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ABSTRACT

Nanoparticle self-assembly (NP SA) at the air/water interface is a promising method for
fabricating films with novel optical, electronic properties that are useful for state-of-the-art
diagnostic and therapeutic applications. Interfacial NP films are often rigid and the NPs
aggregate as a result of very strong NP-NP interactions. This prevents the film from correcting
defects, causing poor performance. In this study polyethylene glycol (PEG) capped gold
nanoparticle (AuNP) systems were investigated to potentially address this issue by tuning
AUNPs’ main forces for self-assembly: electrostatic, hydrophobic, hydrogen bonding, and steric.
A minimum concentration of 0.5 M NaCl was determined to be required for initial film
formation at the interface from aqueous solution. Three types of PEG-capped AuNPs with
various terminating PEG groups (methyl, amine and carboxylic acid) were synthesized and then
tested on three different subphases pH’s (4, 6.5, and 8) to induce varying amounts of charge on
the PEG terminating group. The effect of AUNP charge on NP film rigidity, morphology, and NP
packing density were analyzed using compression isotherms along with atomic force microscopy
(AFM) and transmission electron microscopy (TEM) imaging. The various PEG ligand
terminating groups complicated AuNP purification and the 0.5 M NaCl subphase altered AFM
and TEM sampling protocol. Results showed that, firstly, ligand functionality and charge impact
both film rigidity, morphology and, secondly, that NP interfacial packing density varied with

compression to create responsive AuNP films.
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1. INTRODUCTION
1.1 Gold Nanoparticle Applications and Interfacial Self-Assembly

Gold-core nanoparticles (AuNPs) have gained considerable attention for their optical and
electric conduction properties, which enable their uses in medical imaging, tumor therapy, and

catalysis (Figure 1.1.1).1

Catalyst
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Figure 1.1.1 Current applications of gold-core nanoparticles (AuNP).?

The interfacial properties of NPs are incredibly important for their performance.?® For
example, the NP assembly’s optical properties are determined by NP spacing and orientation at
the interface.>* NP self-assembly (SA), the spontaneous organization of NPs into a minimum-
energy conformation, is often employed to manufacture interfacial NP structures.>® NP SA at the
air-water interface is a popular method as it is can be used with many types of NPs to create
various products and has been described as the “key to new technologies (Figure 1.1.2).28 While
NP technologies have been successfully produced and theories of nanoscale forces developed,
fine control over film properties such as NP packing density, and NP spacing and orientation is
not exact.*”8 Fine control is necessary as the aforementioned structural properties directly relate

to the NP film’s features and effectiveness for future applications.*"8
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Figure 1.1.2 Self-Assembly of capped nanoparticles at the air-water interface. The green arrows
indicate spontaneous nanoparticle adsorption to the air/water interface.?




NPs adsorb and remain at the interface because of the decrease in interfacial energy and
lowering of interfacial tension, making it a thermodynamically favourable environment.*?
However, a common problem is that once NPs adsorb to the interface the NP structure becomes
rigid or the NPs aggregate (i.e. clump together) as a result of very strong NP-NP
interactions.”1%1 NP aggregation and structure rigidity prevent the film from reassembling to fix
any defects causing poor performance.”*%1!* Adding capping ligands, which adsorb or bind to the
NP core, is one method to control NP spacing, areal packing density, interfacial driving force and
can prevent both aggregation and structural rigidity.®*2 NP capping ligands, especially the
ligand’s end group, are known to have a large impact on SA adsorption rate, NP-NP interactions
in water, and NP-water interactions.>%12 Different ligands are also able to respond to external
stimuli, such as pH and electrolytes, in distinct ways.2 The varied response of capping ligands to
stimuli is advantageous as NP film properties can be finely altered using both a specific ligand
and external stimuli, therefore exerting fine control over NP applications.?

1.2 Langmuir Balance

NP SA at the air-water interface can be accomplished using a Langmuir balance, also called a
trough for its similarity in shape (Figure 1.2.2).14% The Langmuir balance is currently one of the
best methods to control and characterize NP film properties, such as film morphology and
rigidity, at the air-water interface by generating plots of surface pressure versus surface area
called isotherms. 1416 Isotherms are collected when the available area of the aqueous subphase,
onto which the NPs film resides, is decreased using barriers on either end.® As the trough’s
interfacial area decreases, the NPs are pushed closer together and the repulsive forces between
NPs begin to increase.5* These increased repulsive forces then result in a surface pressure
rise.16-18 The surface pressure is measured throughout compression by the Wilhelmy plate, which
is in contact with the water surface.’®-18 Just as pressure versus volume phase diagrams arise
from intermolecular interactions in a 3D system of molecules, a rise in surface pressure at a
particular surface area imparts clues as to film rigidity and NP areal density and rearrangement at

the interface.16-18
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Figure 1.2.2 A Langmuir balance with barriers on either side to decrease the surface area.®
Nanoparticles spread at the air-water interface are shown in red and the Wilhelmy plate is in
contact with the water’s surface to measure surface pressure.

1.3 Polyethylene Glycol Capped Gold Nanoparticles

Thiols of polyethylene glycol (PEG), often referred to as polyethylene oxide (PEO), are
fore-runners for AUNP capping ligands in many applications (Figure 1.3.1).2° PEG capping
ligands can impact the NP assembly in a variety of ways, such as adding stability through the
sulfur-gold bond, NP aggregation via steric repulsion, controlling the rate of interfacial
adsorption, defining NP spacing, and altering the NP packing density, the latter of which
sensitively affect the NP optical and electronic properties.24 7819

PEG is a non-ionic amphiphile, meaning PEG is weakly attracted to water (compared to
ionic surfactants) and has both hydrophobic and hydrophilic characteristics.'®? It is these unique
structural characteristics that allow PEG to alter NP SA in response to external stimuli.?42* The

importance of these qualities will be discussed in detail in subsequent sections.

HCro O sH

n

Figure 1.3.1 Polyethylene glycol methyl ether thiol capping ligand, which is bound all over gold-
core nanoparticles through the sulfur-gold bond.??
1.4 Non-ionic Nature of Polyethylene Glycol

The non-ionic nature of PEG influences the reversibility of the PEG-capped NP SA. To
begin with, non-ionic surfactants like PEG are characterized as having several weak attractions

to water.'® Compared to ionic surfactants, there is less bridging between water molecules and
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ligands to stabilize the NP structure and to generate steric repulsion between adjacent NPs.20:23
This gives the NPs a greater capacity for interfacial rearrangements.?® Interfacial re-arrangement
is desirable because it allows defect correction in the NP film, such as uneven NP spacing, which
impacts the NP assembly’s properties.®

1.5 Amphiphilic and Helical Character of Polyethylene Glycol

Due to PEG’s amphiphilic nature, it can be driven to adsorb to the air-water interface (from
the aqueous phase) to varying degrees and with a wider range of morphologies compared to non-
amphiphilic ligands.?°2* By tuning the degree of intermolecular hydrogen-bonding (H-bonding)
within water, PEG’s structure and hydrophobicity can be tuned, which in turn alters its interfacial
and hydrophobic driving force.?0#

A comprehensive study was published by Azri et al. which discusses the structure of free
PEG thiols in water.?® PEG’s structure in water is important for understanding ligand-ligand and
ligand-water interactions of PEG-capped NPs at the air-water interface. For a wide range of
polymer lengths (~1 700 g mol* to 28 700 g molt) PEG takes on a helical structure, much like
DNA, in water (Figure 1.5.1).25% PEG’s helical or coil shape is created by the alternating
hydrophobic-hydrophilic units.?®

L}
v v

A

Figure 1.5.1 PEG’s linear (left) and helical (right) conformation in water as a result of its
amphiphilic nature.?2

Research using variable temperature ATR-IR has shown that PEG’s helix is present in a
variety of morphologies (Figure 1.5.2).28 Simulation data shows that the carbon-carbon bonds in
the PEG ligand chain prefer a gauche conformation, while the carbon-oxygen bonds favour a
trans conformation.? As a result, PEG’s preferred conformation in water is thought to be a

gauche-trans-gauche-trans pattern (Figure 1.5.2).2528
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Figure 1.5.2 Various PEG helix morphologies in water including a trans-trans-trans (A), the
favoured trans-gauche-trans (B) and trans-trans-gauche (C) of the C1-Cz, C2-Cs and C3-O bonds
in PEG.?%8

After interfacial adsorption, additional NP rearrangement at the air-water interface occurs
due to PEG’s amphiphilic nature and interparticle forces between the NPs.>” There are two main
factors that allow PEG to lower the system’s free energy, thus promoting NP stability at the
interface. Firstly, once at the interface, PEG’s hydrophilic unit collapses and the hydrophobic
unit expands into the air, so that PEG has different conformations in either air or water (Figure
1.5.3).37 This interfacial conformation change exposes the most thermodynamically favourable
ligand units in either phase, promoting stability.> PEG’s polymeric length creates more possible

conformations to create the lowest free energy.’?°

Qualey T,> T,
solvent 1

Figure 1.5.3 Different PEG-capping ligand conformations at the air-water interface, with exposed
hydrophilic units in water (solvent 1) and expanded hydrophobic units in air (solvent 2).”

1.6 General Nanoscale Forces in Effect

NP SA, both to and within the interface, is a balance of non-covalent interactions, including
(1) electrostatic and steric repulsion, (2) H-bonding, (3) hydrophobic interactions, and (4) van
der Waals forces (vdW).2%-3031 Once driven to the interface, the adsorption is largely irreversible
due to significant vdW attractive forces between NPs, as well as potential attractive interactions

via the ligands. NP aggregation at the air-water interface will be mitigated as long as these
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forces are primarily repulsive.”? Figure 1.7 illustrates the vdW and electrostatic interactions,

highlighting key opposing forces in this experiment.

Van der Waals
A i

+ > Electrostatic

Figure 1.6 Visual representation of (A) attractive van der Waals forces between nanoparticle
cores and (B) repulsive electrostatic forces hindering nanoparticles’ close approach.®! The green
region shows the charged area around the nanoparticles.
1.6.1 Electrostatic and Steric Repulsion

Electrostatic and steric repulsion arise from in our system from ligand-ligand interactions
that work against aggregation and play a large role in NP spacing and packing density.”:3?
Electrostatic repulsion occurs between two like charges, either on the NPs or the capping
ligands.3? These like-charges repel each other and prevent the NPs’ close approach, working
against NP aggregation.3? Steric repulsion also acts against aggregation, as the capping ligands
physically obstruct NP cores from coming together.3? Greater charge and longer ligands increase
electrostatic and steric repulsive forces, respectively. These repulsive interactions keep the
capped NPs further apart, ultimately increasing NP spacing and decreasing packing distance.?02
1.6.2 Hydrogen Bonding

H-bonding is the strongest of all the non-covalent forces occurring at the air-water
interface (in which the subphase is water).?® The H-bonding between the subphase’s water
molecules and the NPs’ capping ligands create a scaffolding of bonds.?® The H-bond scaffolding
increases the NP assembly’s structural stability as it holds NPs in certain positions at the
interface.?® For PEG-capping ligands specifically, the water molecules in the subphase bind to
the oxygen and hydrogen atoms along PEG’s chain.?®* Moreover, the breakage of water-water
bonds to form water-NP ligand bonds also causes a decrease of interfacial tension, promoting
stability.?® The additional water molecules bound to the NP’s capping ligands adds steric bulk
between NP cores, thereby increasing the steric repulsion and further preventing NP

aggregation.?®
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1.6.3 Hydrophobic Interactions
Hydrophobic interactions describe water molecules’ need to escape from the hydrophobic
components in the NP SA, such as the hydrophobic units in the PEG-capping ligand’s chain.”?®
As a result, hydrophobic units come together and reduce their interactions with water, promoting
NP aggregation.”1*2?° Hydrophobic interactions are a major component in the NP’s interfacial
driving force and determining PEG’s conformation at the air-water interface.”13:25
1.6.4 van der Waals Forces
vdW forces transpire due to the transient fluctuation of electrons between NP cores,

creating dipoles.®? The dipoles result in the main attractive force between NPs, which
subsequently drives the NPs together to aggregate irreversibly.*3233 In regards to PEG’s effect
on vdW forces as a capping ligand, PEG’s lengthy polymer chain screens the attractive vdW
forces between NP cores to impede aggregation.’
1.7 Sodium Chloride Effects on Nanoparticle Self-assembly

Salts have been shown to directly influence many NP SA properties. Over the past few
years various salts and salt concentrations have been used as external stimulants for PEG-capped
NP SA at the air-water interface. Studies by Vaknin et al. have shown that higher NaCl
concentrations increase interparticle spacing and ordering at the interface.3*3% PEG-capped
AuNPs were found to be remarkably stable against high concentrations (< 3 M NaCl) of ions in
the water subphase, and, furthermore, that NaCl induces a Gibb’s (soluble) monolayer of PEG-
capped NPs at the air-water interface.®>3° Lastly, NaCl is known to increase the PEG-capped
AuNP’s interfacial driving force by altering the degree of PEG’s hydrophobic and hydrophilic
character through a combination of indirect water-mediated interactions of hydration spheres, H-
bonding, and entropic changes. 3640
1.8 Polyethylene Glycol Ligand Charge via pH

Inducing charge on NP capping ligands has four main effects that can alter the NP SA’s
structural properties. Firstly, NP charge tunability using pH presents a pivotal method to alter
NP-NP, water-water molecule, and NP-water molecule electrostatic forces. Greater NP charge
increases the repulsive electrostatic forces between the NPs, increasing interparticle distances,
lessening NP interfacial coverage, and hindering NP aggregation.” Secondly, strongly negatively
or positively charged NP ligands are known to be especially stable in polar solvents, like water,
due to electrostatic double layer repulsions, further obstructing NP aggregation but potentially
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driving the NPs into the subphase.*! Next, polymers with permanently charged ligands have been
found to be more mobile at the air/water interface.*? Increased mobility at the interface aids in
NP rearrangement to correct film defects. Lastly, charge strength alters the interfacial NP
adsorption affinity.” Weaker charges have been reported to increase the adsorption affinity,
increasing the interfacial NP adsorption rate, and consequentially altering NP interfacial
equilibrium coverage and NP film uniformity.’

In this experiment, AuNPs are capped with either methyl ether (CH3),
2-mercaptoethyl ether acetic acid (COOH) or amine (NH2) terminated PEG thiols. The COOH
and NH2 terminated PEG thiols have end groups that can be charged with pH adjustment of the
water subphase (Figure 1.9). The NH: terminated PEG ligand is expected to have a pKa from 8.5
to greater than 10.4344 The NH: terminated alkane and will be employed with an acidic water
subphase, using the excess of hydronium ions to protonate the NH2 group into positively charged
NHs* end groups. Similarly, the COOH terminated PEG ligand is expected to have a pKa of 4-5
and will be used with a basic water subphase.** The excess of hydroxide ions in the water is

expected to deprotonate the COOH into negatively charged COO™end groups.

H NH O
0 OH

A « HCI B n

Figure 1.8 NH2 (A) and COOH (B) terminated PEG ligands which are bound all over the AuNPs
through the sulfur-gold bond. The NHzterminated PEG ligands (A) are expected to become
positively charged NH3s* groups in an acidic solution. The COOH terminated PEG ligands (B)
are expected to become negatively charged COO- groups in a basic solution.*>4

1.9 Current Study using Mixed Stimuli

The goal is to identify a system that can achieve reversible interfacial SA by tuning the
electrostatic properties of the NPs. It is anticipated that the ionic strength of NaCl in the water
subphase will drive the AuNPs to the air/water interface, while the pH induced ligand charge will
prevent the AuNPs from aggregating. The overall combination of pH induced ligand charge and
NaCl ions is expected to prevent strong attractive or repulsive forces from manifesting to

promote AuNP stability and mobility at the air/water for a self-correcting film.
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2. METHODS & MATERIALS
2.1 Synthesis of AUNPs

All chemicals were obtained from commercial suppliers without further purification.
Chloroauric acid (HAuUCIs-3H20), tetraoctylammonium bromide (TOAB, 98%), sodium
borohydride (NaBH4, = 98/5%), 4-(Dimethylamino)pyridine (DMAP, 99%), and poly(ethylene
glycol) amine terminated thiol (NH2-PEG, Mn= 2 000) were purchased from Sigma Aldrich.
Poly(ethylene glycol) methyl ether thiol (CHs-PEG, Mn = 2 000), and Poly(ethylene glycol) 2-
mercaptoethyl ether acetic acid thiol (COOH-PEG, Mn = 2 100) were purchased from Polymer
Source.

All glassware was thoroughly cleaned with freshly prepared aqua regia (HCI:HNO3s in a
1:3 ratio by volume) and subsequently rinsed with generous amounts of deionized water (diH20).
Ultrapure water (18.2 MQ cm?), obtained from Milli-Q Reference A+ system, was used for all
experimentation, denoted as diH20.

2.2 4-Dimethylaminopyridine Protected AuUNP Synthesis

Three batches of 4-dimethylaminopyridine (DMAP) protected AuNPs were synthesized
according to the procedure by Gittins and Caruso.*’ For each batch of DMAP protected AuNPs,
a 0.03 M solution of tetrachloroaurate (HAuCls) in 40 mL of diH20 and 0.05 M solution of
tetraoctylammonium bromide (TOAB) in 100 mL of toluene were combined and left to stir.
After 2 hours of stirring, a 0.5 M solution of sodium borohydride (NaBH4) in 30 mL diH20 was
added and stirred overnight. A separatory funnel was used to collected the organic phase, which
was then rinsed three times with 75 mL of diH20. The washed organic layer was then diluted to
250 mL with the addition of 150 mL of toluene. A 0.03 M solution of DMAP in 250 mL of
diH20 was then combined with the diluted organic layer and put into a separatory funnel. Once
the phase transfer occurred, the DMAP protected AuNPs were collected from the separatory
funnel and stored in the fridge for future use.

2.3 AUNP Ligand Exchange

The ligand exchange method as described by Rucarneanu et al. was used to synthesize

the thiolated PEG AuNPs.*8
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2.3.1 Methyl Terminated PEG Thiol AuNPs Synthesis

A 0.45 x 10 M poly(ethylene glycol) methyl ether thiol solution was prepared using 90
mL of anhydrous ethanol. PEG thiol solubility was aided by adding small portions of diH20. The
PEG thiols in ethanol were then combined with 60 mL of DMAP protected AuNPs. This solution
was adjusted to a pH of 5 with acetic acid (20%) and left to stir gently overnight. A 60 mL
portion of dichloromethane (DCM) was added to induce a phase transfer, at which point a
separatory funnel was used to collect the organic layer of CH3-PEG capped AuNP in DCM.
2.3.2 Carboxylic Acid Terminated PEG Thiol Synthesis

The same procedure outline for CH3-PEG capped AuNPs was repeated for the AUNPs
capped with poly(ethylene glycol) 2-mercaptoethyl ether acetic acid thiol (COOH). A larger
batch was prepared, and so 180 mL of anhydrous ethanol and 120 mL of DMAP protect AUNPs
and DCM were used.
2.3.3 Amine Terminated PEG Thiol AuNPs Synthesis

The poly(ethylene glycol) amine terminated (NH2) thiol capped AuNPs were synthesized
in the same manner and quantity as the COOH-PEG capped AuNPs. The only difference was
that the NH2-PEG thiol capped AuNPs did not phase transfer into DCM, leaving them in the
acidified diH20 solution.

2.4 PEG-Capped AuNP Purification

Complete NP purification, i.e. removal of free PEG thiols, was confirmed using dynamic
light scatting (DLS; to be discussed in section 2.5.1) analysis and freeze-drying (no white
precipitate upon freeze-drying). After purification all PEG-capped AuNPs were stored in a fridge
for future use.

2.4.1 Methyl Terminated PEG Thiol Capped AuNP Purification

To ensure removal of free PEG thiols, the solution containing the CH3-PEG AuNPs were
washed three times with acidic water (pH =~ 5.5) using a separatory funnel and then run through a
G-25 Sephadex column in diH20 twice. After removal of the water solvent (via rotary
evaporation or other methods), the CH3-PEG AuNPs were dissolved in toluene, put in a
centrifuge tube with an equal volume of diH20, and centrifuged for 30 minutes at 20°C and 5000

rpm. This resulted in a transfer to the aqueous solvent and apparent removal of unbound PEG.
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2.4.2 Carboxylic Acid Terminated PEG Thiol AuNPs Purification

The COOH-PEG AuNPs were cleaned using the same method as the CH3-PEG AuNPs,
excluding the toluene dissolution and centrifugation.

2.4.3 Amine Terminated PEG Thiol AuNPs Purification

The NH2-PEG AuNPs were cleaned via dialysis using 34 mm MWCO 3500 D dialysis
tubing. For dialysis, the NH2-PEG AuNPs were left in diH20 for a minimum of a week with
fresh diH20 replenished daily.

2.5 AuNP Characterization
2.5.1 Dynamic Light Scattering & Zeta Potential

Dynamic light scattering (DLS) is useful for determining if there are free PEG thiol
impurities or AuNP aggregation in solution. With DLS, a graph is produced indicating the
intensity of a certain AUNP size and the standard deviation associated with the reported size.
Analysis was performed using a Malvern Zetasizer Nano-ZS DLS instrument with a dilute
solution of AuNPs in diH20, ethanol, or chloroform and a glass cuvette.

DLS was also used for taking zeta potential measurements, which determines the charge
on NPs in solution. Zeta potential measurements were performed on AuNPs dissolved in diH20
using a folded capillary zeta cell.

2.5.2 Transmission Electron Microscopy Imaging

Transmission electron microscopy (TEM) was used for core size and AuNP air/water
film analysis. TEM imaging was performed by the Microscopy and Microanalysis Facility at the
University of New Brunswick (Fredericton). Analysis of the TEM images were conducted using
Imagel’s particle size analyzer plugin was used on at least 100 NPs.

The sampling for TEM core sizing was performed by scooping the aqueous AuNPs onto
the Formvar coated side of the TEM grid using tweezers. Any excess solvent was wicked away
with filter paper. The TEM grid was then placed on filter paper to dry and covered to prevent
contamination, while still allowing air flow. The TEMs were left to dry for over an hour.

TEM NP film analysis at the air/water interface was performed by dipping the TEM grid
into the AUNP film at approximately 45° to the subphase’s (water’s) surface, leveling the grid
parallel to the surface, and lifting the grid straight upwards to catch the AuNP film on the
Formvar side of the grid. The TEM grid was then left to dry following the procedure outline
above. Once dry, the TEMs were cleaned of salt by adding diH20 on the Formvar side (as
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opposed to the C-side) of the grid using a pipette. Enough water was added to form a convex
water bubble. The diH20 bubble was then gently tapped onto filter paper in order to soak up
most of the water. The TEM was then left to dry following the previously outline method.
2.5.3 Atomic Force Microscopy Imaging

Atomic force microscopy (AFM) is used for AUNP film imaging at the air/water
interface. Si/SiOx substrates are cleaned using a 50/50 chloroform and ethanol solution and dried
with argon gas. The same method as TEM film analysis sampling, outlined above, was used for
AFM film sampling.

After film sample collection and drying, NaCl was removed from the sample surface by
placing a droplet of diH20 onto the substrate’s corner. Then, using a KimWipe, the diH20
droplet was dragged across the substrate’s surface. This cleaning process was completed twice
per sample. The sample was then left to air dry or dried using inert gas before AFM imaging.
Samples were imaged within 24-48 h, and imaging indicated that the samples remained
unchanged on the substrate for up to one week after initial sampling.

2.5 Langmuir Film Preparation

A KSV Langmuir-Blodgett trough (LB) was used for surface pressure (mN/m) versus
area (cm?) constant compression isotherms collection. The KSV LB is made of non-porous
polytetrafluoroethylene and hydrophilic Delrin © barriers and stored in a dust shield. A Julabo
F25 unit was used to maintain the LB’s temperature during isotherm collection (21 + 0.5 °C).
Before use, the LB was thoroughly cleaned with chloroform, followed by anhydrous ethanol.
Once cleaned, the LB was filled with a 0.5 M solution of NaCl and 18.2 MQ c¢m diH20 until
the water level had reached 2-3 mm above the LB trough edges. A 1 cm by 2 cm paper Wilhelmy
plate was then suspended so that it was 1-2 mm below the subphase surface. Impurities were
suctioned off the water’s surface twice. Complete barrier compression resulted in a + 0.20 mN
m* (pH 6.5 subphase) and + 0.30 mN m™* (pH 4 and pH 8 subphases) pressure change. A 1400
nM (1.08 mg/mL) PEG-AUNP solution, dissolved in 18.2 MQ cm™ diH20, was injected into the
subphase. A total of 0.5 mL (0.25 mL per side of the Wilhelmy plate) of the PEG-AuNP solution
was injected using a 100-1000 uL pipette. Once the PEG AuNPs were injected, the film was left
to equilibrate for 10-20 minutes, as indicated by a stabilization in the surface pressure reading.
The interfacial area was reduced at a rate of 10 mm?/min to an final area of 40 cm? for each

compression isotherm.
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A total of nine isotherms were collected with three types of PEG-capped AuNPs (CHs,
NHz, or COOH terminated PEG ligand), each spread on three different subphases. The subphases
consisted of 0.5 M NaCl with pH’s of 6.5 (pure diH20), 4.0 (acidified with 37% HCI) and 8.0
(basified with 1.0 M NaOH). All subphases were freshly prepared with pH strips for pH

adjustment, and used within 24 hours.

3. RESULTS & DISCUSSION

A total of nine compression isotherms were collected on CHs-, COOH- and NH2-
terminated PEG ligand-capped AuNP films formed on 0.5 M NaCl subphases pH adjusted to pH
4, 6.5 (diH20), and 8. As can be seen in Figure 3.1.1, each isotherm had three distinct regions for
AFM and TEM collection; a low-pressure region (region 1), a transition state region indicated by
the ‘kink’ followed by a plateau (region 2), and a high-pressure region (region 3), often with a
steep rise in pressure at very low areas per NP.

Table 3.1 summaries the important characteristics for each type of PEG-capped AuNP,
including their core sizes, identity of the charged ligand species, pKa values and relative ligand
charge for each of the three subphase’s pH. NP core sizes were assumed to be approximately 5

nm in diameter for the rest of the study.

Table 3.1. Summary of nanoparticle core diameter, PEG ligand pKa, charged species of each
PEG ligand terminating functionality, and relative ligand charge (indicated by number of -/+)
with each of the three subphases (pH 4, pH 6.5 and pH 8).

CHs-PEG COOH-PEG NH2-PEG
Nanoparticle core diameter
o 4.4 (2.2) 3.6 (1.5) 4.1 (1.4)
(standard deviation), nm
Estimated pKa ~50 4° 4-5 4344 8.5-10 4344
Charged species N/A COoOr NHs*
Ligand charge at pH 4 no charge - +++
Ligand charge at pH 6.5 (diH20)  no charge - ++
Ligand charge at pH 8 no charge +
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3.1 AuNP Functionality

The compression isotherms of CHs-, COOH- and NH2- terminated PEG ligand-capped
AUNPs collected on a pH 6.5 (diH20) 0.5 M NaCl subphase are shown in Figure 3.1.1. As can be
seen by the isotherms’ varying shapes, the PEG ligand’s terminating group altered the AuNP

films.
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Figure 3.1.1 Pressure (mN/m) versus area (nm?) per nanoparticle isotherm of 1400 nM COOH
(a), CHs (b), and NH2 (c) terminated PEG capped AuNPs on a 0.5 M diH20 subphase. AFM and
TEM sampling sites were at approximately 120 nm? for region 1, 60-35 nm? for region 2 and 15
nm? per nanoparticle for region 3.

A previous study had found that these PEGylated AuNPs give rise to surface pressures at
extremely large areas per NP, too large to adequately characterize using microscopy or UV-vis
spectroscopy.®® In this study, the monolayers were thus formed by injecting AuNPs into the
aqueous subphase until an initial pressure of 7 mN/m was reached in order to enable AFM and
TEM film characterization. One AuNP with a 5 nm core diameter and fully extended PEG
ligands (whose full extension occupies 15 nm?) is estimated to occupy at most 275 nm?. For the
initial pressure of ~7 mN/m at 120 nm? per NP observed, a close-packed film could be expected
to be highly compressed and possibly collapsed into multilayers. However, the AFM images
indicate a non-close packed arrangement of NPs (Figure 3.1.1).%° To produce these high
pressures at low NP density, strong NP-NP interactions, are likely generated through a network
of linear AUNP chains spanning the interfacial area. These NP-NP interactions are most likely

irreversible at the low-pressure region, as indicated by the generation of high surface pressures
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with a low-density film morphology. The NP-NP interactions could, in part, be caused by the
known tendency of PEG ligands to coil into a helix. PEG coiling begins with water molecules
linking to oxygen bridges in PEG, creating a hydrophobic exterior with its CH2 groups along the
ligand chain facing out of the helix.?®> The PEG coiling creates amphiphilic AUNPs with varying
degrees of hydrophobicity. Thus, hydrophobic interactions may arise which drive the AUNPs
together into the long strings of connected particles, accounting for the high initial pressure at
large areas per NP.

The chain-like AuNP aggregation, rather than individual islands of AuNPs previously
observed for alkanethiol-capped NPs, implies stronger NP-NP interactions.>* NaCl ions in
aqueous solution are thought to induce greater helix formation and hydrophobicity in the PEG
chain, which is the driving force for NP adsorption at the air/water interface.3¢4° In addition to
this increased hydrophobic driving force, the interlacement of the long, flexible, hydrophobic
PEG chains on adjacent NPs can trap the NPs into a linear arrangement. As one NP approaches
another, a maximum number of interactions on adjacent NPs can be achieved by concentrating

the flexible polymer chains to opposite ends of the NP (Figure 3.1.2).

Figure 3.1.2 Polyethylene glycol-capped gold nanoparticles aggregating in a linear arrangement
due to the heightened hydrophobic effect brought on by NaCl in the subphase and ligand
entanglement due to PEG’s innate ligand flexibility and polymeric length.

Returning to the CH3-PEG isotherm in Figure 3.1.1., its low-pressure region has a
shallow initial slope, with a small pressure increase during the beginning of film compression.
This shallow slope indicates a compressible film. Compressibility arises when the AuNPs are
able to re-arrange and pack closer together at the interface without resistance. In the second
isotherm region for CHs-PEG AuNPs, there is a plateau with constant pressure after the ‘kink’.
The constant pressure likely indicates that the AuUNPs are re-arranging at the interface into a
denser film, rather than resisting compression and causing a pressure increase. In this plateau

region, the AuNP film structure could be experiencing enough stress to break the bonds holding
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AUNPs in certain positions. This bond breaking would allow the AuNPs to move and begin to fill
in the spaces in the low-density film morphology. As the compression continues, the spaces in
the film would continue to be filled with AuNPs, creating a high-density foam film morphology

in the i1sotherm’s third region.

The AFM images (Figure 3.1.3) of the CH3-PEG AuNPs taken at the three regions further

support the theory that throughout compression the low-density AuNP foam re-arranges into a

high-density foam. The AFM image from the first region at low pressure shows spaced-out

(b)
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Figure 3.1.3 AFM of CHs-terminated PEG capped AuNPs on a pH 6.5 0.5 M diH20 subphase.
Sampling sites were at approximately120 nm? for region 1 (a), 60-35 nm? for region 2 (b) and 15
nm? per nanoparticle for region 3 (¢). The horizontal graphs are line scans of the images and show
the heights of the AuNP features.

AUNP features that range from approximately 1 to 3 AuNPs in height. The AFM image
taken after the isotherm’s ‘kink’ during the plateau region is similar to the low-pressure AFM
with spread out AuNPs features that 1 to 3 AuNPs in height. The main difference for the between
the low pressure and plateau region AFMs, is that there are more of the taller AUNPs features for
the plateau region. In the high-pressure region AFM, the AuNP features are much shorter (1
AUNP in height) and appear to be more densely packed together than at the other two isotherm
regions.

These AFM results present two main conclusions. Firstly, the AuNP packing density is
increasing from a low-density foam to a high-density foam as the film is being compressed. The
ability to alter NP packing density is an important discovery as many NP applications are
dependent on NP-NP spacing and, currently, such control is very limited.** This trend of

increasing NP packing density with compression is seen again most clearly with the CH3-PEG
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AuUNPs at pH 4 and COOH-PEG AuNPs at pH 8 (see Appendix for AFM images). Secondly, the
higher density foam film morphology appears to be more stable on the substrate as there is less
de-wetting. De-wetting of thin films occurs through the destabilization of the low-density AUNP
film when it is deposited on the substrate. This destabilization causes the thin connecting strand
of NP webbing to cluster at the vertexes or nodes of the network. This results in spaced-out, tall,
large AUNP features as seen in the low-pressure and transition state AFMs (Figure 3.1.3). This
trend of increasing stability at high film densities ex-situ is seen again most clearly with NH2-
PEG AuNPs AFMs on the diH20 and pH 8 subphase (see Appendix for AFM images).
De-wetting is also seen in all TEMs images taken for the 9 isotherms. TEMs of the three
regions in the CHs-PEG isotherm are show in Figure 3.1.4. As seen in these TEM images, there
are domains of NP aggregates in a spaced-out spotted pattern, resulting from the clustering of

AuUNPs in the nodes of the foam network after de-wetting has occurred.

(b) (©)

Figure 3.1.4 TEMs of CHs-terminated PEG capped AuNPs on a pH 6.5 0.5 M diH20 subphase.
Sampling sites were at approximately120 nm? for region 1 (a), 60-35 nm? for region 2 (b) and 15
nm? per nanoparticle for region 3 (c). The inset in (a) shows the magnified nanoparticle aggregates
while the red lines in (b) and (c¢) show the original theorized AuNP foam structure before de-
wetting.

Returning to Figure 3.1.1, the other two AuNP functionalities, COOH- and NH2-PEG,
would both carry a slight charge on the pH 6.5 (diH20) subphase. At the low-pressure region, the
COOH- and CHs-PEG AuNPs have a similar initial slope while the NH2-PEG AuNPs’ slope is
much steeper. The NH2-PEG AuNPs’ steeper slope indicates a more rigid film. Greater rigidity
indicates that the linear chains of PEG AuNPs in the low-density foam film morphology would

have greater NP-NP attraction. This stronger attractive force means that the NP assembly cannot
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respond to compression by breaking bonds between AuNPs to re-arrange and, instead, the
surface pressure increases. Greater NH2-PEG AuNP film rigidity could be due to the slight
charge with NH: group protonation, creating more H-bonds. With additional H-bonding, more
bonds need to be broken for AuUNP re-arrangement at the interface. It is possible that the COOH-
PEG AuNPs film maintained a similar compressibility to the CH3s-PEG AuNPs as the COOH
functionality becomes de-protonated when charged, inducing less H-bonding than the NH2-PEG
AUNPs.

In Figure 3.1.1, COOH-PEG has a notably higher initial pressure in the first region of the
isotherm compared to the CHs- and NH2-PEG AuNPs. This dissimilarity could be due to more
NPs having been adsorbed to the interface. The COOH-PEG AuNP film AFM images have
larger NP aggregates, denser number of NP features, and lessened de-wetting pattern compared
to CH3-PEG. From this it is evident that more COOH-PEG AuNPs were able to adsorb to the
interface, producing a higher-density foam that was more stable ex-situ for AFM imaging
(Figure 3.1.5). This could be a result of the COOH terminating group functionality allowing the
PEG ligand to coil further in the NaCl and water subphase. The enhanced coiling would increase
the AuNPs’ hydrophobicity and, thereby, the interfacial driving force. Secondly, greater coiling
would also decrease the length of the PEG ligand, allowing for a greater packing density at
interface compared to CHs- and NH2-PEG AuNPs.

Figure 3.1.5 AFM of COOH (left) versus CHs terminated PEG capped AuNPs ona pH 6.50.5 M
NaCl and diH20 subphase at region 1 with a sampling site at approximately 120 nm?2,

It is thought the same film morphology as CHs-PEG AuNPs at the second and third
isotherm region holds true for NH2- and COOH-PEG AuNPs, due to similar isothermal trends.
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To confirm these interfacial film morphology interpretations from the isotherms, in-situ film
characterization on the water is necessary to avoid AFM and TEM film destabilization and de-

wetting.

3.2 Effect of pH

With the CHs-PEG AuNPs remaining uncharged as a function of pH, no change is
expected between the isotherms. As seen in Figure 3.2.1, this was not the case and the CH3-PEG
isotherms varied depending on the subphases. This dissimilarity shows that electrostatics were

not the only force changing the NP films.
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Figure 3.2.1. Pressure (mN/m) versus area (nm?) per nanoparticle isotherm of CHs terminated
PEG capped AuNPs ona 0.5 M, pH 4 (a), pH 8 (b), and pH 6.5 (pure diH20) (c), subphase.

As electrostatic forces can be ruled out, the variations in the CHs-PEG AuNP films are
most likely a result of alterations to the water structure in the subphase. In Figure 3.2.1, there is a
more rapid rise in initial pressures of CH3-PEG AuNP films at pH 4 and pH 8. The steeper slope
indicates that the low-density foam films are more rigid on these subphases. The film
morphologies are most likely still the low-density foam film, as the initial pressures and area per
NP are quite similar to that of the CH3-PEG AuNP film on the pH 6.5 subphase. Assuming the
same film morphology, the lack of compressibility of the films at pH 4 and pH 8 shows that the
NPs in the webbing strands of the film are more firmly bonded in place. As a result, the NPs
cannot move as easily to create a thicker webbing upon compression, and so there is a pressure
increase. The lack of NP re-arrangement ability could be a result of the excess of hydronium and

hydroxide ions in solution at pH 4 and pH 8. Water molecules are known to create water shells
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around ions in solution, and so the subphase structure would be different for these isotherms at
pH 4 and 8 compared to pH 6.5 (simply diH20).52 An excess of dense, rigid water shells resisting
displacement could block the NPs” movements and increase the amount of bonding in the holes
of the foam, further decreasing NP mobility. The excess ions in solution could also be altering
the hydrophobic characteristic of PEG, as NaCl ions are known to do.3%4° This would then cause
the PEG ligand to coil further, favouring a more hydrophobic entity. Increased hydrophobicity
would then strengthen NP-NP bonds in the film’s webbing, resulting in less compressibility.
When changing subphase pH, it is expected that NH2 and COOH terminal PEG groups of
the ligand will become the charged species NHs*and COO- in acidic and basic environments,
respectively. In turn, the charge should result in electrostatic repulsive forces between the
AuNPs, changing the film’s morphology at the interface. The expected electrostatic trend was
followed for the NH2- and COOH- PEG AuNPs at pH 4 and pH 8 subphases, with the most
charged NP species resulting in the second region (transition state) occurring at the lowest

pressure (Figure 3.2.2).
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Figure 3.2.2. Pressure (mN/m) versus area (nm?) per nanoparticle isotherm of CHz (a), COOH (b)
and NH2 (c), terminated PEG capped AuNPs on a 0.5 M pH 4 (left) and pH 8 (right) subphase.
When the 0.5 M NaCl subphase was at a pH of 4, the most charged species were the
NH2-PEG AuNPs, followed by COOH-PEG AuNPs and CHs-PEG AuNPs. As seen Figure
3.2.2., the NH2-PEG AuNPs isotherm’s transition state or ‘kink’ occurred at a low pressure. The
lower pressure transition state indicates that the charged AuNP films were unable have as many
NPs at the interface in the low-density foam morphology before film compression required NP

re-arrangement. This follows the expected electrostatic trend as the repulsion would cause
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greater NP-NP spacing within the low-density film, creating an expanded film morphology at the
interface. As such, slight compression would initiate NP re-arrangement at relatively low
pressures.

This electrostatic trend is further supported by the isotherms of NH2, COOH and CH3-PEG
on a 0.5 M NaCl and diH20 subphase at pH 8. Similar to the isotherms collected at a pH 4, the
pH 8 isotherms show that the NP ligands carrying the most charge (COOH > NH2 > CH3)

resulted in a lower pressure transition state (Figure 3.2.2).

3.3 Future Work

For future studies, in-situ characterization is necessary to confirm AuNP film
morphology prior to the suspected de-wetting on the AFMs and TEMs of the unstable, lower
density NP films.

Future experimentation could also focus on the isolation of electrostatic tunability in
charged NP films. In this experiment, the hydrophobic effect was a strong interfacial force, as
seen by the isotherm’s high initial surface pressure at large areas per NP. The hydrophobic effect
would need to be mitigated to enhance electrostatic tunability. One possible method is to
introduce additives, aside from NacCl, to the subphase. Ethylene glycol is a promising additive as
it has been shown to reduce the hydrophobic effect by interacting strongly with water molecules
in the subphase.>® These interactions then lessens the water-water H-bonds, thereby increasing
hydrophobic molecule solubility.>® Once the hydrophobic effect is diminished, the electrostatic
forces at the surface would dominate NP-NP interactions, and NP-NP parameters could be tuned
by the degree of charge on the NP.

Finally, given the suspected linear AUNP aggregation morphology of the films, shorter
PEG ligands are recommended for future studies. The shorter PEG lengths could lessen linear
PEG entanglement, as shorter ligands would not be able to stretch to meet the other hydrophobic
PEG bodies to the same degree. Studies have also shown that PEG ligand length impacts the
extent of coiling in water, altering ligand hydrophobicity and H-bonding.?6>* Lessened
hydrophobicity would weaken NP-NP attractive forces and decrease aggregation, while fewer H-
bonds would allow for greater NP mobility at the interface. This would most likely result in a
film with better compressibility and uniform interfacial NP packing, important qualities for NP

film applications in optics and electronics.?*
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4. CONCLUSION

In summary, three types of AuUNPs were synthesized using CHs, COOH and NH2
terminated PEG capping ligands. A total of 9 compression isotherms were collected at the
air/water interface by injecting the three types of aqueous AuNPs into a 0.5 M NaCl subphase at
pH 4, pH 6.5 (diH20) and pH 8. Each isotherm had three sampling sites for AFM and TEM
imaging. All NP films were thought to adapt a low-density foam film interfacial morphology at
low surface pressures, however in-situ characterization is required for confirmation. Isotherms
collected on the 0.5 M and diH20 subphase showed that ligand functionality impacts film
morphology, rigidity, and interfacial AuUNP packing density. Charged NP films showed the
expected electrostatic trend: AuNPs with greater charge, and thereby electrostatic repulsion,
resulted in films with less AUNPs per unit area at the interface. CHs-PEG isotherm dissimilarities
on the 3 subphases indicate that electrostatics were not the only force altering AuNPs films. It is
thought that different subphases induced changes in the water molecules’ structure, altering the
AUNPs films via the hydrophobic effect. The observed AFM’s and TEMs’ de-wetting patterns
are likely a result of low-density unstable film morphology, while higher-density foams
exhibited greater stability ex-situ. Most remarkably, AFM images showed that AUNP packing
density was altered with film compression, indicating a responsive NP film. Future experiments
will include in-situ characterization, shorter PEG capping ligands, and exchanging NaCl for

other subphase additives.
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5. APPENDIX

5.1 Some notes on the development of this novel film formation methodology

1)

2)

3)

4)

5)

PEG-capped AuNPs (charged or uncharged) will only go to the air/water interface if salt
is already dissolved in the subphase prior to the introduction of the NPs. When salt was
added to a solution of PEG AuNPs and diH20, there was no AuNP interfacial adsorption
after 3 hours.

Only PEG-AuNPs dissolved in diH20 are driven and kept at the interface with an ionic
aqueous subphase.

The aqueous PEG-AuNPs PEG AuNPs can be added dropwise at the air/water interface
or injected into the salt and diH20 subphase. Dropwise addition or injection does not
work if the AuNPs are dissolved in chloroform or ethanol.

Concentrations greater than 0.5 M of NaCl in the subphase appear to keep the PEG-
AUNPs at the interface for at least 4 hours. Higher salt concentration induce PEG AuNPs
into longer-lasting and more (vertically) concentrated arragement near the interface.
Compression isotherm trials with CHs-PEG AuNPs showed an interesting reversibility
trend with the same surface pressures begin reproduced upon full compression (~ 17
mN/m) and expansion (~ 9 mN/m). This was obtained via injection of 2 mL PEG AuNPs
(140 nM) into a 2 M NaCl subphase.
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5.2 AFM images of CHs-, COOH- and NH>-PEG AuNPs films
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A.1 AFMs of CH3z (a), COOH (b) and NH2 (c) PEG AuNPs films on a 0.5 M NaCl pH 6.5 subphase
low-pressure region (1), transition region (2), & high-pressure region (3).
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A.2 AFMs of CH3s(a), COOH (b) and NH2(c) PEG AuNPs films on a 0.5 M NaCl pH 4 subphase
low-pressure region (1), transition region (2), and high-pressure region (3).
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A.3 AFMs of CHs (a), COOH (b) and NH2 (c) PEG AuNPs films on a 0.5 M NaCl pH 8 subphase
low-pressure region (1), transition region (2), and high-pressure region (3).
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