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ABSTRACT

Heterogeneous ice nucleation is a field of atmospheric chemistry that has been studied for
nearly 100 years on a variety of different particles. However, it has not focused on extensively
isolating and varying surface groups that can act as a model system to isolate a specific
functional group present on the surface of many atmospheric molecules. This study explores the
effects of surface groups on the ice nucleation activity of silver nanoparticles, gold nanoparticles,
and ZSM-5 zeolites via immersion freezing. Silver and gold nanoparticles are synthesized with
analogous functional groups and the zeolites have varying ratios of Si/Al on the surface. All
three particles are tested to assess which features lead to higher ice nucleation activity. Alcohol
groups on the surface of the nanoparticle were found to be the most active, and higher alumina
content on the surface of the zeolites correlated to higher activity. A better understanding of ice

nucleation can lead to a deeper understanding of cloud formation, and by extension, climate.
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Chapter 1

Introduction

Ice clouds, known as cirrus clouds, are formed from a collection of frozen water vapor
particles, or ice crystals. In the atmosphere, water mostly freezes by a method called
heterogeneous ice nucleation, wherein water vapor freezes on the surface of an aerosol particle,
which serves as the nucleus for the ice crystal. Depending on where in the atmosphere the
freezing occurs, there are four main mechanisms by which water vapor can freeze: immersion,
deposition, contact, and condensation freezing.! This project focuses on immersion freezing, in
which a water droplet surrounds a water insoluble particle. The interactions between the water
and the surface of the particle lead to the formation of ice.

At temperatures below 0 °C, water droplets do not freeze spontaneously; they can persist
as supercooled liquids until they reach —38 °C, at which point they can freeze homogeneously
without any nucleating particle. However, heterogeneous nucleation, water freezing on a particle
surface, is far more common and occurs at warmer temperatures because it lowers the activation
energy barrier to ice formation. Ice nuclei are generally insoluble particles, such as mineral dust
or metallic material. Because of this, it is important to understand how the properties of
atmospheric particles affect rates of nucleation.’

The atmosphere contains a wide variety of freely moving particles and gases. These
particles are emitted from sources such as manufacturing/processing industries, vehicles, power
plants, mineral dust from deserts, etc. In the atmosphere, these particles freely interact with each

other and form complex products with many different physical and chemical properties. These
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differing physical and chemical properties affect rates of ice nucleation significantly. Thus, it is

essential to research these different physical and chemical properties that contribute to rates of
ice nucleation. A better understanding of this can lead to a deeper understanding of cloud
formation, and by extension, climate.*

During the past five decades, several different organic and inorganic materials have been
studied as ice nucleation particles. For example, the ice nucleation activity of carbonaceous
particles such as soot, one of the most commonly emitted pollutants, has been studied with
differing chemical properties depending on its source.’ Groups have also studied fresh and aged
mineral dusts, the most abundant ice nucleating particles, that originate from the Earth’s crust.%’
Bacteria have also been widely studied as ice nucleating particles, as they are able to freeze in
relatively warmer temperatures at around -2 °C, and have found to be very good at ice
nucleation.® Oxidized organic aerosol particles are another group that have been recently studied
as ice nucleating particles.’ Through these studies, it has been established that ice nucleating
particles are prevalent in the atmosphere.

Previous experiments in the Freedman group have studied how to use engineered
materials to finely tune surface properties to affect ice nucleation efficiency. Alstadt et al. have
studied the effect of length and pore size of carbon nanotubes on its ice nucleation activity,
finding that nanotubes less than 7nm and with inner diameters of 1-3 and 2—5 nm are most

t.1% Various iron oxides have been studied to determine the effects of the role of lattice

efficien
mismatch and defects induced by milling and hydroxyl exposure on ice nucleation activity.!! A

number of aluminum oxides and hydroxides have also been tested to study the effect of lattice

match and crystallinity, finding that greater lattice match and crystallinity are most effective.'?
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Silver and gold nanoparticles are used for a wide range of purposes in research because

they have unique chemical and physical properties when compared to compared to their solid
bulk materials, stemming from their large surface area and electronic properties.'* However, this
project takes a novel approach by using silver and gold nanoparticles for ice nucleation, which
has not previously been done. Silver and gold nanoparticles are used in this project because they
are simple systems that keep variables such as size, crystallinity, and porosity constant across the
two systems and isolate the variable of functional groups and the crystal lattice structures.

Crystallinity of a particle has a contribution in how well ice nucleates. In general, greater
crystallinity leads to higher ice nucleation activity.!? In contrast, disorder at the surface leads to a
decrease in activity. This is because ice stacks on the particle in a layer parallel to the surface.
Therefore, an ordered plane would stabilize the basal plane of ice.!> Thus, the more amorphous
and disordered the surface of the particle is, the more wrinkled the topography of the water and
ice is, leading to smaller ordered domains and less freezing activity.'®

Not only is the composition and crystallinity of the ice nucleus important, but also the
surface characteristics. Important properties of surfaces include the ability of a surface to form
hydrogen bonds promote water adsorption; the lattice structure of the ice nucleating particle
should be similar to that of ice in order to better orient the water to form ice;'? and
heterogeneities such as pores and cavities on the surface of the particle should catalyze ice
nucleation, as summarized by Pruppacher and Klett.'® In general, polar character and the ability
of an ice nucleating particle to form hydrogen bonds to water greatly enhances freezing activity.

This study will explore what surface features promote ice nucleation. Using gold and
silver nanoparticles will allow us to investigate how functional groups on the surface of

nanoparticles affect ice nucleation of two crystalline materials with different lattice spacings.!” !?
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Our hypothesis predicts that functional groups that are able to hydrogen bond with water and that

the nanoparticles with crystalline lattice spacing closest to that of ice will have higher ice
nucleation activity.

To test this, a set of functionalized silver and gold nanoparticles were synthesized via a
modified Brust Schiffrin synthesis method'®, characterized, and tested as ice nucleating particles
in an immersion chamber. Each set of nanoparticles have an analogous set of functional groups
attached to them which can be representative of the functional groups found in atmospheric
particles formed as a result of atmospheric reactions, namely alcohols, carboxylic acids, and
straight chain carbons. Thus, these experiments can determine which types of functional groups
lead to higher ice nucleation activity than others. We predict that the alcohol functionalized
nanoparticles will freeze best, followed by the carboxylic acid functionalized nanoparticles, and
then the straight chain carbon functionalized nanoparticles.

Due to the coronavirus pandemic, research time was limited in the Spring 2020 and Fall
2020 semester. Therefore, in addition to the silver nanoparticle project, a set of ZSM-5 zeolite
powders were also tested. Zeolites act as a model system for atmospheric mineral dust to
understand the role of the surface porosity and composition in the nucleation process. Mineral
dust is one of the most widely studied ice nucleating particles as it tends to travel far and wide in
the atmosphere. For mineral dusts, the active sites are generally associated with defects like
cracks and pores.'? In 1966, Fukuta already introduced that capillary condensation of water is
essential for the ice nucleation ability of minerals.?’ In 2014, Marcolli introduced the importance
of pore condensation and freezing.!® The surface of zeolites is highly microporous; this nature
allows for greater capillary action and results in a surface that is potentially highly active for ice

formation.



The zeolites used in this study have varying ratios of Si0:Al,03, which we anticipate
will affect the onset temperature of ice nucleation. Molar SiO2:Al>Os3 ratios have been controlled
on ZSM-5 zeolites showing that the ratio affects the number of each functional group on the
surface.?! Studies of water adsorption on the surface of zeolites have been studied
thermodynamically in high silica, silico-alumina, and transition alumina microporous zeolites
with pore sizes ranging from 0.5 to 0.75 nm.?? This study suggest that Al-containing sites have
more affinity towards water than nanocavity confinement and therefore, greater ice nucleation
activity. Therefore, we hypothesize that the zeolites with greater ratios of Al:Si will have greater

ice nucleation activity.



Chapter 2

Materials and Methods

Silver Nanoparticles

The first step in conducting this project was finding a method of synthesizing the
functionalized silver nanoparticles. The best method of synthesizing functionalized nanoparticles
was determined to be the Brust-Schiffrin synthesis method '* due to ease of synthesis and
functionalization ability. This method, shown in Figure 1, was discovered in 1994 and is known
to create highly stable thiol-functionalized nanoparticles.”® The general procedure for silver
nanoparticle synthesis used in this project is found in literature and is described briefly here.>*

Materials used for the synthesis are as follows. Silver nitrate (>99.7%, JT Baker
Chemical), sodium borohydride (>98%, Acris Organics), potassium nitrate (>99%, Sigma
Aldrich), tetraoctylammonium bromide (TOAB, >98.0%, Sigma Aldrich), thiol ligands (11-
mercapto-1-undecanol, 11-mercaptoundecanoic acid, 4-mercaptobenzoic acid, and 1-
undecanethiol) (>96.0%, Sigma Aldrich), HPLC Grade water (Fischer Chemical), and absolute
ethanol (200 proof, Fisher Chemical) were used without further purification.

AgNOs (169.88 mg, 1 mmol) in H>O is combined with tetraoctylammonium bromide
(1.6404 g, 3 mmol) in toluene and KBr (1.19 g, 10 mmol).?* These are stirred vigorously for 30
min at 80°C. Then, the aqueous layer is removed and the organic layer is allowed to cool to room
temperature. Then NaBH4 (378.3 mg, 10mmol), a reducing agent, in 0.4 °C H>O is added to the
reaction. Immediately after adding the reducing agent, the thiol ligand (1.5 mmol) in toluene is
added. This reaction is allowed to run for 4 hours at room temperature. At completion, the

organic layer is washed with H2O three times and the organic solvent is removed via a stream of



nitrogen gas. Absolute ethanol is added to the dry mixture and it is sonicated for 15-20 min in

order to create an evenly dispersed mixture. It is frozen overnight so that the silver nanoparticles

crash out of solution and the byproducts and excess ligand remain suspended in solution. To

remove the byproducts and excess ligands, the ethanol is decanted. The remaining precipitate is

washed with 0.4 °C absolute ethanol via centrifugation at 10,000 rpm for 10 minutes five times.
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Figure 1. Diagram of the Brust-Schiffrin Method for Synthesizing Silver Nanoparticles

Using this synthesis method, a set of four thiol functionalized silver nanoparticles were
produced using the ligands 1-undecanethiol, as the straight carbon chain, 4-mercapto benzoic
acid, 11-mercapto-1-undecanol, and 11-mercaptoundecanoic acid, shown in Figure 2. Medium

length aliphatic chain functional group ligands were chosen because they were more likely to

form ordered domains on the surface of the molecule.?¢ 2’
(0]
HS\/\/\/\/\/\/OH HS/\/\/\/\/\)J\OH
11-mercapto-1-undecanol 11-mercaptoundecanoic acid
(0]
OH
/\/\/\/\/\/SH
HS

4-mercaptobenzoic acid 1-undecanethiol

Figure 2. Structures of functional groups



Gold Nanoparticles

An analogous set of gold nanoparticles was synthesized by Santina Cruz in Lear lab using
the Brust Schiffrin method, as illustrated in Figure 3'® and the Turkevich method.?® This set was
produced using the same ligands as the silver nanoparticles. Nanopure water was used at 18.2
MQ - cm—1 purity. Tetraoctylammonium bromide (TOAB, >98.0%, TCI), 1-undecanethiol
(>96.0%, TCI), sodium borohydride (99%, VenPure SF powder, Acros Organics), sodium
hydroxide (98.5%, for analysis pellets, Acros Organics) gold (III) chloride hydrate (99.995%,
Sigma Aldrich), tannic acid (Sigma Aldrich), and 4-mercaptobenzoic acid (99%, Sigma
Aldrich), potassium carbonate (99.0% min, Alfa Aesar), Sodium citrate tribasic dihydrate (Fluka
Analytical), 1-mercaptoundecanoic acid (Chem Cruz), toluene (Fischer Chemical), and
methanol (Fischer Chemical) were used without further purification.

Gold undecanethiol-protected nanoparticles were synthesized via a modified Brust-
Schiffrin method. HAuCls x H>O (302 mg, 0.889 mmol) was dissolved in 25 mL of nanopure
water. TOAB (2.1989 g, 4.02 mmol) was dissolved in 60mL of toluene by stirring for 5 min. The
aqueous AuCly solution was added to the TOAB solution, and the two-phase mixture was
vigorously stirred for 10 min. The aqueous layer was removed and 1-undecanethiol (630uL,
2.813mmol) was added to the stirring organic phase. Immediately following the addition of the
ligand, a freshly prepared aqueous solution of 0.4 °C NaBH4 (0.3825g, 25mL) was added
dropwise to the solution and the reaction was allowed to stir for 3 hours. To purify the particles,
the precipitate was collected via centrifugation at 10,000rpm for 7 min, resulting in a particle
pellet in a clear and colorless supernatant. The supernatant was decanted off into the waste and

the particles were redispersed in ca. 2-3 mL of toluene and ca. 37-38 mL of methanol and the



centrifugation process was repeated once more. Dried AuNPs with a typical yield of 200 mg

were collected.
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Figure 3. Diagram of the Brust-Schiffrin Method for Synthesizing Silver Nanoparticles

Gold 4-mercaptobenzoic acid and 11-mercaptoundecanoic acid protected nanoparticles
were synthesized via a reported modified Turkevich method, while 11-mercapto-1-undecanol
particles were synthesized via a modified Turkevich method.?® Sodium citrate tribasic dihydrate
(0.0970 g, 0.333 mmol) was dissolved in 150mL of nanopure water by vigorously stirring to
produce a clear and colorless solution. Tannic acid (2.5mM, 0.1mL) was added into the solution,
followed by potassium carbonate (150mM, 1mL) to adjust the pH of the solution to 11. The
clear and colorless solution was heated to 68 - 69 °C in an oil bath. Once the solution reached 68
— 69 °C, HAuCl4 (28mM, 1mL) was added to the stirring reaction. The solution was allowed to
stir for an additional 15 minutes at 68 - 69°C to ensure the complete reduction of gold. The
citrate-protected AuNPs were used as the parent particles for the protected AuNPs.

To synthesize the gold 4-mercaptobenzoic acid and the 11-mercaptoundecanoic acid
protected nanoparticles, a stock solution of ImM of each thiol ligand was made by dissolving
0.0026g 4-mercaptobenzoic acid or 0.0035g 11-mercaptoundecanoic acid, respectively, into
15mL of nanopure water alongside 1 pellet of NaOH. Then, the 200uL of the ligand solution

was added to the 20mL of citrate-protected AuNPs. The particles were allowed to stir overnight
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at room temperature. The particles were filtered and concentrated using a 30,000 kDA molecular

weight cutoff filter (Amicon Ultra - 4). The particles were centrifuged at 10,000rpm for 2
minutes to filter and concentration from SmL to 500uL.This was repeated until all 20mL of the
particles were concentrated to 2mL. Finally, the particles were washed with nanopure water and
suspended in hexanes.

To synthesize the gold 11-mercapto-1-undecanol nanoparticles, A stock solution of ImM
11-mercapto-1-undecanol was made by dissolving 0.0038g 11-mercapto-1-undecanol into 15mL
of ethanol. Then, the 200uL of the ligand solution was added to the 20mL of citrate-protected
AuNPs and allowed to stir for 1 hour. The particles were centrifuged at 10,000 rpm for 7

minutes. The supernatant was decanted off and the pellet was readily dispersed in ethanol.

Zeolites

The zeolites used were ZSM-5 zeolite powders purchased from ACS Materials. A set of
four zeolites were used: MR-25, P-38, P-117, and P-360, with reported molar ratios of 25:1,

38:1, 117:1, and 360:1 SiO2: AlLOs3, respectively.

Experimental Set-Up

1.2% and is

The immersion freezing chamber has been discussed in detail by Alstadt et a
described here briefly. The chamber is a low moisture environment used to test ice nucleation of
the droplets. The chamber is an enclosed system with two purified nitrogen streams that flow

into it. One stream is a purge flow that prevents condensation inside the chamber. The other

stream of nitrogen is cooled by liquid nitrogen and then passed through the immersion chamber
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to cool it at a rate of -3 °C/min + 0.3 °C/min. 2 puL droplets (~0.7 mm diameter) of 0.02 wt %

solution in ultrapure water (Millipore Q, 18.2 QQ-cm2) are pipetted onto silanized slides
(Hampton Research). A temperature probe attached to the copper plate near the slide and
monitors the internal temperature of the chamber. A camera situated above the chamber takes
photos of the droplets every -0.5 °C from 0 °C to -30 °C or until all the droplets freeze. At least 2

trials of 122 droplets are performed for each particle.

Camera
Temp. Probe

-12.5

Cool N, outflow

Low pressure N, inflow
Immersion

Chamber

Pressure outlet

Cool N, inflow
: |

Figure 4. Immersion Freezing Chamber Set-Up.

The immersion chamber houses a slide with the droplets being tested in a trial. A stream of N2 gas is cooled and enters
the chamber to cool it, with a temperature probe monitoring the temperature drop. A low-pressure flow of N2 gas flows through
the chamber to remove ambient water vapor to prevent it from interfering with the freezing of the droplets.

Data Analysis

We display our results in terms of both frozen fraction and normalized based on the
surface area of the particles. Results of the immersion trials are first given in the form of frozen
fraction data, detailing what fraction of droplets freeze at which temperatures. Frozen Fraction is

given by
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where n(7) is the total number of frozen droplets at a given temperature and N is the total number

of droplets in the sample population.'?

In order to normalize the freezing to surface area and to account for homogeneous
freezing of water and normalize freezing based on per unit surface area of the particles, further
calculations were carried out based on Vali at al. and O’Sullivan et al.27,28 In these, K(T), the
number of nucleation sites per milliliter of water at a specific temperature is determined for each
trial. The equation for K(7) is given by:

—In[1 - F(T)]

K(T) = .

where F(T) is the fraction of droplets frozen at a specific temperature, } is the drop volume in
milliliters. The K(7) value for nanopure water was subtracted from the K(7) value of each
particle data set to account for background freezing.

The cumulative number of active surface sites per cm? as a function of temperature (7s)
was calculated from K(7) using the equation:

ne=K(T)xC™!

where C is the total surface area in a given volume. C was calculated from the BET surface area
for silver nanoparticles and TEM for the gold nanoparticles, and the weight percent of the silver
nanoparticle and zeolite samples prepared for immersion freezing, and from TEM for the gold
nanoparticles.?”*® Active surface sites are the sites on the surface of a particle where ice
nucleation occurs. For each average K(7), ns was calculated using the standard deviation of the
K(T) of each trial. This produces a graph where the freezing of the particle is normalized per

cm?, with an example shown in Figure 6.
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Chapter 3

Results

Silver Nanoparticles

Table 1 indicates that the particles froze in a span of 10-12 degrees with 1-undecanethiol
freezing in the shortest span of 9.5 degrees, followed by 4-mercaptobenzoic acid with 10 degrees,
then 11-mercaptoundecanoic with 11.5 degrees, and lastly 11-mercapto-1-undecanol in a 12
degrees range. The onset temperature of the silver nanoparticles followed the order of 11-
mercapto-1-undecanol AgNP, then 4-mercaptobenzoic acid AgNP and 11-mercaptoundecanoic
acid at the same temperature, followed by 1-undecanethiol. In terms of 50% freezing, 11-
mercapto-1-undecanol froze at the warmest temperatures, then 4-mercaptobenzoic acid, and

lastly 1-undecanethiol and 11-mercaptoundecanoic at the same temperature.

Table 1. Tabulated Frozen Fraction Data for Silver Nanoparticles

1- 4-mercaptobenzoic 11-
undecanethiol acid 11-mercapto-1- mercaptoundecanoic
(in °C) undecanol acid
Freezing Onset -14.5 -12 -8.5 -12
50% Frozen -20.5 Between -17.5 & -18 | Between -16.5 to -17 -20.5
100% Frozen -24 -22 -20.5 -23.5

Figure 5 shows this tabulated data in figure form, showing the frozen fraction freezing
data. From the frozen fraction data, we see that 11-mercapto-1-undecanol freezes at the warmer
temperatures, followed by 4-mercaptobenzoic acid, then 11-mercaptoundecanoic acid and 1-

undecanethiol.
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Figure 5. Aggregated Frozen Fraction Data for Silver Nanoparticles and structure of each of the ligands

The surface area of a gram of particles was calculated based on BET analysis in order to
normalize the frozen fraction to the number of active sites per gram of particle. Figure 6 shows
the graph of the silver nanoparticles freezing normalized to the surface area of the particles. The
general freezing trend remains the same as with the frozen fraction data. 1-undecanol AgNP is
the best ice nucleating particle, followed by 4-mercaptobenzoic acid AgNP. 11-

mercaptoundecanoic AgNP and 1-undecanethiol AgNP have similar rates of freezing. This
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correlates with the number of active sites on the surface of the particle. 1-undecanol AgNP had

the greatest active sites of all the silver nanoparticles with 162 active sites per cm? at -18 °C.
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Figure 6. Aggregated Normalized Freezing Data for Silver Nanoparticles.

Error bars on the data points in the graph represent the error between the eight different trials that test about 244 droplets

In Figure 6, several data points end some degrees earlier than the frozen fraction data

points. This is due to the calculation of K(7) to determine ns. Within the four tests that were

conducted for each trial

, if one of the tests ended earlier than another, then some of the data

points are undefined by the equation for K(7). Thus, the average K(7) can only be calculated to

the warmest temperature at which all of the droplets are frozen.

Some of the negative side of the error bars are also not given for data points. This is

because the error extended below zero, which cannot be graphed on a logarithmic plot. In

addition, ns does not increase proportionally with decreasing temperature for all of the samples

because the removal of background freezing can cause fluctuations in the graph.'?

TEM data was collected on each of the four functionalized silver nanoparticles, shown in

Figure 7. It is clear that the nanoparticles formed aggregates, most likely due to the drop-cast
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method that the TEM grids were prepared with. However, we do see that the nanoparticles have

a round shape, meeting the desired expectations from the synthesis. The approximate diameters
as seen in the TEM images are as follows: 1-undecanethiol — 4nm, 4-mercaptobenzoic acid —

33nm, 11-mercaptoundecanoic — 2.5nm, 11-mercapto-1-undecanol — 18 nm.

——— 200 hm

50 nm

Figure 7. TEM image for functionalized silver nanoparticle. Top left: 1-undecanethiol
AgNP (Scale: 20nm). Top Right: 4-mercaptobenzoic acid AgNP (Scale 200 nm). Bottom left: 11-
mercapto-1-undecanoic AgNP (Scale 50 nm). Bottom Right: 11-mercapto-1-undecanol AgNP
(Scale 200 nm).
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Gold Nanoparticles

Table 2 indicates that the particles froze in a span of 7-12 degrees with 4-
mercaptobenzoic acid freezing in the shortest span of 7 degrees, followed by 11-mercapto-1-
undecanol with a 11 degree range, then 11-mercaptoundecanoic in 11.5 degrees, and lastly 1-
undecanethiol in a 12 degree range. The freezing onset order was first 11-mercapto-1-undecanol,
then 11-mercaptoundecanoic, followed by 4-mercaptobenzoic acid, and lastly 1-undecanethiol.
In terms of 50% freezing, 11-mercapto-1-undecanol froze at the highest temperatures, then 4-

mercaptobenzoic acid and 11-mercaptoundecanoic, and lastly 1-undecanethiol.

Table 2. Tabulated Frozen Fraction Data for Gold Nanoparticles

1- 4- 11-
undecanethiol | mercaptobenzoic | 11-mercapto-1- mercaptoundecanoic
(in °C) acid undecanol acid
Freezing Onset -17.5 -17 -8.5 -14.5
50% Frozen -22 -21.5 -11to-11.5 -21.5
100% Frozen -29.5 -24 -19.5 -26

Figure 8 shows this tabulated data in figure form, showing the frozen fraction freezing

data. From the frozen fraction data, we see that 11-mercapto-1-undecanol freezes at the warmer

temperatures, followed by 4-mercaptobenzoic acid and 11-mercaptoundecanoic acid, and lastly1-

undecanethiol.
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Figure 8. Aggregated Frozen Fraction Data for Gold Nanoparticles

The surface area of a gram of particles was calculated based on TEM analysis in order to
normalize the frozen fraction to the number of active sites per cm? per gram of particle. Figure 9
shows the graph of the gold nanoparticles freezing normalized to the surface area of the particles.
The general freezing trend remains the same as with the frozen fraction data. 1-undecanol AuNP
is the best ice nucleating particle, followed by 1-undecanoic AuNP and 4-mercaptobenzoic acid
AuNP, and lastly,1-undecanethiol AuNP. It is supported by the ns value of 14 active sites per
cm? at -15 °C, the greatest of all the gold nanoparticles. This order is similar to that of the silver
nanoparticles. However, it is important to note that because the surface area was calculated by
TEM rather than by BET, as it was with the silver nanoparticles, the results are not directly
comparable because there could be greater estimation errors with the gold nanoparticles surface

arcas.



In Figure 9, as with the silver nanoparticles, several data points end some degrees earlier

than the frozen fraction data points and some of the negative sides of the error bars are also not

given for data points due to the same reasons outlined previously.
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Figure 9. Aggregated Normalized Freezing Data for Gold Nanoparticles
Error bars on the data points in the graph represent the error between the eight different trials that test about 244 droplets

TEM data was collected on each of the four functionalized silver nanoparticles, shown in
Figure 10. As with silver, the nanoparticles have a round shape, meeting the desired expectations
from the synthesis. The approximate diameters as seen in the TEM images are as follows: 1-

undecanethiol — 3.6 & 0.5 nm, 4-mercaptobenzoic acid — 2.5 = 0.4 nm, 11-mercaptoundecanoic —

2.0 = 0.3 nm, 11-mercapto-1-undecnaol — 4.6 + 1.0 nm.
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Figure 10. TEM image for functionalized gold nanoparticle. Top left: 1-undecanethiol
AuNP (Scale 50 nm). Top Right: 4-mercaptobenzoic acid AuNP (Scale 20 nm). Bottom left: 11-
mercapto-1-undecanoic auNP (Scale 20 nm). Bottom Right: 11-mercapto-1-undecanol AuNP
(Scale 20 nm).

Zeolites

Table 3 shows that the zeolites froze in a span of 6.5-13 degrees withP-117 freezing in
the shortest span of 6.5 degrees, followed by MR-25 in 7.5 degrees, then P-360 in 12 degrees,
and lastly P-38 in a 13 degree range. The freezing onset order of the molecules is P-117,
followed by MR-25, then P-360, and lastly P-38. In terms of 50% freezing, P-117 froze at the

warmest temperatures, then MR-25 closely after, followed by P-360, and lastly P-38.

Table 3. Tabulated Frozen Fraction Data for Zeolite Powders

(in °C) MR-25 P-38 P-117 P-360
Freezing Onset -10 -15 -9 -13
50% Frozen | Between-12.5t0-13 | Between -24.5 to -25 -12.5 -19
100% Frozen -17.5 -28 -15.5 -25
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Figure 11 shows this tabulated data in figure form, showing the frozen fraction freezing

data. From the frozen fraction data, we see that P-117 and MR-25 freeze at warmer temperatures,
followed by P-360 and then P-38. Interestingly, we see that P-117 has the most active sites of the

set of zeolites, with 3 per cm? at -17 °C.

Frozen Fraction
o
(0]

-35 -30 -25 -20 -15 -10 -5 0

Temperature (°C)

Background Freezing —@— MR-25 P-38 P-117 P-360

Figure 11. Aggregated Frozen Fraction Data for Zeolite Powders. Note here that the molar ratio of SiO2/AL2O; for each
zeolite varies according to the number. For example, P-38 should have a 38:1 molar ratio of Si02/A1203

As with the silver nanoparticles, the surface area of a gram of the zeolite powders was
found through BET analysis in order to normalize the frozen fraction to the number of active
sites per gram of particle. The freezing, normalized to surface area, is shown in Figure 12. Again,
note that some negative error bars are not shown for the reasons outlined before for silver
nanoparticles. The normalized general freezing trend follows the frozen fraction data. MR-25

and P-117 are the best ice nucleating particles, followed by P-360 and then P-38.
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Figure 12. Aggregated Normalized Freezing Data for Zeolite Powders. Note here that the molar ratio of SiO2/Al2Os for
each zeolite varies according to the number. For example, P-38 should have a 38:1 molar ratio of SiO2/Al20s. Error bars on the
data points in the graph represent the error between the eight different trials that test about 244 droplets

XPS data was collected on the zeolites to confirm the reported surface properties

from the manufacturer, as shown in Table 4. The table indicates that the reported ratios of Si:Al

from the manufacturer were not consistent with the results from the XPS analysis. While the

ratios should have been MR-25, P-38, P-117, and P-360, with molar ratios of 25:1, 38:1, 117:1,

and 360:1 Si0: AlOs, respectively, the XPS shows that MR-25 actually had a ratio of 20:1, P-

38 was essentially all Si, P-117 was 28:1, and P-360 was 513:1.

Table 4. Results of XPS analysis on the ZSM-5 zeolite series. Note the undefined ratio of Si:Al for the P-38 zeolite

Sample Ctotal Al Si Si: Al

MR-25 4.4 1.4 29.2 20
P-38 2.0 - 31.0 undefined
P-117 5.4 1.1 30.1 28
P-360 12.1 0.1 28.5 513
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Chapter 4

Discussion

Silver Nanoparticles

Ice nucleation is affected by the surface of the material that ice is nucleating on.
Literature indicates that different functional groups contribute to ice nucleation differently.
Hydrophilic functional groups tend to nucleate ice at warmer temperatures than hydrophobic
groups due to increased favorable interactions with water.’! Therefore, a larger concentration of
hydroxyl groups on the surface will lead to freezing at warmer temperatures.*?> Cox et al. have
found that groups that promote the right equilibrium of hydrogen bonding in which the water is
adsorbed to the ligand, creating order of the water, but is not bound so tightly that it prevents
water-water interactions, have the highest ice nucleation activity.>* Carboxylic acids are very
polar and hydrogen bond more strongly than hydroxyl groups, and therefore have lower ice
nucleation activity. These studies help to explain the freezing trends from the silver nanoparticles
of 1-undecanol AgNP being most active, followed by 4-mercaptobenzoic acid AgNP, then 11-
mercaptoundecanoic acid, and lastly 1-undecaenthiol.

I-undecanol AgNP has the highest activity because it is an alcohol functional group on
the surface of the particle that can interact with water via hydrogen bonding. Parungo suggests
that alcohol groups are the most effective, followed by halogens, carboxylic acids, and esters
within substituted benzoic acid groups.>* Hydrogen bonding adsorbs water onto the surface of
the particle and create ordering, facilitating ice formation.*?

Both of the carboxylic acid functional groups (4-mercaptobenzoic acid and 1-undecanoic

acid) have different rates of freezing. 4-mercaptobenzoic acid AgNP is a more active ice
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nucleating particle because the benzene ring in the body of the ligand provides rigidity so that the

carboxylic acids are more ordered on the surface of the silver nanoparticle, increasing the
number of active sites available for freezing.!® Further, the 4-mercaptobenzoic acid AgNP was
much larger (~33 nm) as compared to the 1-undecanoic AgNP (~2.5 nm). As suggested by Kanji
and Abbatt, particles of greater surface area lead to great ice nucleation activity due to the
availability of more active sites in a more favorable surface structure.’® Prauchpper and Klett
have generally found that ice nucleating particles should be 100 nm or more in size to be
effective.!® However, we can see here that these smaller particles can be effective too, and this
which has been found by the Molinero group as well.!®

I-undecanoic AgNP simply has a long carbon chain which may cause disordered stacking
of the ligand chains of the carboxylic acids, which is less conducive to ice nucleation, as found
by Qiu et al.'®. Lastly, 1-undecanethiol is worst at freezing due to its hydrophobic nature; there is
no hydrophilic functional group to improve freezing rates or form hydrogen bonds with the

surrounding water.



Gold Nanoparticles
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Figure 13. Frozen Fraction of both silver and gold nanoparticles

The order of freezing for the gold nanoparticles nearly matched the order of freezing for

the silver nanoparticles: the alcohol NP being the best, followed by the carboxylic acid NPs, and

then the straight chain carbon NP. However, in the gold, the 11-mercaptoundecanoic acid

nanoparticles freeze essentially at the same time as 4-mercaptobenzoic nanoparticles. This is

different than the silver nanoparticles, which show a more distinct ordering of freezing, likely

based on the floppiness of the ligands, but this rigidity effect is not observed with the carboxylic

acid gold nanoparticles.
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11-mercapto-1-undecanol NPs froze in essentially the same range for both silver and gold

nanoparticles. the silver nanoparticles froze in -8.5 °C to -20.5 °C with 50% frozen at 16.5 °C.
Gold nanoparticles froze in -8.5 °C to -19.5 °C but the 50% frozen fraction was at -11 °C, about
5.5 degrees earlier than in silver.1-undecanethiol NPs froze at warmer temperatures on silver
nanoparticles than gold nanoparticles. For the silver, the freezing began 3 degrees warmer and
ended 5.5 degrees warmer than gold; the 50% frozen mark was 1.5 degrees sooner as well. In
terms of the freezing range, it froze in a smaller span of ten degrees in silver versus twelve
degrees for gold. 4-mercaptobenzoic acid froze at warmer temperatures for silver, but froze in a
larger range of 10 degrees for silver versus 7 degrees as gold. The silver nanoparticles started
freezing 5 degrees warmer and ended freezing two degrees warmer. 11-mercaptoundecanoic acid
begins freezing at two degrees warmer for silver than gold and ends freezing at 2.5 degrees
warmer.

Overall, it seems that the silver nanoparticles functionalized at warmer temperatures than
the gold nanoparticles, with the exception of the 11-mercapto-1-undecanol NP. To investigate
the reasons as to why, the lattice spacing of silver and gold were compared it to that of ice, with
the hypothesis that silver nanoparticles froze faster because the lattice spacing of it is closer to
that of ice. The (111) hexagonal lattice spacing for silver is 2.32 A, for gold is 2.36 A,*” and for
ice is 2.75 A.!% This indicates that the lattice spacing difference of the silver and gold is so small
that it does not significantly affect the spacings of the ligands. Therefore, lattice spacings would
not have a significant effect on its ice nucleation activity. Thus, more research will be needed to

determine the reasons as to why silver nanoparticles freeze faster than gold nanoparticles.
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Zeolites

The hypothesis for the freezing trend is that the zeolites with the highest ratio of alumina
would serve as the best ice nucleating particle, as aluminum shows higher ice nucleation than
silica due to a greater hydrogen bonding between hydroxyl groups on the surface with water and
closer crystal structure matching with ice.>!? However, although framework aluminum is
important, water can adsorb even without the presence of aluminum, which indicates that it
adsorbs at defect sites, impurities, and the Si-O-Si framework.?>*-? It is important to note that
water absorption is weaker on the surface silanol groups than the rapid adsorption on aluminum
frameworks.*® For this reason, water should still freeze on the high percentage silica particles at
warmer temperatures than the background freezing.

Based on these studies, the freezing, in order of best particle to worst should have been
MR-25>P-38>P-117>P-360. MR-25 followed this trend, but the trend observed for the other
particles was P117>P-360>P-38. This was an unexpected result, so the zeolites, especially the P-
38 zeolite, should be characterized further in order to investigate why it was not as good of an ice
nucleating particle.

XPS was performed on the zeolite powders in order to see what surface groups
containing silica and aluminum are present, as well as their potential to form hydrogen bonds
with water. Table 4 shows the results of the XPS testing, and helps to clarify the unexpected
trend in ice nucleation activity. Although the P-38 should have had aluminum on the surface, the
XPS analysis shows that there is none actually present. Therefore, the data fits our original

hypothesis that zeolites with higher ratios of alumina have higher ice nucleation activity.
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Chapter 5

Conclusion

This study explored the ice nucleating activity of three different particles: silver
nanoparticles, gold nanoparticles, and zeolites, in order to determine the effect of the surface
characteristics in immersion freezing experiments. A set of analogous functional silver and gold
nanoparticles were synthesized and characterized and a set of zeolites with varying ratios of
AlO3:S10; were purchased. All particles underwent ice nucleation tests in an immersion
chamber to test ice nucleation activity, which was normalized to the particle’s surface area.

We found that ice nucleation activity depended on the groups on the surface of the
particles. The general freezing trends for nanoparticles found that the alcohol functionalized
nanoparticles froze best, followed by the two carboxylic acid nanoparticles, and then lastly the
straight-chain carbon functionalized nanoparticles. Silver nanoparticles were found to freeze at
warmer temperatures than gold nanoparticles, and further investigation is needed to look into the
causes. Additionally, we found that the carboxylic acid AgNPs has a distinct freezing order with
the less floppy ligand, 4-mercaptobenzoic acid functionalized NPs, freezing at warmer
temperatures than 11-mercaptoundecanoic acid AgNPs. For zeolites, those with higher ratios of
AlO3:S10; showed freezing at warmer temperatures.

The experimental data confirmed the hypothesis that ligands that can hydrogen bond with
water strongly enough to promote adsorption and create ordering of the water, but not too

strongly to prevent water-water interactions and subsequent ice growth have the highest ice
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nucleation activity. Additionally, surface groups that match the crystalline structure of ice more

closely, namely alumina, promote higher ice nucleation activity.
This study adds to literature on how crystallinity and functional groups impact ice
nucleation. This body of research is critical to understanding how ice nucleation processes

happen in the atmosphere, and ultimately, affect climate.
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