution primary peaks were also around

100 nm, similar to 2000 mg/L, but the secondary peaks were shifted to slightly larger diameters up to

11 nm. This shift indicates that aggregates are larger at smaller concentrations – a trend that was also

observed for Triton X and SDS. At these lower concentrations, however, there was significant variability

between measurements. Additionally, the volume and number size distributions did not show the presence

of secondary aggregates (Appendix Fig. A10), indicating a small quantity of secondary aggregates relative

to primary aggregates. However, volume and number size distributions of lignin should be interpreted

with great caution because of the assumption of spherical particles, and it is known that lignin does not

form spherical aggregates (Devarajan et al., 2020). Therefore, because DLS is best suited to monodisperse

solutions of spherical particles, it may be that lignin is not accurately characterized by this technique.

The attempted CMC determination of lignin using the average count rate versus lignin concentration

did not show any change in slope (Fig. 20c). The data is fairly linear with increasing average count

rate with concentration, starting from the lowest concentration measured. This result indicates, like

the results from the pyrene fluorescence and conductivity measurements, that there is likely no micelle

formation occurring in lignin solutions. Though there may be aggregations of lignin, as evidenced by the

size distributions, these aggregates do not have the same properties of micelles and micelle formation.
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Figure 20: Dynamic light scattering results for lignin, including a) the correlation functions for four concentrations measured

(purple to yellow with decreasing concentration), b) the size distributions by percent intensity for four concentrations 2000,

400, 200, and 100 mg/L (equivalent to 0.2, 0.04, 0.02,and 0.01 mM), and c) the average count rate (kilo counts per second)

versus concentration to elucidate the CMC.
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3.4 Ice nucleation

3.4.1 Trends in freezing temperatures

Each of the four compounds of interest were measured on our Freezing Ice Nuclei Counter (FINC) to

elucidate the ice nucleation behavior with changes in concentration and micellar formation. The frozen

fractions are represented as boxplots for the measured concentration series of SDS (Fig. 21a), deoxycholate

(Fig. 21b), Triton X (Fig. 21c), and lignin (Fig. 21d). Boxplots can be read as follows: the middle

median line is the T50, where 50% of wells are frozen; the upper and lower bounds of the box are the

25th and 75th percentile, where 25 and 75% of wells are frozen; the whiskers extend to the 90th and 10th

percentiles, and the outliers represent the first and last 10% of wells to freeze. Each boxplot represents

one freezing experiment of 288 wells. The amount of volume used was chosen based on how active the

samples were. Therefore, it is important to note that the volume of solution in the wells was not the

same for each compound – for SDS and lignin, experiments used 5 µL well volume and for Triton X and

deoxycholate, 10 µL well volume was used. For Triton X and deoxycholate, initial experiments using 5 µL

resulted in incomplete freezing, i.e., there were still unfrozen wells remaining at -32 °C. In order to obtain

a complete frozen fraction, all the wells must freeze by the end of the experiment, and increasing the well

volume to 10 µL achieved this requirement. The difference in volumes across the compounds, however,

means that one cannot directly compare freezing temperatures between compounds from the boxplots,

and instead one must normalize first before comparing the ice nucleating ability of the surfactants.

SDS First, the results of SDS show that at low concentrations of 0.5 and 1 mM, the freezing activity

was the same as the control with a T50 of -25.6 °C. At 5 mM, freezing occured slightly warmer than the

background, though it was still within the 1 °C instrument uncertainty. At the higher concentrations of

10, 20, and 50 mM, however, the freezing temperatures were significantly warmer than the background

control, with T50s at -20.8, -21.2, and -20.5 °C, respectively (Figure 22a). This result is intriguing, as the

increase in ice nucleating activity occured near the CMC range of SDS (between 3 and 8 mM according

to my results of the CMC at 25 °C (see Table 3) or up to 9.5 mM including the temperature dependence

to 0 °C (see Fig. 16a). This result is the first evidence of micelle formation possibly having an impact on

ice nucleation.

It is still puzzling however, that with an increase in concentration above the CMC, there was no further

increase in freezing temperature. One possible explanation for this result is the phase change that happens

with high concentrations of SDS at sub-zero temperatures; the 20 and 50 mM samples underwent visible

precipitation at around -5 °C. In fact, a 100 mM solution was tested but precipitated and consequently

the freezing could no longer be detected visually or by the freezing analysis software of FINC. This fact

could mean that if there is no further increase in freezing temperature from 10 to 50 mM, the species

responsible for the ice nucleation is in the supernatant rather than in the precipitate. In other words,

the precipitate increases with increasing concentration while the supernatant remains the same, yet no

change in freezing temperature was observed. There are thus complicating factors for interpreting the ice

nucleating behavior of SDS, but it does remain clear that there was an increase in activity from below

to above the CMC.

Deoxycholate A similar trend of increased freezing temperatures above the CMC was also identified

for the freezing behavior of deoxycholate solutions (Fig. 21b and Fig. 22b). At the low concentrations

of 0.5, 2, and 4 mM, which are below the measured CMC of 4 - 7 mM (see Table 2), the ice nucleating

activity was equivalent to the background with a T50 of -24.8 °C (all within 0.5 °C of the background).
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Figure 21: Frozen fractions of the concentration series of a) SDS, b) deoxycholate, c) Triton X, and d) lignin. Frozen

fractions are represented with boxplots: the middle median line is the T50, where 50% of wells are frozen, the upper and

lower bounds of the box are the 25th and 75th percentile (where 25 and 75% of wells are frozen), the whiskers go to the

90th and 10th percentiles, and the outliers represent the first and last 10% of wells to freeze. The y-axis is the temperature

corresponding to the freezing events (left in °C and right in Kelvin). The x-axis is categorical, indicating the concentration

of the solution (lower axis in mM and upper axis in mg/L). Grey-colored boxplots in each subplot are the frozen fraction for

the respective control experiment, consisting of filtered Sigma Aldrich background water at the appropriate volume. SDS

(a) and Lignin (d) experiments used 5 µL well volume and deoxycholate (b) and Trion X (c) used 10 µL well volume.

For the higher concentrations of 15, 50, and 100 mM, above the CMC, the ice nucleating activity was

higher than the background with T50 values at -19.8, -22.4, and -22 °C, respectively. It is unclear why

the freezing of 15 mM was so much warmer than the others (T50 of 15 mM was 3 °C warmer than that

of 50 mM), and why the 50 and 100 mM samples were so similar. Unlike the higher concentrations of

SDS, there was no visible precipitation happening in the deoxycholate solutions. Nonetheless, similar to

SDS, it is clear that the deoxycholate samples with concentration higher than the CMC froze warmer

than those below the CMC.

Triton X The ice nucleating activity of Triton X did not show any trend with increasing concentration

(Fig. 21c and Fig. 22c). In fact, the freezing behavior of 0.1, 0.2, 5, and 30 mM were all within 1 degree

of the background control. This result means either that Triton X solutions do not induce heterogeneous

ice nucleation at any concentration, or, more likely, that FINC is not sensitive enough to be able to see

the ice nucleating behavior of Triton X. One would need an ice nucleation instrument that has a colder
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3.4 Ice nucleation 3 RESULTS

background in order to properly elucidate the ice nucleation behavior of Triton X. An instrument which

uses microfluidically generated droplets of nanoliter size, such as the devices by Stan et al. (2009), Reicher

et al. (2018), Tarn et al. (2018) or Riechers et al. (2013), may be more suitable since the background

freezing temperatures are around -35 °C. Because of the warmer background of FINC, I cannot conclude

whether there is a difference in ice nucleating activity with the presence of micelles in Triton X.

Lignin The freezing boxplots of the lignin concentration series show warmer freezing temperatures

with increasing lignin concentration (Fig. 21d). Notably, the trend is nonlinear – the plot of T50 versus

concentration illuminates a logarithmically increasing T50 with concentration. This trend is very similar

to what was reported recently in Bogler and Borduas-Dedekind (2020), though the T50 values were higher

here. The T50 appears to approach an asymptote, where at a certain concentration, a further increase

in concentration does not result in warmer freezing. This trend is surprisingly similar to the freezing

behavior observed for SDS and deoxycholate, where at a specific concentration there was no further

increase in freezing temperature. This result indicates that there is likely an effect of supramolecular

structure of ice nucleation, analogous to SDS and deoxycholate. The effect of concentration can further

be elucidated when the freezing data is converted into INP active sites per milligram of each compound,

as described in the following section.

0 10 20 30 40 50

SDS Concentration (mM)

-26

-25

-24

-23

-22

-21

-20

-19

T
5

0
 (

°C
)

0 2 4 6 8 10 12 14

SDS Concentration (mg/L) x103

247

248

249

250

251

252

253

254

T
5

0
 (

K
)

(a)

0 20 40 60 80 100

Deoxycholate Concentration (mM)

-26

-25

-24

-23

-22

-21

-20

-19

T
5

0
 (

°C
)

0 5 10 15 20 25 30 35 40

Deoxycholate Concentration (mg/L) x10 3

247

248

249

250

251

252

253

254

T
5

0
 (

K
)

(b)

0 10 20 30

Triton X Concentration (mM)

-26

-25

-24

-23

-22

-21

-20

-19

T
5

0
 (

°C
)

0 2 4 6 8 10 12 14 16 18 20

Triton X Concentration (mg/L) x103

247

248

249

250

251

252

253

254

T
5

0
 (

K
)

(c)

0 0.01 0.02 0.03 0.04

Lignin Concentration (mM)

-26

-24

-22

-20

-18

-16

-14

T
5

0
 (

°C
)

0 50 10
0

15
0

20
0

25
0

30
0

35
0

40
0

Lignin Concentration (mg/L)

248

250

252

254

256

258

T
5

0
 (

K
)

(d)

Figure 22: T50 values (the temperature at which 50% of the wells are frozen) versus concentration for a) SDS, b) deoxy-

cholate, c) Triton X, and d) lignin. SDS (a) and lignin (d) experiments used 5 µL well volume and deoxycholate (b) and

Trion X (c) used 10 µL well volume. Y-axes are temperature (left °C and right Kelvin) and x-axes are concentration (bottom

mM, top mg/L).
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3 RESULTS 3.4 Ice nucleation

3.4.2 Ice nucleating activity normalized to carbon concentration

To compare ice nucleating activity across the four compounds measured and to compare across the

different concentrations, I converted the frozen fraction data to the ice-active mass site density, nm. The

ice-active mass site density is defined as the number of sites causing nucleation per unit mass of the ice

nucleating particle or macromolecule (Kanji et al., 2017; Vali, 2019) and is calculated by:

nm[mgC−1] = − ln[1 − FF(T )]

TOC ∗ Vwell
(5)

where FF (T ) is the frozen fraction at each temperature, TOC is the total concentration of organic

carbon in the sample (in mg/L) and Vwell is the volume of the solution in each well (in L). nm is thus a

function of temperature. I use the concentration of organic carbon, rather than the molarity or the total

mass, to better compare to the literature (e.g T. W. Wilson et al., 2015; Borduas-Dedekind et al., 2019;

Bogler & Borduas-Dedekind, 2020; Miller et al., 2020). TOCs were calculated for SDS, deoxycholate, and

Triton X using the molar ratio of carbon in the molecules, and for lignin the manufacturer value of lignin

being 50% carbon by mass was used. Finally, it is important to note that nm curves are only calculated

for frozen fractions significantly different from the background control, therefore excluding all Triton X

freezing data. This limit exists because the active site theory depends on there being heterogeneous ice

nucleation by the added compounds, and if the freezing is the same as the clean water background, one

cannot say that ice nucleation was due to the added compound.

SDS In SDS nm plots, the two highest concentrations of 50 and 20 mM have nearly identical nm curves,

ranging from 0.01 sites/mgC at -13 °C to 400 sites/mgC at -26 °C (Fig. 23a). The lowest concentration

of 5 mM overlays these two but extends to 1000 sites/mgC at -29 °C (Fig. 23a). The result of the 50, 20,

and 5 mM nm curves overlaying each other indicates that the differences in their freezing temperatures

(Fig. 21a) were due to their differences in concentration. The 10 mM curve however is shifted up to

higher nms for each temperature, with nms ranging from 0.4 sites/mgC at -15 °C to 900 sites/mgC at -25

°C/ (Fig. 23a). Because the 10 mM nm curve does not overlay the others, it reveals that their difference

in freezing temperatures was not due to the change in concentration. However, the difference is small

and may be within the variability of the instrument. Indeed, in freezing tests of a second concentration

series of SDS, the 10 mM and 5 mM nm curves were overlapping (Appendix Fig. A11). Overall, the nm

plots of SDS indicate that for solutions freezing above the background, the ice nucleating activity seems

to scale with concentration. Since the concentrations are above the CMC, micelles are present and are

also increasing in number with increasing concentration. Thus, the ice nucleating activity appears to also

scale with micelle concentration according to the nm calculations.

Note that when comparing nm values of SDS to previously reported nm parameterizations of sea-surface

water (T. W. Wilson et al., 2015) and lignin (Miller et al., 2020), SDS had lower nms at -20 °C by two

orders of magnitude from lignin and four orders of magnitude from sea-surface water (Fig. 23a). This

result indicates that SDS was less ice-active per mg carbon than ice nucleating particles in the sea surface

and in lignin solutions.

Deoxycholate The nm plots for deoxycholate show overlapping curves of the 100 mM and 50 mM

concentrations, with nms extending from 0.04 sites/mgC at -12 °C to 110 site/mgC at -26 °C (Fig. 23b).

The 15 mM nm curve however is significantly shifted up to higher nms and is less steep than the others,

with nms ranging from 0.3 sites/mgC at -8 °C to 500 sites/mgC at -25 °C (Fig. 23b). The overlapping

nature of the 100 and 50 mM curves reveal that differences in their freezing temperatures were due to
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3.4 Ice nucleation 3 RESULTS

differences in concentration, as seen for SDS. The 15 mM curve however appears to be an outlier because

the curve is so far from the others. It was also clear from the boxplots that the 15 mM was an outlier,

thus suggesting perhaps contamination in that sample. Further tests to replicate these results would be

needed to assess true differences.

Further, similarly to SDS, deoxycholate was less ice-active than samples from sea-surface water (T. W.

Wilson et al., 2015) and of lignin (Miller et al., 2020), as shown by the comparison in Fig. 23b. The

deoxycholate concentrations of 100 and 50 mM were four orders of magnitude less active than lignin and

six orders of magnitude less active than the sea-surface water samples at -20 °C.

Lignin The nm plot presented here for lignin shows overlapping curves for every concentration measured

on FINC (Fig. 23c). However, there is a noticeable trend of increasing nms with increasing concentration:

at 400 mg/L, the nms extend from 3 sites/mgC at -11 °C to 5,000 sites/mgC at -23 °C, whereas at 4

mg/L lignin the nms range from 300 sites/mgC at -14 °C to 600,000 sites/mgC at -27 °C (Fig. 23c). This

trend of increasing sites with increasing concentration is in fact reported by Bogler and Borduas-Dedekind

(2020), though they showed a much starker trend with greater differences between concentrations. The

inconsistencies between my results and those reported by Bogler and Borduas-Dedekind (2020) are hy-

pothesized to be due to differences in the product batch of lignin used or differences in the well-volume,

and how lignin molecules interact with the wells at different volumes and concentrations. Finally, note

that the lignin nm values here also match well with the paramaterization of lignin from Miller et al.

(2020) (Fig. 23c), though values here are up to half an order of magnitude higher (at -17 °C). Again,

these differences may be due to variations in batches or well volume. These differences between the lignin

ice nucleating activity reported here, in Bogler and Borduas-Dedekind (2020), and in Miller et al. (2020)

are still being investigated.
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Figure 23: Ice-active mass site densities nm versus temperature for a concentration series of a) SDS (50, 20, 10, 5 mM), b)

deoxycholate (100, 50, 15 mM), and c) Lignin (400, 200, 100, 40, 20, 10, 4 mg/L). nms were calculated using TOC values

for SDS, deoxycholate, and Triton X based on number of carbon atoms in their molecular structures, and TOC for lignin

was taken as 50% of total mass as reported by the manufacturing details. For reference, two parameterizations are shown:

T. W. Wilson et al. (2015) nm of sea-spray aerosol (solid black line), and Miller et al. (2020) nm of lignin (dashed black

line).
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4 DISCUSSION

4 Discussion

In all, the micelle probing experiments allowed us to measure the CMC of SDS, sodium deoxycholate,

and Triton X-100 using pyrene fluorescence, conductivity, and DLS (Table 3). The CMC of SDS (7.6 - 8.5

mM) could be elucidated with these methods, although DLS measurements appeared to underestimate

the CMC range. The CMC of deoxycholate could only be measured using pyrene fluorescence (7.2 ± 0.3

mM), due to limitations with the size of particles able to be measured by the DLS technique and due

to an unknown issue with the conductivity measurements. Triton X’s CMC was measured with pyrene

fluorescence and DLS and had a range of 0.2 - 0.44 mM. Since Triton X is nonionic, the conductivity

method was not used. In addition, DLS proved useful for measuring the size distributions of the aggregates

in solution for all compounds (Table 3). These results highlight the importance of using several different

methods to obtain enough data on these three micelle-forming surfactants.

Unlike the other compounds, a CMC of lignin could not be measured using these micelle-probing methods,

confirming the absence of micelles in lignin solutions (Table 3). It may be that there is aggregation but

without formation of micelles. The DLS measurements indeed provide preliminary evidence for the

presence of aggregates in lignin solutions, as the size distributions show particle diameters both under

10 nm and over 100 nm. Additionally, Devarajan et al. (2020) recently published evidence that lignin

molecules associate with each other to form larger aggregations, as modelled by molecular dynamics

simulations. It is likely that because lignin is composed of complex and diverse molecules, regularly shaped

and sized aggregate structures are unlikely to form, thus making it more challenging to characterize the

structure (Devarajan et al., 2020).

Connecting the supramolecular structure of the studied compounds to their freezing behavior resulted

in discovering that the ice nucleating activity of SDS and deoxycholate increased above the CMC (Table

3; Fig. 21, 22). Unfortunately, Triton X was not ice active in immersion freezing above the detection

limit of our FINC instrument. For lignin, since there was no CMC, a correlation between ice nucleation

and micelle formation cannot be made. Nonetheless, I can affirm the observation of an asymptotic trend

of freezing temperatures with increasing concentration consistent with Bogler and Borduas-Dedekind

(2020), as was also observed in the micelle-forming surfactants (Fig. 22d, 22a, 22b).

Table 3: Summary of results of micelle probing and ice nucleation activity (INA) trends for each compound. Pyrene 1:3

method was performed at 29 °C; conductivity and DLS measurements reported here were taken at 25 °C. Pyrene 1:3 CMCs

reported use the CMCmethod1 for Triton X and CMCmethod2 for SDS and deoxycholate, as recommended by Aguiar

et al. (2003). DLS diameters reported are using the average hydrodynamic diameter at 100 mM for SDS, Triton X, and

deoxycholate, and for lignin the diameters reported are the ranges of the peak of the intensity size distributions for all

concentrations measured.

Compound Pyrene 1:3

CMC (mM)

Conductivity

CMC (mM)

DLS

CMC

(mM)

DLS diameter

(nm)

INA

change

with

micelles?

SDS 8.0 ± 0.5 7.60 – 7.95 3 – 5 4.68 ± 0.09 Increase

Deoxycholate 7.2 ± 0.3 None n/a 2.10 ± 0.06 Increase

Triton X 0.38 ± 0.06 Nonconductive 0.2 – 0.3 10.0 ± 0.1 At LOD

Lignin None None None 2 – 15 / 60 – 200 No CMC
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5 ATMOSPHERIC IMPLICATIONS

An outstanding question is why do the different micelle-forming surfactants have different ice nucleating

abilities? For example, why is Triton X not as ice-active as SDS and deoxycholate, despite all three

substances having the ability to make micelles? A possible hypothesis is that it is because Triton X

uniquely has unimodal size distributions observed in the DLS measurements of 100 and 30 mM, where

the single size peak is at 10 nm (Fig. 17). SDS and deoxycholate, on the other hand, have multimodal size

distributions showing the presence of aggregates larger than 100 nm in diameter for the concentrations

measured on FINC (Fig. 18 and 19). The fact that there were no aggregates larger than 100 nm

measured by DLS in the most concentrated Triton X solutions, and that Triton X also did not show

ice nucleating activity above the background, may indicate that secondary aggregates (i.e., aggregates of

micelles) are required for surfactants to nucleate ice. This correlation leads to a second hypothesis that

a size requirement of approximately 100 nm is needed for a substance to be ice nucleating. The DLS

and FINC results of lignin additionally support this idea, as lignin solutions contained primarily sizes

at or larger than 100 nm (Fig. 3.3.4) and had high ice nucleating activity (Fig. 23c). A third possible

hypothesis as to why Triton X is not ice nucleating is that Triton X is nonionic, and SDS, deoxycholate,

and lignin are ionic. Ionic interactions of the molecules with themselves and with water may help order

water molecules and induce ice nucleation (e.g., Glatz & Sarupria, 2016). To strengthen these theories,

testing a more extensive set of micelle-forming surfactants would be beneficial.

The findings in this thesis contribute well to the literature. For a long time, the accepted size range of

ice-active particles extended to no smaller than 100 nm (P. K. Wang, 2013). The results here suggesting

that larger aggregates of at least 100 nm nucleate ice thus corroborate the traditional size range. However,

more recent literature suggests ice nucleation by considerably smaller moieties. For example, Pummer

et al. (2015), O’Sullivan et al. (2015), and Eickhoff et al. (2019), report ice nucleation by macromolecules

as small as 4 nm at -25 °C and 8 nm at -10 °C, as measured by size filtration experiments. Therefore,

my results deviate from these studies because I found that Triton X micelles of 10 nm diameter did not

nucleate ice warmer than -25 °C, and SDS, deoxycholate, and lignin containing larger aggregates did

nucleate warmer than -25 °C. It is also possible, however, that in these previous papers, aggregates of

the sub-10 nm macromolecules were causing ice nucleation and not the individual macromolecules – their

research did not address this possibility. Indeed, there have been few studies explicitly investigating the

role of aggregates of smaller macromolecules on ice nucleation, as I did here. Cascajo-Castresana et al.

(2020) was one such study that used DLS measurements to positively correlate ice activity of a protein

to the presence of aggregates, rather than the protein monomers. The results of this thesis complement

Cascajo-Castresana et al. (2020), and our studies together suggest the use of dynamic light scattering as

a valuable method worth pursuing for characterizing ice-active substances.

5 Atmospheric Implications

This thesis explored the role of aggregation and supramolecular structure on the ice nucleation of droplets

through the analysis of three micelle-forming surfactants (sodium dodecyl sulfate (SDS), sodium deoxy-

cholate, and Triton X-100) and the organic plant polymer lignin. I found that for ice nucleation to occur

above the background in our freezing instrument FINC, it may be necessary for secondary aggregates

larger than 100 nm to be present.

When extrapolating the relevance of this thesis to the atmosphere, the concentration of surfactants

in aerosol must be discussed. Gérard et al. (2019) reported concentrations of amphiphilic surfactants

in collected atmospheric aerosol from three locations (representing coastal, remote inland, and urban
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6 OUTLOOK

areas) on multiple sampling days. They found that for the urban (53 samples) and remote (142 samples)

locations, surfactants were present in at least 100 mM concentrations for 18 urban and 37 remote sampling

days. They additionally found concentrations above 900 mM for two days at each site. Further, Gérard

et al. (2019) measured the CMCs for each sample and found a range of 0.01 to 1 mM. These results

clearly suggest that surfactants are present in real atmospheric aerosol samples at concentrations up to

100,000 times higher than the critical micelle concentration, thus high enough concentrations to form

micelles and secondary aggregates of micelles. However, note that the concentration of surfactants would

decrease if these surfactant-containing aerosol become diluted when growing into cloud droplets. Still, if

surfactants can be present in concentrations as high as 1000 mM and have CMCs as low as 0.01 mM, then

several orders of magnitude of dilution would still result in a concentration high enough for micelles and

secondary aggregates to form. Thus, it is possible that surfactants in aerosol may initiate ice nucleation

in clouds.

A second significant consideration for atmospheric relevance is that of atmospheric aerosol chemical com-

position. In the experiments conducted in this thesis, only single-compound solutions were measured. In

reality, atmospheric aerosol and cloud droplets are composed of diverse compounds in various concentra-

tions, including but not limited to mineral dusts, complex organic matter, and salts (Seinfeld & Pandis,

2006). Salts, such as NaCl, are known to decrease the CMC (Corrin & Harkins, 1947; Rosen & Kunjappu,

2012). Therefore, surfactants’ CMCs in real atmospheric aerosol are likely smaller than those measured

here due to the salt content in aerosol, and thus micelles and aggregates would form at lower concentra-

tions. Further, Devarajan et al. (2020) recently showed with molecular dynamics simulations that the

aggregations of dissolved organic matter (DOM) depend not only on salt ion concentration, but on the

type of ion. Specifically, a calcium cation was more effective at bridging molecules to form aggregates than

other cations. Devarajan et al. (2020) also illustrated the complexity of aggregation behavior of DOM,

including that aggregation changes depend on which components are present. Similarly, micelle-forming

surfactants are affected by the presence of additives, such as other micelle-forming surfactants or different

types of organic molecules (Rosen & Kunjappu, 2012). Therefore, to assess the effects of aggregation on

ice nucleation in real atmospheric droplets, it is imperative to also conduct micelle-probing and freezing

experiments with mixed systems, containing various mixtures of micelle-forming surfactants, complex

organic matter, and salts.

6 Outlook

The effect of surfactants and aggregation on atmospheric ice nucleation was explored in this thesis. To

further the findings of this work, characterizing the freezing behavior of a larger set of micelle-forming

surfactants, as well as mixed systems, with the methods employed here would be highly useful. Other

methods to complement the research could include using an optical drop-shape tensiometer to measure the

surface tensions of the surfactant solutions (e.g., Berry et al., 2015; Gérard et al., 2019; Bzdek et al., 2020).

A drop-shape tensiometer with a temperature control unit (e.g., the OCA series from DataPhysics) would

have the added advantage of measuring the surfactant behavior at sub-zero temperatures because of the

microliter sized droplets used. These measurements would provide a unique insight into the temperature

dependence of micelle formation in supercooled droplets, which is highly relevant to real atmospheric

aerosol.
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Figure A1: Pyrene fluorescence 1:3 ratio versus SDS concentration in two experiments (a) and (b). The I1/I3 ratio (y-axes)

is the ratio of fluorescent intensities at 373 and 384 nm wavelengths. The markers indicate experimental values in triplicate

at each concentration, and the curve is the sigmoid fit through the data. Replicates 1, 2, and 3 (dark to light blue) indicate

results of identical solutions pipetted into three different wells. Samples at each concentration contain 2 µM pyrene.
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Figure A2: Pyrene fluorescence 1:3 ratio versus deoxycholate concentration in two experiments (a) and (b). The I1/I3 ratio

(y-axes) is the ratio of fluorescent intensities at 373 and 384 nm wavelengths. The markers indicate experimental values

in triplicate at each concentration, and the curve is the sigmoid fit through the data. Replicates 1, 2, and 3 (dark to light

blue) indicate results of identical solutions pipetted into three different wells. Samples at each concentration contain 2 µM

pyrene.
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Figure A3: Pyrene fluorescence 1:3 ratio versus Triton X concentration in two experiments (a) and (b). The I1/I3 ratio

(y-axes) is the ratio of fluorescent intensities at 373 and 384 nm wavelengths. The markers indicate experimental values

in triplicate at each concentration, and the curve is the sigmoid fit through the data. Replicates 1, 2, and 3 (dark to light

blue) indicate results of identical solutions pipetted into three different wells. Samples at each concentration contain 2 µM

pyrene.
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Figure A4: Pyrene fluorescence 1:3 ratio versus lignin concentration in two experiments (a) and (b). The I1/I3 ratio (y-axes)

is the ratio of fluorescent intensities at 373 and 384 nm wavelengths. Replicates 1, 2, and 3 (dark to light blue) indicate

results of identical solutions pipetted into three different wells. Samples at each concentration contain 2 µM pyrene.
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Figure A5: Absorbance of lignin from 200 to 800 nm at different concentrations (222.8, 111.4, 55.7, 21.48, 10.74 mg/L).

Data provided by Zala (2020).
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Figure A6: Results of the test of kinetics on deoxycholate micelle formation with conductivity. Conductivity was measured

at 5 concentrations before (blue markers) and after (orange markers) one-hour resting time between each concentration

range. Grey markers are the conductivity-concentration data from the prior normal experiment where conductivity was

measured after only 2-5 minutes between concentration changes. Note that some markers (especially the red markers) may

be hidden behind others because the values are so similar.
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Figure A7: Size distributions for Triton X by percent intensity (left), percent volume (middle), and percent number (right)

for all concentrations measured by DLS (dark blue to yellow with decreasing concentration from 100 mM to 0.1 mM).
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Figure A8: Size distributions for SDS by percent intensity (left), percent volume (middle), and percent number (right) for

all concentrations measured by DLS (dark blue to yellow with decreasing concentration from 100 to 1 mM).
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Figure A9: Size distributions for deoxycholate by percent intensity (left), percent volume (middle), and percent number

(right) for all concentrations measured by DLS (dark blue for 100 mM and light blue for 8 mM).
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Figure A10: Size distributions for lignin by percent intensity (left), percent volume (middle), and percent number (right)

for all concentrations measured on DLS (dark blue to yellow for decreasing concentration from 2000 to 100 mg/L).
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Figure A11: Ice-active mass site densities nm versus temperature for two SDS concentrations of 10 and 5 mM.
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