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ABSTRACT

Interfacial interactions play a major role in a wide range of applications from our
everyday life to high-tech industrial applications. These interactions act between
almost all the surfaces around us. In this work, we particularly study interfacial
interactions in solid/water/liquid and solid/air/solid systems. In the first system, we
mainly explored hydrophobic interactions that can take place only in a liquid
medium. Long-range hydrophobic attractions between mesoscopic surfaces in
water play an important role in many colloid and interface phenomena. Despite
having been studied in different ways, the origin of these forces has yet to be
explained. While previous research has focused on solid/water/solid and
solid/water/air scenarios, we investigated a solid/water/liquid situation to gain
additional insight. Here we directly measure long-range interactions between a
solid and a hydrophobic liquid separated by water using force spectroscopy,
where colloidal probes were functionalized with graphene oxide (GO) to interact
with immobilized heptane droplets in water. We detected attractions with a range
of  Jue th& cannot be explained by standard Derjaguini Landaui Verweyi
Overbeek (DLVO) theory. When the GO was increasingly reduced to rGO to
become more hydrophobic, these forces increased in strength and ranged up to
1.2 em. This suggest s orshraihdeed h resulbobleng-r ved at
range hydrophobic forces. Based on our results, we propose nanoscale air
bubbles attached to the colloidal probe and molecular rearrangement at the
water/oil interface as possible origins of the observed interactions. This
knowledge will be useful to understand and motivate the formation of Pickering
emulsions using 2D materials and other amphiphilic/hydrophobic particles.

We studied interfacial interactions in solid/air/solid systems to understand
attraction and adhesion between 2D materials (graphene and hexagonal boron
nitride) and polymers. These 2D materials and their derivatives are widely used
in nanocomposites due to outstanding mechanical, thermal, and electric
properties. The interfacial bonds in the nanocomposite should be strong to
transfer these properties of the nanomaterials to the polymer. In this study, we
present a simple method to directly measure the interactions between different
types of polymers and graphene versus hBN using force spectroscopy technique.
We use polymer colloidal probes which were fabricated in the lab to carry out
force spectroscopy measurements on graphene and hBN. We have studied
some of the widely used polymers for nanocomposites such as polystyrene,
PMMA, and epoxy. The attraction and adhesion between polymers and 2D
materials were quantitatively studied. The results suggest that we cannot predict
adhesive forces based on known van der Waals forces and the direct
measurement of adhesive forces is required.

With these two studies carried out in liquid and air media, we have uncovered
interfacial phenomena that can be used in many applications such as mass
production of nanomaterials, Pickering emulsions, oil/water separation, and
nanocomposites.
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1. Introduction
1.a. Motivation and overview

Surface and interfacial interactions play a critical role in a wide range of
applications from our everyday lives to industrial processes. The attractive or
repulsive forces between any surface or interface can be considered as surface
and interfacial interactions. Van der Waals forces is a major type of surface
interactions that exists at almost all the surfaces and interfaces around us. Even
the simple phenomenon of spreading a water droplet on a solid surface is based
on interactions between the water molecules and the surface. Simply, if the water
molecules like each other more than the surface, the droplet remains more like a
droplet and if the water molecules have a higher affinity to the surface molecules
the droplet spreads on the surface. Industrial applications such as polymer
composites, Pickering emulsions, and oil/water separation are also based on
surface and interfacial interactions. Polymer composites are synthesized for
automotive parts,? civil engineering,® energy generation,* aerospace and aircraft
industry,® and many other industrial applications. The interactions between fillers
and polymer matrix dictate the final properties of those polymer composites.
Pickering emulsions are applied in a wide range of fields such as biomedicine, food,
fine chemical synthesis, cosmetics, and so on.® They are formed by stabilizing
solid particles at the interface between two immiscible liquids, where one type of
liquid forms droplets in the continuous phase of the other liquid. Oil/water
separation is another major application of surface and interfacial interactions that

uses Janus membranes with contradictory properties (e.g., hydrophilic and



hydrophobic) on each side at an interface. It can attract oil droplets in water to the
hydrophobic side resulting an easy permeation of oil, which hampers light oll

recycling.’

The interactions between different surfaces can be studied theoretically and
experimentally. Theoretical methods include shear lag theory,® molecular
dynamics simulations,® coarse-grained models,'° etc. These methods may not
give accurate results due to assumptions and estimations. Several experimental
techniques can be used instead to measure interactions between surfaces directly.
Israelachvili has categorized them by atomic, nanoscopic, microscopic, and
macroscopic surfaces.!! Reflectance interference contrast microscopy (RICM) and
surface force apparatus (SFA) are two widely used techniques to measure
interactions between large particles or flat surfaces (macroscopic) at a separation
distance range of 50 nm. Atomic force microscopy (AFM) can be used to measure
interactions at atomic (atoms and small molecules), nanoscopic (macromolecules

and nanoparticles) and microscopic (small colloidal particles) scales.

In this work, we directly measure interfacial interactions using AFM, specifically the
force spectroscopy technique described in Section 1.f. This technique allows us to
measure the force between two surfaces as a function of separation distance. First,
we measure interactions between a solid/liquid interface and a liquid/liquid
interface, then between two solid surfaces in air. The first case is described in
Chapter 3 where we measured interactions between graphene oxide/reduced
graphene oxide and a heptane droplet in water. The knowledge we gained from

this study is important for understanding the synthesis of graphene via interfacial



trapping.*? Another widely used 2D material is hexagonal boron nitride (hBN).
Graphene and hBN are used as nanofillers in many polymer composites due to
their outstanding properties. The final properties of these composites mainly
depend on the adhesion between nanofillers and polymer matrix. Secondly, as
described in Chapter 4, we compare how interactions vary from graphene to hBN
with widely used polymers using force spectroscopy technique. Specially, we
fabricated graphene oxide coated colloidal probes and polymer colloidal probes in
a new method for the two studies respectively as described in Section 2.c. The
rest of Chapter 1 describes the theory used to understand and interpret our results.
Chapter 2 describes all our experimental methods used in the two studies in

Chapter 3 and Chapter 4.

1.b. Introduction to 2D materials

We used both graphene and hBN as the main materials in our studies. First, we
studied how interactions between graphene and water/oil interface vary with the
reduction level of graphene oxide as described in Chapter 3. We found that
graphene oxide (GO) and reduced graphene oxide (rGO) attract to water/oil

interface due to long-range hydrophobic interactions.

These 2D materials, graphene and hBN are used as polymer composites for most
of the applications. To achieve the best properties, the polymer matrices should
well adhere to the 2D nanofillers. Therefore, we measured interactions between
widely used polymers and the 2D materials (graphene and hBN) using force

spectroscopy technique as described in Chapter 4. In this study we could



accurately compare how a single polymer interacts differently with two materials:

graphene and hBN.

2D materials have emerged as a new class of materials with outstanding properties
over the past few decades. These atomically thin materials possess a crystalline
structure having intralayer covalent bonding and interlayer van der Waals
bonding.'®* Examples of 2D materials include graphene, hBN, transition metal
dichalcogenides (TMDCs), phosphorene, xenes, etc.'# 2D materials are different
from their bulk forms due to several reasons. In bulk form, atomic layers are held
together by weak van der Waals forces. The atoms within layers are bound by
many covalent bonds. When a force is applied, the weak van der Waals bonds can
be easily broken unlike the much stronger covalent bonds that hold the atoms
within the layer. Removal of the weak links makes the material stronger. For
example, the tensile strength of graphene is 1000 times greater than graphite and
it makes graphite can be easily broken while graphene is over 100 times stronger
than steel.’®> 2D materials also differ from their bulk materials due to their higher
surface area to volume ratio. This makes 2D materials more reactive and sensitive
to their surroundings compared to bulk forms, enabling the usage of 2D materials
in sensors.’® The reduction of ma t e r dineehsibrsality changes its properties
causing 2D form to be used in many applications where it would otherwise be
unsuitable. Some of these applications include transistors and sensors,'”1819

photodetectors,?° battery electrodes,? topological insulators??, and valleytronics.?3

The 2D materials we mainly used for our experiments are graphene and hBN.

Graphene is a single layer (monolayer) of carbon atoms, tightly bound in a



hexagonal honeycomb lattice. It is a carbon allotrope that consists of sp?
hybridized carbon atoms. The carbon atoms in a graphene layer are bound to each
other by covalent bonds with a length of 0.142 nm.?* The stacked structure (3D),
rolled structure (1D), and wrapped structure (OD), are called graphite, carbon
nanotube, and fullerene respectively (Figure 1.1).2°> Graphene layers in graphite

are bound together by van der Waals forces with a spacing of 0.335 nm.2¢

Graphite (3D) Carbon nanotube (1D) Fullerene (0D)

Figure 1.1: Graphene and its 3D, 1D, and 0D allotropes. Carbon atoms arranged in a hexagonal
honeycomb pattern make a graphene layer. The stacked, rolled and wrapped structures of
graphene make graphite, carbon nanotube, and fullerene respectively. Adapted from Ref. 25 with

permission. Copyright 2020 Elsevier.

Each carbon atom of graphene owns 3 O b 6 bahd duata their spA e

hybridization. Loosely bound electrons in * orbitals (Figure 1.2)?* in each carbon



atom make graphene a very good electrical conductor with extremely high intrinsic

charge mobility of 2.5 A 10> cm? V-1 S1.%/

x Orbital
o

—O—

Figure 1.2: Electron structure of graphene. The sp? hybridized orbitals of carbon at oms

covalent bonds and unhybridized p orbitals make =~ bonds. This extensively conjugated =~ system
gives freely moving electrons to the graphene layer. Adapted from Ref. 24 with permission.
Copyright 2019 Egyptian Journal of Chemistry.

The strong covalent bonds of carbon atoms make graphene an outstanding

material with a high specific surface area (2630 m? g1)?8, excellent thermal

ma k

conductivity (5000 Wm1KH2® and a great Youngo6¥Aspdul us

graphene possesses a high optical transmittance of 97.7%.3! Due to these unique
properties graphene has many applications such as flexible and transparent
conductors, supercapacitors, high-speed electronics, transparent conductive films,
data storage, supercapacitors, solar cells, electrochemical sensing, etc. 32 These
properties can be altered according to the applications by functionalizing graphene
sheets with various atoms and groups.®® When graphene is functionalized with
different groups such as carboxyl, hydroxyl, epoxy, etc. it is called graphene oxide

(Figure 1.3).3* Oxidation of graphene leads to an increase of interlayer distance



and makes it easier to exfoliate. It also changes the hybridization of the carbon
atoms from sp? to sp?, significantly reducing electrical conductivity. However,
reduction of graphene oxide restores the sp? hybridized structure and electrical

conductivity to some extent.

COOH
COOH
=
Conlo]” Lol
s
DeeCe
99090988
HOOC R

Figure 1.3: Atomic structure of graphene oxide (GO). The attachment of functional groups such as
carboxyl, hydroxyl, and epoxy has disturbed the conjugated double-bond structure. Adapted from
Ref. 34 with permission. Copyright 2019 AIP Publishing.

Synthesis of graphene can be split into two approaches: top-down and bottom-up.
Top-down approaches involve breaking apart the stacked layers of graphite to
yield single graphene sheets, whereas bottom-up methods involve synthesizing
graphene from alternative carbon-containing sources. Top-down methods include
micromechanical cleavage, electrochemical exfoliation, solvent-based exfoliation,
arc discharge, etc., whereas epitaxial growth and chemical vapor deposition (CVD)
are considered bottom-up methods.®® For top-down methods, separating the

stacked sheets means that the van der Waals forces that hold the layers together



must be overcome, which is not a trivial task despite the relatively low bonding
energy.3¢ Key challenges in top-down methods include effectively separating the
layers without damaging the sheets and preventing re-agglomeration of the sheets
once the layers have been exfoliated. On the other hand, bottom-up methods
require high production costs. So, in common, quality, scalability, cost, and

reproducibility act as challenges in conventional graphene synthesis methods.

In addition to graphene, we used another 2D material called hexagonal boron
nitride (hBN) in our experiments. It is regarded as white graphene and it has
become an emerging 2D material because of its exceptional properties compared
to other 2D materials. Monolayer hBN has a lattice structure similar to that of

monolayer graphene (Figure 1.4)3 with a lattice mismatch of only about 1.5%.38

(A) Hexagonal boron nitride (B) Graphite /graphene
Covalent bonds
o g0 @ ®8 o o® % °F°
— & 1 N Pad —@ P \/\,
.< . .\ - \(\ P /x/i\ 2" S
Van der Waals il 7./ \[ D J 4
bonds 9@
\ - ] o
& Y e d ’\,\
/F \.7 :. l/ﬂ\:/\ | JC D /\/
o /‘ @ |6661A 0@ (/\ :j(;) 6.708 A
- @@
- (: —@ a 4,\/,,‘([} O\:\‘
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- *.\ = ¢ /77"VK/.\ \:’ ) ——

4./ /.\47/\
£ 50 A 2.46 A

Figure 1.4: Crystal structures of (A) hBN and (B) graphite. Atoms of both graphene and hBN layers
are arranged in a hexagonal honeycomb pattern. Their interatomic and interlayer distances are
slightly different from each other. Adapted from Ref. 37 with permission. Copyright 2014 Springer

Nature.



hBN is an interesting material, as it is widely and cheaply available, and shares the
sp? hybridization of nitrogen, along with many of its allotropes.® Single-layer hBN
features outstanding mechanical properties similar to graphene and has been
produced from bulk material using similar exfoliation technigues.®® What makes it
particularly attractive is that it features higher chemical and thermal stability.*° It is
also electrically insulating and features much less optical absorption and a lighter
color.*! The thermal conductivity of hBN is as high as ~550 W m* K! while
retaining electrical insulation due to the polarity of its boron and nitrogen bonds.*?
Therefore, it has become a promising filler for thermal management materials and
heat dissipation in electronic devices. Anal ogous to graphene,
dimension forms like boron nitride fullerene and boron nitride nanotubes (BNNTS)

are also widely used.

1.c. Forces between surfaces in liquid medium (DLVO theory).

DLVO theory was established in the 1940s by Derjaguin, Landau, Verwey, and
Overbeek (Derjaguin and Landau 1941, Verwey and Overbeek 1948) to describe
the forces between charged surfaces interacting through a liquid medium.*® This
theory explains the case where van der Waals forces and electrostatic forces act
between two bodies. Since it assumes that these two types of forces are
independent, they can be added together as shown in Figure 1.5.43 We used this
theory to understand the forces we observed between the colloidal probe and the

heptane droplet in water.
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Figure 1.5: Schematic representation of interaction energy vs distance behavior of DLVO
interactions. The attractive van der Waals forces and electrostatic double layer forces are added
together as the total interaction energy. Adapted from Ref. 43 with permission. Copyright 2001
Elsevier.

One component of DLVO forces is van der Waals (vdW) forces which act between
all atoms and molecules even neutral ones such as helium, carbon dioxide, and
hydrocarbons. This happens mainly due to dispersion forces that make up the third
and most important contribution to the total vdW forces. Dispersion forces are
referred to as London forces, charge-fluctuation forces, electrodynamic forces, and
induced-dipole-induced-dipole forces. The origin of dispersion forces is as follows:
for a nonpolar atom such as helium, there could be an instant dipole moment given
by the instantaneous positions of the electrons around the nuclear protons. This
instant dipole moment generates an electric field that induces a dipole moment in

any nearby neutral atom. These two atoms can then interact with each other

through the induced dipole moments. The orientation and induction forces, known

10



as Keesom and Debye forces respectively make up the remainder of the vdwW
forces. The orientation forces take place between two polar molecules that are
near each other, and are analogous to the interaction between two magnets. The
induction forces take place between a polar molecule and a nonpolar molecule
whenthep ol ar moeleer tieldenduses a dipole moment in the nonpolar

molecule.

To interpret our experimental results, it is critical to understand how van der Waals
forces act between not only atoms and molecules, but also macroscopic bodies,
especially between a colloid particle and a colloid particle/flat surface. There are
two theoretical approaches to determining vdW forces between macroscopic
bodies. At first, it was microscopically approached by considering pairwise
summation of intermolecular interactions between two bodies, and this was
primarily developed by Hamaker.** This resulted in a relationship including a
geometrical component and a constant, A, that depends upon the characteristics
of the two bodies and the medium. As an example, the total interaction energy per
unit area between two flat plates can be given by,

A
12w D? (1.1)

W(D) =

where, the constant, A is the Hamaker constant, and D is the separation distance

between two plates. A is further given by,

A= 7T2(_3,()1,02 (1.2)

11



where c and } are the London coefficient in the particle-particle pair interaction and
the number densities of the two interacting particles.!* The second approach to
determining vdW forces suggested by Lifshitz is called the macroscopic
approach.*® In that, pairwise additivity is avoided and the total interaction is
obtained by considering the macroscopic electromagnetic properties (dielectric
constant and refractive index) of all the media. This complex theory is then
simplified to obtain one expression (Equation 1.3) for calculating the Hamaker
constant assuming that the interactions are not retarded and the main electronic
absorption frequency (/&) of all media is the same (typically in the UV at around 3
A 10% s1). Equation 1.3 can be used to calculate the Hamaker constant for two
macroscopic phases 1 and 2 interacting across a medium 3 using dielectric
constants (0 and refractive indices (n) of media given by subscripts. We used this

equation to calculate the vdW forces for the systems we used in the experiments.

3 €1 £3 &9 €3
Apotal = A= +A4=0 :HH sy | epra

2 24 (102 25
_3?3113 (n] — ng)(n; — n3)

8v/2 (n +n3) (5 +ng) “{(ny +n3)'"+ (n5+n3) "}

(1.3)

The other component of DLVO forces is electrostatic double layer forces also
known as electric double layer forces. Here, surfaces in liquid can be charged by
the: 1. lonization or dissociation of surface groups (e.g., the dissociation of protons
from surface carboxylic groups (-COOH A -COQ' + H*) on graphene oxide, which
leaves behind a negatively charged surface) 2. Adsorption or binding of ions from

solution onto a previously uncharged surface (e.g., the adsorption of -OH' groups

12



to the water/air or water/hydrocarbon interfaces) 3. Charge exchange between two
dissimilar surfaces very close together by hopping protons or electrons from one
surface to the other giving rise to electrostatic attraction. Mostly, surfaces in liquid
medium are negatively charged and attract the positive counterions surrounding
the particle as shown in Figure 1.6. Electric double layer includes the surface
charge (charged ions adsorbed on the particle surface), stern layer (counterions
attracted to and closely attached to the particle surface by electrostatic force), and
diffuse layer (a film of dispersion medium adjacent to the particle surface) that

contains free ions with a higher concentration of the counterions.4®

e eP @
© g% o~_°
+ & ,/@‘7,/@“(?\ . Slippingplane
- // /@ = = éy‘\;ﬁ-—-swm plane
| [T Negativey™ | | _|
1@( = Charged ~ i ®! Diffuse Layer
g \SP= particle — y
oo O\ / ® o

A s S

- ) -~ £ i
\$ % ® 9
/ R® %7 o

" 0e ot B
/ ©® © Electric Double Layer

Stern layer

Electrical§
potential 4

Surface potential 4

Stern potential -

Zeta potential 4

-
»

Distance from
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Figure 1.6: Diagram of electrostatic double layer. The particle is negatively charged due to
adsorbed ions and the counterions are attracted to the particle in Stern layer by electrostatic force.
This layer diffuses with the distance from the particle with a higher concentration of counterions
closer to the particle. Adapted from Ref. 46 with permission. Copyright 2011 Elsevier.
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The electrical potential at the Debye length is given as the Zeta potential of the
surface. When two similar particles and their associated electrostatic double layers
approach each other, their diffuse ion atmospheres overlap, and a coulombic
repulsive force is produced. When the salt concentration of the liquid medium is
high, electrostatic repulsion is screened by the electrolyte ions, decreasing the
repulsive force. The electric potential (y ) is given with respect to surface potential

(Y o) and distance from the surface (x) as,
Y = the ™" (1.4)

where k = p, &p/isdhe Debye length in an electrolyte and it is given by,

(1.5)

where, e, ¢, and z are the permittivity, charge of an electron, concentration
(number of ions per m3), and valence number of the electrolyte respectively.*” We
used this equation to calculate the Debye length in water at pH 5.5 to determine
the electrostatic double layer forces between an air bubble and a heptane droplet

in Chapter 3.

1.d. Hydrophobic interactions (non-DLVO forces)

We found that GO and rGO attract to the water/heptane interface due to long-
range hydrophobic interactions. Therefore, it is important to understand the nature
and origin of these interactions. Hydrophobic interactions can take place between

non-polar molecules in water. The water molecules strongly tend to form H-bonds
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with each other, but it is disrupted when a non-polar molecule is present in water
due to the inability of H-bond formation between non-polar molecules and water.
Therefore, water molecules are displaced from the non-polar ones driving the non-
polar molecules towards each other by so called hydrophobic interactions. This
short-range attractive interaction is formed due to both enthalpic and entropic

effects.48:49.50

Later on, it was found that hydrophobic interactions can take place between
microscopic bodies in water.>! Direct measurements of the interactions between
macroscopic hydrophobic surfaces have uncovered the presence of strong
attractions that show a longer range than DLVO forces: from 100 nm to several
microns.52 Due to the observed long ranges, these interactions cannot be
explained by known liquid structure and surface forces. Several mechanisms have
thus been proposed to explain the origin of these long-range interactions. The
formation of a gas bridging meniscus via vaporization of surrounding liquid (i.e.
cavitation) or nanobubbles®® (Figure 1.7A) has become the most widely accepted
mechanism behind these long-range attractions.>4555¢ A study done by Parker et
al. was the first suggestion that the long-range attraction between hydrophobic

surfaces is due to the bridging of submicroscopic bubbles adhered to the solids.>’
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Hydrophobic surface (A)-
\9\4 l
6>90°

Water

Hydrophobic surface

Figure 1.7: Origin of hydrophobic interactions. (A) Capillary bridging due to the coalescence of
bubbles on opposing surfaces. (B) Density depletion layer is formed since water molecules near
the hydrophobic surface cannot form hydrogen bonds. Adapted from Ref. 58 with permission.

Copyright 2015 American Chemical Society.

These nanobubbles can be formed on hydrophobic surfaces for several reasons.%®
1. Nanobubbles can be spontaneously formed when the air influx is greater than
the outflux or when the surface temperature increases. If the surface is sufficiently
hydrophobic, the gas phase is attracted to the surface and nanobubbles are
formed. This can be observed as the spontaneous air bubble formation on high
contact angle surfaces such as Teflon and OTS silanated silica. A study done by
Wang et al.%® using molecular dynamics simulations showed that gas molecules
(N2 and H2) could separate from the bulk water and accumulate at the hydrophobic
solid-water interface as either nano pancakes or nanobubbles due to the
competition between water-water interactions and gas-water interactions. 2. The

nanobubbles can be formed due to exposure of the surface to liquid environments
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super-saturated with gas. It is considered that the solvent-exchange method
(Figure 1.8A) forms nanobubbles due to the same phenomenon.®° Also, Jin et al.t!
have shown that free nanobubbles (in the bulk liquid, not at a surface) can exist in
mixtures of water and organic molecules. Therefore, when a hydrophobic surface
comes into contact, interfacial nanodroplets can be formed. 3. Nanobubbles can
be formed due to surface perturbation which is separation-induced cavitation.5? As
an example, after a colloidal probe interacts with the underlying substrate (both
with equilibrium contact angle > 90°) for the first time, nanobubbles can be formed
on either one surface or both surfaces. This mechanism is analogous to the
formation of water capillary bridges in air at hydrophilic contacts. The nanobubble
formation by this mechanism is considered as a drying transition between
hydrophobic surfaces where a cavity formed upon separation can be filled with gas
dissolved in the liquid medium, forming a nanobubble. 4. Gas trapping is another
mechanism of formation of nanobubbles on hydrophobic surfaces. There could be
cavities on the hydrophobic surface that do not allow water to penetrate. These
cavities are called Harvey nuclei®® and they can be formed at surface cracks or
inverted cones like holes. Two studies have shown nanobubble formation during
simple immersion of smooth silanized silicon substrates and silanized glass
substrate in water by Ishida et al.* and Tyrrell and Attard®® respectively. In other
words, roughness and surface hydrophobicity increase the possibility of
nanobubble formation. A study by Yang et al.%¢ has shown that the nanobubbles
formed on rough, silanated surfaces were larger and less densely distributed than

those on a smooth surface with similar hydrophobicity. As previously noted,
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surface hydrophobicity affects nanobubble formation; in figure 1.8B, nanobubbles
prefer to form at the top of the cleavage steps of HOPG due to increased
hydrophobicity at that location.®” At the bottom of the cleavage step is hydrophilic
according to the same study and it shows less amount of nanobubbles at the lower

side of the step.

B
upper side of step
d \Iower side of step

Stage 0

Stage 1 | Ethanol

Stage 2 | water

Figure 1.8: Formation of nanobubbles on hydrophobic surfaces in water. (A) Experimental protocol
of nanobubble formation by solvent exchange method. (B) A 3D AFM tapping mode height image
of nanobubbles on HOPG produced using ethanol-water exchange. Nanobubbles are accumulated

at the top of the cleavage steps. Adapted from Ref. 68 with permission. Copyright 2008 IOP Science.

Another propsed mechanism for the origin of hydrophobic interactions is the
molecular rearrangement of water near hydrophobic surfaces® as shown in Figure
1.7B. Near extended hydrophobic surfaces, water molecules cannot form
hydrogen bonds, therefore, water molecules move away from those surfaces
producing thin vapor layers. These vapor layers are usually only a few molecular
layers thick. Fluctuations in the interfaces formed in this way can destabilize and

expel the remaining liquid between the surfaces resulting in a pressure imbalance
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that causes attraction. The energy of these interactions exponentially decays with
a decay length of ~ 0.3 - 2 nm according to a study by Donaldson et al.?® As the
other mechanisms of origin of hydrophobic interactions, electrostatic effects,’®"!
correlated charge fluctuations’?> or correlated dipole interactions can be

responsible.”

1.e. Surface preparation

After fabricating colloidal probes with silica spheres (as explained in Section 2.c)
we needed to positively charge the surface of silica spheres to attract negatively
charged GO sheets (in water, silica is usually negatively charged). For that, we
used (3-trimethoxysilylpropyl) diethylenetriamine mixed with water. As shown in
Figure 1.9A, it contains an amine terminated alkyl chain that gives a positive
charge upon protonation. These chains attach to the silica surface via oxygen as
in Figure 1.9B. Furthermore, hydrogen bonds between the -NH groups between
neighbouring molecules make it possible to shorten the molecule length while

preserving a well-organized monolayer.”™
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Figure 1.9: Positive charging of silica surface using amine terminated silane. (A) Structure of (3-
trimethoxysilylpropyl) diethylenetriamine. (B) Attached amine terminated silane on to silica surface.
The red dashed lines indicate hydrogen bonds between -NH groups in alkyl chains. Adapted from
Ref. 74 with permission. Copyright 2020 Elsevier.

After functionalizing colloidal probes with GO, we needed to reduce the GO coating
by removing its functional groups. For that, we used the UV-irradiation technique
in Section 2.c. UV treatment can also be used to oxidize graphene sheets by
attaching functional groups as seen in Figure 1.10 (Oxidation) where it is called
UV/Os-treatment.” Both of these techniques use a mercury lamp which produces
two types of UV light with wavelengths of 185 and 254 nm. In the presence of
oxygen, the 185 nm line produces ozone while the 254 nm line excites organic
molecules on the surface. The radical oxygen atoms then react with the carbon

atoms in graphene and form epoxide groups on the graphene surface. Since we

needed to remove oxygen groups that are already present on the graphene we
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applied UV light in an oxygen-depleted environment to minimize ozone production.
To do that we purged Nz into the UV chamber, displacing any oxygen. This process
is called UV-irradiation and it successfully removes oxygen functional groups from

graphene oxide as in Figure 1.10 (Reduction).

Oxidation: UV/03-treatment —Oxygen
Graphene ; é_ ;
" -ir tlon
Reduction: » ® o
o Oxygen = & -

Figure 1.10: Schematic representation of graphene oxidation by UV/O3-treatment (Upper) and
graphene oxide reduction by UV-irradiation (Lower).”> When oxygen is present UV light produces
ozone radicals and they bind to graphene as oxygen functional groups. When there is no oxygen,
UV light excites carbon atoms and removes oxygen functional groups reducing graphene oxide.
Adapted from Ref. 75 with permission. Copyright 2014 American Chemical Society.

To make hydrophobic regions on the s i | i ¢ o nhydmoahilie badkground, we
used vapor deposition of (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane
which we <call 6silaned. A dr apsicator along
with the substrate (silicon wafer) that needs to be functionalized hydrophobic. Then
the droplet of silane is evaporated, settling onto the silicon wafer as a thin layer of
molecules. The silane molecules then bond to oxygen groups in the silicon oxide

layer on the silicon wafer (Figure 1.11). The end fluorine groups make the surface

hydrophobic.’®
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Figure 1.11: Interaction of highly reactive trichlorosilane end groups with Si wafer. The fluorine
groups lead to strongly hydrophobic properties. Adapted from Ref. 76 with permission. Copyright
2011 RSC Publishing.

1.f. Force spectroscopy by atomic force microscopy

The atomic force microscope (AFM) is best known for high-resolution
topographical imaging, but it is also a powerful tool for sensitive force
measurements called fforce spectroscopya’’ In force spectroscopy, the force
between the tip and the sample is measured while ramping the piezo in the z
direction in small steps as in Figure 1.12.78 The tip radius can be in the range of 5-
50 nm, so that it can interact with a very small area of the sample. This technique
can acquire force measurements with high lateral (25 nm),” vertical (0.1 A), and
force (1 pN)& resolution. The tip is suspended on a spring, the AFM cantilever that
is usually made from silicon or silicon nitride. Cantilevers with different stiffnesses
can be fabricated by tuning their thickness, length, width, and material properties.

During force spectroscopy, the cantilever deflects according to the force between
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the tip and the sample at each separation distance. The amount of cantilever

deflection is then measured using a laser beam that is directed toward a

photodetector.
(A) Photodetector Laser (B) S“
3 C
% D ‘\ 4 r
Tip and cantilever 2 —
’/" EI
—4 . B A forward
%> Sample stage @~ | =
— i A F
base“ne backward
] Piezo-scanner defiection E O i

piezo movement
surface position

Figure 1.12: Force spectroscopy technique. (A) Schematic diagram of atomic force microscopy. In
force spectroscopy, deflection is measured while ramping the piezo in the z-direction. The laser
beam position on the photodiode gives the amount of cantilever deflection.” (B) Deflection versus
piezo movement curve is obtained as raw data of force spectroscopy. A-F regions give the
deflection during the forward (approach) and backward (retract) movement of the probe. In regions
A and F, the tip is not in contact with the surface. Adapted from Ref. 78 with permission. Copyright
2014 RSC Publishing. (Image credit: Nanosurf)

Each force spectroscopy measurement outputs a force curve with separate
approach (forward) and retract (backward) curves as in Figure 1.12B. The
approach (A-C black line) and retract (D-F gray line) curves refer to motion where
the tip is approaching the surface and when the tip is retracting from the surface,
respectively. In region A, there are no attractive or repulsive forces between the tip
and the sample. At point B, the cantilever snaps onto the sample due to attractive
forces. In region C, repulsive force increases, and the cantilever bends up upon

further movement of the z-piezo. Then the cantilever starts to retract from the

surface, therefore the cantilever starts to unbend and comes to relaxed position at
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the E piezo displacement. The cantilever deflection does not follow the same path
taken in approach and shows a higher dip due to the adhesion force. After a certain
amount of piezo movement, the cantilever comes out of the surface and returns to
its unperturbed state. In region F, the z-piezo further increases the tip-sample
separation. Originally, a force-curve data is obtained as deflection (nA) versus
piezo displacement (nm or pum). Those raw data curves are converted into force
(nN) versus distance (nm) as described in Section 2.e and a processed force curve

is shown in Figure 2.7.

The snap-on event (region B in Figure 1.12B) of a force curve takes place when

the slope of the force exceeds the cantilever stiffness. At that time cantilever

becomes wunstabl e and # jDuringptisenapaontevwent thd e

actual force variation cannot be observed, therefore it is considered as a blind area
of the force curve. To minimize or get rid of snap-on, a stiffer cantilever should be
used. But this could decrease the force sensitivity of the measurement,

necessitating a compromise.

In most force spectroscopy experiments, the conventional sharp tipped probe is
replaced by a colloidal probe. There are several advantages of using colloidal
probes over sharp ended tips. One of them is that, colloidal probes can be used
with different functionalizations according to experimental needs. For example, we
used GO coated colloidal probes to measure interactions. The colloidal probe can
be either functionalized after attaching the sphere onto the cantilever or a
functionalized sphere can be directly attached to the cantilever. The attachment of

a colloidal sphere onto a tipless cantilever is done with the help of a
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micromanipulator and an optical microscope. Colloidal probes also have a well-
defined geometry compared to conventional tips making theoretical calculations

and force models more accurate.

1.9. Contact theories 1 Hertz, JKR, DMT

There are three main theories we can use to explain the deformation of a sphere
in contact with another surface under an external force.®2 We used these theories
to calculate the deformation of our polymer spheres when they are in contact with
substrates during our force spectroscopy measurements as described in Section

4.

Fad

Figure 1.13: Schematic diagram of a particle of diameter d in contact with a flat surface under an
external force, P exerted on the particle. The contact radius, particle diameter, and adhesion forces

are given by a, d, and Faq respectively.
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The simplest theory of these three is the Hertz theory which does not consider
adhesion forces between the sphere and the substrate. Hertz (1881)8 found that
the radius,a of the circles of contact is a function of the indenter load P, the
diameter of the sphere d, and the elastic properties of the contacting materials.
Accordingly, the contact radius a is given as

3 Pd
2K (1.6)

a

whereKi s the composite Yoyngodés modul us

Kzéll_v%nLl_U%]
31 B Ey (1.7)

In Equation 1.7, E is the elastic modulus, Wis the Poisson ratio, and subscripts 1

and 2 refer to the materials of the sphere and substrate.

Johnson-Kandall-Roberts (1971)%* developed a model (JKR model) that includes
the effect of adhesion force on the deformation of an elastic sphere in contact with

an elastic half space. Accordingly, the contact radius is given as

3rWad\
2

a’ = P+ gwmd + \/ 3nW4dP + (
(1.8)

Here Wa is the thermodynamic work of adhesion, and in the absence of surface
forces, Wa = 0, reducing Equation 1.8 to the classical Hertz model given by
Equation 1.6. The JKR model predicts that the force needed to remove the particle

from the surface (pull-off force) is given as

26

gi ven



‘R 3
FIR = ZaWad

4 (1.9)

Derjaguin-Muller-Toporov (1975)% considered the Hertz deformation and
developed another model that included the effect of adhesion force. The difference
between JKR and DMT models is that JKR model neglects the long-range
interactions outside the contact area, but DMT model includes van der Waals

forces outside the contact area. Accordingly, the contact radius is given as

3 d
= P+ 7nWad
@ = o P TWad) (1.10)
and pull-off force is given as
DMT __ ,
Fpo = WI/I/Ad (111)

We can determine which model works for our system based on work of adhesion,

Yo ung o0 s, anddahe side of the sphere as explained in Section 4.b.

1.h. Surface forces that contribute to adhesion

Forces between two surfaces can arise from covalent bonds that share an electron
pair or noncovalent interactions such as electrostatic interactions (ionic bonds),
van der Waals interactions, hydrogen bonds, hydrophobic interactions, pi- stacking
interactions, CH-A interactions, etc.86 Here we discuss pi- stacking and CH-A
interactions as they are used to explain adhesion forces between polymers and

2D materials in Section 4.e.
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Pi-stacking interactions specifically involve aromatic groups containing A bonds.
These interactions take place when the A-conjugated electrons in unhybridized p
orbitals overlap between molecules; increasing in strength as the number of A-
electrons increases.®”88 Typically, the distance range of these interactions is
around ~3-5 A. Aromatic rings interact through several different conformations
including face-centered, off-center, and edge-to-face (T-shaped) stacked
conformation as in Figure 1.14.8% Several studies have confirmed that off-center
and edge-to-face are more energetically favorable than face-centred stacking
among aromatic groups.®® When two electron-rich aromatic groups interact via
face-centered conformation they repel due to overlapping electron clouds. When
electron withdrawing groups are attached to the aromatic ring (electron-deficient
aromatic) the electron cloud is attracted to the edges, causing the center of the
aromatic ring to hold a positive charge, enabling attraction to an electron-rich
aromatic ring by face-centered stacking conformation. Two electron-rich aromatic
groups can be attracted by off-center parallel or edge-to-face conformation

depending on the orientation.
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Figure 1.14: Electrostatic representation of pi-stacking interaction conformations. Two upper
schemes describe aromatic quadrupole moments in more electron-rich aromatic rings (left) such
as benzene and d 1,5-dialkoxynaphthalene (DAN), as well as electron-deficient aromatics (right),
such as 1,4,5,8-naphthalenetetracarboxlic diimide (NDI) that contain strongly electron withdrawing
groups. Different pi-stacking conformations with electrostatic repulsion or attraction are presented.
Adapted from Ref. 89 with permission. Copyright 2012 RSC Publishing.

The other type of noncovalent bond we are interested in is CH-A interactions that
can take place between a C-H bond and a A system (Figure 4.17B).°2%? They are
often considered the weakest class of hydrogen bonds between a soft acid and a
soft base. The energy of these interactions depends on the atoms or functional
groups attached to the CH group as well as the ©~ system. The stronger the CH

g r o uppotos donating ability, the more stable the CH-A interaction. The typical

distance of these interactions is in the ~2-3 A range.®
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2. Experimental Methods
2.a. Substrate preparation

To measure interactions between colloidal probes and water/heptane interface we
needed to immobilize heptane droplets in water. For that, we used functionalized
silicon substrates prepared using the method as follows. A piece of silicon wafer
(Ted Pella, Type P) was first cleaned using the following three steps. (1) Sonication
in surfactant solution using a bath sonicator (Fisher Scientific FS30 ultrasonic
cleaner) for 30 minutes at 60 °C. (2) Rinsing with DI water (Millipore Synergy water
purification system), followed by the repetition of step 1 in DI water without
surfactant. (3) Exposing the substrates to high-intensity UV light in a UV ozone
cleaner (Novascan PSPD) for 30 minutes, then leaving them for additional 30
minutes in the ozone environment. After cleaning, the substrate was functionalized
with (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (Gelest) 8 from now on
simply referr é&dtomatie them hydrgphobie asesbown in Figure
2.1. Therefore, TEM grids (Veco Hexagonal 200 mesh Copper grid, 3.05 mm
diameter, 0.8 mm thickness) were first laid flat on the substrate as masks (Figure
2.1B), then placed in a vacuum desiccator with a droplet of silane on a separate
glass slide for 2 hours (Figure 2.1A). This functionalized the substrate with a
molecularly thin layer of hydrophobic silane, except for areas covered by the TEM
grids, which remained hydrophilic. The TEM grids were then removed from the
silicon by immersion in water (Figure 2.1C). Care was taken to ensure that they
did not slide over the newly functionalized regions, to avoid scratching or other

damage. Ultimately, this procedure created substrates with hydrophobic patches
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(Figure 2.1D), which were used to pin heptane droplets. The pinned droplets were
obtained by letting heptane run along the substrates and quickly immersing them

in the water-filled AFM liquid cell.

P
5 - r

b-
LY

Figure 2.1: Substrate preparation for heptane droplets immobilization. (A) TEM grids) were first laid

flat on the substrates as masks. (B) A molecularly thin layer of hydrophobic silane was deposited
on the substrate. (C) The TEM grids were then removed from the silicon by immersion in water. (D)
The prepared substrate with hydrophobic patches in the hydrophilic background.

To carry out force spectroscopy measurements between polymer colloidal probes
and 2D materials we used HOPG (Highly oriented pyrolytic graphite) and hBN
substrates. A piece of HOPG (SPI Supplies Brand Grade SPI-2 10A10A1 mm
thick) was glued on an AFM puck and the substrate was freshly cleaved before
force measurements. A piece of hBN crystal (HQ Graphene, ~1 mm size crystal)
was glued on an AFM puck using epoxy glue and let it cure for 2 hours and then it

was freshly cleaved before force measurements.
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2.b. Graphene oxide preparation and characterization

We functionalized silica colloidal probes with GO prepared using the improved
Hummers method.?*% The GO dispersion was sonicated for one hour to exfoliate
into few layer sheets. Before using them for functionalization we characterized the
thickness of sonicated GO sheets using AFM (NT-MDT Spectrum Instruments,
model: NTEGRA) and TEM (Philips FEI CM 10). AFM sample was prepared by
spin coating (Laurell WS-400Bz-6NPP) a 2 pl droplet on mica substrate for 2
minutes at 2000 rpm. AFM scans were performed in semi-contact mode using an
AFM probe with 40 N/m stiffness. Gwyddion software was used to flatten and
analyze the AFM topography images (http://gwyddion.net/). The processed image
is shown in Figure 2.2A and a line profile in Figure 2.2B confirms that the GO
sheets are single layer with thickness of ~1 nm. The TEM samples were prepared
by dipping a TEM grid (Ted Pella, INC., Support films, Lacey Formvar/Carbon, 300
mesh, Cu) in sonicated dispersion, and the obtained images at 80 kV and 245 kV
are shown in Figure 2.2C and D respectively. These images also confirm that the

GO sheets used for probe functionalization are single layer sheets.
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Figure 2.2: Thickness characterization of GO sheets used for probe functionalization. (A)
Processed AFM image of GO sheets on mica substrate. (B) Height profile of the line drawn in (A).

(C), (D) TEM images of GO sheets used for probe functionalization.

2.c. Fabrication of colloidal probes

Two types of colloidal probes were fabricated for the two different projects. To
measure interactions at water/heptane interface we fabricated silica colloidal
probes and then coated with GO. The procedure of fabrication of those colloidal
probes is as follows. Epoxy glue (Ace Hardware, Marine epoxy, 25 minutes set
time, 24 hours curing time) was used to attach silica spheres (Bangs Laboratories,
7 um diameter) onto tipless silicon cantilevers (NanoAndMore, All-in-one Tipless

uncoated) featuring a nominal spring constant of 0.2 N/m. The spheres were
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placed on a glass substrate via spin coating from agueous suspension. A micro-
manipulator (Newport Corporation XYZ translation stage, model #: 460-XY2Z),
attached to an inverted microscope (Olympus IX71), was used for precise
positioning of the cantilever (Figure 2.3B). It was used to first apply epoxy at the
end of the cantilever and then to move it to one of the silica spheres for pick-up
(Figure 2.3A). The epoxy was then allowed 24 hours to cure. The sphere surface
topography was characterized using contact-mode AFM using a TGT1 tip

calibration grating (NT-MDT Spectrum Instruments) featuring a grid of sharp tips.

Figure 2.3: Silica colloidal probe preparation method. (A) Schematic representation of the
procedure used to attach a micron size silica sphere onto a tipless cantilever. (B) Micromanipulator
setup used for colloidal probe preparation. Probe was attached to the bottom end of the vertical
rod of the micromanipulator and the silica spheres/polymer particles were placed on the cover glass.

A microscope was used to see the cantilever and particles in dark field mode.
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The colloidal probe was then coated with GO in two steps. First, the probe sphere
was functionalized with positive charges. Therefore, 1.98 g DI water was combined
with 20 pl (3-trimethoxysilylpropyl) diethylenetriamine (Gelest). The probe was
dipped in a droplet of this aqueous mixture for 30 minutes and then kept in the
oven at 110 °C for 15 minutes. Second, the end of the probe was functionalized
with GO. Therefore, the probe was submerged in an aqueous GO dispersion for
30 minutes and then dried in a vacuum desiccator for one hour to remove water
and to stabilize the GO flakes. To reduce the GO coating, the probe was exposed
to UV irradiation using a UV ozone cleaner (Novascan, PSD-UV) for 1 minute and
then for 9 more minutes in N2. After all the force spectroscopy measurements, we
imaged GO colloidal probes with a scanning electron microscope (SEM). A Hitachi
S-4700 field emission electron microscope (FESEM) equipped with a secondary
electron detector was used to image the probes. The samples were run at an
acceleration voltage of 5 kV with an 8.5 mm working distance. An example image

is shown in Figure 3.3D.

To measure interactions between polymers and 2D materials we fabricated
polymer colloidal probes. The fabrication process of those probes is as follows. A
piece of the desired type of polymer was rubbed on the cleaned metal file (Amazon,
stainless steel) collecting the polymer particles on a glass slide (Figure 2.4A). A
suitable micron size particle was picked by a tipless silicon cantilever
(NanoAndMore, All-in-one Tipless Al coated, 40 N/m nominal spring constant)
using a micromanipulator (Newport Corporation XYZ translation stage,

model #: 460-XYZ) attached to an inverted optical microscope (Olympus IX71)
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(Figure 2.4B). The polymer microparticle was attached to the cantilever only with
van der Waals forces. Therefore, the cantilever was carefully removed from the
mi cromani pulator as it didnét drop the pol
heated until the polymer particle melts and forms a spherical shape. Polystyrene
(Mw = 230 kg mol?, Sigma-Aldrich) and PMMA (Mw = 120 kg mol?, Sigma-Aldrich)
probes were heated at 200°C for 90 minutes. As produced probes were imaged

using the optical microscope from the top and the side (Figure 2.4C and D).

ZN\

®) —
!nverted ﬂ
microscope

Figure 2.4: Polymer colloidal probe preparation process. (A) Making micron size polymer particles

(A)

by rubbing on a file. (B) Picking up a polymer particle by a tipless cantilever. Optical images of (C)
top view and (D) side view of a polystyrene probe. (E) Optical image of the side view of an epoxy
probe

Epoxy probes were produced using the epoxy spheres provided by NASA. Epoxy
microparticles were synthesized from the reaction between diglycidyl ether of
bisphenol A and a diamino hardener, through precipitation polymerization in a
polypropylene glycol solvent.®® The epoxy spheres were picked up by the tipless
cantilevers as the same procedure previously mentioned but we used epoxy glue

(Ace Hardware, Marine epoxy, 25 minutes set time, 24 hours curing time)) to stick

the spheres. The side view of an epoxy probe is shown in Figure 2.4E. The epoxy
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glue was allowed 24 hours to cure. The spring constants of the cantilevers were

calculated using Sader method.°"%8

2.d. Calculation of radius of curvature of polymer colloidal probes

The polymer surfaces of the probes were imaged in AFM (NT-MDT Spectrum
Instruments, model: NTEGRA) contact mode using a TGT1 tip calibration grating
(NT-MDT Spectrum Instruments) featuring a grid of sharp tips as shown in Figure
2.5B. A pattern of probe surface was obtained by scanning over the calibration
grating by colloidal probe and then the horizontal and vertical line profiles of
processed AFM image were used to obtain the width (w) and height (h) of spherical
caps. Then the radius of curvature of each cap was calculated using

A+ (w)2)?

R
2h (2.1)

and the average value was taken as the radius of the probe.
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Figure 2.5: Calculation of radius of curvature of polymer colloidal probes. (A) AFM image of
calibration grating obtained using polymer colloidal probe. (B) SEM image of TGT1 calibration

grating.® (C) Line profile of AFM image that shows width and height of spherical caps.

2.e. Force spectroscopy

Force spectroscopy technique was used in both liquid and air media for the two
different projects explained in Chapters 3 and 4 respectively. All the force
spectroscopy measurements were carried out using the same AFM (NT-MDT

Spectrum Instruments, model: NTEGRA, AFM head model: SFC100LNTF).
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Figure 2.6: Liquid cell AFM force spectroscopy experimental setup (A) before and (B) after the head
is placed.

The procedure we followed to measure forces between GO/fGO and
water/heptane interface is as follows. First, heptane droplets were immobilized by
letting heptane run along the substrate using a syringe needle and quickly
immersed in the liquid cell (Model: MP3LC) filled with water. Then the probe was
mounted on the probe holder as in Figure 2.6A and it was attached to the AFM
head (model: SFC100LNTF). Then the liquid cell was closed by placing the head
as in Figure 2.6B. Once the immobilized heptane droplets were located, we
conducted force curves in water on the hard silicon substrate to determine the
inverse optical lever sensitivity (IOLS). Then, the force measurements on the

heptane droplet were carried out with atypicalrangeof6e m at a syms,ed of

measuring 2000 points per 1 pum.
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The acquired raw data of the force curves were deflection (nA of diode
photocurrent) vs vertical piezo displacement (um). The deflection was converted
from nA to nm using the IOLS; to obtain forces in nN, the deflection values were
multiplied by the spring constant k of the cantilever (k=0.2 N/m). Some force curves
showed a gradual decrease in the force up to a large separation distance because
of the thermal drift of the cantilever. For those curves, baseline subtraction was

performed (Appendix 7.a), assuming that forces vanish at large separations.

The procedure we used to conduct force spectroscopy measurements between
polymer colloidal probes and substrates are as follows. The universal measuring
head and probe holder (Model: SFOO5&AUOO6NTF) were used for these force
measurements. The substrates we used are HOPG (SPI Supplies Brand Grade
SPI-2 10A10A 1 mm thick) and hBN (HQ Graphene, ~1 mm size crystal) for these
experiments. With each polymer probe, we carried out 25 force curves in each
area on a grid of 25 points separated by 1 um. Likewise, we tested at 4 different
areas in each substrate. Furthermore, the experiments were repeated in the order
of HOPG, hBN, HOPG to confirm the probe surface has not been changed over
time during the force measurements. Finally, we obtained 100 force curves on
each substrate with each probe. For each polymer type, we tested three different
colloidal probes. The force curves were carried out at 0.2 pm/s speed. The raw
data of the force curves were deflection (nA) vs displacement (nm). Therefore, all
the raw force curves were converted into force (nN) vs distance (nm) using the
inverse optical lever sensitivity and the spring constant of the cantilever as in

conventional force curve processing. All the force curves were processed using
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Matlab software (R2019a) and the codes used are given in Appendix 6.a, 6.b, and
6.c. The minimum force values of the approach and retract curves were considered
as the attractive force and the adhesive force of each force measurement
respectively as shown in Figure 2.7. The average of 100 force values was

normalized by dividing by the radius of curvature of each probe.
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Figure 2.7: A sample force curve obtained using epoxy probe on HOPG substrate. The force is
normalized by the radius of curvature of the probe. Attractive force and adhesive force values were
extracted as shown in the figure. The inset shows a zoomed in area of the approach curve at the

event of contact of the probe with the substrate.

2.f. Optical microscopy (OM)

High-resolution optical microscopy (OM) images of the colloidal probes were taken
using an Olympus IX71S inverted optical microscope with objectives of 5x, 20x,

40x, 60x, and 100x magnifications.
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3. Long-range hydrophobic attraction between graphene and water/oil

interfaces

Long-range hydrophobic attractions between mesoscopic surfaces in water play
an important role in many colloid and interface phenomena. Despite having been
studied in different ways, the origin of these forces has yet to be explained. While
previous research has focused on solid/water/solid and solid/water/air scenarios,
we investigated a solid/water/liquid situation to gain additional insight. Here we
directly measure long-range interactions between a solid and a hydrophobic liquid
separated by water using force spectroscopy, where colloidal probes were

functionalized with GO to interact with immobilized heptane droplets in water.

3.a. Motivation

Hydrophobic interactions were first identified as attractive forces between
hydrophobic solute molecules in water.'? More recently, attraction between
mesoscopic hydrophobic surfaces in water has been studied, sometimes featuring
interaction ranges longer than what can be explained by DLVO (Derjaguini
Landaui Verweyi Overbeek) theory.190101 |n this work we focus on these
interactions; they play an important role in many applications involving colloid and
interface phenomena, including air flotation of mineral particles and bitumen
droplets,t02103 interfacial assembly of nanoparticles,'®* controlled drug delivery,
and therapeutics,'% agglomeration of nonpolar particles in water,*:51 oil/water
separation (using Janus membranes)i06:107.108 gnd gas transportation.1%® Even
though the presence of specific interactions between mesoscopic hydrophobic

surfaces in water was first recognized by Butler in 1937, the origin of these
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interactions is still not conclusively understood.° For example, the reported range
of hydrophobic interactions varies f
system and the measurement methods.®%? Different mechanisms have been
suggested to explain these interactions, including bridging of air bubbles attached
to the hydrophobic surfaces, molecular rearrangement of water near hydrophobic
surfaces, electrostatic effects, correlated charge fluctuations, or correlated dipole
interactions. The air bubbles suggested in the first case can be hundreds of
nanometers in size, thus leading to long-range attraction between the surfaces.>®
The hypothesis in the second case is that water molecules directly adjacent to
hydrophobic surfaces cannot form the same number of hydrogen bonds than in
bulk water, leading to a rearrangement of water molecules near the surface that
causes a liquidi vapor phase transition. When two such surfaces, covered in water
in this different state, approach each other, dewetting between the surfaces can
lead to an attraction featuring a range longer than van der Waals forces.1%.6°
Hydrophobic interactions can take place due to local charge fluctuations that can
influence the charge density of opposite surface, causing a long-range attractive
electrostatic interactions.5>70 In this study we identify which mechanisms can

involve in the interactions we observe in our system.

In early experimental works, only hydrophobic interactions between two
hydrophobic solids in water were considered (Figure 3.1A).112113.101114 Thege
experiments were later expanded to replace one solid surface with an air bubble
(Figure 3.1B), as water/air interfaces are generally also considered

hydrophobic.15116.117 However, to date there are still no studies of hydrophobic
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interactions in water between a solid and a hydrophobic liquid (Figure 3.1C). Here,
we directly measure these interactions between a hydrophobic solid surface and
this water/hydrophobic liquid interface, from here on also referred to as water/oil
interface (Figure 3.1D). We believe the knowledge we develop through these
experiments will be a powerful tool to further understand Pickering emulsions,
where hydrophobic or amphiphilic nanoparticles are used for stabilization.!®
Pickering emulsions are widely applied in food technology,''® cosmetic

products,*?° oil recovery*?!, and drug delivery.??

Hydrophobic
solid surface

l Water
T i

Hydrophobic Air
solid surface ]
(A) (B)
J’ GO/rGO
oil Oil
O .

(©) (D)

Figure 3.1: Hydrophobic interactions in water between (A) two solid surfaces, (B) a solid surface
and air, (C) a solid surface and a liquid (oil). (D) Force measurements between graphene oxide

(GO) / reduced graphene oxide (rGO) and a water/oil interface.
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Different techniques have been used to study interactions at the liquid/liquid
interface, such as the surface force apparatus (SFA),°4123 interferometry, and
total internal reflection microscopy (TIRM).*?* These techniques hold several
limitations, i.e., the liquid droplets have to be in the millimeter scale, and the
substrate has to be transparent. Force spectroscopy*?® facilitates measuring inter-
actions between microscale bodies with pN force resolutions and does not require
transparent substrates. In this study, we use FS to directly measure hydrophobic
interactions between a solid microparticle mounted to the probe of an atomic force
microscope (AFM) and the water/oil interface (Figure 1D). While FS has been used
to investigate hydrophobic interactions at the water/air interface,'7:126:127 only a
few studies using this technique at the liquid/liquid interface have been carried out.
Force spectroscopy at the water/oil interface has been demonstrated by Dagastine
et al.,*?® who studied immobilized tetradecane droplets in water. We furthered this
approach to produce a large number of immobilized heptane droplets with well-
defined diameter in aqueous milieu. This allowed us to study hydrophobic
interactions between the water/oil interface and a solid surface with varying
hydrophobicity | evels for the first ti
first attached to the AFM cantilever and then coated with GO, as shown in Figure
3.1D. This approach provided a well-defined surface geometry amenable to
modeling, with tunable hydrophobicity levels, because the surface energy of GO

can be continuously tuned via photoreduction.

The interactions of graphene and related compounds with the water/oil interface

are particularly interesting since this interface has been exploited for exfoliation
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and separation for these layered 2D materials. Our approach thus also enables us
to systematically study this technologically important phenomenon. Biswas et al.1?°
and Woltornist et al.12 have trapped graphene sheets at the chloroform/water and
heptane/water interfaces, respectively. Similarly, GO has shown an affinity to the
water/oil interface.130:131.132,.133,134 Though originally considered hydrophilic, recent
work has emphasized the amphiphilic nature of GO, with hydrophilic edges and
more hydrophobic basal planes, driving assembly at the water/oil interface. Also,
Thickett et al.'3® have found that lowering the polarity of the oil increases the
adsorption of GO sheets to the water/oil interface. While the affinity and binding
energetics of graphene and GO with the water/oil interface can generally be
understood on the basis of interfacial energies,'! knowing the interaction range of
the forces between GO/graphene and the water/oil interface will influence the

kinetics of the interfacial adsorption and separation process.

For our force spectroscopy measurements, we used heptane as the oil phase,
mimicking the system that Woltornist et al.'?> successfully used to synthesize
graphene. After acquiring force spectroscopy measurements, we converted force-
displacement curves into force-distance curves to study the actual interaction
ranges. They allowed us to learn more about the nature and underlying

mechanisms of observed hydrophobic interactions.

3.b. Characterization of system

Using the built-in optical microscope in our AFM, we observed the pinned heptane

droplets on the substrate in the water-filled liquid cell (Figure 3.2A), surrounded by
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water, wefound t hat they were relatively wu
measured the height of the droplet at points of a grid using force curves and
determined the radius of curvature as @25 pm (Appendix 6.f). The immobilized
heptane droplets were stable for a few hours. After closing the liquid cell of the
AFM, the optical quality and contrast were reduced; however, we could still
recognize the individual droplets. Simultaneously, we were able to observe the
AFM probe, which allowed us to choose a specific droplet to carry out force
spectroscopy, as seen in Figure 3.2B. Specially, we selected droplets with

approximately similar base diameter by comparing with the cantilever width.

V‘
_

£y
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Heptane
« droplets

A

. Cantilever

Figure 3.2: Heptane droplet immobilization on prepared substrate. (A) Optical image of immobilized
heptane droplets in water (open AFM liquid cell). (B) Optical image of the droplets and cantilever
during the experiment (closed AFM liquid cell). The heptane droplets can be seen bright in the dark
background. The colloidal tip is sitting under the end of the cantilever and the laser beam is
positioned onto the end of the cantilever.

An optical micrograph showing one of our home-made colloidal AFM probes is

featured i n Fi gdameterSlicalpheresterided uynearlyrperfectly

centered at the end of the cantilever. Attaching spheres like this leads to a very
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well-defined, reproducible probe geometry, which is also the best geometry for
theoretical descriptions. When we used coated cantilevers with reflective metal
coatings, we occasionally observed the detachment of this metal layer; to avoid
this issue and contamination of the liquid cell or sample, we thus worked
exclusively with uncoated cantilevers. We characterized the surface structure of
the attached colloidal particle using a calibration sample featuring sharp tips. The
corresponding image in Figure 3.3B features the typical rough surface structure of
such silica microparticles,wi t h grains da100 nm in di
of the probe via calibration sample was repeated after coating the probe with GO,
which confirmed the presence of the GO on the spheres. As shown in Figure 3.3C
the probe topography now features the typical wrinkled morphology, indicative of
solvo-chemically produced graphene sheets.'¢ Figure 3.3D shows that the silica

sphere is well wrapped by GO sheets preserving its spherical shape.

48

ameter



75 nm

114 nm

Figure 3.3: Characterization of custom-made AFM probes at different stages. (A) Optical image of
cantilever with a silica particle attached (Abare ¢
of bare silica probe (B) and GO coated probe (C). (D) SEM image of the side view of GO coated

probe.

To tune the degree of hydrophobicity of each probe, we further used UV treatment

for reduction of the attached GO flakes. Each probe was first used without
reducti on ( A GOcoessivelyaadacedtfon €mi nut e 0() Ara@@ 10
mi nut esi0) ib@Oexposing it toenvildrivhent. The&ddi at i on

chamber was therefore purged with N2 to remove oxygen to avoid production of

reactive radical oxygen atoms, because the latter can cause further oxidation.”>37
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We confirmed that this method reduced GO by comparing the color of GO sheets
before and after the treatment. As shown in Figure 3.4A and 3.4B, the treatment
changed the color from light brown to dark brown, which are the typical colors of
GO and reduced GO, respectively. Reduction times longer than 10 minutes were
not considered, because excessive UV-irradiation can also cause reoxidation or
introduce defects. The main advantage of using this approach was that it allowed
us to carry out force spectroscopy with each probe at different levels of reduction,
and thus at different degrees of hydrophobicity. Importantly, the reduction does not
alter the probe topography, and thus, we could be sure that the observed changes

in the force curves were due to the hydrophobicity, and not due to changes in probe

morphology.

Figure 3.4: Colour change of GO sheets after reduction. Optical images of GO sheets on a glass

slide before (A) and after (B) reduction.

3.c. Force spectroscopy results and analysis

We first compared force curves obtained on substrate and droplet as in Figure 3.5.
We could clearly see the change of attractive force and adhesive force from the

substrate to the droplet. Most importantly, the force gradient of the contact region
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of the substrate is higher than that of the droplet as expected. Also, this confirms
that the probe does not touch the substrate at low displacement during force

measurement.
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Figure 3.5: Comparison of force curves on droplet and substrate. (A) Entire force curves obtained
on the substrate and droplet. (B) Zoomed in curves of contact regions of both substrate and droplet.
Red and blue curves represent substrate and droplet force curves respectively.

A typical forcei displacement curve of a GO-functionalized probe interacting with
the water/heptane interface is shown in Figure 3.6. Schematic drawings 3.6ai 3.6¢
illustrate how we picture the geometry of the interface at the different stages ai g,
indicated by letters in the force curve. Magnified versions of some of the
schematics are shown as 3.6¢" 3.6¢' in the bottom row of Figure 3.6 to show the
involved contact angles clearly; the droplet and the sphere are drawn to scale. As
expected, the force curve indicated no significant forces at large distances, which
means that the heptane droplet remains in its original shape (a). As the piezo

continues its approach, at a Oum9pkezo displacement (point b) the probe

experiences ai soadeeanfij umipi ch i scopgywhen c al

the slope of the interaction force is large compared to the spring constant. After
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this event, the probe sees an attractive f or ce of a50 nN

established contact with the droplet (point c). Upon contact with the heptane
droplet, a three-phase contact (TPC) line is formed (see Figure 3.6c¢"). At this point,
the restoring forces in the cantilever pulling the probe away from the interface are
significant. As the displacement of the piezo toward the sample continues, these
downward pointing forces are diminished, causing an increasing area of the
spherical probe to be covered by heptane. In between points ¢ and e, the force
curve features several small jumps in the deflection, shown by the black arrows.
These jumps indicate sudden motions of the TPC line across the spherical probe
as the probe moves deeper into the heptane droplet, most likely taking place when
the TPC line moves across surface inhomogeneities of the probe, such as wrinkles
in the coating. At point d, the force becomes zero, which means that neither the
cantilever nor the water/heptane interface is deformed. Continued reduction of the
piezo displacement (motion of the probe toward the sample) now starts causing a
repulsive (positive) force (upward bending of the cantilever). This continues to
point e, where the displacement minimum is reached, and the probe turns around
to start the retract phase. Correspondingly, the repulsive force also peaks at point
e. As the probe starts the return phase (moving from point e toward g in the force
curve), the TPC line first does not move; instead, only the contact angle increases,
as indicated in Figures 3.6e'1 3.6f'. This is in line with the findings of Preuss et
al.,**” and with the fact that we do not observe any of the small jumps in the force
curve that we saw between points c to e. At point f, the force becomes zero again,

and the droplet is no longer deformed in absence of a net external force. When the

52



probe is further retracted, the TPC line starts to move at point e* in the force curve,

which is indicated by a deviation of the force curve from the linear forcei
displacement behavior indicated by the grey dashed line. At point g, the probe
finally overcomes the | arge adhesive force
attractive force seen at pointc)andr el eases from t hewhereopl et

the force becomes zero again.
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Figure 3.6: Force spectroscopy results of GO coated probe and droplet deformation. An example
force curve obtained with a GO probe on heptane droplet in water is shown in the middle panel.
The black arrows indicate the small jumps in the deflection. The green and red dots indicate the
points where force becomes zero during approach and retract respectively. The points a-g
correspond to the panels a-g. The gray dashed line (e- e*) shows data range that was used to
calculate the system stiffness (km). Panels a-f and h demonstrate the cantilever and droplet
deformation during the force measurement. Panels c'i g' demonstrate the variation of contact angle

in water and they correspond to panels a-g.
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Subsequently, we carried out similar force spectroscopy measurements using the
very same probe after subjecting its GO coating to the UV reduction procedure for
1 minute and 10 minutes, respectively. Figure 3.7 shows representative force
curves for GO (light orange), rGO1 (orange), and rGOzio (brown). It shows that
snap-on displacement significantly increases with the reduction level. Importantly,
snap-on displacement and pull-off displacements significantly increase from GO

to rGOyq, but slightly from rGO1 to rGOxo.
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Figure 3.7: Force spectroscopy results of an individual probe at different reduction levels (GO,
rGO1, rGO10). The point where force becomes zero after the snap-on event has been taken as
the zero displacement of all the force curves.

These experiments were repeated with at least three different probes and average
values for the snap-on force (attractive force), snap-on displacement, and pull-off

displacement were calculated from these curves as shown in Figures 3.8A and

3.8B. As shown in Figure 3.8A, reducing GO for 1 minute to rGO1 more than
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doubled the attractive force, on average from 52 £ 9 nN to 124 + 6 nN. Reduction

by an additional 9 minutes increased the attractive force by a smaller amount (to

155 + 35 nN). In accord with the higher forces, the snap-on displacement
systematically increased from GO through rGOz to rGOso in a similar way, from 1.0

N 0.1 e&m (GO) ta) 2toN 2.7 RpagghoGOn FigureG O

3.8B. Furthermore, for the reduced GO, the probe had to be retracted by a larger
displacement before it separated from the heptane droplet. The pull-off

di spl acement was 3.8 N 0.5 i@mamdf &r. 1G®, 05 .48 ¢l
rGO10 (Figure 3.8B). All these three indicators, snap-on force, shap-on
displacement, and pull-off displacement, show the same trend: the degree of

interaction with the water/heptane interface significantly increases with the degree

of GO reduction, with the biggest changes happening already after 1 minute of

reduction.
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Figure 3.8: Average (A) snap-on force (B) snap-on displacement and pull-off displacement variation
from GO to rGO1 to rGO10. The different shaped data points indicate different probes we used.

The solid dots which are connected by solid lines indicate the average values.
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3.d. Force curve conversion: Displacement into distance

Having established that the interactions of the probe with the water/oil interface
depend on the reduction state of the GO coating, the next step was to test whether
the observed attractive forces were indeed caused by hydrophobic interactions.
The most commonly expected interactions in this scenario would be DLVO forces,
which include electrostatic double layer forces and van der Waals forces.
According to a previous study, the water/heptane interface is negatively charged
due to the spontaneous adsorption of hydroxyl ions.1® Similarly, GO has a
negative surface charge in water (isoelectric point: a1.7),1%° mostly due to the
dissociation of protons from the hydroxyl groups on the GO surface.
Correspondingly, electrostatic forces between GO and the water/heptane interface
would be significantly repulsive; therefore, electrostatic forces cannot be the
determining interaction for the observed attraction of GO toward the water/heptane
interface. A similar argument can be used for successively reduced probes rGO:
and rGOa1o, which would still be negatively charged, even if to a lesser degree. This
only leaves van der Waals forces and hydrophobic forces as candidates to explain
the observed attraction. Based on the positive value of the Hamaker constant
between GO/graphene and heptane, van der Waals forces in our system would
indeed be attractive and thus a potential candidate. The main difference between
van der Waals forces and hydrophobic forces is that van der Waals forces have a
short range, typically on the order of a few nm, while hydrophobic forces can have

longer range distances according to previous studies.!* Therefore, knowing the
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distance from which the AFM probe snaps onto the heptane droplet would be very

helpful to distinguish van der Waals forces from hydrophobic forces.

Determining the exact snap-on distance is not trivial, since both the droplet and
the cantilever are deformed during this event; however, only the cantilever
deformation d is measured directly, whereas the droplet deformation needs to be
inferred indirectly. Our goal was to convert the measured forcei displacement
(Figure 3.7) curves into forcei distance curves,’” where the distance represents
the true separation between the probe and the water/heptane interface. Therefore,
both droplet deformation and cantilever deflection have to be subtracted from the
displacement for each data point.!!” To determine the unknown droplet
deformation, we considered the droplet and the cantilever as a series of springs
with effective stiffness km, which relates to the spring constants of the cantilever

and the droplet, kc and kg, as follows:

1 1 1

km  ka ke (3.1)
We determined the stiffness of the combined system using regions corresponding
to points el e* of the retract portion of the force curves, where the TPC line does
not move and thus, the total deformation of the combined spring has to equal the
negative change in piezo displacement. In other words, the slope of the force
curves in this region equals i km. Based on the corresponding linear fit shown in
Figure 4 as a dashed line and using the known cantilever stiffness k¢, we were

then able to calculate the droplet stiffness kq using Equation 3.1. This allowed us
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to calculate the droplet deformation s based on the measured force F for each data
point using F=kq-s. Finally, we then converted all the forcei displacement curves in
Figure 3.7 into forcel distance curves shown in Figure 3.9. effectively showing the

distance of the probe relative to the surface of the droplet.

For interpretation of the curves in Figure 6A, we further followed the previous work
of Preuss et al., assuming that the colloidal probe first establishes contact with the
interface in a single point.*4° Consequently, we have considered this first contact
point of the snap-on event (indicated by a vertical, dashed line in Figure 3.9) as
the zero distance. Positive distances on this calibrated forcei distance curve
indicate separations of the sphere from the droplet, and negative distances
represent the indentation depth of the probe across the liquid/liquid interface.
Accordingly, we can determine the separation between probe and interface
immediately before the snap-on event from this forcei distance curve. For the
particular probe shown in Figure 3.9, thesnap-on di st ance for

and for rtGO1 and rGO10i t  w aqurs. The pull-off distances of rGO1 and rGO1o (5

pm and 4 um, respectivelyywer e hi gher thamumit hat of
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Figure 3.9: Forcel distance curves of GO, rGOz1, rGO1o. The black, dashed line indicates the zero
distance between the probe and the water/heptane interface, representing the first contact point
during the snap-on event.

We took force curves using at least three different probes for each experiment and
applied the same conversion to forcei distance curves in all cases. Then, we
calculated the average snap-on distance and average pull-off distance values as
plotted in Figure 3.10. The results were in line with the exemplary curves shown in
Figure 3.9: rGO1 and rGOio consistently showed higher snap-on and pull-off
distances, with the most significant change happening from GO to rGOai. This
change confirms that rGO is attracted to the water/heptane interface more strongly
than GO upon approach; same for the force resisting pull-off when the tip is

retracted.
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Figure 3.10: Average snap-on distance and average pull-off distance variation with reduction time.
The different shaped data points indicate different probes we used. The solid dots which are
connected by solid lines indicate the average values.

In all cases, the snap-on distances were significantly outside the typical interaction
range for van der Waals forces, which strongly suggests that GO and rGO are
attracted to the water/heptane interface not due to van der Waals forces but due
to hydrophobic forces. During the reduction of GO, polar functional groups are
removed,'3¢ which makes the material increasingly hydrophobic. Thus, Figure
3.8B shows that the individual and average snap-on forces systematically increase
as a function of hydrophobicity, which further supports our hypothesis that specific

hydrophobic forces are the mechanism underlying our observations.
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3.e. Contact angle calculation

We were further able to determine water contact angles on the probe surface in
heptane from our force curves. Therefore, we considered the zero-force points of
our force curves, corresponding to points d and f in Figure 4, where the droplet
and its contact angles are not distorted by an external force. As in Figure 4, we
found an offset in the distance variable of the two zero-force points between the
approach and retract curves, which is due to contact angle hysteresis.
Consequently, we were able to determine receding and advancing contact angles
dr and da, (see Figures 3.6d" and 3.6f") from the approach and retract curves,

respectively. In general, the contact angle d can be calculated by

_R—h

5 0
€0 R (3.2)

where R is the radius of the probe sphere and h is the distance by which the TPC
line moved across the sphere surface from the point of initial contact to the point
of zero force (Figure 3.11A).117 We can get h from the force-distance curves by
taking the absolute value of the distance since negative distances represent the
amount of translation of the probe across the interface by our definition (Figure

3.11B).
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Figure 3.11: Determination of contact angles using force curves. (A) The schematic diagram of the
colloidal sphere at the water/heptane interface. The TPC line has moved from the initial contact
point to h distance. (B) Amount of TPC line translation during approach and retract can be extracted
from force curve given by h; and h, respectively.

The calculated contact angles using all the force curves were averaged and plotted
in Figure 3.12. As expected, the advancing water contact angle is always higher
than the receding contact angle, regardless of the reduction level. Thus, for a given
force our probe is always deeper inside the heptane during the retract than during
the approach. Most importantly, both averages of the receding and advancing
water contact angles increased with the reduction level, which proves the
increasing hydrophobicity, in agreement with our observation that higher
hydrophobicity (degree of GO reduction) increased both the snap-on forces and

the snap-on distances, and thus the interaction of the probe with the water/heptane

interface.
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Figure 3.12: Contact angle variation with reduction time. The different shaped data points indicate
different probes we used. The solid dots which are connected by solid lines indicate the average

values.

3.f. Determination of water/heptane interfacial energy using force curves

It is important to understand how the force behaves as a function of indentation
depth for the different probes. During approach, the probe first snaps onto the
water/heptane interface; as the approach is continued, it moves deeper across the
interface and accordingly, the TPC line moves across the sphere surface. The
corresponding forces are represented by the approach curve for negative
distances. In terms of forces, the repulsion increased as the probe was moved

more deeply across the interface (Figure 3.13A).
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Figure 3.13: Translation of TPC with force variation. (A) The schematic diagram of the colloidal
sphere at the water/heptane interface. The TPC line has moved from the initial contact point to h
distance (B) The approach curves at different reduction levels are overlaid to show the same force
variation with respect to the distance

To further analyze this quantitatively, we considered the energy change when the
probe moves more deeply across the interface. Equation 3.3 describes the surface

energy change in the system as a function of h, the distance that the TPC line has

moved from the initial contact point:

AE = 27 Rhyy, — 2mRhygw — m(2Rh — hg)%ﬂh' (3.3)

where the surface area of the sphere in contact with heptane as a function of h is
2 ~ R hus, the increase of sphere/heptane interfacial energy (ogn) is described
by the first term. At the same time, the sphere/water interfacial energy (ogw)
decreases, as described by the second term. The change in the water/heptane
interfacial area due to the sphere movement is represented by the third term. To

obtain the corresponding force F, we differentiate Equation 3.3 with respect to h:
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Most importantly, this shows that the force changes linearly with respect to h.
Interestingly, the proportionality constant (2 "own) only depends on the interfacial
energy between water and heptane (own), but neither on the sphere size nor the
material. The proportionality constant is positive, which means that the repulsion
forces increase linearly as a function of indentation, which is fully in line with our
experimental observation: all the approach curves in Figure 3.13B representing
different reduction levels of the probe feature a roughly linear region with similar
slope, indicated by the blue, dashed line in Figure 3.13B. Interestingly, we directly
determine the interfacial energy between water and heptane (own) from this
experimentally measured slope, yielding awh=40.4 mN/m, comparable to literature
values.'0 Not only are our experiments fully in line with expectations based on our
model, but our method also represents a new experimental method to determine
such interfacial energies, which only needs a microscopically small amount of the

surface to be tested.

3.g. Origin of long-range hydrophobic interactions

Finally, we discuss the impact of our work with respect to the understanding of the
origin of long-range hydrophobic interactions. Importantly, the range of these
attractions we measured was between 0.5 um and 1.2 pm. This is in line with the
observations of Eriksson et al.,>> who conducted experiments to measure
hydrophobic interactions between a hydrophobic probe and a superhydrophobic

surface using confocal microscopy. They observed the formation of an air bridge
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bet ween the two surfaces at ideddiththéeasece of
of attractive forces. In their case, the air bridge formed between the hydrophobic
probe and the air layer on the superhydrophobic surface. A significant difference
between our system and theirs is that in our case there is only one solid surface
(the colloidal AFM probe), which interacts with a liquid/liquid interface. It has been
shown that air bubbles can form on a rough hydrophobic surface when this surface
is immersed in water.141:58 Therefore, we suggest that air bubbles also form on our
hydrophobic (or amphiphilic) AFM probe coated with rGO or GO when it is
immersed in the water. We also considered the feasibility of the formation of air
bubbles or an air layer on the water/heptane interface; however, based on our
estimates using surface energies, this is energetically not favorable: the sum of
interfacial energies of the air/heptane interface (& 2 aN/m)**? and the water/air
interface (@ 7 MN/m) is higher than the interfacial energy of the water/heptane
interface (& 5 N/m).1#° Therefore, the bridging of air bubbles attached to both
surfaces cannot be the origin of the observed long-range hydrophobic interactions.
One possible way to explain our findings is to consider the molecular
rearrangement of water near hydrophobic surfaces, which was hypothesized as a
mechanism for hydrophobic interactions.4%58 Donaldson et. al®® have shown that
the water molecules near the hydrophobic surfaces are highly fluctuating and close
to a liquidi vapor transition since they are unable to form hydrogen bonds. So
called narrow deiol6am thickncanl ba fprmedsat, hydéohobic
solid/water, air/water, and oil/water interfaces.'#414> Consequently, such two

surfaces attract each other upon approach due to dewetting between the surfaces.
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However, this type of attraction would naturally be limited to a few nanometers,58:69

which is far less than the range of attractive forces we observed.

(A)

P

Depletion
Air bubble ‘> i

(C)

(B)
(D)
Air bridge —

Figure 3.14: The mechanism of air bridging formation and the snap-on of the probe onto the droplet.
(A) When the probe and the droplet are far from each other, the air bubbles sit on the probe and
the depletion layers are formed at the air/water interface and water/heptane interface. (B) When
the probe approaches the heptane droplet the depletion layers on the air/water interface and
water/heptane interface come into contact. (C) An air bridge is formed between the probe and the
heptane droplet, and a depletion layer is formed around the air bridge. (C) Just after the formation
of the air bridge, the probe and the droplet attract together due to the capillary force. The attractive
force bends the cantilever downward and deforms the heptane droplet by extending upward. The

insets of (B), (C), and (D) show how the air bubble interacts with the heptane droplet and form the

air bridge followed by the attraction.
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Thus, the only remaining possibility we could find to explain our observation is
bridging between existing air bubbles on the probe and a depletion layer at the
water/heptane interface (Figure 3.14A). Since the air bubbles on the probe are also
hydrophobic, they are likewise expected to be covered by a depletion layer (see
Figure 3.14A). Thus, when the probe approaches the heptane droplet, the
depletion layers on the bubble surface and water/heptane interface come into
contact first (Figure 3.14B). This then leads to an attraction and the formation of
an air bridge (Figure 3.14C). Finally, capillary forces act to further reduce the
separation between the probe and the water/heptane surface, eventually leading
to contact (Figure 3.14D). At this point, the cantilever is bent downward, and the
heptane droplet is deformed by extending in upward direction due to the attractive
capillary force (Figure 3.14D). Furthermore, depending on the observed snap-on
distances we can estimate the height of the air bubbles to be in the range of 0.51

1.2 pym.
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Figure 3.15: Five force curves obtained consecutively using a rGO10 probe at the same spot on
the heptane droplet are overlaid. They mostly show the same force behavior.

We took a series of many consecutive approach/retract cycles in which the probe
had been fully retracted from the heptane droplet and found that the force curves
looked identical. Based on our explanation, this means that the air bubbles on the
probe surfaces reform again quickly after removing the probe from the heptane
when the probe is surrounded again by water only. Figure 3.15 shows five force
curves carried out consecutively at the same point with a duration of 412 sec per
curve. Accordingly, the probe was away from the heptane droplet for a6 sec

between retract and approach.

3.h. Hydrodynamic drainage forces

Interestingly, in addition to the discussed hydrophobic attractive forces, we also

observed a repulsive force just prior to the snap-on of the probe onto the droplet,

featuringadecay | ength of &30 nm. This repul sio
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. e., the forces were greater than the

the repulsions clearly distinguishable from the periodic force oscillations due to
optical interference (see Figure 3.16A inset and Appendix 6.d). Similar repulsive
forces were observed by Carambassis et al. between a hydrophobic colloidal
probe and an air bubble in water.>® To understand this repulsion between air
bubbles and the heptane droplet, we considered (i) van der Waals (vdW) forces,
(ii) electrostatic double layer (EDL) forces, or (iii) hydrodynamic drainage forces.
The | atter can arise due to a fluidos
other quickly.146147 To assess whether vdW forces (i) are a likely explanation, we
first calculated the Hamaker constant between an air bubble and a heptane droplet
in water (see Appendix 6.e). Interestingly, the obtained Hamaker constant is
negative, which indicates that the vdW forces are indeed repulsive in this case.
However, when we calculated the actual force-vs-separation behavior based on
our geometry and the Hamaker constant, we found that vdW are weaker and of
shorter range than the observed repulsion (see Figure 3.16B and Appendix 6.d
and 5.e). We thus ruled out vdW as a potential origin of the observed repulsion.
To estimate the potential impact of EDL forces (ii), we estimated the Debye length
of a hypothetic EDL repulsion between air bubbles and the heptane droplet in
water for pH 5.5 and obtained 4240 nm which does al
decay length of the observed force (see Figure 3.16B). This leaves only
hydrodynamic forces between probe and heptane droplet as a possible
explanation for the observed forces. As a matter of fact, Carambassis et al. had

observed repulsive hydrodynamic forces featuring a decay length of about 9 nm*®°,
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This is within one order of magnitude of the observed repulsive forces, which
featured a decay |l ength 430 nm when

3.16B). The remaining discrepancy could be due to a difference in the specific
geometry of our setup relative to Carambassis et al.; these hydrodynamic forces
critically depend on experimental conditions and are challenging to calculate.4®
Considering all these details we think that hydrodynamic drainage forces are the
most likely origin for the observed repulsive forces. Interestingly, not all force
curves showed this repulsion before snap-on (Appendix 6.d). The probes with the
lowest snap-on distances at the same reduction level did not show the repulsion.
The lowest snap-on distances are shown when the contacting air bubble is smaller
in size. This behavior agrees well with the nature of the hydrodynamic repulsion:

force is low when the radius of curvature of the approaching body is low.14’
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Figure 3.16: Repulsive force before snap-on. (A) A force curve that shows a repulsive force before
shap-on event. The inset shows the zoomed in area just before the snap-on. (B) Comparison of
experimental repulsive forces with modeled vdW and EDL forces. Black curve represents the
exponential fit of the experimental curve. The vdW forces were modeled between an air bubble
(Radius = 1.4 um) and a heptane droplet (Radius = 25 pm) in water. The EDL forces were modeled

using the calculated Debye length and the highest value of the exponential fit. The separation
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distance is started from zero as we consider the forces between an air bubble and the heptane

surface.

Finally, our experimental results showed that the average range of the observed
attraction increased with increasing hydrophobicity of the probe surface. According
to the model of interaction we proposed, this would suggest that the height of the
air bubbles on the probe also increases with the hydrophobicity level. Since the
wettability of the probe surface decreases with increasing hydrophobicity, the
formation of more and larger air bubbles indeed be expected to be increasingly
likely for increasing hydrophobicity. Our observations are thus fully in line with our

hypothesis of air bubble formation on the probe.

3.i. Conclusions

In summary, we studied interactions of hydrophobic solids with the liquid water/oll
interface, which had not been investigated before. We performed force
spectroscopy using AFM probes functionalized with GO as the solid surface. We
then progressively increased the hydrophobicity of each probe by increasingly
reducing the GO coating. This approach allowed us to prepare one and the same
probe with different levels of hydrophobicity, thus eliminating tip shape effects,

which notoriously limit the accuracy of AFM experiments.

Our FS results show that there is a significant attraction between the hydrophobic
probes and the water/heptane interface, featuring interaction ranges of 0.57 1.2
pm. Based on our analysis, there is only one possible mechanism for the origin of
the observed attractions: bridging of nano-sized air bubbles on the probe and the

liquidi vapor depletion layer on the heptane droplet. This proposed mechanism
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also explains our observation that the hydrophobic interaction is stronger and
features longer ranges as the hydrophobicity of the probe increases. Also, we
propose that these interactions further increase when a liquid with higher interfacial
tension against water is used as the oil phase. Our methods also provide a novel
way of determining the interfacial energy at water/oil interfaces for microscopically

small samples.

Our findings successfully explain the attraction between hydrophobic 2D materials
and the water/oil interface, an approach that has been successfully used in the
exfoliation of graphene and related materials. In most of those experiments,
graphene and related materials are sonicated to get single/few layer sheets.
Therefore, it is possible to form air bubbles on these 2D materials and then attract
them to the water/oil interface as in our proposed mechanism. Finally, we believe
that our insights will aid the understanding and enhancement of Pickering emulsion

formation that is used in many applications.
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4. Direct measurements of surface interactions between 2D materials and

polymers

In the previous chapter, we concluded that graphene and GO attract to liquid/liquid
interfaces due to hydrophobic interactions. This knowledge would help to
synthesize graphene without hazardous chemicals or complex procedures. Even
though quality graphene can be synthesized, it cannot be used alone in most
applications. Therefore, graphene is mixed into polymer matrices to synthesize
composites for a wide range of applications. Hexagonal boron nitride (hBN) is
another 2D material that holds similarities to graphene, hence the nickname, avhite
graphenedbis used. In this chapter, we study interactions between several widely
used polymers and 2D materials (graphene and hBN). An introduction and

motivation to this project is given below.

4 .a. Motivation

The outstanding properties of sp? hybridized carbon materials have been widely
exploited in many composites, most notably polymer-matrix composites using
fillers of carbon fibers, carbon nanotubes (CNTs), and graphene, amongst other
carbon allotropes.149.150.151 \While carbon fiber reinforced epoxy composites are
arguably the gold standard in industry for lightweight structural performance
materials,'>? next-generation nanocomposites making use of graphene and other
nanomaterials will lead to novel materials with tunable performance and
functionality.®>® Hexagonal boron nitride (hBN) is an interesting candidate, as it is
widely and cheaply available, and shares the sp? hybridization of nitrogen, along

with many of its allotropes.38 Single-layer hBN features outstanding mechanical
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properties similar to graphene and has been produced from bulk material using
similar exfoliation techniques.®®* What makes it particularly attractive is that it
features higher chemical and thermal stability.*® Furthermore, it is electrically
insulating and features much less optical absorption and a lighter color.*! This also
applies to boron nitride nanotubes (BNNTSs) and single-layer hBN, the structural
BN allotropes corresponding to CNTs and graphene. This family of hBN materials
promises to form the basis of electrically insulating, lightweight polymer
composites  gaining  particular  interest as thermal management

Many studies have tested the properties of composites using graphene, CNT, hBN,
and BNNT. The polymerf/filler interface has been widely recognized as the Achilles
heel of composites. In other words, the interfacial bond should be strong enough
to transfer the mechanical, thermal, and electrical properties of the nanomaterials
to the polymer. For example, electrons and phonons should transfer well from the
filler to the matrix or vice versa through their interface to obtain high overall thermal
conductivity of a composite. Although the final properties of hundreds of
nanocomposites are known, the knowledge about the interfacial interactions

between fillers and polymers is lacking.

The majority of research in nanomaterial polymer composites has involved testing
bulk mechanical propertiessuchastheYoungdés modul us, uwthti mat e
buckling stability, fracture toughness, and fatigue life. This information is then used
to ascertain the interfacial bonding between polymer and filler. However, it is

challenging to infer the local interfacial characteristics from such macroscale
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characterization. Therefore, researchers have been using in-situ stress
measurements under Raman and SEM imaging.'%81%° The major drawback of
these methods is that production of a nanomaterial composite is required, and
such synthesis is challenging and expensive. It is simply not feasible to make
nanocomposites with each and every type of polymer to test their specific
interfacial interactions. In addition to the previously mentioned experimental
methods as above mentioned, there are theoretical methods to study these
interfacial interactions within polymer nanocomposites. Among them, shear lag
theory, MD simulations, and coarse-grained models are some of the main
theoretical methods.160.161.162 Since almost all of them use many assumptions and
estimations, the results deviate by a certain extent from the actual interfacial

interactions.

In this study, we present a simple method to directly measure the interactions
between different types of polymers and graphene or hBN using force
spectroscopy which is a powerful atomic force microscope (AFM) technique. An
important feature of this study is that we separately measure the attractive force
before contact and the adhesive force after polymer to filler contact. Although we
primarily use the 2D allotropes of these nanomaterials, we can directly correlate

our results to CNTs and BNNTSs because of their identical surface interactions.
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4.b. Force curve processing and application of adhesion theories

We carried out force spectroscopy measurements on HOPG and hBN using
colloidal probes that have one of three widely used polymers: polystyrene (PS),
poly(methyl methacrylate) (PMMA), and epoxy. First, we conducted 100 force
curves on HOPG using a single polymer probe. The same measurement
procedure was then carried out on hBN and again on HOPG. This repetition of
HOPG measurements was done to confirm that the polymer probe had not
changed during the force measurements. In data analysis, we used names as
HOPG-1, hBN-1, and HOPG-2 as the names for the above-mentioned data sets.
Likewise, we carried out force measurements using three probes for a single

polymer.

When processing our force curves, we first converted deflection (nA) vs
displacement (um) into force (nN) vs distance (um). After that, we applied a
baseline correction for the zero-force range since some force curves showed a
deflection drift at higher separation distances (Figure 4.1A). As this drift cannot be
caused by forces between the probe and substrate, we fitted a line to the zero
force range and then subtracted it from the entire force curve (Figure 4.1B). The
Matlab code for our baseline correction is given in Appendix 7.a and was used on

all the force curves before any analysis.
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Figure 4.1: Baseline correction to get rid of the effect of deflection drift at zero force range. (A)
Example force curve with deflection drift. (B) Baseline corrected force curve after subtracting the
linear fit from entire force curve. This force curve is shown before distance calibration.

Deformation of probe surfaces and substrates plays an important role in force
curve processing. In our experimental systems, we ignored HOPG and hBN
substrate deformation as they have high moduli compared to our polymers. Also,

deformation of these substrates is negligible at the applied forces during force

measurements. Thus, we first considered polymer probe deformation.

We calculated the probe deformation as a function of applied force using Hertz

adhesion theory as in Figure 4.2. Vertical deformations for each polymer were

calcul ated by wusing each praomeodBoiragdamndgs n
The equation (4.1) used is given as follows.??

FQ

B =
K2R (4.1)

where, h, F, and R are the vertical deformation, applied force, and radius of the

sphere respectively and,
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Figure 4.2: Vertical deformation of polymer spheres as a function of applied force was calculated
using Hertz theory. Radii of three selected spheres of each polymer were used to calculate vertical
deformation.

As Figure 4.2 shows, the maximum deformation of the spheres is only ~2 nm at
our maximum applied force of ~1000 nN. Assuming this is a linear deformation,

the stiffness of polymer spheres is ~500 N/m which is more than 12 times the

nominal spring constant (40 N/m) of the cantilever. Therefore, we can safely
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neglect the effect of sphere deformation for the effective cantilever spring constant
and use the spring constant calculated from Sader6 method to convert deflection

into force.

Even though we neglected the sphere deformation for the effective spring
constant, we considered it for the distance between the sphere and substrate as
we needed to study the distance dependence of the forces. We first determined

which adhesion theory would work for our systems out of JKR and DMT. For that,

we calculated the normalized adhesion force, "Q and dimensionless scaling

parameter, &, are given by
F: F{Ld
TWaR (4.3)
W2R\"*
A =3.39 (%)
and, K22 4.4)

where Wa is the work of adhesion and zo is the interatomic distance in contact (0.3
nm). The work of adhesion was calculated using the adhesive force of retract curve
and considered for both DMT and JKR theories using equations 4.5 and 4.6. Both
& Vv a areigrester than 30 and fall into JKR region in Figure 4.3.163

3
FIER — “xRW
ad gt (4.5)

F M = mRW, (4.6)

a

80



T

JKR 1

1073

Figure 4.3: Map representing different adhesion theories. Equations 4.3 and 4.4 calculate "Oand &- .
Based on those values, a suitable adhesion theory for a given system can be selected. Oanda f al |
into the region of JKR adhesion theory for our polymers, sphere radii, applied forces and adhesive
forces. Adapted from Ref. 163 with permission. Copyright 2006 IOP Publishing.

We applied JKR adhesion theory to all the force curves and calibrated the distance

as follows. Even though the applied vertical force on the sphere is zero there is a

deformation of the sphere as in Figure 4.4 according to JKR theory.
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F=0

Figure 4.4: The sphere is deformed even at zero applied force according to JKR theory. The radius

of contact area is given by a, vertical deformation is given by h and the radius of the sphere is R.

We calculated the radius of the contact region at zero force using,

R
3 — _(F F ; 211/2
a K( + 3mWAR + [6mWARE + (3nWaR)*|"/?) @7
Then, the vertical deformation was calculated using,
B a® (87?W4)l/2
R 3K (4.8)

The values of Wa were calculated using the adhesive force of each force curve
and calibrated the force curves by taking vertical deformation as negative distance
as in Figure 4.5. It shows the force curves obtained on HOPG (Figure 4.5A) and
hBN (Figure 4.5B) using the same PS colloidal probe. Out of these two sets of
force curves, only hBN (Figure 4.5B) shows snap-on events due to high attractive

forces.
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Figure 4.5: Examples of calibrated and uncalibrated force curves between (A) PS and HOPG, (B)
PS and hBN. In uncalibrated force curves, zero force point was considered as zero distance. In
calibrated force curves, vertical deformation at zero force was taken as the distance at zero force.
Both force curve sets show about a 3 nm deformation at zero force.

A few representative approach curves are shown in Figure 4.6. All the approach
curves showed snapping onto the substrate at different points except the approach
curves between PS and HOPG as in Figure 4.6A. The snap-on of the probe
happens when the force gradient exceeds the cantilever spring constant. In the
force curves, we cannot get data points between the snapping point and the point
where it gives a maximum attractive force as in Figure 4.7A. Therefore, we

consider those regions as blind areas (shown by arrows in Figure 4.6A, B and C)

in our approach curves.
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Figure 4.6: Representative 25 approach curves for each polymer on each substrate and
demonstration of snap-on event. Approach curves of (A) PS, (B) PMMA, and (C) epoxy in blue and
red colors for HOPG and hBN respectively. The regions indicated by arrows show the snap-on
events where we consider them as blind regions due to lack of data points. (D) Cantilever of the
probe is bent toward the substrate due to attractive force and then, the probe snaps onto the

substrate at the point where force gradient exceeds the cantilever spring constant.
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Figure 4.7: Snap-on distance of an approach curve between PS and hBN. (A) Data points are
lacking during the snap-on event and it is considered as a blind region. (B) The plot of connected
data points is given as the approach curves.

There are two main types of forces that could be responsible for the observed
attractive forces: electrostatic forces and van der Waals (vdW) forces that depend
on 1/D and 1/D? (D is separation distance), respectively. According to the distance
dependence (1/D?) of the observed attractive forces we recognized them as van
der Waals forces. We observed a vertical deformation just after the snap-on event
(example in Figure 4.7B). In the given example curvethever t i cal de
3 nm. Since there is a vertical deformation just after snap-on there is a contact
area between the sphere and the substrate. This means it cannot be considered a
point contact. Therefore, the maximum attractive force cannot solely be from vdwW

forces but, rather, a combination of vdW and all other surface forces.
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4.c. Justification of JKR theory

Before proceeding with further analysis, we justified that the application of JKR
theory is correct by carrying out following steps. First, we selected one approach
curve between PS and HOPG as it did not show a snap-on and had a good amount
of data points (Figure 4.8A and B). Then we selected the attractive force data range
and fitted a curve to that region with the equation of Y=-A / (x+B)2 where A and B
are fitting parameters (Figure 4.8C). Then we found out the value of B, which is
the horizontal offset as -2.9 nm (-3.4 nm, -2.3 nm with 95% confidence bounds)
with 0.8 of r square value. When the same approach curve was calibrated
according to JKR theory we found horizontal offset value as 2.7 nm (Figure 4.8D).
Finally, we applied the same strategy for 10 approach curves and calculated the
average of curve fitting offset value (B) as (-2.72 £ 0.06) nm. Also, the same
approach curves were calibrated according to JKR theory and found average
horizontal offset as (-2.80 = 0.09) nm. Since the offset parameter of curve fitting
deviates only by ~3% from the calibrated offset value we confirm that the

application of JKR theory is suitable for our systems.
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Figure 4.8: Justification of applying JKR theory to force-curve calibration. (A) Uncalibrated
approach curves between PS and HOPG. (B) One curve was selected to demonstrate the attractive
behavior. (C) A curve was fitted for the attractive region with the equation of -A / (x+B)2 and
determined horizontal offset value, B as -2.9 nm. (D) The same approach curve was calibrated with
JKR theory and found horizontal offset as 2.7 nm.

4.d. Calculation of Hamaker Constants

The attraction between two bodies is important when we study the interactions
between them. The main type of attractive forces that involve in our systems is van
der Waals forces. We can theoretically calculate van der Waals forces between a

sphere and a flat surface if the Hamaker constant (An) is known as in Equation 4.9,
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Ay R

F=_2"
6D? (4.9)

where R is radius of the sphere and D is separation distance between two surfaces.

Hamaker constant can be calculated using,

]CT EA— Em EB —&m
A= Aalt) = 250 5 (452 ) (22222 Rag)

€A+ Em £B + Em
frequencies (4 . 10)

where, L°L, LO!;, and Uh correspond to dielectric functions of material A, material B,

and medium m respectively and Rel (l) term gives relativistic retardation at
separation | which we assume it is equal to 1. According to equation 4.10, the
dielectric functions of interacting materials and medium at discrete sampling
frequencies throughout the frequency spectrum should be known. Especially, the
highest contribution to the Hamaker constant is given by the dielectric functions at
UV range of the frequency spectrum as shown in Figure 4.9.164 Since the
knowledge of dielectric functions at UV range for most materials is lacking,

theoretical calculation of Hamaker constants is a challenge.
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Figure 4.9: Variation of dielectric functions of hydrocarbon (hc) and water throughout the frequency
spectrum. Cross and plus marks indicate the sampling frequencies. Most sampling frequencies fall
into UV range. Adapted from Ref. 164.

One of the most important facts of this study is that the obtained force curves allow
us to calculate Hamaker constants between polymers and 2D materials. After
calibrating the approach curves, Hamaker constants between each polymer and

substrate can be calculated using two methods. The first one is fitting a curve to

the region of attractive forces as in Figure 4.10.
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Figure 4.10: Van der Waals curve fitting to attractive region of approach curve between PS and
HOPG. (A) Attractive force in pre-contact regions as indicated by dashed line rectangle was
selected to fit the van der Waals curve. (B) Experimental force curve and fitted curve for equation
-AlX?,

From the fitted curve we found the value of A and using,

A,y — o2
=R (4.11)

we calculated Hamaker constant (An). All the force curves showed snap-on except
the force curves between PS and HOPG. Therefore, we selected the force range
before contact to calculate Ay between PS and HOPG as in Figure 4.10. For all
the other force curves we selected the force range before snap-on event as in
Figure 4.11A. Then we fitted curves for van der Waals force and calculated Ax as

described above.
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Figure 4.11: Fitting van der Waals force for the force range before snap-on represented by 25
approach curves between PMMA and HOPG. (A) The selected force range before snap-on is
shown by dashed line rectangle. (B) Fitted curves for the selected force range to find the parameter
A.

The calculated Ax values are plotted in Figure 4.12. We calculate Ax values for
each polymer probe using 100 approach curves. The standard errors are
represented by error bars. Approach curves of some probes could not be used to
calculate An as they did not show a good range of attractive force before snap-on
event. The discrepancy between the values calculated for the same system could

be due to deviation of probe shape from spherical shape (e.g. values for PS-hBN

system).
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Figure 4.12: Calculated Ay values between different polymers and substrates. Different marker

shapes represent different probes we used to obtain force curves.

The second method of calculating Ax is as follows. Since the snap-on happens
when the force gradient exceeds the cantilever spring constant, first derivative of
van der Waals forces with respect to distance is equal to cantilever spring constant

(k) as in Equation 4.12,

dF|  ApR I
dDlo=os 3D} - (4.12)
where Ds is snap-on distance.
3kD3
A — S
=R (4.13)
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The accuracy of Ax value calculated by this method is lower compared to the first
method because in snap-on method we consider only one data point for the entire
calculation. Also, some curves show snap-on with multiple data points rather than
one spontaneous event as in Figure 4.13. This happens when the maximum
gradient of the force curve is close to the cantilever spring constant. So, it does not
give the correct snap-on distance and consequently, Ax value. For example, An
calculated using D1 in Figure 4.13 is 9 times higher than that calculated using D-.
To get a clean snap-on of the force curves, a cantilever with a lower spring constant
should be used. Since the cantilevers we used are not soft enough to show a clean
snap-on, we calculated An values only by fitting a van der Waals curve to the

attractive force region.
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Figure 4.13: An example curve that shows shap-on with multiple data points. This is an approach
curve obtained between epoxy and HOPG. It does not show a clear snap-on event due to higher

stiffness of the cantilever.
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4.e. Comparison of attractive and adhesive forces between polymers

After baseline correction, we extracted attractive force and adhesive force from
each force curve as in Figure 4.14A. Then we plotted both attractive forces and
adhesive forces with respect to force curve number as in Figure 4.14B to check if
there are any systematic changes in the forces. Since we did not notice any
systematic changes in any set of force curves, we can confirm that there is no
plastic deformation of the probe. Therefore, we can consider that there is no
permanent change that happens to the probes during force measurements, and

they are independent from each other.
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Figure 4.14: Extraction of attractive and adhesive forces from each force curve. (A) Minimum forces
of approach curve and retract curve were considered as attractive force and adhesive force
respectively. (B) Attractive forces (red circles) and adhesive forces (blue circles) on each substrate
were plotted to check if there is any systematic changes.

Then we averaged 100 attractive force values and 100 adhesive force values for
each substrate and each probe. The standard error of each data set is indicated

by error bars. The force results we obtained for PS are shown in Figure 4.15. Our

results indicate that PS is more attractive to hBN than to HOPG (Figure 4.15A).
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Quantitatively, we can confirm that PS is more than 4 times more attractive to hBN
than to HOPG as shown in Figure 4.15B which is a significant amount. Also, the
calculated Ax is higher for PS/hBN than for PS/HOPG by curve fitting. While the
approach curves show a snap of PS probe onto hBN it does not show a snap onto
HOPG. This confirms that van der Waals forces between PS and hBN is higher

than that of PS and HOPG.
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Figure 4.15: Attractive and adhesive force results of PS. Three different probes were used for force
measurements. The corresponding results are given by different line and marker styles. Error bars
are standard errors of 100 force values. Variation of (A) attractive and (C) adhesive forces from
HOPG-1 to hBN-1 to HOPG-2. The ratios of (B) attractive and (D) adhesive forces between hBN
and HOPG.

95



The high attractive force between boron nitride and PS was further observed by
impregnating a BNNT (boron nitride nanotube) puffball in melted polystyrene. The

BNNT puffball began to sink in polystyrene due to good wetting as in Figure 4.16.

. , {
BNNTA=
puff-ball_/

Melted
polystyrene

Figure 4.16: BNNT puffball sinking in melted polystyrene showing good wetting properties.

Not only the attractive forces but also the adhesive forces between PS and hBN is
higher than that of PS and HOPG (Figure 4.15C). But the adhesive force does not
show a large increment as we observed in the attractive force (Figure 4.15D). From
previous literature, we compared the performance of graphene-polystyrene and
hBN-polystyrene composites. Fang et al.1®> have studied the thermal conductivity
of polystyrene composites with graphene and boron nitride. After preparing the
composites using the same procedure and the same filler loading, they have
observed that the composite made with hBN shows a higher thermal conductivity
than with graphene up to 7% filler loading though the intrinsic thermal conductivity
of graphene is higher than that of hBN. This must be due to better coupling

between PS and hBN than PS and HOPG.
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Since PS showed similar trends in both attractive and adhesive forces, we can
predict that van der Waals attractive forces have caused the high adhesive force
at PS/hBN interface. Furthermore, when we consider the atomic structures of the
interacting materials, we can predict some other interactions that could arise. The
most possible type of interaction that could take place between PS and the
substrates is Pi stacking interactions as all the substances possess aromatic rings.
The aromatic rings of HOPG and hBN are formed parallel to the plane while
aromatic rings of PS are formed perpendicular to the carbon chain (Figure 4.17A).
So there could be Pi stacking interactions that can arise due to quadrupoles of
aromatic rings.8? Among three types of Pi stacking interactions®’ (face-to-face,
edge-to-face, offset) the most preferred type is edge-to-face (T-shaped) Pi
stacking interactions in our systems. Bowen Yu et.al have shown that PS interacts
with single-wall carbon nanotubes through edge-to-face Pi stacking using

molecular dynamic simulations.16®
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Figure 4.17: Pi stacking interactions between PS and hBN. (A) Orientation of aromatic rings of PS
and hBN leads to edge-to-face Pi stacking interactions. (B) Positive polarity of B atoms of hBN
causes higher attraction between aromatic rings.

Both HOPG and hBN can form edge-to-face Pi stacking interactions with PS.
Especially, our results show that PS/hBN adhesion is higher than PS/HOPG
adhesion. The reason for that behavior may be involved with the polarity of hBN.
The negative quadrupoles of the electron clouds at each side of PS aromatic rings
can attractively interact with B atoms which hold a positive polarity and virtual
orbital in hBN (Figure 4.17B). Furthermore, Chao et. al have studied the adsorption
of hBN onto fluoroquinolone antibiotic gatifloxacin (GTF) which has two aromatic
rings in its structure.'®” They claim that hBN adsorbs onto GTF via Pi stacking
interactions as hBN acts as a Lewis acid (electron acceptor) and GTF acts as a
Lewis base (electron donor). Therefore, we predict that edge-to-face Pi stacking
interactions could cause higher adhesion between PS and hBN compared to PS

and HOPG.
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Figure 4.18: Attractive and adhesive force results of PMMA. Three different probes were used for
force measurements. The corresponding results are given by different line and marker styles. Error
bars are standard errors of 100 force values. Variation of (A) attractive and (C) adhesive forces
from HOPG-1 to hBN-1 to HOPG-2. The ratios of (B) attractive and (D) adhesive forces between
hBN and HOPG.

PMMA shows higher attraction to hBN than to HOPG as in Figure 4.18A. Also,
calculated An values are higher between PMMA and HOPG than between PMMA
and hBN. This confirms that van der Waals forces between PS and HOPG are
higher than between PMMA and hBN. Most importantly, adhesive forces show an
opposite trend as in Figure 4.18C), that is PMMA/hBN adhesion is higher than
PMMA/HOPG adhesion in all the probe results. This is well presented in Figure

4.18B and D where all the attractive force ratios are above 1 and all the adhesive
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force ratios are below 1. These results indicate that the adhesion mechanism

should be different from van der Waals forces.

When the atomic structures of the interacting materials are considered, we can
predict that there could be CH-Z interactions between H atoms in -OCH3 groups
and electron clouds above aromatic rings in HOPG and hBN (Figure 8).168.93.92
Here, this H atom has a partial positive charge due to the O atom attached to the
same group. Therefore, it can attract to electron rich aromatic group (Figure 4.19A
and B). This is considered as a type of H bond that involves a soft acid and a soft
base. Although the strength of CH-Z interactions is only one tenth of a hydrogen
bond, their cooperative multiple interactions significantly improve the adhesion
between two materials.'®® When we compare the strength of these interactions
between HOPG and hBN, both substrates possess electron clouds above the
uppermost layer. But the electron cloud of hBN is localized due to the polarity of
B-N bond while the electron cloud of graphene is well delocalized (Figure 4.19C
and D).'° Therefore, electron deficient H atoms of PMMA can be attracted to
HOPG than to hBN electron cloud. As a result of that, PMMA could show more
adhesive forces to HOPG than to hBN. A molecular simulation that compares CH-
Z bond strengths with HOPG and hBN would provide a thorough knowledge about
the contribution of these interactions to the adhesion strengths of PMMA with

HOPG and hBN.
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Figure 4.19: CH- Z interactions between PMMA and substrates. (A), (B) H atom attached to -OCHs
group attracts to electron cloud of graphene (A), (B) Comparison of electron density clouds of (C)
Graphene and (D) hBN. Electron cloud of graphene is well delocalized while it is localized around
N atoms in hBN due to the polarity of B-N bonds. Adapted from Ref. 170 with permission. Copyright
2017 RSC Publishing.

It has been found that long alkane chains can be adsorbed onto graphene and
hBN surfaces due to chain alignment with the lattices (Figure 4.20).1171.172.173
Especially, this has been observed in the process of graphene and hBN synthesis
by CVD. The synthesized graphene and hBN are transferred onto another
substrate by using PMMA as a sacrificial layer. But even after thorough cleaning,
stil PMMA residue can be found on graphene and hBN sheets as a
contamination.174175.176.177.178,179 |t js claimed that this happens due to the long
chain of PMMA alignment with lattice of graphene and hBN. The same mechanism

of adhesion could take place during our force spectroscopy measurements. The

polarity of hBN could affect the low adhesion compared to HOPG but we cannot
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confirm it since a comparison of adhesion strengths of PMMA on graphene and

hBN by chain alignment is still lacking.

(A) (B) 258 A

426 A

Figure 4.20: Long alkane chain alignment of (A) PMMA on (B) graphene and (C) hBN. Adapted
from Ref. 1 and 173 with permission. Copyright 2017 American Chemical Society.

Prediction of adhesive forces based on attractive forces is not reliable. The perfect
example for that is PMMA. Even though PMMA shows higher attractive forces with
hBN it shows lower adhesive forces with hBN. Therefore, we cannot use
conventional theories like van der Waals forces and surface energies to predict
adhesive forces. On the other hand, molecular structures of materials can highly
impact on adhesive forces. To predict adhesions using surface forces, accurate
molecular simulations are needed which is highly challenging. Therefore, PMMA
acts as a good example that shows this kind of force measurements are important
to study adhesion between not only between polymers and 2D materials but also

many materials.

Similarly, we studied attractive forces and adhesive forces between epoxy and our
substrates, and they were plotted as in Figure 4.21. Epoxy shows slightly lower
attractive forces with hBN than with HOPG so that the force ratios hBN/HOPG are

slightly lower than 1 (Figure 4.21(A and B). The calculated Ax values between
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epoxy and hBN are less than the values between epoxy and HOPG using both
methods. The adhesive forces also show a similar trend in all three probe results
but with higher ratios compared to attractive force ratios. Understanding surface
forces between epoxy and substrates would be important to predict adhesive
forces. One could expect adhesive forces between epoxy and hBN would be
higher due to H bonds between hydroxyl groups in epoxy and N atoms in hBN. But
our experimental results showed an opposite trend in which HOPG showed higher
adhesion than hBN. These results are supported by a study carried out by Tsuji et.
al'®o that claims there is no H bond formation between hBN and epoxy according
to their DFT (Density Functional Theory ) calculation. Furthermore, they claim that
adhesion forces working at both HOPG and hBN surfaces mainly come from the
dispersion force (van der Waals). Surprisingly, their calculations have shown that
the dispersion forces operating at the two surfaces are similar, and because of that
both interfaces show the same strength of adhesion interactions which does not
agree with our experimental results. Another study done by Yoshizawa et. al*®!
also supports the fact that only dispersion interactions work at the epoxy/graphene
interface. One could expect that electrostatic forces make a large contribution for
adhesion between epoxy and hBN due to hBNO:
for short distances as they are locally distributed throughout the plane. But during
our experiments we observed attractive forcesat t he di st awhiche of a
should probably be due to dispersion forces. Therefore, we predict that epoxy
shows both higher attractive and adhesive forces with HOPG than with hBN due

to dispersion forces.
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Figure 4.21: Attractive and adhesive force results of Epoxy. Three different probes were used for

force measurements. The corresponding results are given by different line and marker styles. Error

bars are standard errors of 100 force values. Variation of (A) attractive and (C) adhesive forces
from HOPG-1 to hBN-1 to HOPG-2. The ratios of (B) attractive and (D) adhesive forces between

hBN and HOPG.

From epoxy results also, we can predict some mechanisms that could be

responsible for the observed trends based on previous theoretical studies, but they

are not very reliable. The real interactions can be studied by conducting this kind

of force measurements between the materials we use to synthesize composites.
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4 f. Conclusions

In this study we successfully measured attractive forces and adhesive forces
individually between widely used three polymers and 2D materials. First, we
studied attractive forces using our approach curves because it would help us to
understand adhesive forces. In that process, we need to convert deflection vs
displacement curves into force vs distance accurately to know the real interaction
ranges. Since probe sphere can deform after contact, we had to take that amount
of deformation into account when calibrating the separation distance. We used
contact mechanics theories to calculate the amount of deformation and found that
JKR theory is the best fit for our system. Therefore, using JKR theory we calculated
the deformation at zero force and according to that we calibrated our force curves.
The calibrated force curves indicated that there is a vertical deformation at the time
of contact. Therefore, we can confirm that the maximum attractive force is not
solely a result of van der Waals forces. As a result of that, we cannot compare van
der Waals forces based on maximum attractive force. As a solution for that, we
calculated Hamaker constants (An) using our approach curves. The Hamaker
constants can be calculated using two methods: (1) Fitting a van der Waals curve
to the attractive force region and (2) Using snap-on distance. We could calculate
An values between different polymers and substrates using the first method. But
the second method does not give accurate values because some force curves do
not show a clear snap-on. If we want to calculate Ax using snap-on distance, less
stiff (softer) cantilevers should be used to obtain force curves. The first method

would be more accurate when the stiffer cantilevers are used as they do not show
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a snap- on and a better range of attractive force can be obtained to fit van der
Waals curves. Being able to calculate An values using approach curves is an
important fact in this study as it is extremely challenging to calculate them since
the knowledge of dielectric functions of interacting materials is lacking. The
calculated values are more accurate as we did it after calibration with deformation
using JKR theory. Most importantly, this is the first study that has calibrated the

force curves considering probe deformation using contact mechanics.

The adhesion between two surfaces depends on the deformation of the surfaces.
In our experiments we can neglect the deformation of substrates as they have high
moduli that make a negligible deformation for our applied forces. But the polymer
spheres can be deformed during the force measurements. Most importantly, these
experiments allow us to quantitatively compare the adhesion between two

substrates as the deformation of the probes applies for both surfaces.

Using the retract force curves we studied adhesion between the polymers and
substrates. The comparison of adhesion between two substrates allows us to
select a 2D material as a nanofiller for a given polymer matrix. We observed higher
adhesive forces between PS and hBN than that of PS and hBN. This is the same
trend we observed in attractive forces. Most importantly, PMMA showed opposite
trends in attractive forces and adhesive forces that PMMA is more adhering to
HOPG than to hBN. This suggests that we cannot predict adhesive forces based
on conventional attractive forces like van der Waals forces. Epoxy showed an

opposite behavior to PS that both attractive and adhesive forces are higher for
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HOPG. So, we cannot predict also attractive force without knowing dielectric

functions of interacting materials.

The conventional method of studying adhesion is calculating the work of adhesion
between two materials. For that, we need to know surface energies and interfacial
energies of two materials. The problem is that surface energy values vary a lot
depending on environmental conditions. Even though the adhesion is calculated it
can deviate from real adhesion behavior as it depends a lot on surface forces like
Pi stacking interactions, H bonds, molecular alignment interactions, etc. Therefore,
conducting force measurements between nanofillers and polymers allows
understanding adhesion between them. Finally, using these results we can
guantitatively compare the adhesion between widely used polymers (PS, PMMA,
and epoxy) and 2D materials (graphene and hBN). Also, we can use this technique
to measure adhesion between other polymers and functionalized 2D materials that
are challenging to model theoretically. It will enable the synthesis of polymer

composites with high filler-matrix adhesion that leads to better properties.
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5. Conclusions and future work

Surface and interfacial interactions is an emerging subject in the scientific research
world as they are used in many applications. These interactions can take place
between different surfaces like solid, liquid, and air in different media. Out of these
systems, interactions between solid and liquid in liquid medium is more interesting
as it can be involved with phenomena that are not well understood yet. One
example is hydrophobic interactions. Many studies have been carried out to study
hydrophobic interactions between two solids in water and solid and air in water. In
this work, for the first time to date, we studied hydrophobic interactions between
solid and a liquid in water by varying the hydrophobicity of the solid surface. A
significance of this study is that we used GO and rGO as the solid surface. Not like
GO, it is challenging to isolate graphene to study interactions. In our work, we
successfully coated an AFM colloidal probe with rGO which is closer to structure
and properties of graphene. We used force spectroscopy technique to measure
interactions between solid/liquid interface and liquid/liquid interface which is not
trivial as in conventional force spectroscopy experiments. Immobilization of a liquid
droplet in another liquid makes this experiment non-trivial. In this work, we
immobilized a number of relatively same size heptane droplets in water using a
special substrate prepared by us. This substrate includes hydrophobic circular
regions in a hydrophilic background which can hold heptane droplets at the bottom
even though they are less dense than water. We carried out force spectroscopy
measurements between GO/rGO coated probes and water/heptane interface

using our special colloidal probes and immobilized heptane droplets in liquid cell
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with water. To study the interactions, we need to know the exact separation
distance between probe and the droplet where we see the forces. This was the
next challenge in our study that we successfully overcame. The deformation of the
droplet hindered the determination of exact separation distance in our force curves.
For that, we separately calculated the droplet deformation at each data point of the
force curves by considering the droplet and the cantilever as a series of springs.
Then we could determine the distance where the probe interacts with the droplet

with strong attractive forces.

The force spectroscopy results confirmed that the observed long-range
interactions are a result of hydrophobic interactions. The distance range and force
variation with respect to hydrophobicity level of the probe proved that the origin of
observed long-range hydrophobic interactions is bridging of air bubbles between
probe and the droplet. Also, we claimed that the size of these air bubbles increases
with the hydrophobicity of the probe coating. This knowledge would help to
understand the formation of Pickering emulsion by attracting solid particles to
liquid/liquid interface. Not only that, but the synthesis of graphene without using
hazardous chemicals and complex processing techniques is still a challenge. But
it has been found that graphene can be simply synthesized by exfoliating pristine
natural flake graphite and trapping at a liquid/liquid interface. The mechanism of
this graphene synthesis method was not well understood. Our findings suggest
that the exfoliated graphite could attract to the liquid/liquid interface due to long-
range hydrophobic interactions via air bubbles formed during the synthesis

process.
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In addition to the major finding about long-range hydrophobic interactions, we
propose a novel method to determine interfacial tension between two liquids using
our experimental method. We calculated interfacial tension between heptane and
water as 40.4 mN/m which is comparable to values found in previous literature.
This method enables the determination of liquid/liquid interfacial tension
regardless of the colloidal probe material. Also, this method only needs a
microscopically small amount of the surface and liquid to be tested. Our other
findings in this study are further described in Chapter 3. As the future work, this
experimental setup can be modified to observe the formation of air bridge in real
time. This can be done by using a confocal microscope at the side of the probe
and the droplet. Also, this experiment can be improved by observing the
interactions after degassing the liquid cell before the force measurements. This
could prevent the formation and remove the existing air bubbles from the system.
So, we could study the effect of air bubbles for long-range hydrophobic
interactions. It would be important to study the variation of interactions with respect
to the hydrophobicity of the immobilized droplet. We assume that higher the
hydrophobicity of the droplet stronger the attractive forces as it can form a thicker
depletion layer at the interface. This can be checked by using a liquid with higher
interfacial tension that shows with water, for an example: hexadecane (interfacial

tension with wat®r is a55.2 mN/ m).

The findings of this study (Chapter 3) help to synthesize graphene in a cost-
effective way. To use this outstanding 2D material, it has to be mixed with a

polymer matrix and made a composite for most of the applications. Interfacial

110



interactions play a major role in these nanocomposites too. hBN is also a widely
used 2D material called 6 whi t e graphened. I n this
interactions between these 2D materials and widely used polymers using force
spectroscopy technique. Though these measurements are simply done between
two solid surfaces in air, fabricating polymer colloidal probes was challenging. We
fabricated polymer colloidal probes in a novel method that can be applied for many
other types of polymers. We successfully fabricated defect free polymer colloidal
probes by attaching a micron size polymer particle using only van der Waals forces
without any glue or premade polymer spheres. Then we measured interactions
with graphene and hBN using the same polymer colloidal probe. By doing so, we
could quantitatively compare interactions with graphene and hexagonal boron
nitride avoiding the probe deformation as it applies for both substrates in the same
way. Another important finding of this study is that we could calculate Hamaker
constants between these 2D materials and polymers which is challenging to do
theoretically. Then, we compared adhesive forces of widely used polymers with
these graphene and hexagonal boron nitride. Most importantly, PMMA showed an
opposite trend of adhesive forces than attractive forces and Hamaker constants.
This suggests that well-known van der Waals forces cannot be used to predict
adhesive forces and they depend on other surface forces. Therefore, it is important
to carry out this kind of direct force measurements to study adhesive force
interactions between polymers and nanofillers. As the future work, these force
measurements could be carried out on functionalized 2D materials such as GO as

they are also used in nanocomposites for many applications. This experimental
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technique allows us to select the nanomaterial with the highest adhesive forces for

a given polymer.

With these two studies about interfacial interactions in air and liquid media, we
have not only expanded the knowledge of these specific systems, but also
provided new experimental techniques that can be used beyond the experiments
described here. We hope that the information contained here may help to expand

the field of surface and interfacial interactions in the future.
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6. Appendix A

6.a. Calculation of inverse optical lever sensitivity of force spectroscopy

measurements

First, ASCII file of force curves should be exported from NOVA AFM software.
Then this Matlab code can be used to find inverse optical lever sensitivity of
multiple force curves. Finally, it gives the all the individual curve values and

average value as outputs.

function [c, c_all]=FCfindc()

% Finds the InvOLS or constant compliance region of

multiple force curves.

%

% INPUT: (Select a single file, preferably a multi -
force curve)

%

% OUTPUT: c, the averaged InvOLS constant, nm/nA

% c_all, the vector containing each c value

returned from the

% multi - curve

% leftind,rightind - contain indices of
selected points

%

% Save workspace for future use

%

% DATA EXPORT:

% Can be multiple signals, but will only read the first
signal (DFL).

% Export ASCII.

% Values only.

% Include header.

% Delimiters for Values: Enter

% Data units: Original.

[dataO] = FCimport();
app = data0O.app;

N = numel(app);
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c_all = zeros(1,N);

for Jj=1:N

z = app{jj}(:,1).*1000; %Gives z - piezo height in
nm

defnA = app{jj}(:,2); %Deflection in nA

%Find constant region of FC, and where it
intersects with constant
%compliance region (right endpoint of slope fit)

endx =z(end - 100:end); %Samples last 100 points in

the FC. Should be linear.
endy = defnA(end - 100:end);

zero = polyfit( endx,endy,0); %Fit points to O

order polynomial
indzeroz = find(defnA<zero,1, first’
index of first z point below zero

%  %Find good zoom area for constant compliance

region
rgz = abs(z(indzeroz) -z(1));

rgdef = abs(defnA( indzeroz) - defnA(1));

maxx = z(indzeroz) + 0.05*rgz;

minx = z(1) - 0.05*rgz;

miny = defnA(indzeroz) - 0.05*rgdef;
maxy = defnA(1) + 0.05*rgdef;

%Choose endpoints of slope fit
disp( 'Choose endpoints of slope fit'

plot(z,defnA, 'b." ,z(indzeroz),defnA(indzeroz),

axis([minx maxx miny maxy])
xlabel( 'Displacement / nm' )
ylabel( 'Deflection / nA' )
pts = ginput(2);

leftind(jj) = find(z>pts(1,1),1);

rightind(jj) = find(z<pts(2,1),1, 'last'

%Define subset and fit
% leftind=[21,12,10,7,14]; %Previously selected
points can be pasted here
% rightind=[294,290,287,292,297];

zcc = z(leftind(jj):rightind(jj));

defnAcc = defnA(leftind(jj):rightind(jj));
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p = polyfit( zcc,defnAcc,1);

c_all(jj) = abs(1/p(1));
end

¢ = mean(c_all);

6.b. Import force curve data from AFM software to Matlab

We need to import ASCII files that were exported from AFM NOVA software into
Matlab. This Matlab code creates a structure with approach and retract curve data

of multiple force curves.

function [data] = FCimport()

% Imports DFL multi - force curve data (see DATA EXPORT
below).

%

% OUTPUT: data, structure with ‘approach' and
'retract’ cell arrays,

% units [um nA].

%

% DATA EXPORT:

% Can be multiple signals, but will only read the first
signal (DFL).

% Export ASCII.

% Values only.

% Include header.

% Delimiters for Values: Enter.

% Data unis: Original.

%

% BEWARE: NT- MDT export sometimes SWITCHES approach and
retract curves.

% Program asks user to decide whether to flip data
based on this error.

[afile] = uigetfile( "ixt' , 'Choose file' );
fid = fopen(afile); %open file

%Main heading and first data set
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b = textscan(fid, '‘Points = %d Signals = %d Curves =

%d', 'Delimiter’ ., "\'n', 'HeaderLines' ,8); %Number of
lines before ID of number of curves

%delimiter set as a new line

npoints = b{1}; %number of points

ncurves = b{3}; %number of curves per point
nsigs = b{2}; %number of signals

Ntotal = b{1}*b{2}*b{3};

skips = 9; %Number of skips to get to Forward

Header (begins with "Forward")

headapp newpt = 2; %Number of lines to mark a new point
headapp = 13; %Number of lines in the forward header
headret = 13; %Number of lines in the backward header

%All other headings and data sets

fclose( ‘all' );
for jjpt = 1l:npoints %for each point...
for jjcv = l:ncurves %for each curve at the
point...
for jjsig = 1:nsigs %for each signal in the
curve...
jjcrv = jjev + (jjpt - 1)*ncurves;

%Number of the curve out of the total number of curves

%Retract header
if jjsig==1 && jjcv==1 %For first header
in each point, need to add headapp_newpt to skips
skips = skips + headapp_newpt;

end

fid = fopen(afile); %Re open file
to restart textscan (required because test of 'c'
variable reads first fail at 6 spaces into the data)

cl = textscan(fid,
'%*s %*s Signal = %s %*s Scale X = %f
%*s Bias X = %f %*s %*s %*s %*s %*s Size = %f' -
%Defines exactly what the header looks like and what
data is needed
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'Delimiter’ ,\n', ..
%Delimiter is a new line
'HeaderLines' ,Skips);
%Accumulated number of lines to skip
fclose( ‘all" );
% If the signal is NOT DFL data, the
program skips it.
if ~strcmp(c1l{1}, ‘DFL" )
fid = fopen(afile);
c2 = textscan(fid, %
Import retract header
'%*s %*s %*s %*s Scale X = %f %*s
Bias X = %f %*s %*s %*s % *s 00*s Size = %f' .
'Delimiter’ , \n', L.
'HeaderLines' ,Skipst+headapp+cl1{4});
%Skip number of approach data points
fclose( ‘all' );
skips = skips + c1{4} + c2{3} + headapp
+ headret; %skip all data points in the signal, plus
two headers

continue % Skips to
the next signal
end
z = [0:c1{4} - 1].*c1{2}; %Populate z -
values (indentation)
z=2z();
if  z(1)>z(end) %Check to see if data is
incorrectly x - reflected. Test assumes that O is the
first point in the FC.
z=1z(end: -1:.1); %Reverse data points
end
z=z - z(2), % Setsthez -datatoO

data.ret{jjcrv}(:,1) = z;

%Retract data
fid = fopen(afile);

d = textscan(fid, '%f" , 'Delimiter’ c\n' L
'‘HeaderLines' ,Skips+headapp,
%First header is 13 li nes
‘CollectOutput’ , 1);
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fclose( ‘all' );

app0 = d{1,1};
if app0(l)<appO(end) %Check to see if
data is incorrectly x - reflected. Test assumes that

indentation proceeds from maximum z to 0.
app0 = appO(end: - 1:1); %Reverse data
points
end

data.ret{jjcrv}(:,2) = appO0;

%Approach header
fid = fopen(afile);
c2 = textscan(fid, "
'%*s %*s %*s %*s Scale X = %f %*s Bias
X = %f %*s %*s %*s %*s %*s Size = %f' -
'Delimiter’ ., \n', L.
'HeaderLines' ,Skipst+headapp+cl1{4});
%Skip number of approach data points
fclose( ‘all" );
z = [0:¢c2{3} - 1].*c2{1};

z=2(),
if  z(1)>z(end) %Check to see if data is
incorrectly x - reflected. Test assumes that O is the
first point in the FC.
z=1z(end: -1:.1); %Reverse data points
end
z=z - z(2),

data.app{jjcrv}(;,1) = z;

%Approach data
fid = fopen(afile);

d = textscan(fid, '%f" , 'Delimiter’ int L

'‘HeaderLines' ,Skips+headapp+cl{4}+headret,
‘CollectOutput’ , 1); %Retract
header is 13 lines
fclose( ‘all" );
retO = d{1,1};
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if retO(1)<retO(end) %Check to see if

data is incorrectly x - reflected. Test assumes that
indentation proc eeds from maximum z to 0.
retO = retO(end: -1:1); %Reverse data
points
end

data.app{jjcrv}(;,2) = ret0;
%Count up total number of lines skipped
skips = skips + c1{4} + c2{3} + headapp +
headret; %skip all data points, plus two headers
end

end
end

6.c. Conversion of deflection vs displacement into force vs distance

This Matlab code converts deflection (nA) into force (nN) and displacement (um)
into distance (um) using previously calculated inverse optical lever sensitivity and

cantilever spring constant.

function [dataFD]=FCForceDist(data,k,c)

% INPUT:

% data - structure with .app and .ret, each
containing a cell

% array of delta_z (um) v. deflection_nA (nA).

% k - spring constant (N/m)

% o - slope of constant compliance region

(nm/nA)

z = data(:,1).*1000; %Gives z piezo height in nm
dnm = data(:,2).*c; %Gives deflection in nm

if length(z)~=length(dnm) %Sometimes, weirdly,

different number of points in z v. dnm data. This
corrects the issue.

z = z(1:length(dnm));
end
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% Correct for contribution of tip deflection, then
translate to um.
h = (z + dnm)./1000;

%Translate dnm into force (nN)
F= dnm.*k;

dataFD = [h F];

6.d. Analysis of pre-contact repulsion

For some probes, we noticed a relatively small, but clearly observable repulsive
force immediately before the snap-on. This becomes apparent when the
corresponding region of the force curve is magnified, as shown in Figure 5.1A and
5.1C. The periodic oscillations in the distance range 1.813 . 2 e m ar e -
understood optical inference effect and can be neglected. This repulsive force was
not present for all probes, as shown in the example in Figure 5.1 B and D; however,
the frequency of observing this repulsion did not significantly depend on the degree

of reduction of the probes.
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Figure 6.1: (A), (B) Force curves obtained using two probes at the same reduction level (rGO1o).
(C) Magnified representation of the area indicated by the rectangle in panel (A), showing a repulsive
force before the snap-on. The periodic force oscillations are due to optical interference. (D)
Magnified representation of the area indicated by the rectangle in panel (B). The force is neutral

before the snap-on event and only the force oscillations are present.

6.e. Modeling van der Waals forces between air bubble and heptane droplet

To assess whether van der Waals forces, F between the air bubble and the
heptane droplet may be the reason for the observed pre-snap-on repulsion, we
first calculated the Hamaker constant, An between air and heptane separated by

water. Therefore, we used the following equation.
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