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The problems we face cannot be solved
by thinking the way we thought when we created them.
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Bubbles on different length scales

Bubbles are ubiquitous in nature and our daily life, but their ephemeral
character and ‘transparent” appearance often causes that they go
unnoticed. Fragile and short-lived, bubbles of different sizes are essential
for proper functioning of numerous systems and processes
in contemporary technology and science. With bubbles being so
common, it is surprising that their behavior and role in various
phenomena is not yet fully understood and still needs to be investigated.
In this introductory chapter that provides the background to the material
presented in the thesis it is shown that bubbles are a fascinating topic.
In addition, at the end of the chapter, the content of the following
chapters is briefly described.
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1.1 Big and small bubbles

When one puts water on a surface, the surface becomes wet. Depending on the
characteristic of the surface, the water spreads easily forming a film or a puddle
or breaks into droplets. When one looks very closely at the region, where water
contacts the solid, one may be surprised to find out that not all solid surface is covered
with water. Small features may appear between the liquid and the solid that are so
tiny that they are not visible to the naked eye and their dimensions cannot be
measured using a conventional optical microscope. Their tiny size was the main
reason why they remained unnoticed for a very long time. Their observation was not
possible until the 90’s of the last century, when the techniques were developed that
allowed one to study solid/liquid interface with nanoscale resolution. Shortly after the
first discovery, the term ‘surface nanobubbles’ has been coined to name these small
domains. The name is used until this day even though the word ‘cavity’ would be

a more accurate description than the word ‘bubble’ (this issue is further described in
Chapter 2).

Surface nanobubbles became the youngest member of a large family of bubbles. We
all have experience with bubbles (and cavities) and we encounter them on a daily
basis (see Figure 1.1), while dealing with liquids; for example: boiling water
or blowing soap bubbles. Without bubbles, a shampoo would not foam and there
would not be any carbonated beverage. It is the bubbles that make a whipped egg
white fluffy and a yeast dough rise. Bubbles are also responsible for holes in cheese,

bread and bath sponges.

Tl
el < .

Figure 1.1. Bubbles can be found in many places.
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Knowing more about bubbles may help to understand why beer bubbles sink! or learn
the best way to serve champagne.? However, the realm of bubbles extends far beyond
every-day experience. In fact, bubbles can be found in many liquids and on every
length scale from very large bubbles in liquid lava to microscopic size air bubbles

in the bloodstream.

In nature, there are many systems where bubbles are not only welcomed but they are
necessary. For example, bubbles have important role in many physical, chemical
and biological processes occurring at the sea water/air interface. Bubbles formed
in breaking waves®* are the main factor responsible for the transfer of oxygen
between the air and the sea,” transport of organic material and bacteria to the sea
surface,® and production of aerosols.” They are also a source of underwater ambient
noise® and scatterers of underwater sound.”!® Bubbles are also responsible for
the underwater sound of rain. Most remarkably, the sound is not generated by
an impact of a raindrop falling on a water surface. Instead, the impact of a drop creates
a small bubble that oscillates and emits sound waves with a frequency in the audible

range.!!

Bubbles of vaporized seawater form in lava during submarine eruptions and play
a role in the creation of material that constitutes the oceanic crust.!? Bubbles trapped
in ice may provide information about the atmosphere on the earth hundreds

of thousands of years ago.!

Many insects rely on bubbles, while diving using the air trapped inside a bubble as
a supply of oxygen to breathe underwater.*’> Other animals exhale bubbles
underwater and use them for smelling.!® Examples are shown in Figure 1.2. Very small
bubbles may be also a powerful weapon — it has been shown that certain shrimps use

them to kill their prey."”

Presence of bubbles in vivo may pose threat equally for humans and for animals.
The formation of bubbles from the gasses dissolved inside the body after leaving
a high-pressure environment causes decompression sickness.!® Nanoscopic bubbles
may be playing a role as nuclei for the growth of larger bubbles responsible for this
condition.” It has been discussed if exposition to acoustic waves produced by a sonar
might enhance the formation of gas bubbles in blood vessels and organs causing death
of whales and dolphins.?*2?! It is also possible that bats flying near wind turbines die
because of bubbles in lungs and hearts caused by low pressure created by the fast

turning blades.??
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Figure 1.2. (a) Diving water spider (Azgyroneta aquatica) carrying a small air bubble captured
at the water surface. The spider uses oxygen from the bubble to breathe underwater
(Reproduced with permission from ref. [15]). (b) Nose of the star-nose mole (Condylura
cristata) breathing air bubbles in order to sniff while underwater (Reprinted by permission

from Macmillan Publishers Ltd from reference [16], copyright 2006).

Another infamous phenomenon that involves bubbles is cavitation, first studied
by Lord Rayleigh in the beginning of 20th century.”® Microscopic size bubbles that
are generated in low-pressure water zones near fast turning propellers of boats
or submarines may damage the propellers when they collapse next to them. Shock
waves created during collapse of thousands or millions individual bubbles are strong
enough to cause such a large damage that cavitation became a limiting factor for

the speed of boats and ships.

While the elimination of cavitation is a major concern in systems that involve
machines moving fast through water, such as propellers, turbines or pumps,
the damage caused by collapsing bubbles is a desirable phenomenon in ultrasonic
cleaning. In industry, cavitation is often used for water purification and cleaning
of contaminated surfaces and instruments. It plays also an important role in many
medical and dental techniques, for example the destruction of kidney or bladder
stones with focused wultrasonic pulses. Furthermore, the cavitation is used
for homogenization, mixing or emulsification of various products such as milk, paint,

mayonnaise or salad dressings.
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Another important application of cavitating bubbles is sonochemistry?
and sonoluminescence.” Bubble collapse induced by cavitation produces intense local
heating and high pressures that may trigger or enhance the rates of chemical
reactions. Under the conditions of controlled and stable cavitation, the bubble does
not became destroyed but periodically shrinks and expands emitting short pulses
of light in each oscillation cycle. During the shrinking phase, the pressure,

temperature and chemical activity inside the bubble are significantly increased.?

Besides being a source of energy, bubbles have several other applications. In fact,
many branches of contemporary technology and science would not advance without
the presence of bubbles. Bubbles are important in various industrial processes that
require boiling or steam production, in cleaning and flotation processes e.g. in water
treatment and mineral industry, in aeration systems, in ink-jet printing, in chemical
industry, food industry, and in many other applications and areas. Oil industry uses
bubbles to separate oil-water emulsions and benefits from gas-lift technology -
bubbles injected in heavy oil to facilitate its production and transport. Microscopic
size coated bubbles are used in medicine as ultrasound contrast agents and carriers
for drug delivery. Furthermore, bubbles play a main role in production of foams such
as porous polymers used for insulation, packing and sponges. Recently, novel
methods, which were developed to produce materials filled with ordered and nearly
uniform bubbles, provide a new sort of foams that may be formed into sheets
and threads that can be used as membranes, acoustic filters or even may be woven
into fabrics.?”?® Finally, bubbles have a range of applications in microfluidic systems

and micro-chip laboratories — from mixing? to on-chip bubble logic.*

1.2 Study of surface nanobubbles — thesis structure

Compared to other bubbles, surface nanobubbles are still relatively little known
and belong to the anomalous behavior of water on the nanoscale. In particular, they
exhibit a number of peculiar properties compared to macro- and microscopic bubbles,

including unusually long-term stability and large contact angle values.3!:3233

Why is it important to study nanobubbles? Water wets surfaces and this behavior
is well understood from a theoretical and an experimental point of view on a macro-
or microscopic length scale. However, our understanding of liquids on real surfaces
on nanoscale is still incomplete. The phenomena involving water on (hydrophobic)

surfaces have been studied for many years, but the nature of solid/water and air/water
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interfaces on the nanoscale remains controversial. Studying surface nanobubbles
contribute to the knowledge of the behavior and properties of three-phase contact
line on the nanoscale. Nanoscopic insight into wetting phenomena offered
by nanobubbles is crucial to characterize the full behavior of a solid/water system, also
at the macroscopic scale. In addition, detailed investigations of the properties
of surface nanobubbles would help to clarify the issue that has emerged recently that
nanobubbles are not gaseous bubbles but may be nanodroplets of liquid

contamination.3*

The aim of this thesis is to investigate the effect of Atomic Force Microscopy (AFM)
on the measured apparent dimensions and shape of surface nanobubbles.
The knowledge of the bubble shape is crucial and should precede any discussion about
long-term stability of nanobubbles and related phenomena. This issue is explained
in detail in Chapter 2 that collects basic information on wetting and surface
nanobubbles and reviews the experimental and theoretical work done on nanobubbles
so far. For clarity, the material is divided in several sections covering a range of topics,
such as formation, occurrence, morphology and stability of surface nanobubbles
as well as experimental techniques applied and current and possible applications

of nanobubbles.

Chapter 3 provides the reader with the motivation behind the research done
and points out the aims of individual AFM experiments on surface nanobubbles

described in the following chapters.

Chapter 4 deals with the apparent high contact angles of surface nanobubbles.
The issue has been addressed by investigating bubbles on defined substrates with
precisely controlled wettability. The first part of the chapter provides a detailed
description of the method used to produce substrates utilized in the experiments

described in the second part of the chapter.

The next two chapters describe empirical data on apparent nanobubble shape in AFM
images for varying scanning conditions in different AFM modes. Chapter 5 focuses
on tapping mode (TM) AFM, in particular, on the effect of the amplitude of
the cantilever oscillation and the amplitude setpoint ratio on the apparent bubble
shape and dimensions. Chapter 6 describes the results of a complementary Peak Force
AFM study that investigated the changes in the nanobubble appearance for varying

peak scanning force.
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Next, in Chapter 7, the interaction between an AFM tip and a nanobubble during

the AFM scanning is investigated by performing and analyzing force-distance data

acquired on nanobubbles in Force Volume mode AFM. In addition, the results of

the experiment performed in lift mode AFM, described in Chapter 8, bring more

insight into this issue. Finally, the shape and shape deformation of nanobubbles

during the AFM scanning are the central questions in Chapter 9 that expands on

the force measurement performed on nanobubbles.

The material in chapters 4 to 8 is presented in the form of articles, as it has been

published in scientific journals. Chapter 9 is a manuscript submitted for publication.
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Interfacial phenomena in water
and aqueous solutions on nanoscale
—nanobubbles and micropancakes

Without doubt, water is the most ubiguitous and one of the most studied
liguids. It is also possible that water possesses the most complex and
intriguing properties among all known fluids. This statement is especially
true if one looks at the properties of water near Iinterfaces.
The phenomena that occur at the point where water contacts an other
state of matter appear to be more complicated, the more closely one
looks. The existence of surface nanobubbles that seemingly violates
the widely accepted theoretical predictions, may serve as an example
of the manifestation of this effect. This chapter presents a summary
of the current knowledge on surface nanobubbles and related
phenomena, which includes both theoretical considerations

and experimental evidence.
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2.1 The water/air interface — droplets and bubbles

When liquid water is in contact with a different phase, an interface is formed. Unlike
bulk molecules that have neighbors in all directions, at the interface, the two phases
of matter meet such that the molecules have neighbors of the same type only on one
side. Thus, surface molecules are different from those in the bulk. Moreover,
the presence of different phase of matter affects not only the first layer of molecules
forming the border, but may reflect on the properties of the molecules that are

in direct vicinity of the two-phase contact region.

The behavior and properties of liquid water in the proximity of a gas phase are
especially interesting in the context of this thesis. Therefore, before one focuses
on a detailed description of surface nanobubbles, basic information about water
and the air/water interface on the macro- and nanoscale are presented and parameters

are defined that will be used throughout the following chapters.

2 1.1 Water in contact with surfaces

From an everyday experience, we know that a small amount of water deposited
on a smooth horizontal solid surface forms a droplet. The droplet tends to minimize
the surface area of all its interfaces, which manifests itself in curving of its air/water
interface to a spherical cap-shape (this holds under the assumption that the droplet
is small). At the points of the three-phase contact line, the droplet makes contact

with the solid at an angle f called Young’s angle, which is given by

cosf =Zu"%
0,

2.1)

v

where oy denotes the interfacial energy between phases s (solid), / (liquid)

and v (vapor).

The contact angle provides a measure of the wettability of a surface. The principle
of this phenomenon is shown in Figure 2.1. As the material is more hydrophilic,
the tendency of a droplet to spread across the surface increases and its contact angle
decreases. In the opposite situation, when the material is more hydrophobic,
the droplet tends to minimize the contact surface area with the solid and its contact

angle increases.



14| CHAPTER 2

Droplet

s (o/

Hydrophilic Hydrophobic

Bubble

Hydrophilic Hydrophobic

Figure 2.1. Illustration of contact angles formed by liquid drops and gas bubbles on smooth

homogeneous solid surfaces with different wettability.

One can consider the situation when the liquid and the vapor phase are inversed
and one deals with a vapor bubble resting on the solid surface (termed ‘surface
bubble’). The curvature of the bubble has the opposite sign, as compared
to the droplet, and its contact angle is defined on the liquid side i.e. outside
the bubble. Unlike a droplet, on a hydrophilic material, the bubble tends to decrease
its contact surface area with the solid that leads to a decrease in its contact angle.
On a hydrophobic material, the bubble tends to increase its contact surface area and
spreads so that its contact angle increases. Therefore, bubbles on hydrophobic
substrates will tend to flatten whereas droplets will protrude more than
on hydrophilic substrates. Because the issue of the contact angle of bubbles will be
extensively discussed in the next chapters, it is important to keep this difference

between bubbles and droplets in mind.

For water droplets, a contact angle less than 90° (low contact angle) indicates
a hydrophilic material for which wetting of the surface is very favorable. Contact
angles greater than 90° (high contact angle) describe a hydrophobic material,
for which the wetting is unfavorable. Superhydrophobic surfaces have contact angles
greater than 150°, showing almost no contact between the drop and the surface,

and almost complete spreading of the bubble.
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2. 1.2 Bubbles in contact with surfaces

Before proceeding, the distinction has to be made between a common and an actual
meaning of the word ‘bubble’. As a widespread mistake, any entity of gas or vapor
separated from a surrounding material, will it be gas, or liquid or solid, is called
a ‘bubble’. However, as shown in Figure 2.2a, a real bubble has two liquid interfaces
that separate the gas inside the bubble from the gas outside the bubble. A classic
example of an actual bubble is a soap bubble that has two air/water interfaces —
one that contacts the gas trapped inside the bubble, and the other one that contacts
the gas outside the bubble. On the contrary, a void filled with gas surrounded
by different medium is called a ‘cavity’. Unlike a bubble, a cavity has only one
interface. Depending on the surrounding medium, a cavity may have either
a gas/liquid interface or a gas/solid interface. For example, gas in sparkling water
or holes in aerated chocolate bars are examples of voids, even though they are
commonly called ‘bubbles’. Also nanobubbles discussed in this thesis are, according
to the definition, not actual bubbles but voids. However, because the name
‘nanobubble’ is used in practically all material published on the topic, similar

nomenclature is followed in this thesis.

(a) Bubble Cavity

gas gas

liquid =

liquid

Figure 2.2. (a) An example of a gas bubble with two gas/liquid interfaces and a gas cavity
with one gas/liquid interface. (b) Pressure difference across the gas/liquid interface drives

the outward gas diffusion.
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Obviously, a gas cavity or a bubble surrounded by liquid constitutes an entirely
different system than a drop of liquid surrounded by gas. Unlike the droplet, which is
in thermal equilibrium and is stable, the bubble is out of equilibrium and tends
to dissolve. As long as the surrounding liquid is not supersaturated, the gas inside
the bubble will be released into the liquid through the bubble wall, as shown
schematically in Figure 2.2b. At the atmospheric pressure (or at any pressure), all free
bubbles dissolve because the gas pressure near the bubble wall is greater than the one
in the bulk liquid far away from the bubble. This causes a positive Laplace pressure
Apr inside the bubble

2
Ap,=p,—p = % (2.2)

c

with y the surface tension and Rc the radius of curvature of the bubble surface.

The Laplace pressure increases for smaller bubbles.

According to Henry’s law, the increased pressure near the bubble wall causes
an increased gas concentration, which drives the diffusion of gas away from
the bubble. As the bubble dissolves, it shrinks and the increasing pressure inside
the bubble causes a further increase in the diffusive outflux of gas that accelerates

the dissolution.

The dissolution times of bubbles 7 can be estimated from the following dependence

based on the diffusion equation that describes the transport of gas out of the bubble

_R
D

T (2.3)
with R the initial radius of the bubble and Dthe diffusion constant. For an air bubble
with initial Ro = 100 nm that has an excess pressure between one and two

atmospheres, the lifetime estimated from this formula is of the order of 100 ps.!?

The analysis was derived for free gas bubbles in the liquid. However, if the bubble
interface is not pinned to the solid substrate, it may be applied to a spherical

cap-shaped surface bubble as well.
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2.1.3 Water and wetting at the nanoscale

In many systems, physical, chemical, and biological processes that occur at the
atomic-length scale often have an impact at processes visible on the macroscopic level.
Because many of these processes take place at water/solid or water/air interfaces, it is
important to understand the properties and behavior of water near such interfaces
at nanoscale. The ubiquity of water and the fact that it can be found in systems
on all length scales from living cells to distant planets, makes this topic particularly

interesting.

Compared to other liquids, water displays several unusual and intriguing properties.
This statement is especially true at the nanoscale. It is known that bulk water, water
near surfaces and confined water have unique properties when investigated
at the nanoscopic level. In particular, the behavior of gas at liquid/solid interface

on the nanoscale is usually different than in the bulk state.>*

According to the phase diagram, the phase state of water is defined by its temperature
and pressure. At the nanoscale, the situation may be different. Near a solid wall,
the molecules are compelled to organize more efficiently than in the bulk and they
create orderly layers.> Nanoscale volumes of water may also be in different state then
predicted by the macroscale phase diagram.®”#° The density of water near the
water/air interface at room temperature may be increased and comparable
to the density of bulk water at a lower temperature.'® It has been reported that water
inside the capillary bridges at room temperature is in a liquid-ice condensate state that
is neither liquid, nor solid.!"!? In addition, dense, ice-like structured water adsorbed
at surfaces has been found.'*#1>16 On the other hand, the persistence of water
in the liquid state at temperatures far below 0 °C, when close to a solid surface, was
termed ‘supercooling’.!” Finally, greater ice nucleation at the surface was observed
in undercooled water.!®* Another reported unusual properties of water at the nanoscale
include a melting point depression!’® and the metastability of small volumes

of water.20-21-22

The proximity to solid surfaces, also known as ‘nanoconfinement’, results
in a significant transition in the properties of water at the atomic-length scale.
For example, reduced mobility®® and increased viscosity?#?>?¢ of nanoconfined water
have been observed. In addition, nanoconfinement affects the thermal expansion

of water?2® and the thermal transport of surfaces.?”
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The phenomenon of wetting of surfaces at the nanoscale is an important scientific
issue with implications in many areas of technology. The topic was extensively
studied on the macroscale, while on the micro- or nanoscale many issues still need
to be addressed. It is likely that at small length scales, a proximity of a hydrophobic
surface affects the water structure and its properties differently than the proximity

of a hydrophilic surface.®

The size of nanoscopic droplets and bubbles may be comparable with the range
of molecular interactions. Importantly, the influence of gravity is negligible compared
to the influence of surface tension so the droplet or the bubble can be approximated
as part of a sphere.® In addition, the wetting behavior on the nanoscale may be
significantly influenced by line tension and liquid evaporation or bubble dissolution
(both are usually negligible on the macroscale). As the size of the droplet/bubble
decreases, the effect of line tension becomes more significant compared to the effect
of surface tension®% and may affect the contact angle’* Consequently,
the macroscopic definition of surface tension has to be adjusted to nanoscopic droplets
and bubbles. This is usually done by modifying the Young’s equation to account for
the effect of line tension.””> However, from experimental evidence, it is not clear
what a proper description of the contact angle on the nanoscale should be.
Contradicting results on the role of line tension and the character of the contact angle
dependence on the droplet size were reported for various liquids including
water, 7738394041828 [ erestingly, Cheng er al** showed that lotus leaves lost their
superhydrophobic character (‘lotus effect’) when water microdroplets were deposited

on the leaf.

It is possible that at the nanoscale, small surface heterogeneities are responsible
for the observed variation in contact angle when the droplet size is decreased.
Physical roughness, chemical inhomogeneities, microscopic defects or contamination
may affect the wetting behavior of small drops and bubbles in ways that are not yet
well understood. For example, pinning of the three-phase contact line influences
the shape of nanoscopic drops changing the local nanoscopic contact angle**
and possibly affecting the macroscopic contact angle. In particular, the pinned contact
line will cause the change in the contact angle of the droplet/bubble during
evaporation/dissolution*”*® In addition, in the case of pinning of the contact line, the
determined contact angle does not entirely characterize the hydrophobic properties

of the surface.
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Figure 2.3. On the nanoscale, the shape of bubbles may deviate from a spherical cap and the

contact angle may be over- or underestimated.

As shown in Figure 2.3, in general, it is not clear if the macroscopic definition
of the contact angle may be applied to nanoscopic droplets and bubbles because
the shape of the three-phase contact line near the air/liquid/solid contact point may
deviate from a spherical profile.*® If this is the case, the contact angle estimated

by fitting an arc to the entire profile may differ from the actual contact angle.

So far, the wetting theories on the nanoscale were tested mainly on ultrasmall
droplets on solid surfaces. Nanoscopic size bubbles on surfaces, described in the next
sections of this chapter, present an alternative system to investigate the contact angle
phenomenon, wetting behavior and properties of water near surfaces

on the nanoscale.

2.2 Early evidence for surface nanobubbles

The hypothesis for the existence of surface nanobubbles was put forward in 1994,
when Parker and his co-workers reported on possible causes of the increased long-
range attraction between hydrophobic surfaces immersed in water.* In order to
explain a shape of an AFM approach force-distance curve (Figure 2.4) showing
a stepwise increase in attraction with decreasing separation between the surfaces,
the authors suggested the existence of tiny bubbles between the surfaces. As the
surfaces were brought together and were approximately hundred nanometers apart,
the bubbles from the one surface would jump toward the other surface bridging
the gap and creating attraction increasing in steps (jumps) visible in the force curve.
The hydrophobic attraction was observed earlier’® but could not be explained

by the theory existing at this time.
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Figure 2.4. Force-separation curve with discrete jumps measured while approaching two
(tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane surfaces in water (Reprinted with
permission from ref: [49]; Copyright (1994) American Chemical Society).

The hypothesis of the presence of stable nanobubbles contradicting theoretical
predictions was controversial and has been questioned several times over
the years.”"”>>*** Several authors might deal with nanobubbles before Parker er al.

published their findings but considered them a sort of contamination.’>°

One of the first experimental evidences confirming the existence of (gaseous)
nanobubbles on surfaces was provided by Miller er a/’’ in 1999. The spectra
of butane-saturated water on hydrophobised silicon surface obtained in the
experiment done with Fourier transform infrared spectroscopy suggested the presence
of butane gas, with only small amount of butane adsorbed on the surface. The amount
of gas butane increased for more hydrophobic surface, as compared to a more
hydrophilic surface, and diminished with time suggesting that the bubbles were

dissolving.

A short time later, first direct evidence of the existence of surface nanobubbles in the
form of AFM (Atomic Force Microscopy) images of nanobubbles (shown in Figure
2.5) was reported independently by two research groups.’®” The nanobubbles
detected on a hydrophobised substrate had an estimated diameter of approximately
650 nm and a height of 40 nm or less, hence they displayed different shapes than
macroscopic bubbles, having a much higher contact angle. It has been established that

they are soft, presumably gaseous domains that may deform during the AFM imaging.
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Lou er al® showed the dependence of nanobubble appearance on the treatment
and history of the sample and introduced a protocol to nucleate surface nanobubbles,
known as ethanol-water exchange, which has been employed in many experiments

afterwards.

The introduction of, what seemed, a reliable method of producing nanobubbles
initiated a rapid growth of number of studies done on the topic. Worth mention is
the contribution of Tyrrell er al®"** who analyzed force-distance curves acquired
on the nanobubbles and correlated the separation distance of a jump-in point
with the apparent nanobubble height measured from the topographic AFM image.
The authors also showed that nanobubbles could be moved over the substrate and that
they could coalesce with neighboring bubbles when sufficiently large forces were
applied on the AFM tip.

In the following, the existence of surface nanobubbles has been tested and confirmed
in numerous experiments. The bubbles were reported on many substrates, mostly
hydrophobic, and subjected to various experimental conditions in order to test their
formation, appearance, spatial and temporal stability and other properties. Nowadays,
20 years after Parker er al. introduced their hypothesis of bridging nanobubbles, many
questions have been answered. The knowledge and experimental evidence acquired
over the years brought current research on surface nanobubbles to an advanced level.
The next sections of this chapter summarize and review the work published so far

and present the remaining challenges and issues that still need to be addressed.

Figure 2.5. Two of the first AFM topographic images of surfaces nanobubbles (a) on HOPG
(highly oriented pyrolytic graphite) (Reprinted with permission from ref. [58]. Copyright
(2000), American Vacuum Society), (b) on OTS (octadecyltrichlorosilane) coated Si.
(Reprinted with permission from ref. [59]. Copyright (2000) American Chemical Society).
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2.3 Experimental techniques to study surface nanobubbles

Due to small size of nanobubbles and their liquid environment, a limited number
of techniques have been utilized to investigate them. The most prominent among
them is Atomic Force Microscopy (AFM).” Compared to other techniques, AFM has
become the standard technique for analyzing surface nanobubbles mainly because
of its ability to investigate the shape and the size of nanobubbles simultaneously
with nanometer scale resolution. The following section provides basic information on
AFM and briefly describes AFM scanning modes utilized to investigate surface

nanobubbles.

2.3.1 Atomic Force Microscopy

In AFM, the surface is imaged based on sensing interaction forces between atoms
of a sharp tip mounted on a flexible cantilever and atoms of the sample. During
the measurement, depending on the microscope model, the cantilever and the tip is
lowered toward the sample or the sample is lifted toward the tip until the “contact” is
made. The displacement of the cantilever is detected via a laser beam reflected from
the top side of the cantilever onto a photodetector. Any change in the deflection
of the cantilever in response to varying interaction forces acting on the tip end causes
a displacement of the laser beam, and is detected as a change in photodetector output
voltage. The cantilever is moved in a certain way over the sample (usually lines)
and the information over the surface is gathered. The spatial resolution depends
on the tip shape and the microscope model but is in nanometer range. With a proper
calibration, changes in the voltage are transformed into changes of the sample

topography or other parameters.

So far, a number of imaging modes were employed to study surface nanobubbles.
They are based on different principles, operate in different force regimes and are able

to provide a range of different information about the sample.

Contact mode AFM

Contact mode or CM is the simplest AFM mode. During imaging, the tip remains
“in contact” with the sample at all times. The force exerted on the tip is equal
to the deflection of the cantilever multiplied with the spring constant

of the cantilever. The deflection, and hence the force is kept constant at all points
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of the sample. The ‘height’ is obtained from the changes in the vertical position of the
tip controlled via a feedback loop.

As shown schematically in Figure 2.6, contact mode is considered not suitable
for sensing surface nanobubbles because of relatively large lateral forces, which may
lead to a severe deformation of soft samples.®**® So far, only few authors reported

successful imaging of surface nanobubbles in the CM AFM.**¢!67-¢8

(a) (b)

Cantilever

Contact mode Contact mode

Figure 2.6. In the contact mode AFM, the cantilever with the tip moves horizontally
and the tip apex follows the sample surface. (a) Idealized behaviour of the tip
on a nanobubble. (b) In practice, large lateral imaging forces and low nanobubble resistance
to the tip movement are the main reasons that bubbles do not appear in the CM topographic

images.

Tapping Mode AFM

An alternative to contact mode is the so-called intermittent, or tapping mode (TM)
AFM (Figure 2.7). Contrary, to contact mode, in TM imaging, the cantilever is
oscillated at (or close to) its resonance frequency £ with an amplitude A. When
the tip is far from the sample surface, A is equal to the free (maximum) amplitude Ao.
When the tip is lowered toward the sample during a topographic scan, Avis damped
by the interaction forces between the tip apex and the surface. In the vicinity

of the surface, the amplitude is decreased to minimum (zero).

In a particular tapping mode experiment, the extent of damping of the oscillation
upon establishing “contact” with the surface is defined by a setpoint amplitude Ay
or the setpoint ratio (As/Ao) x 100%. In general, a large setpoint value means smaller
damping and, because the amplitude and the force dependences are related,” it also

means smaller force exerted on the sample and experienced by the tip.
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Tapping mode
Figure 2.7. In tapping mode AFM, the cantilever is oscillated near its resonant frequency,

while the tip is moved horizontally over the sample surface. The interaction forces cause

damping of the oscillation amplitude.

Upon contact with the sample, not only the amplitude of the cantilever oscillation
will be damped but also the frequency of oscillation will change causing a shift
in a phase signal between the drive frequency and the actual frequency.
The magnitude of this phase shift depends on mechanical and adhesive properties
of the sample (energy dissipation). The phase signal may be acquired in TM along
with a topographic image. Phase images provide information on changes
in the material properties of the surface. However, they provide only qualitative

70,71
data.”™”

Although not mentioned in many descriptions, in TM AFM, in addition to oscillatory
movement of the cantilever and damping, the cantilever may also be deflected when
in contact with the sample. Whereas most of the interaction energy is used to damp
the oscillation, a part of energy may be transferred into a change in shape (bending)
of the cantilever. The resulting deflection is usually very small (few nanometres
for standard conditions — small amplitudes and large setpoint ratios) hence, much
smaller than in CM AFM.

In sum, due to repeated very rapid engaging and disengaging with the sample surface,
the tapping mode AFM allows less harsh scanning conditions than the contact mode
making it suitable for investigating soft samples like  surface

58,59,61,72,73,74,75
””” Lateral forces are greatly reduced. Forces exerted on

nanobubbles.
the sample by the tip are on average lower than in contact mode, but the interaction is
complex. Experiments done on nanobubbles in TM AFM are described in Chapter 4

and in Chapter 5.
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Tapping mode Lift mode

Figure 2.8. The movement of the AFM tip for a single scan line during the measurement done
in lift mode AFM: on the way forward, the scan is done in tapping mode AFM; on the way
back, the line is rescanned with the tip moved horizontally at the fixed separation distance
(lift height) to the sample.

Lift mode AFM

In experiments done on surface nanobubbles, lift mode AFM is correlated with TM.
The cantilever is moved over the sample line by line similarly as it is done in other
AFM modes. As shown in Figure 2.8, during the imaging, each line is scanned in TM
in one direction (trace), then the tip is lifted above the sample for a certain height
and the line is rescanned in reversed direction (retrace) in the lift mode at constant
height. The height offset is called the lift height. As the tip is being moved over
the sample during scanning in lift mode, the deflection of the cantilever is measured

and the data is collected in a deflection image.

Only one experiment on surface nanobubbles done in the lift mode AFM has been

reported so far.”” Another experiment is described in Chapter 8 of this thesis.

Non-contact mode AFM

During the imaging done in this mode, the cantilever is oscillated at very small
amplitudes of a few nanometers and the tip does not contact the sample surface.
Changes in the oscillation amplitude or phase due to long-range forces (van der
Waals, electrostatic) are used to determine the position of the surface and to adjust
the cantilever position so that the tip stays out of contact with the sample at all times.
Moreover, non-contact mode AFM does not suffer from tip or sample degradation

effects that are sometimes observed after taking numerous scans in CM or TM AFM.
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This makes the non-contact AFM suitable for measuring soft samples like surface

nanobubbles.”®

Frequency Modulation mode AFM

In the frequency modulation (FM) AFM, the cantilever is oscillated at its resonant
frequency. During the measurement, the amplitude of cantilever oscillation is kept
constant while the change of its resonant frequency due to interaction forces between
the tip and the sample is detected. Topographic images show the profile of the surface
with constant frequency shift i.e. constant difference between the resonant frequency
of free cantilever and the resonant frequency of interacting cantilever. FM AFM is
usually used in ultra-high vacuum but can also be used in liquid.

Two experiments done on surface nanobubbles in FM AFM were reported

77,78
recently.””

Force-Volume AFM

Besides imaging, AFM cantilever can be used as a force sensor to measure interaction
forces between a tip and a sample. The technique is called Force-Volume (FV) AFM
or force mapping AFM (Figure 2.9). The cantilever is usually not oscillated, and its
deflection is monitored as a function of the tip separation to the surface. In a single
cycle, a force-displacement curve is generated as the tip is moved vertically
perpendicular to the sample surface and is brought into and out of contact with
a surface. Alternatively, the cantilever is oscillated and a decrease in the oscillation
amplitude due to interaction forces is measured as a function of the tip-sample
separation. The force-displacement or amplitude-displacement curves may be
acquired sequentially on different positions on the sample in order to create a force
image or amplitude image, respectively. In the image, each pixel represents a distinct
horizontal position of the tip over the sample and contains a set of data acquired

at this point.

The Force- (and Amplitude-) Volume mode is commonly used to study mechanical
properties of the sample or forces between surfaces on the nanoscale in air and
in liquid environment. So far, a FV AFM experiment conducted on surface

nanobubbles was reported by Peng er al.”’
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Figure 2.9. In the Force-Volume AFM mode, the tip is moved vertically toward the sample
and subsequently away from the sample. During the movement, the force exerted on the tip is

measured.

Peak Force Tapping mode AFM

The Peak Force Tapping (PFT) mode is an AFM imaging mode based on force
spectroscopy. Apart from topographic images of the sample, it provides high
resolution maps of several parameters calculated from the force-displacement curve:

stiffness, deformation, adhesion (pull-off force) and energy dissipation.

In the PFT, unlike in the TM, the tip is oscillated out of resonance at a frequency of
1-10 kHz, which is lower than in standard TM in liquid. The amplitude of the
cantilever oscillation may be varied from fractions of a nanometer to a few
micrometers. At each point of the scanned area of the sample, the cantilever is first
lowered toward the surface and then it is withdrawn. In each oscillation cycle,
a force-displacement curve is measured. The parameter maintained constant during
the measurement is the peak load force, so that at each point of the sample,

the nominal force exerted on the surface is the same.

Recent reports of Zhao er al™’, Yang er al’’ and Song et al*' describe experiments
performed on surface nanobubbles in Peak Force AFM. The results of another

experiment are presented in Chapter 6.
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2.3.2 Other technigues

In addition to direct evidence of surface nanobubbles provided in abundance by the
AFM, a number of experiments have been conducted by several different techniques.
The investigations performed using these techniques aimed rather at confirming
or denying the existence of surface nanobubbles than to provide the information on
their appearance or dimensions.

Among the earliest experiments on nanobubbles are the ones done with neutron

56,83
d B

reflectometry. They first confirmed® but later denie the presence of surface

nanobubbles on substrates. The latter was supported by the results of X-ray

84,85,86

reflectivity experiments that proved low density of water near a hydrophobic

surface, but no evidence of surface nanobubbles. However, as remarked later

7 . . . . .
these results are not surprising since in none of these experiments

by Craig,®
the conditions were suitable to produce nanobubbles. In addition, ellipsometric
studies did not found evidence for vapor or gas layers at the interface between water
and hydrophobic surfaces.**® Most likely, the nanobubbles, even if present on the
surface, had too low surface coverage so that the produced signals were too weak to be
detected. Other techniques such as attenuated total internal reflection infrared

57,90,91

. .. . 92
spectroscopy, and recently scanning transmission soft X-ray microscopy

confirmed the presence of nanobubbles (or gas).

The issue with the presented methods is that they do not provide topological images
of surface nanobubbles and the substrate but only the indication that the bubbles may
be present in the system. Similar limitation concerns the experiments done
on nanobubbles with quartz crystal microbalance (QCM).”"**>?® The experiments
showed that exchanging degassed water with air-rich water caused an increase
in the resonant frequency that indicated a loss of mass on the resonator, which was

attributed to the formation of surface nanobubbles.

An interesting experiment is the one done by Switkes and Ruberti’’ using rapid
cryofixation/freeze fracture — a technique well established for imaging biological
samples. The silicon substrates bare (S5iO2) and hydrophobised (coated Si) were
covered with water and frozen at a very rapid rate so that any structures present
on the solid/water interface were reproduced in ice without modification. After
removing the substrate and making platinum replicas of the interface, the samples
were imaged by scanning electron micrography. The water layer on the hydrophilic

surface was smooth and featureless whereas several circular voids were found
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on the hydrophobic surface. The voids were similar in size with nanobubbles

in images obtained by AFM.

An important step forward has been made very recently, when first non-invasive
methods to visualize surface nanobubbles were utilized. Using optical interference
microscopy,” transmission electron microscopy,”” and total internal reflection
fluorescence (TIRF) microscopy,'” two different groups obtained the first optical
images of surface nanobubbles that confirmed their presence on a solid/water

interface. An example is shown in Figure 2.10.

Importantly, almost all presented measuring techniques have one important
advantage over the AFM, namely a high temporal resolution. With these techniques,
it is possible to obtain information about the sample surface within microseconds,
as opposed to several minutes that are required to capture a single AFM image
of surface nanobubbles. In addition, one is able to access the information directly
or very shortly after the water contacts the sample substrate. In comparison, a skilled
(and lucky) AFM user can obtain an AFM image of nanobubbles several minutes after
depositing water on the sample (and this time does not include another several
minutes necessary for the system to equilibrate). In fact, it is likely that most of the
AFM images of nanobubbles presented in the reports were acquired minutes or even
hours after the moment the bubbles appeared on the sample. Other drawbacks of

AFM in the context of investigating surface nanobubbles are described in Chapter 3.

Figure 2.10. Nanobubbles observed using TIRF microscopy. The square area in (a) is zoomed
into (b). Scale bar is 5 um in (a) and 500 nm in (b). (Reproduced with permission from
ref. [100]. Copyright (2012) by the American Physical Society).



30| CHAPTER 2
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Figure 2.11. (a) Schematic cross-section of a surface nanobubble. (b) Comparison of curvatures

of theoretically predicted and experimentally measured nanobubbles of equal volume.

The height of the lower nanobubble is much smaller than its width.

2.4 Occurrence and morphology of surface nanobubbles

To date, the issue of shape and size of surface nanobubbles has been among the most
debated and, seemingly, one of the most difficult issues to resolve. It is probably also
the one most important because, in addition to simply describing nanobubbles,
the size and shape of a nanobubble together with its stiffness and internal pressure are
the factors that determine nanobubble stability. Here, the experimental evidence
on the nanobubble appearance in AFM images is summarized and the overview

of solid, liquid and gas materials tested experimentally is presented.

2.4.1 Morphology

A common assumption states that surface nanobubbles are spherical cap-like domains
residing on a flat solid surface immersed in water. A schematic cross-sectional profile
of an ideal nanobubble is shown in Figure 2.11a. The bubble has a shape of a spherical
cap with a radius of curvature R and a circular base with the diameter (width) W.
The contact line is elevated by the height A above the surface and forms a nanoscopic

contact angle Gnano with the solid surface.

The spherical cap-shape of surface nanobubbles has its source in the assumption that
macroscopic laws can be directly applied to the nanoscale and that nanoscopic

and macroscopic bubbles have similar shapes. However, if surface nanobubbles are
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indeed gaseous domains and not liquid contaminants®, substantial AFM evidence
gathered over the years allows one to question the validity of this assumption.
The controversial results on the nanobubble sizes measured from the first AFM
images of surface nanobubbles by Lou er al>® and Ishida et al* were confirmed
in numerous experiments afterwards. The apparent nanobubble heights vary between
10 and 100 nm and their apparent widths vary between 50 nm and 1 um. Typically
the bubble height measured in an AFM image is much smaller than its apparent width
and is comparable with the size of AFM tip apex. The reported values of apparent
nanoscopic contact angles on the water side are surprisingly high and range from 120°
up to 175°, which makes them significantly larger than macroscopic contact
angles.7273.7580.101.102.103,104 Tnterestingly, this observation seems almost independent from
the substrate or other experimental conditions used. However, as described in Chapter
4, this is not always the case, and the contact angle of nanobubbles on hydrophilic
substrates is lower that on hydrophobic ones.!% It needs to be stressed that an AFM tip

cannot be used to accurately resolve shapes of bubbles with contact angles <90°.

So far, as long as we assume that surface nanobubbles are gaseous domains, the origin
of their high apparent contact angles remains unclear. The possible influence of line
tension is discussable because the experimental results and theoretical predictions are
contradicting.106.107.108109110 Tt has been suggested that the values of nanobubble contact
angle differ from the macroscopic values because nanobubbles form on top of a layer
of adsorbed gas molecules” 10111112 or because the three-phase contact line is pinned
to the substrate.!%113114115 Qther reports emphasize the role of electric double
layer.1617 In addition, it has been discussed if the nanobubble contact angle depends
on the nanobubble size (radius of curvature) but no consensus has been reached
so far.75103110.118 Tnterestingly, similar questions were debated also for nanoscopic

dI'OpletS .36,37,38,39,43

According to the experimental evidence, surface nanobubbles are very flat
as compared to macroscopic bubbles. As an example, the difference in curvature
of two nanobubbles of similar volume predicted theoretically and measured
experimentally is shown schematically in Figure 2.11b. The low apparent curvature
of surface nanobubbles has serious implications on bubble Laplace pressure
and stability.!>!"? Various reports agree that the pressure inside a nanobubble exceeds
the atmospheric pressure, however, the values reported by different authors are
contradicting and likely dependent on the bubble size (for details see Chapter 5
and Chapter 6).9091.120.121.122.123_ The predicted lifetimes of nanobubbles are well below

a second,¥ 1219 which is in contradiction with long-term stability of nanobubbles
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observed experimentally.’®>*% The issue of unusual nanobubble stability will be

discussed further in Section 2.6.

Other interesting and still debated issues concern the possible existence of preferential
sizes or preferential separations of surface nanobubbles®®106108111.124125126 G far,
the explanation favoring this scenario is based on the assumption that there is gas
exchange between the bubble interior and the surrounding liquid!® that requires
a nanobubble-free zone on the substrate around each bubble, from which they attract

gas.

It is important to notice that the assumed spherical cap-shape of surface nanobubbles
is an idealization of the apparent bubble shape measured from the AFM height image
similar to the one shown in Figure 2.12a. A simple procedure to determine the size
and shape of a particular nanobubble assumes fitting an arc to the entire
2-dimensional bubble profile (Figure 2.12b) measured from the AFM height image
along a scan line approximately crossing the bubble center (or the most elevated point
of the bubble). The sample surface is assumed flat and horizontal. The arc height,
width and the contact angle it makes with the sample surface can be used to describe
the nanobubble. This method is frequently used to measure dimensions
of nanobubbles, even though the estimation of bubble size obtained this way may be
poor. In order to measure the bubble dimensions more accurately, a complete
3-dimensional structure of the bubble (Figure 2.12c) visible in the AFM image must
be analyzed.”” However, disregarding the method used, one must be critical about
the results it provides, especially when the bubble surface in the AFM image seems
rough or when the bubble shape is far from an ideal spherical cap e.g. due to tip

imaging or thermal drift.
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Figure 2.12. (a) Three-dimensional topographic TM AFM image of a surface nanobubble
on HOPG; (b) two-dimensional cross-sectional nanobubble profile; (c) three-dimensional
representation of the nanobubble (created with MATLAB 7.10.0.499 (R2010a) software);
the data points (circles) represent pixels in the AFM topographic image.
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. : ; a0 nm
Figure 2.13. TM AFM topographic images of (a) micropancakes, (b) nanobubble-

micropancake composites on HOPG.

Finally, it is interesting to note that beside spherical cap-shaped surface nanobubbles,
several other (possibly gaseous) structures have been reported on substrates immersed
in water. Micropancakes!04127:128129.130.131.132.133 (Figure 2.13a) are irregularly shaped flat
structures 1-5 nm high and several microns in diameter. Nanobubble-micropancake
composites'?”132 (Figure 2.13b) and multi-layer micropancakes'” have also been
reported. However, there is thus far no evidence that these structures are composed

of gas.

2.4.2 Substrates

To date, surface nanobubbles were detected on a variety of substrates, both
hydrophobic and hydrophilic, spanning a wide range of macroscopic contact angles.
Most experiments were performed on mica,’860:103.134135 gg]d 67:95.96.108136 highly oriented
pyrolytic graphite (HOPG),58,60,72,75,77,79,80,81,101,103,104,127,128,129,132,137,138,139,140,141,142 glass,loo
pOlystyrene,68’74’124’133’143’144’145 hydrOPhObised S]. or Au’59,72,73,90,91,96,98,107,110,113,125130,146

Teflon,'*” and platinum.!4814

Unsuccessful attempts to create nanobubble on certain surfaces do not prove that it is
impossible. In many cases, the absence of nanobubbles may be caused by either not
good liquid/gas or temperature conditions for nucleation (for details see the next
section). Alternatively, especially for hydrophilic surfaces, nanobubbles scanned with
the AFM may attach to the tip and be dragged away from the scanning area

or coalesce and detach from the surface.674145105
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An important issue that is often overlooked is surface roughness. It has been reported
that increased roughness may enhance nanobubble nucleation, cause pinning
of the three-phase contact line and affect the bubble contact angle.>113114145 [n this
context, HOPG deserves special attention, being the preferred substrate of several
working groups. Properly cleaved HOPG sample offers atomically flat microns wide
terraces that are separated by atomic steps. It has been observed that nanobubbles
on HOPG has preferential positions next to defects of the sample and along the edges
of terraces (Figure 2.14), though from the discussion it is still not clear whether
the bubbles sit more preferably on the top of the atomic steps (possibly more
hydrophobic) than on the base of the steps (more hydrophilic).7375:138

Another substrate parameter that may be important in the context of surface
nanobubbles is softness of the sample. It has been reported that several structures
appeared on polystyrene samples exposed to nanobubbles such as rims, nanoindents,
and surface lifting.1>1% Interestingly, similar effect was observed on HOPG where
nanobubbles caused exfoliation and wrapping of the top graphene layers in graphene

shells,'™ resembling capillary origami.!!

Finally, several attempts have been made to create nanobubbles on patterned
substrates with controlled geometry and/or wettability.%147.152153 This kind of samples
bear a promise that one is able to control the bubble appearance and dimensions,

which would be a milestone step toward the applications of surface nanobubbles.

4 0nm

Figure 2.14. TM AFM topographic images of surface nanobubbles on HOPG. Bubbles formed
preferentially along the atomic steps and near sample defects (Reprinted from ref. [154]).

0 nm
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2.4.3 Gases

Are surface nanobubbles gaseous, as implied by their name, or are they
contamination? This question has been discussed since the hypothesis of surface

nanobubbles was put forward, but the issue has not yet been resolved.

There are several arguments often put forward in support of the hypothesis that
nanobubbles are indeed gaseous. First, it has been shown that nanobubbles are
sensitive to the amount of gas dissolved in water. Several authors claimed to be unable
to detect nanobubbles on samples treated with degassed water or observed that
nanobubbles disappeared from the sample when the air-saturated water was replaced
with degassed water.?29710L113127.134157 Ag an example, Figure 2.15 shows two AFM
images of the substrate with nanobubbles in water (before degassing) and without
nanobubbles (after degassing). In addition, the FTIR experiment performed by Miller
et al’ confirmed that gaseous butane was present on the hydrophobic surface
immersed in butane-saturated water. Similar results were obtained by Zhang et a/%0°!
— nanobubbles formed in CO:-saturated water. In another experiment done
by scanning transmission soft X-ray microscopy (STXM), Zhang et a/”? demonstrated
images of stable gaseous nanobubbles filled with SFs and Ne. An additional piece
of evidence comes from the experiments, in which electrolysis was used

as a nanobubble nucleation technique.!03137.140.15

(a) (b)

2um 2pm

Figure 2.15. Nanobubbles in water on HOPG disappear from TM AFM topographic images

after degassing: (a) before degassing, (b) the same area of the sample after degassing for 2 h.

(Reprinted with permission from ref. [101]. Copyright (2006) American Chemical Society).
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It is important to note that the hypothesis of gaseous surface nanobubbles has been
questioned recently. Berkelaar et al.® claimed that nanobubble-like objects visible in
AFM images are in fact nanodroplets of liquid contamination (polydimethylsiloxane)
originating from plastic syringes and disposable needles used to handle water in the
experiment. The authors showed that small, round, soft features in the AFM images
in many ways resembled nanobubbles. However, when exposed to a flow of degassed
water for a prolonged period of time, nanobubble-like objects remained stable, which
clearly contradicts earlier experimental results.!! Interestingly, in the earlier report,
Janda et al.’®® remarked that the solution pre-degassing did not prevent nanobubble

appearance on the HOPG sample.

Most of the experimental evidence published so far was acquired (presumably)
on surface nanobubbles filled with air. This approach is preferred because it does not
require pre-saturating water with a specific gas, which simplifies the experimental
protocol. However, it offers less control on the content of nanobubbles, which may

affect the experimental results.

In addition to the research done on air nanobubbles, several experiments have been
performed on bubbles filled with nitrogen 19156157 carbon dioxide,’90:9196.107.158
OXYgen,137’140’159, hydrogen,103,140,148,149,155,160,161,162 and arg0n110’156’157. The C02 bubbles
were smaller and had larger number density,” and air bubbles had lower contact
angle than hydrogen bubbles.!®® In addition, a specially designed experiment was
conducted to examine the nucleation of surface nanobubbles as a function of the gas
dissolved in water.!!® Nanobubbles filled with hydrogen, methane, nitrogen, oxygen,
argon, helium, and carbon dioxide were compared. The sample was hydrophobised
silicon and was similar in all experiments. The authors found that nanobubble

nucleation was a combined function of temperature and gas type.

Recently, the properties and mobility of gas constituting surface nanobubbles have
received increased attention because they may provide information on nanobubble
formation and account for their unusual stability. In particular, gas diffusion
and circulation have been widely discussed as possible mechanisms determining
bubble dimensions and distribution on the sample. The details on the discussion are

presented in the following sections.
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2.4.4 Liguids

Surface nanobubbles seem to be a phenomenon exclusively assigned to pure water
and water solutions. Replacing water with pure alcohol results in nanobubble
disappearance from the sample!?1$ most likely because the alcohol removes

the excess gas from the sample surface and from the system.

Several authors studied nanobubbles in dilute alcohol”®!?® and dilute acid
environments'?137148 or investigated the effect of salts®7211612215.150 and pH

of the liquid®*7>!%5 on nanobubble formation and properties.

Nanobubbles were found to be sensitive to the presence of surface active materials
in the solution. Several authors investigated the effect of added surfactants
on the nanobubble properties experimentally’273798L.104 and theoretically,!!8120.121
and found that the presence of surfactant reduced the number and the apparent sizes
of the bubbles, and changed the stiffness of the bubble interface and the strength
of the AFM tip-nanobubble interaction.

2.5 Formation of surface nanobubbles

On the one hand, nanobubbles were reported for a variety of experimental conditions.
On the other hand, a re-creation of nanobubbles in seemingly similar experimental
conditions is frequently unsuccessful. Their nucleation seems to be very sensitive to
substrate and liquid preparation and possibly to other experimental conditions. This
section presents an overview of several methods of creating nanobubbles

and describes the current hypotheses on their origin and formation process.

2.5.1 Nucleation methods

Solvent-water exchange

The alcohol-water exchange is a technique of nanobubble creation that was
established by Lou et a/%® in one of the first AFM experiments done on surface
nanobubbles. So far, it is the most conventional method used to nucleate nanobubbles
because it is relatively simple and provides a high surface coverage of nanobubbles
on the sample. The procedure is quite straightforward — the AFM liquid cell is filled
with alcohol that is subsequently replaced by pure water. The idea is based on the fact
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that air is more soluble in alcohol than in water. The mixing of alcohol and water
increases the temperature of the liquid and decreases the saturation level of gases
dissolved in liquid,'®* resulting in the local supersaturation. Because the gas diffusion is
relatively slow, after replacing alcohol with water, the excess gas remains in the liquid
and gathers on the substrate in the form of nanobubbles. It has been shown that
the alcohol-water exchange procedure may even lead to a micron size bubbles, which

are visible with optical microscopy.”

Importantly, the use of the ethanol-water exchange technique was not limited
to AFM but was utilized in the experiments done on nanobubbles by means of other

techniques such as QCM,** spectroscopy,”°! and others.%:100.165

Different alcohols have been used to nucleate nanobubbles, with ethanol being
at the top of the list. Using propanol in the exchange procedure led to larger
nanobubbles, and using methanol led to smaller nanobubbles than created using

the ethanol-water exchange.”12

Although widely used, the ethanol-water exchange procedure has certain drawbacks.
The water may still contain traces of alcohol after the exchange is performed.!!®
Moreover, alcohol is frequently used to purify the elements of the system (liquid cell,
tubes, samples etc.) prior an experiment. The purity of commercially available ethanol
used in different experiments on nanobubbles varied from 99.9% to ~94% or less,
which raises the question of possible contamination introduced to the nanobubble
system. A recent report” indicated the influence of the ethanol-water exchange
procedure on the forces measured on the HOPG sample with nanobubbles, which was
assigned to the formation of interfacial gas enrichment (IGE) covering the area
between nanobubbles. The IGE could not be removed with a cantilever tip by contact

mode scanning in pure water.

Recently, a saline solution-water exchange was introduced as a method
for nanobubble generation.' It is similar to the alcohol-water exchange procedure
and the same mechanism is employed, namely, the liquid of lower gas solubility
replaces the liquid of higher gas solubility leading to oversaturation and bubble

formation.
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Figure 2.16. TM AFM topographic images of electrochemically created surface nanobubbles
on HOPG for applied voltage of (a) -2.0 V for 5 s, (b) -1.4 V for 20 s. (Reprinted
with permission from ref. [137]. Copyright (2006) American Chemical Society).

Electrolysis

Electrochemically generated nanobubbles form from the gas produced at substrate
in a chemical reaction initialized by applying a potential difference across the liquid

layer.

The nucleation of nanobubbles on HOPG through electrolysis was studied by several
authors. According to Zhang et al,'%*13 the nucleation time depended on the potential
applied, and nanobubbles appeared preferentially at the edge of atomic steps
(Figure 2.16) suggesting that impurities of the sample enhanced nanobubble
nucleation. In addition, continually applying the potential led to growth
of nanobubbles into microbubbles and their subsequent detachment from
the substrate due to buoyancy. This observation was confirmed later by Hui er al'>
On the contrary, Yang et a/'“ observed that the coverage and volume of nanobubbles
increased with increased voltage during electrolysis, but the size of the bubbles
saturated and they did not further grow, even though the potential difference was
applied. However, the authors noticed that big bubbles detached from the surface,

which is similar to the observation made by Zhang er al.

In the recent experiments,!4314%.162 the authors investigated the nucleation, growth and

dissolution of electrochemically formed surface nanobubbles and addressed several
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issues such as growth mechanism and timescale, conditions of the gas diffusion
and nanobubble stability. In addition, nanobubbles created electrochemically were
used to clean the surfaces fouled with proteins'® and to synthesize hollow

nanoparticles.!®

Temperature change

In theory, an increase in the temperature of water should result in the formation
of surface nanobubbles. Heating the liquid leads to an increase in gas saturation,

which is similar to the effect of performing the solvent exchange.

Two methods of temperature change have been utilized to nucleate nanobubbles:
preheating the substrate to create the temperature gradient prior the deposition
of water on the sample!?”1#0 and changing the temperature of the liquid after the water
deposition.!?”12132 The latter is usually done by replacing the low temperature water
(4 °C) with high temperature water (25-40 °C). So far, the authors were successful

in creating nanobubbles at the HOPG-water interface.

Direct water deposition

The simplest one-step method of producing surface nanobubbles was proposed
by Borkent et al” According to the authors, in order to successfully create
nanobubbles, a drop of pure water may be put directly on a sample surface.
In addition to its simplicity, the biggest advantage of this method is the fact that the
only solvent that is in contact with the sample is pure water. Since the ethanol is

eliminated, the possibility of contaminating the system is significantly reduced.

The main drawback of the direct water deposition method is that the sizes
and number density of nanobubbles created this way are usually smaller as compared
to nanobubbles produced by other methods (especially by alcohol-water exchange).!%?
It is not unusual that with this method, it is extremely difficult to obtain nanobubbles
or that their surface coverage is very low. The possible solution is the application

of water pre-saturated with gas.
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2.5.2 Origin and formation of surface nanobubbles

Long after the existence of surface nanobubbles has been accepted, their origin is still
debated. Even though already several methods of creating surface nanobubbles are

known, their nucleation mechanism remains unclear.

To date, a substantial part of evidence on nanobubbles has been provided by AFM.
Unfortunately, compared to other techniques, a major limitation of most commercial
AFMs their its low temporal resolution for experiments in liquids. Usually,
in an experiment, due to the long equilibration time of the nanobubble system
and the additional time needed to set the scanning parameters and to engage the tip,
the first AFM image of the surface is acquired several minutes after depositing water
on the surface. Therefore, with AFM one cannot access the first moments

of nanobubble nucleation.

In the early days of nanobubble research, some authors claimed that nanobubbles
visible in AFM images were not present on the sample prior to the measurement
but were nucleated by an AFM tip when it was in close proximity to the substrate
during the imaging.83% The main argument was that a bubble may be produced during
separating two hydrophobic surfaces in water.!%® This idea was later abandoned since
no evidence was found to support the hypothesis.!®® The majority of the tips used
in imaging nanobubbles was hydrophilic and the dimensions and distribution
of nanobubbles on a sample did not change with time and did not depend on how
many times the same area was scanned. In addition, the existence of nanobubbles

on surfaces was confirmed by methods other than AFM.% 9100

Controlling the formation of surface nanobubbles

Poor reproducibility of nanobubble nucleation in the experiments performed
in seemingly similar conditions raised a question about the ideal conditions
for nanobubbles to form. The factors that were considered were the temperature

and the concentration of gas in the liquid.

It has been reported that temperature was important in the nucleation process
and that it influenced the number density of nanobubbles created on the
sample.”134162 Several authors investigated the effect of an increase of the temperature
in situ i.e. after nanobubbles had formed on the sample at a given temperature,
on the bubble size and formation. Yang er a/” showed that heating the (HOPG)

substrate led to spontaneous formation of nanobubbles, which allowed a comparison
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of the surface topology without and with the nanobubbles. In addition, an increase
in a water temperature resulted in smaller nanobubbles but increased nanobubble
number density. Zhang et al'® studied nanobubbles on mica and found that
the apparent nanobubble height did not change with an increase of temperature,
whereas the apparent lateral bubble size and the number density first increased,
reaching a maximum at about 37 °C, and then decreased at the temperatures above
42°C. This finding was partly confirmed by Berkelaar et a/!”° who tracked geometrical
changes of nanobubbles as the temperature was decreased from 51 °C to 25 °C.
Interestingly, nanobubbles of the same size reacted differently to the temperature
change — some of them grew whilst others shrank. The total nanobubble volume
per unit area had a maximum around 33 °C, which is comparable with the results
of Zhang et al'® In addition, in the recent experiments,'”'”2 the authors found that
nanobubbles were stable and could withstand a temperature increase up to
temperatures close to the boiling point of bulk water without nucleating

microbubbles.

Recently, Limbeek er al'® studied nanobubbles filled with different gases and found
that nanobubble nucleation was a strong function of gas type and was maximized
at an optimal system temperature of ~35-40°C weakly dependent on gas type. In order
to investigate this issue in detail, Seddon er al'® performed a systematic study
of the influence of gas concentration, temperature of the liquid, and temperature
of the substrate on nanobubble nucleation. The parameters were independently
controlled in a series of carefully designed experiments. The authors discovered that
gas concentration/liquid temperature phase space could be divided in distinct areas
corresponding to no nucleation, nanobubble nucleation, and micropancake nucleation
(Figure 2.17). Interestingly, the region corresponding to nanobubble nucleation was
very small. Consequently, a 1-2 K temperature difference, or a 1-2% variation in gas
concentration might lead to unsuccessful nanobubble nucleation. These results likely
explain the difficulties in reproducing nanobubbles reported to date. Surprisingly,
the authors found that local supersaturation of gas next to the substrate surface is not
a necessary condition for nanobubble nucleation. In addition, although it is believed
that the ethanol-water exchange procedure that has been successfully employed
to create nanobubbles in numerous experiments led to the supersaturation of gas
in water, it is possible that most of these experiments have been performed

with unsaturated water.!12
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Figure 2.17. Depending on the choice of gas concentration and liquid temperature prior
to deposition on the substrate (with temperature 21°C) one may shift between the regions
in the parameter space assigned to no nucleation (circles), nanobubbles nucleation (crosses)
and micropancakes nucleation (pluses). (Reprinted with permission from ref. [130]. Copyright

(2011) by the American Physical Society).

Gas enrichment and nanobubble nucleation and growth

Despite the fact that one is able to create the optimal gas/substrate/liquid experimental
conditions to nucleate surface nanobubbles, the mechanisms behind the nucleation
and growth of nanobubbles remain unclear. In order to gain insight into the dynamics
of nanobubble formation, the experimental evidence and the results of molecular

dynamics simulations on this topic are summarized below.

As explained in the previous section, a common assumption states that surface
nanobubbles are gaseous. However, considering typical apparent sizes, dimensions
and unusually long lifetimes of nanobubbles observed experimentally, the properties

of the gas inside a nanobubble are intriguing.

So far, there is not much experimental evidence available on the timescales
of nanobubble nucleation and growth. In the QCM experiment performed by
Zhang et al,** nanobubbles formed in less than 1 minute after solvent exchange was
performed. Karpitshka er al® demonstrated in his combined AFM and optical
interference-enhanced reflection microscopy experiment that surface nanobubbles
formed in less than a few seconds after ethanol-water exchange. Recently, another

group reported that nanobubbles can be formed in ~10 ps.!¢2
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The reason of nanobubble nucleation that is brought up most frequently, is
a depletion of water density in the boundary layer near a hydrophobic substrate.
Lum et al* predicted that if sufficiently large surfaces are close each other,
the capillary evaporation may create bubbles between them. Indeed, the gas
enrichment and liquid depletion in the interfacial region was observed
for hydrophobic substrates and was absent for hydrophilic substrates.82848.173
According to different authors, the thickness of the depletion layer varied between
a fraction of nanometer up to few nanometers. The experimental evidence is
supported by the results of molecular dynamics simulations’811L174175.176177 gy ggesting
that the liquid structure in the boundary layer is considerably modified (for two
examples see Figure 2.18). This leads to an enhanced wall slip (increased slip length
and higher velocity of a fluid moving near the wall) and makes surface more

hYdrOPhObiC 146,177,178,179,180,181

The simulations predicted that dissolved gas particles could enrich and adsorb
at hydrophobic solid/liquid interfaces in the form of patches or a (dense) gas layer
covering the entire area of hydrophobic solid/water interface.!''7¢ In an AFM
experiment performed on HOPG, Lu et al’”® observed nucleation and growth
of an epitaxial monolayer on the HOPG surface, probably caused by adsorption
of nitrogen molecules dissolved in water. The subsequent adsorption process resulted

in flat structures that resembled micropancakes observed experimentally on HOPG
Samples.104‘127'128'129'130'132'131

So far, it is unclear if nanobubbles tend to sit or “float” on the patches, as suggested
by several authors,!''112182 or are only surrounded by a thin gas layer. Wang et al'®
predicted that the gas molecules can accumulate at the HOPG interface and form one
of two states according to the ratio of gas molecules number to the square of sample
surface: gas films (micropancakes) are formed for a larger ratio and nanobubbles
for a smaller ratio. In addition, the authors claimed that both nanobubbles
and micropancakes are high-density gas state at the interface between water and

graphite.

In addition to a spherical cap and a micropancake, the molecular simulation
performed by Peng er a/'7¢ predicted a variety of shapes of gaseous domains including
aggregates and cylindrical caps. Interestingly, spherical cap gas domains that formed
during the simulation were unstable and always reverted to another type of gas
domain. The authors also reported that the contact angle of the cylindrical cap was

141°, which was greater than 85° observed for water on HOPG and much closer
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to the 150° contact angle observed for nanobubbles in experiments. An unusually
large contact angle of nanoscopic gas domains was observed also by Wang et al'#!
Weijs et al'®? proposed that the flattening of nanobubbles was caused by the fact, that
an increased density of gas near the wall weakened the attraction between solid
and liquid. According to the authors, the gas layer present between a nanobubble
and a substrate made the wall more hydrophobic causing lowering of the contact
angle. This mechanism may serve as an explanation of one universal (gas dependent)

contact angle of surface nanobubbles observed experimentally.

Undoubtedly, gas enrichment near the substrate for hydrophobic surfaces favors
spontaneous bubble formation.!7>182184 Lu er a/”® proposed that gas molecules dissolved
in water may aggregate into clusters in bulk water that, as they grow above a critical
size, may undergo a transition into a gas bubble. Weijs er al'®? pointed out that
nanobubbles may also form from a gas trapped on the substrate during the water
deposition. This scenario was already proposed by Borkent er al’ as a possible
mechanism responsible for nanobubble nucleation by direct water deposition. Finally,
in the recent report, Lhuissier et al'? suggested that nanobubbles grow by diffusion
of the gas from the bulk rather than by diffusion of the gas adsorbed on the surface.

Clearly, the exact mechanism of nanobubble formation is yet to be discovered.
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Figure 2.18. Snapshots of numerical simulations showing gas enrichment on the substrate in
the form of a nanobubble. (a) Reprinted with permission from ref. [182]. Copyright (2013) by
the American Physical Society; (b) Reprinted from ref. [111]. © IOP Publishing. Reproduced
by permission of IOP Publishing. All rights reserved.
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2.6 Stability of surface nanobubbles

Once having formed, surface nanobubbles display extreme stability. However,
according to the theory, nanobubbles are not in equilibrium with the liquid
and should dissolve within a fraction of a second.? The long lifetimes together
with the unusually high apparent contact angles are the main topics in the current
debate on nanobubbles. In this section, we present the most important experimental

evidence and summarize current hypotheses that address nanobubble stability.

The long-term nanobubble stability has been an issue since first AFM images
of nanobubbles were published.’®>* Surface nanobubbles have been found extremely
stable — their lifetime can be counted in hours™ or even days.” Interestingly, it has
been reported that nanobubbles freely floating in water were stable for two weeks.!®
In turn, gas layers (bilayers, trilayers, pancakes) were reported to be less stable than

surface nanobubbles.!?

In addition, surface nanobubbles and micropancakes displayed extreme stability while
exposed to ultrasound.!!*! Nanobubbles grew in height after sonification but did not
act as nucleation sites for cavitation. Micropancakes increased in height while their
lateral size decreased after application of ultrasound. Nanobubbles were also stable

under reduction of liquid pressure.!0-11

Several mechanisms have been proposed to explain the unusual nanobubble stability
and fill the gap between theory and experimental evidence. The most often tested

hypotheses will be presented and discussed in the following sections.
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Figure 2.19. The repulsion between negative charges that possibly accumulate
on the air/water interface tends to stretch out the bubble surface causing increase
in nanobubble diameter and contact angle. This prevents the bubble shrinkage driven

by surface tension.
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2.6.1 Surface charges

An electrostatic force originating from surface charge present on the air/water
interface was one of the first mechanisms of nanobubble stabilization put forward
in response to the puzzling experimental evidence. Attard er al'8 proposed that
the electric double-layer repulsion between neighboring nanobubbles played role
in their stabilization and limited their growth. As shown in Figure 2.19,
the accumulation of negative charges on the air/water interface would decrease
the surface tension and the pressure inside the bubbles slowing or preventing
shrinkage of the interfacial area and bubble dissipation. The surface tension tends
to reduce the surface, whilst the surface charge tends to expand it. Equilibrium will be
reached when these opposing forces are equal. Any effect may be increased
by the presence of additional charged materials that favor the gas/liquid interface,

such as OH- ions at neutral or basic pH.

The hypothesis of surface charges was supported by several authors.*!4>150 In addition,
it has been shown that free nanobubbles in aqueous solutions were stabilized
by OH- ions or small organic molecules that prevented their coalescence.!87:188.189.10
An argument against the stabilizing role of surface charges has been provided
by Zhang et al” who compared the behavior of nanobubbles in water with
and without surfactants and found no indications of decreased surface tension
for nanobubbles in pure water. The authors concluded that the electrostatic forces did

not play an important role in the nanobubble system.

2.6.2 Dynamic equilibrium model

A dynamic equilibrium model put forward by Brenner and Lohse!* proposed that
a nanobubble is stabilized by a continuous exchange of gas between the bubble
interior and the surrounding liquid. The model suggests that a diffusive outflux of gas
through the interface on the bubble top is balanced by the influx of gas near
the three-phase contact line due to the attraction and gas enrichment
at a hydrophobic substrate. The gas circulation around nanobubble is shown
schematically in Figure 2.20. According to the authors of the model, a nanobubble is

in metastable equilibrium (and not in thermodynamic equilibrium).

However, as pointed out by the authors, the recirculation of gas suggested
by the model requires an input of energy to the system. Seddon et al’® proposed that

a nanobubble contains Knudsen gas i.e. mean free path of a gas molecule is
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comparable to the size of the bubble. The gas molecules inside the nanobubble hardly
interact with each other, but mainly interact and exchange their energy
with the gas/liquid interface. Because the nanobubble width is much larger than
its height, the diffusion of gas molecules inside the bubble creates shear stresses
imposed on the gas/liquid interface that induces a circulatory stream. The gas enters
the bubble at the three-phase contact line and leaves it through the bubble apex.
As suggested by the authors of the report, this directed gas diffusion created a vertical
upward water jet above the bubble that could be detected by an AFM tip
in the experiment performed in non-contact mode. However, similar jet was not
detected in the subsequent experiments done on nanobubbles with different
measuring techniques'®! including lift mode AFM experiment described in
Chapter 8. In addition, Craig!”? pointed out the weakness of the Knudsen gas model
proposed by Seddon et a/. Namely, he argued that due to the fact that the model relied
strongly on the presence of a solid surface breaking the symmetry of the system, it did

not explain the stability of free nanobubbles in bulk water.

Thus far, the source of excess gas on the hydrophobic surface is unknown. One option
assumes that it may be caused by higher density of gas dissolved in the liquid near
the surface than in the bulk.828817 Alternatively, the gas enrichment may result

from adsorbed gas molecules in the form of micropancakes.!2127:13!
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Figure 2.20. According to the dynamic equilibrium model, the circulation of gas stabilizes
the nanobubble. The gas enters the bubble at the contact line near the substrate and balances

the diffusive outflux of gas through the air/water interface near the bubble apex.
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Despite the difficulties in defining the source of energy driving the gas circulation, the
dynamic equilibrium model was supported by experimental evidence and numerical
simulations.!?6140.182 The coexistence of nanobubbles and interfacial gas enrichment

areas also provides evidence of nanobubble stability by the dynamic equilibrium.”17¢

According to the dynamic equilibrium model, there exists a preferred equilibrium
radius of the nanobubbles, which depends on gas concentration. Bubbles that have
radii larger than the equilibrium radius dissolve because the outflux of gas dominates
the influx; smaller bubbles shrink because the influx wins. The equilibrium radius
depends on the concentration of gas in the liquid and decreases if the concentration
decreases. Critical radii for nanobubble formation and growth were observed
experimentally” and predicted numerically.”’> In addition, several authors reported

preferential sizes and spacing of nanobubbles in their experiments.®8108.124.125.126

Recently, Petsev et al'®® tested the dynamic equilibrium model and found that
the critical bubble radius depended not only on dissolved gas concentration but also
on temperature of the liquid. According to the calculations, stable nanobubbles
existed in narrow temperature and gas concentration ranges that limited maximum
and minimum possible bubble size. The critical nanobubble radii monotonically
decreased with temperature. Numerical results presented in the report were in good
agreement with experimental evidence. In addition, the authors considered
independently the effect of the perturbation in bubble radius and the perturbation
in contact angle on the stability of nanobubbles, and found that bubbles with fixed
contact angles could exist for a wide range of radii. Interestingly, the stable
nanobubble contact angle predicted by the model was larger than 160° that was very

close to the values reported in numerous experimental studies on nanobubbles.

The results presented above suggest that the dynamic equilibrium model may explain
both the nucleation process of nanobubbles and their very high apparent contact
angles. However, while the model is able to predict nanobubble behavior at different
experimental conditions, it also has limitations. Besides the abovementioned issue
with the unknown source of energy for the circulation of gas, the model cannot
explain the presence of nanobubbles on hydrophilic surfaces and long-term
nanobubble stability. Moreover, so far, there is no experimental evidence for
the influx of gas near the three-phase contact line. If it exists, it is extremely weak and
limited to the region of only few nanometers close to the substrate. Concluding, it is
possible that while formed, nanobubbles might be stabilized by different mechanism

than influx and outflux of gas predicted by the dynamic equilibrium model.
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2.6.3 Contamination

The formation of layer of contaminants covering the nanobubbles that alters
the diffusion behavior of the enclosed gas was proposed as a stabilization mechanism
by Ducker.!”® The model was developed to offer an explanation to high apparent
contact angles of nanobubbles observed experimentally. The author predicted that
the existence of a contaminant layer at the air/water interface should decrease the
surface tension and hinder the diffusion of gases from the bubble, increasing
its lifetime. The decrease in surface tension would satisfy Young's equation
and account for the increased apparent contact angle. According to the model,
adsorption of contaminant molecules occurs during the growth phase
of a nanobubble. The bubble grows until the gas concentration decreases and gas starts
to flow out of the bubble, causing a decrease in bubble volume. As shown
schematically in Figure 2.21, during the shrinking phase, the surface area
of the air/water interface decreases until the contaminant molecules gathered
at the bubble surface create a dense layer that serves as a diffusional barrier for gas

molecules and stabilizes the bubble.

Ducker claimed that the model offered an explanation to the results of the experiment
performed by Zhang er a/”? in which no change in the apparent contact angle
of nanobubbles was observed after adding surfactants into solution. Since nanobubbles
were already covered with contamination, addition of surfactant to the solution
would not further decrease the surface tension and the contact angle of nanobubbles

would not change.

i
R >
I 20\ 0

Figure 2.21. Hypothetical layer of contaminants on the air/water interface slows down

the nanobubble dissolution and eventually blocks completely the outflow of gas creating
a dense shell-like layer on the bubble. The presence of contaminants stabilizes the bubble

and lowers the surface tension, which alters the nanobubble contact angle.
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Later reports underlined the effect of surfactants on nanobubble properties such as
lifetime or contact angle, but the authors stressed that the effect was not large enough
to be the sole cause of the stabilization.!?!2! Moreover, in the recent experiment,
Zhang et al'® showed that adding surfactant to the solution during the nucleation
process dramatically reduced the number of bubbles. This finding does not support

the hypothesis that nanobubbles are stabilized by a layer of contaminant.

The model of contamination layer covering and stabilizing nanobubbles was revived
recently by Wang et a/'*! who claimed that nanobubbles measured in the experiment
were stable (not affected by degassed water) and the liquid/gas interface was coated
by a compact layer impermeable for gas. Berkelaar et al!*? showed a proof that
nanobubbles on HOPG in NaCl solution were covered with a thin layer of salt that
likely stabilized the nanobubbles against dissolution by blocking, or slowing down,
the outward gas diffusion. However, as described in Chapter 7, no evidence for the
existence of contamination layer covering nanobubbles was found for bubbles

in water.

Last but not least, in the view of recent findings showing that (supposed) surface
nanobubbles were in fact polydimethylsiloxane (PDMS) nanodroplets,>
the contamination model proposed by Ducker, and the whole issue of contamination

in the experimental system takes on an entirely new perspective.

2.6.4 Contact line pinning and slow gas diffusion

The model of nanobubble stabilization by pinning of the three-phase contact line
introduced recently by Zhang er a/!'® and Liu er a/'#!5 has received increasing
attention. Pinning is crucial to the stability of nanobubbles because it causes
an increase in radius of curvature when the bubble dissolves, thereby lowering
the Laplace pressure inside the bubble and preventing its further shrinkage (Figure
2.22). The possibility that the contact line is pinned and that the nanobubble shrinks
so that its size observed in the experiment is in fact a remain of a bigger bubble was
already mentioned by Ducker'® in his hypothesis of nanobubble stabilization
by contamination. A decrease in the heights but not in the lateral sizes
of the nanobubbles was observed during their dissolution in degassed water, whereas
the bubbles in supersaturated water grew in height but their widths remained

constant.!’* Without pinning, nanobubbles did not grow but shrank and dissolved.!!*
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Nanobubbles with the pinned three-phase contact line are claimed to be
in thermodynamically metastable state!'* which supports the dynamic equilibrium
model of stability'® described above. Zhang et al!''* showed that, according
to the model that assumes one-dimensional gas flow perpendicular to the nanobubble
surface, the Laplace pressure decreases as the height of the bubble decreases, which
decelerates bubble dissolution. A similar tendency was not observed when modelled
for three-dimensional free nanobubbles in bulk water. The lifetime of a pinned
one-dimensional nanobubble was many orders of magnitude longer than the lifetime

of a spherical bubble of the same initial volume.

The pinning of the three-phase contact line was proposed as an explanation
of the stability of nanobubbles in the acoustic field,'®® the nanobubble appearance
on hydrophilic surfaces,!'41’>1% and the stability to perturbations in contact angle
calculated from the dynamic equilibrium model.”® An addition of surfactant
to the solution with nanobubbles reduced the number of bubbles possibly because
it caused depinning of the contact line.!** Finally, recent experiments comparing
nanobubbles and nanodroplets showed that pinning played a crucial role

for the stability of both nanobubbles and nanodroplets.*172

In addition, the pinning of the contact line of nanobubbles to the substrate is
one of the assumptions of the theoretical model of slow gas diffusion proposed
by Weijs et al'% as an alternative explanation of long lifetimes of surface nanobubbles
observed experimentally. The authors suggested that a shielding effect
of the neighboring bubbles, similar to the one found for free nanobubble clusters,'*
and slow diffusion of gas in the liquid far from the bubbles hindered the outflow
of gas, increasing significantly their lifetimes from microseconds to hours or even days

under normal experimental conditions.

\0\ =

Figure 2.22. Pinning of the three-phase contact line to the substrate or e.g. a layer of adsorbate
may stabilize nanobubbles and prevent their dissolution by increasing the radius of curvature

and lowering the internal bubble pressure.
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Even though the hypothesis of the pinning may account for the unusual stability
of surface nanobubbles, the origin of pinning is unclear. It may result from
the roughness of the substrate or from chemical heterogeneities of the substrate
material. Again, this brings back a widely debated issue of contamination

in the nanobubble system.

According to the numerical calculations performed by Liu er al,''*!> the pinning
of the contact line may account for nanobubble contact angle higher than
for macroscopic bubbles. We can combine this result with the recent findings of
Peng et al” who claimed that interfacial gas enrichment covering the entire area
of hydrophobic solid/water interface might be responsible for unexpected stability
and anomalous contact angle of surface nanobubbles. A similar scenario was proposed
by Seddon er al''? and Grosfils er al''' who suggested that the area between
nanobubbles was covered by a thin layer of air and that nanobubbles sat on dense
layer of adsorbed molecules (micropancakes). Such an additional layer of material
on the sample may be a possible reason for the pinning of the contact line of

nanobubbles (see Figure 2.22).

Finally, in the calculations performed by Liu er al,''*!> a ring pattern modelling
either physical of chemical heterogeneity on the sample was assumed as an initial
point in the simulation of the bubble growth. In the case when the physical
heterogeneity was randomly distributed on the solid surface, the nanobubble was
stabilized by a contact line that had a non-circular shape. In the view of this results
and knowing that pinning was most likely the mechanism responsible for irregular
shapes of micropancakes,’® the question arises why most of nanobubbles observed
experimentally displayed a circular three-phase contact line. Clearly, more

investigation is needed to resolve this issue.

2.6.5 Dense gas aggregate

An alternative explanation to prolonged nanobubble stability is the hypothesis
presented by Wang et al'8!7 that nanobubbles are composed of dense gas aggregate
(gas in liquid form) rather than soft structures filled sparsely with gas molecules.
The presented model, valid also for micropancakes, was based on the results

of numerical simulation conducted by Fang er a/'*® for free nanobubbles in the bulk.
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However, the simulation did not explain the unusually large contact angle
of nanobubbles. Moreover, the hypothesis would be in contradiction with the FTIR
data measured on CO: and butane nanobubbles.”” The convincing experimental

evidence to support the dense gas aggregate hypothesis is still lacking.

To summarize this section, none of the presented models can comprehensively
and ultimately describe the formation, the long-term stability and high apparent
contact angles of surface nanobubbles. Nevertheless, it is likely that the described
mechanisms of nanobubble stabilization play a role at different stages
of the nanobubble’s lifetime, or that some or all of them contribute simultaneously
to the nanobubble existence and appearance. It is also possible that nanobubbles

are stabilized by another yet-to-be-discovered effect.

2.7 Applications of surface nanobubbles

Apart from being interesting for fundamental research, surface nanobubbles proved to
have a practical use. The main areas were nanobubbles may be or have been useful are

cleaning, micro- and nanofluidics applications and production of patterned surfaces.

Surface nanobubbles may be utilized as cleaning agents that are suitable for cleaning
various materials without risk of mechanically or chemically damaging the surfaces,
which may be important in many industrial processes. It has been shown that
nanobubbles have implications concerning the stability of protein assemblies
and protein folding® and they can be used to manipulate protein adsorption
on surfaces,'® in particular to prevent surface from fouling'*¢!¢’ or to clean surfaces
already fouled with proteins.®*!” Similarly, it has been shown that nanobubbles
influence the adsorption of nanoparticles®® and vesicles?® on surfaces and that they

can be used as cleaning agents for surfaces contaminated with nanoparticles.!>

Moreover, it is possible to use surface nanobubbles as masks to produce patterned
surfaces by controllably depositing material (i.e. proteins) on a surface.?”!
Alternatively, nanobubbles may be used to directly pattern soft surfaces!*
(Figure 2.23a). In addition, deliberate introduction of nanobubbles may facilitate
the assembly of nanoparticles into nanoring-like structures with controllable sizes
and distribution.”® Furthermore, patterned surfaces may be used to nucleate
nanobubbles with precisely controlled sizes, locations and even shapes.®136.152.153.203
Nanobubbles may also be used as templates to produce hollow nanoparticles

of different sizes'®® and nanoscale containers or crystals.204205
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Figure 2.23. AFM image of the net-like nanopattern appearing on the polystyrene surface
(Reprinted from ref. [133]. © IOP Publishing. Reproduced by permission of IOP Publishing.
All rights reserved). (b) AFM image of the bubbles in the gelatin matrix, under the surface
of the film, ‘pushing’ the film upwards. Vertical data scale 45 nm (Reprinted from ref. [161].
© IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved).

In addition, it has been shown that surface nanobubbles contribute to the slippage
of simple fluids near the solid wall.’¥12% They can be used to manipulate the flow
conditions in microfluidic and nanofluidic devices by actively changing
the wettability of the surface between non-slip and slip conditions. Moreover,

nanobubbles can be used as valves in nanofluid chips.??”

The list of actual and possible applications of surface nanobubbles is long and keeps
growing. It has been shown that nanobubbles are responsible for stability,
deformation and rupture of thin liquid films!¥161208 (Figure 2.23b) and that their
presence may influence stability of emulsions of oil in water.?”® Oxygen nanobubbles
may be crucial to propel catalytic nanomotors?' — rod-shaped nanoparticles consisting
of Pt and Au that move in aqueous solutions. Nanobubbles play also an important role
in flotation processes?'!?'? and in a microboiling behavior.?!3 Furthermore, they may
offer a novel hydrogen-storage method.?* Finally, a recent study showed that
nanobubbles may hinder microbubble formation and prevent the damage caused

by unwanted cavitation.!”!

Besides using surface nanobubbles to our advantage, their appearance on surfaces
must be prevented in the circumstances when the presence of gas is unwanted.
For example, nanobubbles may inhibit protein adsorption!® or influence the working
of microsensors causing significant measurement errors.?’>*'® Some industrial

processes may be hindered by the presence of nanobubbles, for example,
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in the coating industry (defects or heterogeneous coatings)*’2?® or in the
semiconductor industry (lithographic systems).?’* Moreover, nanobubbles may cause
hydrogen embrittlement of metals and alloys during electroplating and cathodic

protection and corrosion of metals.??

Finally, with surface nanobubbles being ubiquitous, there seems to be a strong reason
to suspect that they are present on hydrophobic surfaces in vivo in various biological
systems. Although the mechanism of interaction with biological surfaces and possible
biological impact of nanobubbles are yet unclear, it has been suggested that they may
affect the functioning of living cells, regulate gas transport through membranes, and
influence the aggregation of proteins or hydrophobic molecules or affect their
interactions.??'?22 Moreover, it has been considered that nanobubbles may play a role
in the development of microbubbles responsible for decompression sickness.??
Finally, the attempts have been made to use nanobubbles in a treatment of lung

diseases.??*

Thus far, electrolysis, solvent exchange and use of hydrophobic surfaces proved to be
the most efficient methods of nanobubble generation for practical applications. In
turn, degassing the water and application of a hydrophilic coating on a surface are the
two most common methods of disposing/preventing nanobubble formation. However,
in order to benefit maximally from the presence of surface nanobubbles or to control
their absence in the most efficient way, a deeper understanding of nanobubble
properties is necessary. Intensive research and rapidly growing knowledge about the
precise and reliable methods of controlling the size, location and stability of surface
nanobubbles on various surfaces opens a way to create new valuable applications of

nanobubbles in the future.
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Motivation and research objectives

Two decades after the discovery of surface nanobubbles, the explanation
and control of their existence and physical properties still pose major
scientific challenges. This thesis focuses on the analysis of surface
nanobubbles with Atomic Force Microscopy (AFM), which is the most
common technigue employed to study nanobubbles so far.
The knowledge of nanobubble dimensions is essential to estimate
correctly various nanobubble properties and parameters that are
necessary to formulate correct theories on their formation and stability.
It is known that AFM is an invasive technique to study soft samples. Fven
though much AFM evidence on nanobubbles has been published, it was
not clear how the AFM method influenced the apparent shape
of nanobubbles in AFM topographic images. The work presented in this
thesis systematically addresses this issue for various relevant AFM
Imaging modes. This chapter describes the motivation behind
the research and the main research objectives of the thesis, setting
the framework for the experimental evidence presented in the following

chapters.
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3.1 Motivation

The idea behind the work presented in the following chapters was born after a long
struggle to image surface nanobubbles with Atomic Force Microscopy (AFM). Despite
the best efforts to create similar experimental conditions in each experiment and
to keep them stable during several hours of the measurement, a substantial collection
of different-looking AFM images was gathered. As an example, several of these AFM
images are shown in Figure 3.1. Nanobubbles, if present in the images, looked
differently in different experiments. They were big or small, circular, elongated
or with irregular shapes, densely covering the sample surface or very sparse
and difficult to localize. On some days, bubbles in images were perfectly round
and the sample surface was smooth. On other days, bubbles were distorted, flat
or doughnut-like shaped and images were blurred. On some days, bubbles were
staying at their locations for hours. On other days, bubbles were “smeared” over
the sample surface and the imaging was unstable. On some days, bubbles appeared
in the images while on other days, even when “they were there”, for unknown reason,
it was difficult to obtain a single stable image. Finally, there were days when
nanobubbles did not appear on the sample in spite of using, what seemed, similar

experimental conditions as in the days when they did appear.

Faced with these inconsistent results of AFM imaging, it was a natural reaction to ask:
Why do surface nanobubbles look and “behave” so differently in different
experiments? In order to answer this question it was necessary to look critically at
the experimental technique, i.e. AFM and to investigate in detail the entire process

of imaging nanobubbles.

In the previous chapter, an extensive comparison and discussion of past experimental
and theoretical work on surface nanobubbles has been presented. Special attention has
been paid to several remaining uncertainties considering the nanobubbles’
composition, curvature, contact angle, internal pressure and lifetime. From this
description, it has become clear that AFM, which is the most commonly used
technique to investigate surface nanobubbles, is far from ideal as an analytical tool.
For example, the poor temporal resolution is often mentioned as a main drawback
of the AFM, as compared to other techniques utilized — capturing a single AFM image
usually requires several minutes. However, the benefit provided by the high spatial
resolution of AFM outweighed this limitation and made AFM the main source

of evidence on surface nanobubbles for the last 15 years.
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Figure 3.1. TM AFM topographic images of surface nanobubbles on highly oriented pyrolytic

graphite (HOPG) acquired under supposedly similar (but in fact: various) experimental

conditions. Vertical color scale of all images is 20 nm. Images reprinted from ref. [1].
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While confronted with the ubiquity of AFM images of nanobubbles in the literature,
it is easy to forget that the “predominance” of AFM in the nanobubble research does
not automatically imply that all information provided by the machine is correct.
Nor is the abundance of “similarly looking” data a guarantee that one always deals

with similar “nanobubble-like” objects.?

Unfortunately, in addition to the “inconvenience” caused by the poor temporal
resolution in most commercial AFM for measurements in liquid, AFM on surface
nanobubbles suffers from several other issues. Often, they are not readily noticeable
because they do not disturb the working of the microscope and the scanning protocol.
Nevertheless, they may greatly influence the data in AFM images and hence

all information about the sample that can be extracted from the images.

The AFM is invasive and, as the name indicates, it involves force. During scanning,
a non-zero force must be exerted on the sample in order to produce an image
or a force-displacement curve. If one deals with a sample containing very soft
material, exerting force may change the shape and/or the properties of the sample,
affect its functioning or even damage or destroy the sample.>*>¢ Even relatively soft
cantilevers, although minimize the chance of damage, do not prevent the sample
deformation completely, especially in the case of extremely soft materials. It has been
shown that AFM imaging may lead to the height underestimation of soft surfaces such
as polymers,”#%10 lipid layers,!! biological samples,'? and droplets!>!4151617 that in many
cases is caused by sample deformation. In particular, the apparent topography
of the sample may be influenced by several scanning parameters such TM AFM

amplitude setpoint'® or approach speed of the tip.?*

Bubbles, including surface nanobubbles, are very soft and fragile structures.?0-2122123
This feature makes them extremely prone to deformation in response to any external
force applied, which includes forces involved in the AFM scanning. The consequences
for the apparent shape and dimensions might be crucial to several issues that have

been discussed in the previous chapter, in particular nanobubble stability.

Although many authors agree that nanobubbles are possibly deformed during
the AFM imaging, this issue was not mentioned explicitly in the reports describing
experiments on nanobubbles, but for only few exceptions.?#?52627:2829 This was
probably caused by overmuch confidence put in the AFM, combined with a lack
of detailed technical knowledge over how the imaging is performed. In a typical AFM
device, a user is only required to set up the sample and the cantilever and to adjust

few parameters before the software carries on and does the scanning automatically.
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In many experiments on nanobubbles, with no external method to verify
the correctness of displayed data, the shapes and the sizes of the features in AFM
images were considered correct, or at least acceptable, as long as they resembled
nanobubbles (without any serious deviations or obvious artefacts visible). Only few
times the discussion was raised, if the features in the AFM images were indeed surface
nanobubbles and not a sort of contaminations or liquid droplets.23%3! Apart from that,
a large majority of AFM results was accepted as ‘nanobubbles’ without much
pondering. Interestingly, as shown in the previous chapter, similar approaches did not
necessarily apply to all sort of information derived based on the data measured from
the AFM images of nanobubbles. This includes several hypotheses trying to explain
the unusually long-term stability of nanobubbles observed experimentally.323
In defense of the widespread acceptance of the qualitative and the quantitative data
provided by AFM images of nanobubbles one must say that, until recently, very little
was known about the mechanism and extent of the nanobubble deformation during
AFM scanning and their possible consequences for the sample topography displayed
in an AFM image.

In short, despite several years of nanobubble research, the effects of AFM imaging
on the appearance of nanobubbles in a particular experiment and a particular AFM
image were unknown. Without that particular knowledge, maintaining constant
experimental conditions during the scanning was virtually impossible. Lack of control
over the imaging process resulted in unreliable experimental data and very likely led
to a large diversity of AFM images of nanobubbles and caused problems during

the imaging similar to the ones described at the beginning of this chapter.

With AFM being and, in the nearest future, remaining the main source of information
on surface nanobubbles, there was a great need to learn about the influence
of the scanning procedure on the quantitative information provided by AFM. A great
number of imaging modes that have been employed to image nanobubbles, each
of them having several parameters involved in the scanning, made this a challenging
task. In addition, one must keep in mind that an AFM experiment on surface
nanobubbles involves a procedure consisting of several steps including preparing
the sample, assembling the setup, scanning and post-processing the image,
and interpreting information derived from the image. In sum, it is a complex
experimental system ruled by many factors. Dealing with a multidimensional
parameter space required a series of carefully designed and executed AFM
experiments carried on surface nanobubbles described in the following chapters
of this thesis.
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3.2 Research objectives

The central research hypothesis addressed in this thesis is that apparent dimensions
of surface nanobubbles in AFM images do not reflect their actual dimensions, but

are distorted because of the imaging.

The main objective of the work described in the following chapters is
the determination of the factors that influenced the appearance of nanobubbles
in AFM images and description of their actual impact on the bubble dimensions
in order to reveal the actual bubble shape, size and mechanical properties.
In particular, it was important to determine if the wunusually flat profile
of nanobubbles reported in numerous experiments was merely a consequence of AFM
imaging or had its source in some independent mechanism. As already mentioned
in Chapter 2, this information is of great importance to the theories concerning

nanobubble formation and stability.

In the work, four AFM imaging modes were employed: TM, Peak Force Tapping,
Force Volume and lift mode AFM. Each of these modes involves different parameters
and protocol of imaging, and provides different information about the sample.
Comparing the results obtained independently on nanobubbles in these four scanning
modes made it possible to extract several principles that apply to AFM imaging
of surface nanobubbles in general, and to separate them from the results inherent

to a particular scanning mode.

First, in order to determine the influence of substrate wettability on the apparent
nanobubble shape, nanobubbles have been tested in TM AFM on specially designed
samples with similar physical properties (roughness) but different macroscopic contact
angles. Apart from providing information on the bubble shape and nanoscopic contact
angle, the experiment offered an opportunity to study the effect of tip convolution,
i.e. the influence of non-zero AFM tip apex size on the apparent nanobubble
dimensions, and to discuss the limitations it imposes on the imaging of nanobubbles
on different substrates with real AFM tips. In addition, in the experiment, a protocol

of the nanobubble analysis has been established.

In order to design a method to determine the unperturbed nanobubble shape, the next
two experiments focused on the effects of non-zero force AFM scanning conditions
employed during imaging on the apparent dimensions of surface nanobubbles.
The aim of these experiments was to establish quantitatively the relation between

the values of various scanning parameters and the change in the apparent nanobubble
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sizes in AFM images in order to use the discovered relation to estimate the actual

bubble dimensions.

Because to date most of the experiments on nanobubbles were done in TM AFM,
the first step was to analyze the influence of two parameters that define the scanning
force applied on the sample during the imaging performed in this mode, namely
the amplitude of the cantilever oscillation and the amplitude setpoint ratio
on the apparent nanobubble size. In the complementary Peak Force AFM experiment,
the results obtained in TM AFM have been verified by investigating the effect
of varying maximum scanning force on the apparent nanobubble dimensions.
This mode allowed not only to control directly the force that was exerted
on nanobubbles during imaging but also to obtain more straightforward information
on the nanobubble deformation in response to the scanning force, which confirmed
that deformation of nanobubbles is not unique to a specific imaging mode, but is

a general phenomenon in the AFM experiments.

Next, the nanobubble deformation in the AFM has been investigated in detail. First,
it was necessary to investigate the stiffness of nanobubble interface, in order
to determine what kind of material nanobubbles are made of: gas, liquid or solid.
Another interesting issue was the nature of interaction between an AFM tip
and a nanobubble during imaging. For these purposes, the experiments in Force

Volume and in combined Force Volume and lift mode AFM were performed.

Finally, a detailed analysis of the experimental results and comparing the AFM data
with the numerical results of the modeling of tip-nanobubble interaction provided

detailed information on the apparent and actual nanobubble shape.
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Surface nanobubbles on defined substrates

This chapter describes an atomic force microscopy (AFM) study of surface
nanobubbles on surfaces with varied wettability. First, we compared two
methods of preparation of moleculary mixed self-assembled monolayers
(SAMs) of octadecanethiol (ODT) and 16-mercaptohexadecanoic acid
(MHDA) on template-stripped gold — coadsorption from solution
and microcontact printing, in order to find the optimal conditions
to prepare surfaces with well-defined contact angles. Next, with a set
of substrates with systematically varied wettability, we investigated
the effect of varying macroscopic contact angle of the sample on the
apparent shape of surface nanobubbles in AFM height images
by performing a series of experiments in tapping mode (TM) AFM.
We found that for all tested samples, the nanoscopic contact angle Gnano
of the bubbles was higher than the corresponding macroscopic contact
angle Omacro. The values of Ghano decreased with decreased Omacro and
the discrepancy between them became less pronounced for more
hydrophilic surfaces. Very low Gnano < 86° were observed for the first time

for nanobubbles on hydrophilic surfaces.



80| CHAPTER 4



SURFACE NANOBUBBLES ON DEFINED SUBSTRATES |81

The chapter consists of the following publications:

Binary Self-Assembled Monolayers of Alkanethiols on Gold: Deposition
from Solution versus Microcontact Printing and the Study of Surface
Nanobubbles

Haider Bayat, Davide Tranchida, Bo Song, Wiktoria Walczyk, Elena Sperotto and
Holger Schonherr

Langmuir2011, 27, 1353-1358
Reprinted with permission. Copyright (2011) American Chemical Society.

Contribution in the article:

Haider Bayat: surface modification and analysis;

Dr. Davide Tranchida: surface modification and analysis, data analysis (spectra);
Dr. Bo Song: data analysis (spectra), AFM measurements;

Wiktoria Walczyk: AFM measurements and data analysis;

Dr. Elena Sperotto: synthesis of deuterated thiol, data analysis (spectra).

The experiment was designed and supervised, and the manuscript was written and perfected
by Prof. Dr. Holger Schonherr.

Supporting Information directly follows the article.

Contact Angles of Surface Nanobubbles on Mixed Self-Assembled
Monolayers with Systematically Varied Macroscopic Wettability by

Atomic Force Microscopy

Bo Song, Wiktoria Walczyk and Holger Schonherr

Langmuir2011, 27, 8223-8232
Reprinted with permission. Copyright (2011) American Chemical Society.

Contribution in the article:

Dr. Bo Song: surface modification and analysis, AFM measurements, contact angle

measurements of macroscopic bubbles, Scanning Electron Microscopy imaging of AFM tips;



82|CHAPTER 4

Wiktoria Walczyk: AFM measurements, AFM data analysis and calculations including:
measurements of AFM tips, modification and application of a 3-dimensional spherical-cap fit
model of nanobubble, error calculation, calculation of geometrical dependences, modelling

and calculation of tip convolution.

The experiment was designed by Prof. Dr. Holger Schonherr. Based on discussions and
guidance from Prof. Dr. Holger Schonherr, the manuscript was drafted by Dr. Bo Song and
Wiktoria Walczyk, and perfected by Prof. Dr. Holger Schonherr.

Supporting Information directly follows the article.



SURFACE NANOBUBBLES ON DEFINED SUBSTRATES|83

Langmuir
Article

pubs.acs.org/Langmuir

©2010 American Chemical Society

Binary Self-Assembled Monolayers of Alkanethiols on Gold:
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The coadsorption of alkanethiols on noble metals has been recognized for a long time as a suitable means of affording
surfaces with systematically varied wettability and other properties. In this article, we report on a comparative study of
the composition of the mixed self-assembled monolayers (SAMs) obtained (i) by the coadsorption of octadecanethiol
(ODT) and 16-mercaptohexadecanoic acid (MHDA) from ethanol and chloroform onto gold substrates and (ii) by
microcontact printing using poly(dimethyl siloxane) (PDMS) stamps. SAMs prepared by coadsorption from solution
showed a preferential adsorption of ODT for both solvents, but this trend was reversed in microcontact-printed SAMs
when using chloroform as a solvent, as evidenced by contact angle and Fourier transform infrared (FTIR) spectroscopy
measurements. An approximately linear relationship between the static contact angle and the degree of swelling with
different solvents was observed, which suggests that the surface composition can be controlled by the interaction of the
solvent and the PDMS elastomer. The altered preference is attributed to the different partitioning of the two thiols into
solvent-swelled PDMS, as shown by "H NMR spectroscopy. Finally, molecularly mixed binary SAMs on ODT and
MHDA on template-stripped gold were applied to study the effect of surface nanobubbles on wettability by atomic force
microscopy (AFM). With a decreasing macroscopic contact angle measured through water, the nanoscopic contact

angle was found to decrease as well.

Introduction

Self-assembled monolayers (SAMs) not only have been re-
garded as sometimes ideal model systems for studying funda-
mental aspects of surfaces and interfaces but also have quickly
found application in various surface-based technologies.'> Appli-
cation areas range from wettability control,’ sensor surface modi-
fication,* and nanoparticle synthesis® to surfaces with actively
switchable properties,’ to name just a few areas of interest. Soon
after starting in the 1980s with the first systematic studies of
monolayer formation and properties (e.g., in thiol- and disulfide-
based SAMs on gold”® or trichloroalkanesilane- or triethoxy-
alkanesilane-based monolayers on oxidized silicon9), it was realized
that surface properties can be varied systematically between two
limiting situations by assembling binary two-component SAMs. '
This feature among others predestines binary SAMs to be a
platform for surface-based supramolecular chemistry.*

T Part of the Supramolecular Chemistry at Interfaces special issue.
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Initial studies focused, for instance, on an improved under-
standing of the fundamentals of wetting.!! Wettability, as probed
in contact angle measurements of a probe liquid (often water) was
successfully varied in binary SAMs that were either nearly molec-
ularly mixed or phase separated into domains. Such wettability
control may also provide a means to address a controversial
phenomenon that has received increasing attention recently. The
so-called surface nanobubbles,'> '® originally inferred as the
potential origin of long-range forces observed in various force
measurements on hydrophobic surfaces,'” have been observed by
many groups worldwide. Their formation and extreme stability,'®
which is in conflict with the curved interface and corresponding
pressure difference, and the anomalously high contact angles'
are among the many unsolved questions in this area. The investi-
gation of surface nanobubbles on ultraflat surfaces with system-
atically varied molecular composition may provide additional
insight to clarify and demystify this phenomenon.

For alkanethiol SAMs on gold, it was realized that the
coadsorption of two different thiols from a mixed solution often
leads to fractional surface coverages that differ from the molar frac-
tion of the thiols in solution.?*?' This altered surface composition
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has been attributed to kinetic effects because a SAM of one of
the components is expected to be thermodynamically more
stable, hence in the thermodynamic equilibrium only one type
of thiol should comprise the SAM. Despite the kinetic control
of the surface composition and hence surface properties and
the concomitant need to determine the actual surface composition
experimentally, binary self-assembled monolayers of alkanethiols
on gold have found widespread application, as mentioned
above.

Another important breakthrough in the area of surface mod-
ification was certainly the introduction of microcontact printing
(uCP) as a versatile, cost-efficient patterning methodology.”* **
As reported originally for alkanethiols on gold, this method
has been expanded to other SAM systems and has found its
way into industrial patterning. Surprisingly few reports address
uCP involving binary thiol mixtures. Salaita et al. reported on the
deposition of a binary mixture of alkanethiols on a gold uCP
and dip pen nanolithography (DPN).?* These authors observed
intriguing phase-separation behavior via friction-mode atomic
force microscopy (AFM). In particular, nearly complete phase-
separation behavior was observed for microcontact-printed
16-mercaptohexadecanoic acid (MHDA) and 1-octadecanthiol
(ODT) mixtures with inner hydrophilic and outer hydrophobic
regions. This behavior was attributed to the different transport
properties of the two thiols. Considering the different solubilities
of the thiols in water, the formation of menisci by capillary conden-
sation, especially for DPN, and the resulting different transport
pathways, this observed phase separation can indeed be rationalized.

Obviously, the fabrication of molecularly thin patterns of
adsorbate molecules is a central application of uCP. However,
1CP also possesses the advantage that the formation of SAMs by
contact printing exploiting conformal contact is much more rapid
than assembly from solution. #CP may also be the method of
choice in situations in which the immersion of a composite
substrate in an organic solvent must be avoided to prevent the
extraction of potential contaminants and the deposition of these
trace compounds on the desired surface. One example is template-
stripped gold, which is prepared by peeling an epoxy-backed gold
layer from an atomically smooth substrate.”® Depending on the
solvent used to deposit the thiols, the epoxy glue may become
unstable or trace amounts of the components may be extracted
and deposited on the actual gold surface, thereby compromising
the SAM quality.

This potential drawback of solution deposition and potential
cross-contamination was the motivation for the current study. As
we report in this article, we investigated the coadsorption beha-
vior of binary solutions of MHDA and ODT on gold surfaces and
compared the possibly altered fractional surface coverage of the
thiols in the resulting SAMs with SAMs prepared by uCP using a
featureless stamp. In addition to the identification of a novel
means to control SAM composition in binary self-assembled
monolayers of alkanethiols on gold, we applied binary SAMs
with systematically varied wettability in a preliminary study of
surface nanobubbles. This work forms the basis for a broadened
scope of mixed SAMs as a supramolecular platform for studies on
surfaces.

(20) Laibinis, P. E.; Fox, M. A.; Folkers, J. P.; Whitesides, G. M. Langmuir
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Experimental Section

Materials. 16-Mercaptohexadecanoic acid (MHDA, HS(CH.);5-
COOH, 90%) and 1-octadecanthiol (ODT, HS(CH,);,CH3, 98%)
were obtained from Aldrich and used without further purification.
Ethanol and chloroform, used as solvents for the thiols, were
purchased from J. T. Backer (ethanol was 97% with 1% petro-
leum ether, chloroform was stabilized with about 0.75% ethanol).
Further experiments were carried out with other solvents includ-
ing dichloromethane (DCM, 99.99%, Fisher), diethyl ether
(99.98%, Fisher), ethyl acetate (99.99%, Fisher), acetonitrile
(99.99%, Fisher), and methanol (99.8%, J. T. Baker). Glass sub-
strates for gold evaporation were obtained from Menzel-Glaser.
The substrates, cut to a size of 60 mm x 26 mm, were immersed in
a solution of Nochromix (Aldrich, 2.0 g Nochromix in 18 mL of
concentrated sulfuric acid) overnight at room temperature. Water
(Werner Reinstwasser, E-pure) with a resistivity higher than 17.9
MQ cm was used in the experiments to clean glass substrates
before and after gold evaporation.

Sample Preparation. A thermal evaporator (MED 010/Bal-
zers Union) operating at 10~® mbar was used to deposit approxi-
mately 2 nm of chromium and 150 nm of gold (99.99%,
Allgemeine Gold und Silberscheideanstalt AG) onto the glass sub-
strates. Evaporated gold substrates (Au/Cr/glass) were cleaned by
exposure to chloroform, followed by rinsing with ethanol and
water. Afterwards, the substrates were further cleaned with pira-
nha solution, a sulfuric acid/hydrogen peroxide solution (3:1 v/v),
for 15s. (Caution! Piranha solution is very reactive and may explode
on coming into contact with organic solvents. Extreme precautions
must be taken at all times.) After piranha treatment, the substrates
were immersed immediately in water and then rinsed thoroughly
with water and ethanol, followed by drying in a stream of nitrogen.
Stock solutions of ODT and MHDA in ethanol and chloroform,
respectively, were prepared at a concentration of 1.0 mM, followed
by mixing in the appropriate ratios to obtain mixed solutions with
a known composition of each thiol and a constant total concen-
tration of adsorbate. Gold substrates were immersed for 20 h in
these solutions that were saturated with argon. After the formation
of the self-assembled monolayers, the substrates were rinsed with
pure solvent and dried in a stream of nitrogen.

Microcontact Printing. The stamp material Sylgard-184
PDMS, obtained from Dow Corning, was mixed in a polystyrene
Petri dish in a 1:10 curing agent/prepolymer ratio. After the two
components were mixed, PDMS was degassed in a vacuum
chamber and then cured overnight at 60 °C. Thin PDMS slabs
were cut with a scalpel and used as stamps to provide unpatterned
homogeneous SAMs. Each stamp was immersed in ethanol and
sonicated for 2 min prior to use to remove dust and impurities on
the PDMS. The PDMS slab was dried in a stream of nitrogen and
then immersed for 4 min in the corresponding solution. After-
wards, the slab was rinsed with the corresponding pure solvent
and briefly dried in a stream of nitrogen. Then the stamp was
brought into contact with the cleaned gold surfaces. A mass of
500 g was placed on the PDMS stamp for 10 min in order to
achieve conformal contact. After this time, the gold surfaces were
rinsed with ethanol and dried with nitrogen.

Contact Angle Measurements. Contact angles were measured
with minimal delay on a contact angle microscope (Dataphysics
OCA-15) with water as the probe liquid. Static, advancing, and
receding contact angles were measured at room temperature.

Fourier Transform Infrared Spectroscopy. The FTIR spec-
tra in grazing incidence reflection mode were obtained using a
Bruker IFS 66v FTIR spectrometer equipped witha VEE MAX 11
grazing-angle accessory (Pike Technologies) and a liquid-nitro-
gen-cooled cryogenic mercury cadmium telluride (MCT) detec-
tor. The spectral resolution was maintained at 2 cm ™' with 1000
scans. Background spectra were obtained from a gold substrate
modified with a SAM of 1-decanthiol-d>,.

Template-Stripped Gold. Silicon wafers were cut into 1 cm?
pieces, pretreated with piranha solution until no gas bubbles

Langmuir 2011, 27(4), 1353—-1358
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Scheme 1. Schematic of Solution Assembly and Microcontact Printing of Binary Thiol Mixtures on Gold
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evolved, and then thoroughly washed with water and blown dry
with nitrogen. The dried, dust-free pieces of the wafer were
directly placed into the vacuum chamber for the eva;aoration of
gold. Vacuum was held at approximately 1076 to 10™> mbar, and
the evaporation rate was less than 0.1 nm/s for the first 15 nm and
was then increased to 0.4 nm/s to yield a final gold thickness of
between 100 and 150 nm. The samples were allowed to cool for
15 min in the vacuum chamber and after venting were immedi-
ately glued onto the clean glass slides (EPO-TEK 377) and cured
at 150 °C for 2 h. The glass substrate was separated from the
silicon wafer using tweezers. Special care was taken not to glue the
glass directly to the bare silicon wafer surface. The flat gold sur-
faces that were obtained were used without any further treatment.

Atomic Force Microscopy (AFM) Measurement. A Multi-
Mode Illa AFM (Veeco, Santa Barbara, California) equipped
with a tapping-mode liquid cell was used. The cantilever-tip
assemblies (Veeco type MLCT, nominal resonance frequency of
15 Hz and spring constant of 0.03 N/m) were cleaned in oxygen
plasma (30% power for 1 min on a SPI Plasma Prep II) prior to
use. After the substrate was mounted on the scanner, a drop of
purified water was placed on the substrate and then the liquid cell
with a mounted tip was put on the top of substrate. All experi-
ments were conducted in tapping mode at room temperature after
an equilibration time of 60 min.

Results and Discussion

The assembly of the two alkanethiols from ethanol and chloro-
form solution onto clean gold substrates was investigated first to
establish the relationship between the molar fraction in solution
and the fractional surface coverage in the SAM after an assembly

Langmuir 2011, 27(4), 1353—-1358

time of 20 h. The compositional analysis is based on the mea-
surement of the water contact angles and the application of the
Cassie (eq 1)*” and Israelachvili equations (eq 2).%® It is well
known that contact angle data on heterogeneous surfaces can be
modeled successfully by the Cassie equation. The equation is
particularly applicable when the surface is composed of separate,
chemically distinct patches. By contrast, when the size of the
patches approaches molecular dimensions, the Israelachvili equa-
tion is used.

COS Oexpt = XA €OS B + xp cos O (1)

(14+cos Gexpt)z = xa(14cos GA)2 + xg(1+cos 93)2 (2)

where Ocyp,(, Oa, and Op denote the contact angles of the mixed
SAM, a SAM of pure thiol A, and a SAM of pure thiol B, res-
pectively, and x5 and xp denote the fractional surface coverages
of the corresponding components.

In addition to the contact angle data analysis, the grazing-angle
reflection FTIR spectra were recorded and analyzed after decon-
volution. From the contact angle data shown in the Supporting
Information and the FTIR spectra shown in Figure 1, itis obvious
that the type of solvent in this case has a marginal influence on the
composition of the mixed SAMs. A preferred adsorption of ODT
is obvious. The FTIR spectra show the well known absorbances
attributed to the C—H stretching vibrations of the methyl and

(27) Cassie, A. B. D.; Baxter, S. Trans. Faraday Soc. 1944, 40, 546.
(28) Israelachvili, J. N.; Gee, M. L. Langmuir 1989, 5, 288.
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Figure 1. Grazing-angle FTIR spectra of mixed SAMs assembled from ethanol solutions (left) and chloroform solutions (right).
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Figure 2. Fractional surface coverage of mixed SAMs assembled from ethanol solutions (left) and chloroform solutions (right) as determined
from contact angle measurements and the application of the Cassie and Israelachvili equations, as well as from FTIR data.

methylene groups of the thiols comprising the SAMs.® The C—H
stretching region of the FTIR spectra of ODT is different from
that of MHDA because ODT shows C—H stretching bands of the
methyl group (—CHs), which are not observed for MHDA. In
general, in the ODT spectra there is an asymmetric methyl
stretching band (v, CH;, ~2964 cm™ "), an asymmetric methylene
stretching band (v, CH,, ~2919 ¢cm™"), a symmetric methyl
stretching band (v; CH;, ~2879 cm™ '), and a symmetric methy-
lene stretching band (v CH,, ~2850 cm™ "), and MHDA shows
only two peaks related to the methylene stretches. In the spectra, it
can be noted that the peaks at ~2879 and ~2964 cm™ ' decrease
gradually from the pure ODT to mixed SAMS obtained from
solutions of mixed thiols, finally vanishing for the pure MHDA.

The area under the peaks was deconvoluted, and the ratio of
the two thiols was hence estimated. The data are summarized and
compared to the fractional surface coverages calculated on the
basis of the Cassie and Israelachvili equations, respectively, in
Figure 2. Despite the scatter in the data, it becomes evident that
mixed SAMs of ODT and MHDA show a preferential adsorption
of the hydrophobic long-chain thiol and irrespective of the solvent
used for assembly do not exhibit significant differences.

These data can be compared to data by Bain and Whitesides,
who analyzed binary SAMs of undecanthiol and mercaptounde-
canoic acid,®and work by Lee et al.,>* who compared the
coadsorption of hexadecanethiol and MHDA. In both cases, a
much less pronounced preference for the adsorption of the
methyl-group-terminated thiol was observed. This effect can be
attributed to the practically negligible difference in chain length
for those systems. Consequently, our measurements are in agree-
ment with literature data, which show that an increase in the

chain-length difference between the two thiols favors the adsorp-
tion of the long-chain thiol.*' Thus far, the data are in full
agreement with the available literature.

In general, we observed that the Israelachvili equation de-
scribes the compositional data obtained from the analysis of the
FTIR data better than the Cassie equation. This may indicate that
the binary SAMs are mixed on very small length scales. Indepen-
dent confirmation of this assertion was obtained by time-of-flight
secondary ion mass spectrometry (ToF-SIMS, Supporting In-
formation) and lateral force microscopy measurements (Support-
ing Information).*?

When binary SAMs were prepared by #CP, a pronounced
effect of the solvent used to apply the thiols to the stamp was
observed. For stamping, a featureless stamp was used to avoid
possible effects of capillary condensation and differential solubi-
lity of the two thiols in the water meniscus.”> SAMs prepared
using ethanol showed an enhanced preference for the adsorption
of ODT, whereas for chloroform the opposite trend was observed
(Figures 3 and 4, contact angle data in Supporting Information).
In the latter case, MHDA adsorption was preferentially adsorbed.

In principle, this pronounced effect can be attributed to the
differential uptake or differential release (or both) of the corre-
sponding thiols into the PDMS stamp. A striking difference
between the two solvents used thus far is the degree of swelling
of PDMS. Although ethanol possesses only a marginal, if any,
effect on PDMS and thus represents a solvent of choice for inking
stamps in uCP, chloroform swells the stamp to a significant
extent. The swelling of the stamp will certainly alter the partition-
ing of low-molar-mass compounds in the stamp. Thus, the degree
of swelling was measured for a range of different solvents for a

(29) Bain, C. D.; Whitesides, G. M. Langmuir 1989, 5, 1370.
(30) Lee, G. S.; Kim, T. Y.; Choi, H.; Ahn, D. J. Korean J. Chem. Eng. 2009, 26,
691.
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(31) Bain, C. D.; Whitesides, G. M. J. Am. Chem. Soc. 1989, 111, 7164.
(32) Wilbur, J. L; Biebuyck, H. A.; MacDonald, J. C.; Whitesides, G. M.
Langmuir 1995, 11, 825.
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Figure 3. Grazing-angle FTIR spectra of mixed SAMs prepared by #CP using ethanol solutions (left) and chloroform solutions (right).

@ o 17 °
g g @ Cassie
% 14 ° % 08 4 O Israelachvili
3 8 o FTIR
g 08 - % 3
S & 0.6
t
§ 06 4 i ° ICasslie - 2 ¢
- o Israelachvili S é
© < i
5 044 o FTIR s 04 i {
k] S
g £ 02 ]
E 021 halg % H
[a] a g [ ]
° o . . : . @ o048
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

Molar fraction ODT in solution

Molar fraction ODT in solution

Figure 4. Fractional surface coverage of mixed SAMs prepared by uCP using ethanol solutions (left) and chloroform solutions (right) as
determined from contact angle measurements and the application of the Cassie and Israelachvili equations as well as from FTIR data.

constant immersion time of 10 min in a solution of xgpr
(solution) = 0.5 (Table 1). If we compare the degree of swelling
and the resulting surface composition of the binary SAM, then a
clear correspondence is observed (Figure 5). The higher the degree
of swelling, the lower the contact angle and hence the higher the
fraction of MHDA in the binary SAM at constant xopr (solu-
tion). It is noted that the measured contact angle data cannot be
rationalized on the basis of the dielectric constants of the sol-
vents or the polarity or H-bonding capability (Supporting In-
formation).

From these data, one can conclude that the partitioning of the
two thiols into the stamp and the release indeed depends on the
degree of swelling of the stamp. We postulate that an increase in
the degree of swelling of the stamp results in a higher fraction of
the more hydrophilic thiol in the apolar PDMS matrix. This
postulate is supported by extraction experiments carried out by
placing PDMS slabs into solutions with xopt = 0.7 in chloro-
form. The ratio of the two thiols was determined by solution 'H
NMR after bringing the solutions to dryness and taking up the
solid with deuterated chloroform. An increase in the MHDA
fraction of up to 15% was thus observed.

These data show that the composition of practically molecu-
larly mixed binary SAMs can be conveniently adjusted via the
selection of the appropriate ratios of the two thiols as well as the
choice of the solvent and the mode of SAM formation. In parti-
cular, uCP of binary mixtures with complementary preferential
adsorption compared to solution assembly has been established
here as a very rapid method for depositing mixed SAM. Most
notably, the method can be expanded to situations in which liquid
organic solvent must be excluded.

The binary SAMs described above were applied to interrogate
the recently controversially discussed gas cavities (called surface

Langmuir 2011, 27(4), 1353—-1358

Table 1. Degree of Swelling of the PDMS Stamps Determined

Gravimetrically
solvent % weight difference
chloroform 56£1.0
dichloromethane 60+1.0
diethyl ether 52+1.0
ethyl acetate 20+1.0
acetonitrile 1.0+£0.2
ethanol 0+0.2
methanol 1.0 +0.2

nanobubbles) at the solid—liquid interface.'*”" By systematic
variations of the SAM composition, the wettability of the surface
can be varied over a broad range and the anomalously high
contact angle observed thus far for the nanobubbles can be
addressed.” As shown in Figure 6, elevated features with the
appearance of spherical caps were observed by tapping AFM in
water at SAM surfaces on template-stripped gold for SAMs with
different macroscopic contact angles. The observed features
resemble those reported in the recent literature and can be faith-
fully assigned to nanobubbles because the consistency checks,
including imaging the underlying substrate at higher forces in
contact mode and observing the nanobubbles at low forces (or
tapping mode) afterwards, were successfully carried out.
Nanobubbles were detected on SAMs of ODT (Supporting
Information) and binary SAMs with static contact angles as low
as 15°. Because all substrates possess identical roughness values of
the underlying template-stripped gold substrate, any roughness
effect can be neglected. In all measurements, the amplitude set
point was adjusted to be as high as possible and the rms amplitude
was adjusted to be as low as possible to ensure the minimum
impact of the tip oscillation on the measured bubble dimensions.
The dimensions of these nanobubbles were found to be, depending

DOI: 10.1021/1a1039442 1357
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(a)

(c)

Figure 6. Tapping-mode AFM heightimages acquired in water on binary SAMs with macroscopic contact angles of (a) 50, (b) 30, and (c) 15°
(the height scale covers 20 nm). The depressions observed in panels b and c are isolated imperfections in the template-stripped gold substrate

that were found to have no impact on the AFM data observed.

on the wettability of the SAM, approximately between 5 and
20 nm in height and between 20 and 50 nm in apparent radius. It is
striking that nanobubbles on the more hydrophilic SAMs appear
to be very small, thus increasing the uncertainty in the quantitative
determination of the bubbles’ dimensions. In addition, the data is
heavily convoluted because the AFM tip can track only the top
part of the bubble.

A truly quantitative analysis of these data is beyond scope of
this article because not only the impact of the AFM tip and the
force exerted on the cavities on the height data but also an
accurate deconvolution (to correct for tip-broadening effects)
and the errors in the fitting procedure (fit of the observed profile
to a spherical cap) must be considered. A complete account of this
ongoing work will be reported elsewhere.

Conclusions

The composition of binary self-assembled monolayers of
MHDA and ODT assembled from ethanol and chloroform
solution was compared for the first time to that of mixed SAMs
prepared by microcontact printing using featureless stamps.
Although the solution assembly data was found to be in agree-
ment with literature data on the coadsorption of methyl- and
carboxylic acid-terminated thiols with identical chain length and
preferential adsorption for longer-chain thiols, the composition of
microcontact-printed binary SAMs was found to depend on the
degree of swelling of the PDMS stamp. Compared to ethanol that

1358 DOI: 10.1021/1a1039442

does not swell the elastomer and hence led to the preferred
adsorption of ODT, chloroform showed the opposite trend.
Therefore, the composition of mixed monolayers can be tuned
by using an appropriate solvent at constant molar fractions of
thiols. Molecularly mixed binary SAMs were further investigated
at the solid—liquid interface by in situ tapping-mode AFM.
Nanobubbles were observed for all SAMs, even when the macro-
scopic contact angle was as low as 15°. This work forms the basis
for a systematic and quantitative analysis of surface nanobubbles
on SAMs with systematically altered wettability.
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chloroform solutions (right)
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CHO, | CHO,
Figure S-4. ToF-SIMS data for the CHO, ion (left: positive mode; right: negative mode; image

size 100 pm x 100 pum) for a binary SAM prepared from a solutuion with xopr = 0.5.
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Figure S-5. Tapping mode AFM images acquired in water on SAM of ODT.
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Table S-1.  Solvents characteristic properties and corresponding contact angle

Solvents Polarity | H-bond | Dielectric constant Contact angle
soo/o(solvent-oDT)lsoo/o(solvent-MHDA)
Chloroform - - 4.8 50
DCM - - 9.1 44
Diethyl ether - + 4.3 65
Ethyl + + 6 82
acetate
Acetonitril + + 37 105
Ethanol + + 33 98
Methanol + + 30 103
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ABSTRACT: The dependence of the properties of so-called
“surface nanobubbles” at the interface of binary self-assembled
monolayers (SAMs) of octadecanethiol (ODT) and 16-mer-
captohexadecanoic acid (MHDA) on ultraflat template-
stripped gold and water on the surface composition was studied
systematically by in situ atomic force microscopy (AFM). The
macroscopic water contact angle (6,,cr0) of the SAMs spanned
the range between 107° & 1° and 15° % 3°. Surface nanobub-
bles were observed on all SAMs by intermittent contact-mode

WATER Nanoscopic N
contact angle
AR om S LA
| N\ Nt ]
Width W s, enamvs blnary ;
Radius of curvature R¢ ~~~_ “SAM composition /

S

AFM,; their size and contact angle were found to depend on the composition of the SAM. In particular, nanoscopic contact angles
0.ano < 86° were observed for the first time for hydrophilic surfaces. From fits of the top of the bubble profile to a spherical cap in
three dimensions, quantitative estimates of nanobubble height, width, and radius of curvature were obtained. Values of 0,,.,,
calculated from these data were found to change from 167° & 3° to 33° & 58°, when 0., decreased from 107° &= 1° to 37° & 3°.
While the values for 0,,,,, significantly exceeded those of 0., for hydrophobic SAMs, which is fully in line with previous reports,
this discrepancy became less pronounced and finally vanished for more hydrophilic surfaces.

B INTRODUCTION

Nanometer-scale gas-filled cavities observed at the solid—
liquid interface, the so-called “surface nanobubbles”, have at-
tracted considerable attention recently. This interest stems,
among others, from the meanwhile confirmed role of these
bubbles in the long-range hydrophobic interactions originally
observed in the 1980s." In addition to the still unclear mechanism
of nanobubble formation and the origin of their surprising
stability, there are a number of potentially interesting applica-
tions that capture the interest of many groups worldwide. These
include froth flotation,” hydrodynamic boundary slip,® or manip-
ulation of protein adsorption.*

Surface nanobubbles were first observed in atomic force
microscopy (AFM) measurements reported independently in
2000 by Lou et al.® and Ishida et al.® As has been reviewed
recently,””” the conditions under which nanobubbles form, their gas
content, and many other details, mcludlng some characteristics of
micropancakes, have been reported.'® However, it is fair to state
that several issues remain far from being understood. These
include, among others, nanobubble stability and their unexpect-
edly high values for the nanoscopic contact angles (measured
through water).

The Laplace pressure, which is a consequence of the curved
interface, and the gas transport through the interface can be
modeled quantitatively.'"”'* Depending on the radius of curva-
ture, the predicted lifetimes for nanobubbles are far below a

v ACS PublicatiOﬂS © 2011 American Chemical Society

second,””>'? which is in contradiction with the long lifetimes

observed experimentally. Several models have been put forward
to explain the stability. Brenner and Lohse' proposed a dynamic
model with an inward and outward flux of gas, while Ducker'*
attributed the stability to a stabilizing contamination layer at the
air—water interface, which alters the diffusion behavior of the
enclosed gas. Recent reports underline the effect of surfactants
on bubble properties; however, the effect is not large enough to
be the sole cause of the stabilization.'®

Another yet unexplained feature is the very high (compared to
macroscopic contact angles) apparent contact angle of surface
nanobubbles (Figure 1)."* Most studies have targeted hydro-
phobic surfaces [silane-modified silicon wafers, highly oriented
pyrolytic graphite (HOPG), polystyrene, etc.], while studies on
hydrophilic surfaces are limited to mica’’ and metals, such as
platinum."® Surprisingly, all nanoscopic contact angles reported
to date in the literature are higher than the macroscopic contact
angles. Even for surfaces, such as mica, that are macroscopically
completely wetted by water, nanoscopic contact angles of >120°
were reported,'” while hydrophobic surfaces show contact angles
between >160° and 119°.'¢
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Figure 1. (a) AFM height image of surface nanobubbles on a mixed SAM and cross-sectional plot of one nanobubble. (b) Schematic cross-section of a

nanobubble.

It is obvious that there is considerable interest to address this
substantial discrepancy. All studies reported to date were either
confined to a single type of substrate and hence macroscopic
wettability or focused on different substrates with unique wetting
properties but also considerably differing nanoscale surface
topographies.17b’19’20 This renders any comparison difficult.

To obtain insight into the relation of surface nanobubble pro-
perties in dependence of the surface wettability (at constant
topography) and hence to clarify and demystify some of the
phenomena mentioned above, we investigated how nanobubble
shape and nanoscopic contact angles depend on the composition
of binary self-assembled monolayers (SAMs)*' on ultraflat gold
surfaces. The template-stripped gold®* ensures the absence of
differences in substrate topography, and the molecularly mixed
two-component SAM allowed us to systematically vary the
macroscopic substrate wettability. In addition, recent hypotheses
that assigned the disparity between nanoscopic and macroscopic
contact angles to contamination effects are critically addressed.

B EXPERIMENTAL SECTION

Materials. 16-Mercaptohexadecanoic acid [MHDA; HS-
(CH,);5sCOOH, 90%) and 1-octadecanthiol [ODT; HS-
(CH,),,CHs, 98%) were purchased from Aldrich and used
without further purification. Ethanol (97% with 1% petrol ether)
was purchased from J.T. Baker. Milli-Q water from a Direct-Q 8
system (Millipore) with resistivity of 18.0 M€2/cm was used in all
experiments. EPO-TEK 377 epoxy glue was purchased from
Polytec PT GmbH Polymere Technologien, Germany. This two-
component glue contains no solvent and is resistant to many
solvents, in particular alcohols.

Substrates and Self-Assembled Monolayer Preparation.
The ultraflat gold surface was prepared by the method reported
by Stamou et al*> Silicon wafers [CZ-silicon wafer, type P/
boron/(100), manufactured by Okmetic, Finland] were cut into
1 cm x 1 cm square pieces and pretreated with piranha [a sulfuric
acid/hydrogen peroxide solution (3:1 v/v)] until gas bubbles
stopped evolving, followed by a thorough wash with Milli-Q
water and drying in a stream of nitrogen. Warning: Piranha
solution is highly reactive and may explode upon contact with organic
material, such as solvents. Extreme precautions must be taken at all
times. The dried and dust-free wafers were directly placed into the
vacuum chamber of a thermal evaporator (MED 010, Balzers
Union) for evaporation of gold (pressure 1 x 10~ ° mbar;
evaporation rate ~0.1 nm/s for the first 15 nm and then

~0.4 nm/s to yield a final gold thickness around 150 nm). The
samples were allowed to cool down for 15 min in the vacuum
chamber and were then quickly glued onto the clean glass slides
(which were pretreated with piranha for 10 min, rinsed with water
and ethanol, and blown dry with nitrogen) and cured at 150 °C for
2 h. Before use, the silicon wafer was carefully separated from the
glass substrate by use of a scalpel knife. Inmediately afterward, the
substrate with the ultraflat gold surface was immersedina 1 x 10>
mol/L ethanolic solution of thiols (MHDA, ODT, or a binary
mixture) for SAM formation. After 2 h, the substrate was taken out,
rinsed with ethanol, and blown dry with nitrogen. Contact angles
were measured with minimal delay. Specimens for AFM experi-
ments were again rinsed with ethanol and dried with nitrogen and
then introduced into the AFM for nanobubble investigations.

Contact Angle Measurements. The contact angles of the
modified surfaces were measured with an OCA 1Splus instru-
ment (Data Physics Instruments GmbH, Germany). Contact
angle data based on both the sessile drop method and the captive
bubble method were acquired. For the captive bubble measure-
ments, the substrates were put upside down in a glass cell (GC20,
Data Physics Instruments GmbH, Germany) and air was injected
by a syringe from below. The volume of the air bubble was
calculated on the basis of recorded optical images, calibrated via
the known diameter of the syringe needle.

Fourier Transform Infrared Spectroscopy. Fourier trans-
form infrared (FTIR) spectra were obtained in grazing-angle
reflection mode on a Bruker IFS 66v FTIR spectrometer equipped
with a liquid nitrogen-cooled mercury—cadmium—telluride (MCT)
detector and a VEEMAX-II grazing-angle accessory (Pike Tech-
nologies). In total, 1024 scans with a spectral resolution of 2 cm ™"
were recorded. Background spectra were obtained with a bare
gold substrate. Peak deconvolution, as reported previously,”® was
applied to separately integrate the areas of the peaks at
approximately 2850 cm ™' (vibration of —CH,) and 2880 cm ™'
(vibration of —CH3) to determine the surface composition of the
binary SAM.

AFM Measurement and Image Analysis. Nanobubble ima-
ging was carried on two different AFM instruments: a Multi-
Mode Illa (Veeco, Santa Barbara, CA; substrates with 6., =
117°, 86°, 60°, 50°, and 37°) and a BioScope I (Veeco, Santa
Barbara, CA; substrate with 0,,,.c = 15°). Two types of probe
tips were used: Veeco MLCT V-shaped SisN, (cantilever with
nominal spring constant of 0.03 N/m) and Veeco DNP-S
V-shaped Si3sN, (cantilever with nominal spring constant of

8224 dx.doi.org/10.1021/1a2014896 |Langmuir 2011, 27, 8223-8232
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Figure 2. (a) Macroscopic contact angles (,,,.r0) determined by the sessile drop method vs molar fraction of ODT (xopr) in the assembly solution.
(b) Surface xopr calculated from FTIR vs solution xopr- (c) Macroscopic contact angles measured by sessile drop and captive bubble methods vs
solution xop. Data for captive bubble experiments in the presence of siloxane contamination are also shown.

0.32 N/m). All cantilevers were cleaned immediately prior to use
by oxygen plasma for 60 s (PlasmaPrep2, GaLa Instrumente).
Measurements were conducted in an open liquid cell config-
uration (without rubber O-ring). Before use, the liquid cell
was rinsed with ethanol and dried in a stream of nitrogen. A
drop of Milli-Q water was placed directly on the sample by use
of a syringe. Another drop was placed on the liquid cell and
then the cell was mounted into the optical head of the
microscope. Upon lowering the optical head, the two droplets
coalesced and were squeezed such that a meniscus formed
between the sample and the liquid cell. The system was left
for about 30 min to thermally equilibrate before the measure-
ments were started. All the experiments were conducted at
room temperature.

After recording of the AFM images, the raw data were
processed with a first-order plane fit and a first-order flattening
(here the nanobubbles were excluded). These images were
exported to ASCII format and further analyzed with MATLAB
7.10.0.499 (R2010a) software.

Tip Correction. The tip radii were evaluated by two meth-
ods: section profiles of scanning electron microscopy (SEM)
images of the tips used (acquired on a FESEM Ultra S5
produced by Carl Zeiss SMT GmbH, Germany) and blind
reconstruction by use of images obtained on a standard sample
(TGT1, NT-MDT Co., Russia). The radii of curvature of the
tips were determined by fitting a circle to the SEM images of
the apex of the tips. The blind reconstruction was carried out
with SPIP software, purchased from Image Metrology A/S,
Denmark.

B RESULTS AND DISCUSSION

As the central objective of this study was to unravel the relation
between macroscopic and nanoscopic contact angles for surface
nanobubbles, we start with a thorough analysis of the composi-
tion and wettability of the binary SAM substrates on ultraflat
gold. Subsequently, the imaging of nanobubbles on substrates
with systematically varied wettability by AFM is discussed.

Prior to the liquid cell AFM work, the surface roughness of the
ultraflat template-stripped gold surface was examined by inter-
mittent contact (tapping) mode AFM in air. While gold surfaces
prepared by conventional thermal evaporation possess a typical
root-mean-square (rms) roughness of approximately 4—5 nm
covering height differences of over 20 nm, the ultraflat gold
showed rms roughness of 0.2 nm and height differences of
<1.0 nm. In addition to the low number of pinhole-type defects,
the low roughness and small surface corrugation ensure that
nanobubbles on SAMs on close to atomically smooth surface
were studied.

By changing the molar fraction of ODT (xopt) in the
assembly solution, binary SAMs of ODT and MHDA with
different surface wettabilities, ranging from 107° & 1° to 15° &
3°, were obtained. As shown in Figure 2a, the static contact angles
of the mixed SAMs increased with increasing xopr in the
assembly solution. In line with reports in the literature and also
our previous work,” the relationship was found to be nonlinear.
The surface compositions of the mixed SAMs were calculated by
use of the Israelachvili—Gee equation (eq 1)** that was inde-
pendentlzf shown to agree more favorably than the Cassie—Baxter
equation” with grazing angle reflection FTIR spectroscopy data

8225 dx.doi.org/10.1021/1a2014896 |Langmuir 2011, 27, 8223-8232
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Figure 3. (a) Three-dimensional representation of AFM height image of a nanobubble acquired on a binary SAM. (b, c) Three-dimensional spherical
fits (mesh) of the AFM data points (data points are indicated as circles). For bubbles with low contact angles, only the top part of the bubble could be

fitted.

(Figure 2b).> Independent lateral force microscopy and time-of-
flight secondary ion mass spectrometry data underline the
conclusion from this observation that the binary SAMs are
practically molecularly mixed with no discernible phase
separation.

For the mixed SAMs, the surface xopt was always larger than
the solution xopt, which indicates that ODT adsorbs preferen-
tially under the same conditions (concentration, temperature,
adsorption time, etc)

(14 cos 0)* = fi(1+ cos 0;)* + f,(1 + cos ;) (1)

Here, f; and f, are the fractional surface coverages of the two
components in the mixed monolayer, respectively; 8, and 0, are
the contact angles of the pure monolayers (6 = 12.5° £ 3.2° and
0, = 109.3° £ 0.5°); and 0 is the contact angle of the mixed
monolayer.

The macroscopic contact angles (denoted 6,,,,r.) were eval-
uated by the sessile drop and also by the captive bubble method,
as an analogous method. In these experiments the same series of
samples were used. As shown in Figure 2c, the contact angles
measured by the sessile drop method () and by the captive
bubble method (A) show a very similar trend for the various
surfaces. The captive bubble data showed consistently ~5°
higher readings. To be able to compare our data to the literature,
we use from here on the macroscopic contact angle data
determined according to the sessile drop method. This choice
has no significant impact on our conclusions.

Using a separate set of samples, the contact angles were
determined by the captive bubble method with Milli-Q water
that was intentionally brought into contact with the siloxane-
containing packaging material. This material was believed to
contribute to the anomalously high nanoscoépic contact angles
observed before, for example, on HOPG.'® Here a piece of
poly(dimethylsiloxane) (PDMS) material (10.0 x 10.0 X 1.5 mm®)
that was cut from the Gel Pack AFM tip storage box was
immersed in 20 mL of Milli-Q water for 24 h. The data in
Figure 2c (O) show that there was no significant change in 0,,¢r0
compared to the values measured in pure Milli-Q water, which
means that the gel pack tested yielded, if at all, a contamination
level that was too low to influence the contact angles.

To further underscore the above interpretation, two sets of
experiments were carried out. First, the thus presumably con-
taminated water was evaporated in vacuum and the “contamina-
tion” was dissolved in deuterated chloroform (without tetra-
methylsilane). 'H NMR spectroscopic data (Supporting Information,

Figure S-1a) confirmed that no PDMS contamination in the
water was detectable. A certain amount of heptane had been
added as internal standard.

A second control experiment was performed by adding an
oligomeric PDMS precursor (silicone prepolymer type Sylgard
184, Dow Coming GmbH, Germany) as contaminant to the
water. "H NMR spectroscopic data (Supporting Information,
Figure S-1b) showed a peak attributed to the protons of a
dimethylsiloxane unit. This means that the PDMS precursor
may indeed contaminate the water and, by adsorption on the
substrate surface, this may potentially result in changes of the
surface wettability. However, under the conditions tested, 0,,,,cro
reached a maximum value of 110° (Supporting Information,
Figure S-2), which does not satisfactorily explain the anoma-
lously high nanoscopic contact angles of 160°."°

Intermittent contact (tapping) mode AFM data of the surface
nanobubbles were acquired under conditions of minimized
forces in the surface normal direction to avoid the potential
deformation of the nanobubbles.”” > Typical AFM data are
shown, for example, in Figures 1 and 3. In agreement with
numerous reports in the literature, the surface nanobubbles
exhibit a spherical cap-like topography with a circumference that
is, in the absence of asymmetric tip shapes, circular.

For further analysis of the AFM data, we assume that the
nanobubbles can indeed be described by a spherical cap. The
small residuals in the corresponding fits (see below) support this
choice. For a spherical cap, the bubble height H and width W
(compare Figure 1b) are related to the radius of curvature R, via

(W/2)* + H?

Re= 2H

)
The contact angle 0,,,,,, of the nanobubbles is defined as contact
angle through the liquid (compare Figure 1b):
w
i enano = -5
sin IR (3)
For the quantitative analysis, a method developed and described
by Borkent et al.'®* was applied. The AFM height images were
leveled such that the sample surface was set to zero height
(0.0 nm). All data points higher than a given threshold value
(typically 2 nm), which constituted the bubble profile, were
analyzed.>' For bubbles with low contact angles, the top part of
the profile was fitted. For each bubble that was analyzed, a three-
dimensional spherical-cap fit was applied. First, the center of the
fitted sphere and its apparent radius of curvature R.™P were

8226 dx.doi.org/10.1021/1a2014896 |Langmuir 2011, 27, 8223-8232
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Figure 4. Schematic of AFM tip convolution in the measurement of a nanobubble. (a) In the case of R, > H (6 ano ** > 90°), only the spherical end of
the tip is used to obtain the image. (b) For bubbles with R, < H (0,300*F < 90°), the tip’s side walls interact with the bubble. In both cases the apparent
radius of curvature R.**? is larger than its true value R.. However, the height H remains unchanged. We note that the tip correction does not affect the

conclusions of this paper qualitatively.

30.0 nm
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Figure S. Sequence of tapping-mode AFM height images of nanobubbles on the same scan area of an ODT/MHDA sample (0,,r0 = 60°) in water after
scanning (a) one time, (b) 7 times, and (c) 13 times with approximately the same amplitude set point ratios. It can be observed that the nanobubbles
remain essentially unchanged. The dimensions of the eight bubbles marked with arrows were analyzed quantitatively; the results are plotted in Figure 6.

determined. Then the height of the bubble H** was calculated as
the difference between R_."FP and the distance from the center of
the sphere to the zero (sample) level. Finally, by transforming

egs 2 and 3, the apparent width W*? and the contact angle
Opnano TP of the fitted bubble were calculated:

WP — 2\/ 2H*PR PP — (Happ)Z (4)
180 H?@PP

0pano P = 180 — — cos ! <1 — ) ()
T R.PP

Figure 3 shows an example of a three-dimensional AFM image
of a nanobubble and the corresponding nanobubble data points
(blue circles) fitted to a sphere (mesh). Small rms errors (typically
on the order of 0.1% to several percent) show that the fit provides a
reasonable estimate of the bubble shape and dimensions.

The apparent (uncorrected) values of RSP, WP, and
Opano ¥ obtained from this analysis represent overestimates
due to the well-known effect of AFM tip convolution. Since
the sizes of the tip and nanobubbles are of the same order of
magnitude, this effect becomes significant and an appropriate
correction is necessary. The end of the tip was assumed to be
spherical with a radius of curvature Ry, We employed two
methods to confirm this assumption and to determine Ry, (i)
blind reconstruction and (ii) direct metrology of the very tip apex
by use of SEM data (see Supporting Information, Figure S-3).
Both methods provided, within experimental error, very similar
values for the radius of curvature of the very tip apex, which we

consider underestimates of the true tip radius. Therefore we also
estimated for which arbitrarily assumed value of the tip radius
the radius of curvature of the nanobubbles became imaginary.
This provided an upper bound for the true tip radius, which we
estimated from these data as the median.

In the simplified correction model shown schematically in
Figure 4, we assumed that the apparent width W™ and radius of
curvature R P of the bubble are overestimated and the apparent
height H*?? remains unchanged (H = H**?). This assumption is
valid for bubbles with 0,,,,,"*F > 90° (thus for R, > H), provided
that only the tip apex is used to acquire the image and not its side
walls. In the case of bubbles with 6,,,,*F < 90° (R, < H) it is
likely that also the tip’s side walls interacted with the bubble
surface. With the corresponding tip radii, the deconvoluted radii
of curvature R, of the nanobubbles were obtained by subtracting
the tip radius Ry, from R

Re = R — Ry (6)

The deconvoluted width W and the contact angle 8,,,, were
calculated analogously to the apparent values W*? and 0,07,
as described above.

The experimental errors were calculated as follows. Three
possible error sources were considered: (1) AFM measurement
errors (piezo positioning errors) AR™P were assumed to
amount to a maximum of 1% of the measured value in each of
the three spatial directions. (2) The error in the fit of the
spherical cap A™ R P (i.e., the rms values of the radial distances
between the data points and the ideal sphere that was fitted)

8227 dx.doi.org/10.1021/1a2014896 |Langmuir 2011, 27, 8223-8232
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Figure 6. Plots of tip-corrected (a) height, (b) width, (c) radius of curvature, and (d) nanoscopic contact angle of the nanobubbles as a function of
number of scans. Each symbol represents a single nanobubble as marked in Figure 5.

represent an error in radius of curvature. Finally, (3) a relative
error ARy, of ~10% resulted from the uncertainty in the true
values of Ry, used in the deconvolution.

Since the surface nanobubbles are composed of gas and may
be considered as soft, delicate objects, we first established the
stability of the surface nanobubbles during subsequent AFM
scans. Figure S shows a set of AFM images captured with
practically identical amplitude set point ratios.

For the 13 images captured subsequently (~8 min/frame; here
we show the first, seventh, and 13th scan), most of the bubbles
maintained their position and size. The nanobubble dimensions
were analyzed and are compared in Figure 6. Eight bubbles (marked
with arrows in Figure S) were selected for this quantitative analysis,
in which H, W, R, and 0,,,,, were determined according to the
procedures detailed above. From this analysis it can be concluded
that (i) the bubbles are stable over time and (ii) they do not appear
to change their size significantly. Hence the enclosed gas volume
appears to be constant in time and is not markedly affected by the
interactions between scanning tip and nanobubble.

Having established the composition of the mixed SAMs and
confirmed the stability of the nanobubbles, we employed tap-
ping-mode AFM to observe the surface nanobubbles on surfaces
with different contact angles in situ in Milli-Q water. The rms
amplitudes were minimized and the set point ratio values were
kept as high as possible to capture images of the surface
nanobubbles under minimally invasive conditions.

Figure 7 shows six typical AFM height images of surface
nanobubbles on mixed SAMs with 6., of 107°, 86°, 60°, 50°,
37°, and 15°, respectively. On the basis of our AFM data, it is not
possible to decide how far the observed number densities of

surface nanobubbles (or preferred sizes,”® see below) depend on
the surface composition of the SAM. A possible trend of
increasing number densities with increasing fraction of MHDA
may be present. However, with decreasing contact angle (increa-
sing fraction of MHDA), the apparent bubble size was found to
decrease. In addition, we observed in some cases mixed nano-
bubble populations (for example, Figure 7b). Due to the limited
size of the smaller bubbles, a quantitative analysis was not
possible in all cases (see also below).

In addition, when the surface becomes hydrophilic, the surface
nanobubbles become more susceptible to displacement by the
AFM tips during scanning. For example, the nanobubbles on the
sample with 0., of 37° were readily merged together, and after
the first round of scanning most of the small bubbles were fused
into isolated larger bubbles. In line with data reported in the
literature,>* we found evidence for this explanation by zooming out
and scanning a larger area. The previously not scanned area still
contained smaller bubbles, which again merged while the image was
captured (see Supporting Information, Figure S-4). The AFM
image shown in Figure 7e was taken after the merging of the smaller
bubbles. On the surface with 0., of 15°, the apparent size of the
bubbles was too small to allow us to perform a meaningful analysis.

The apparent widths of the bubbles observed varied, depend-
ing on the composition of the binary SAM, from tens to hundreds
of nanometers, and the heights covered a range of 10 nm to
~130 nm. Both parameters are related according to eq 7; hence
we plotted H versus W for each bubble analyzed in Figure 8.

60 H
Opano = 180 30 (—) (7)
T w/2
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Figure 7. Tapping-mode AFM height images of nanobubbles on mixed SAM surfaces with macroscopic contact angles of water of (a) 107°, (b) 86°, (c)

60°, (d) 50°, (e) 37°, and (f) 15°.
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Figure 8. Nanobubble height vs width (tip-corrected) for SAMs with
different 6,0

For each data set, the height of the bubble was found, within
experimental error, to increase linearly with the width. This linear
relationship implies that the nanoscopic contact angle is constant
for each substrate. The data lead via eq 7 and a linear least-squares
fit [bound to (0,0)] directly to an estimate of the mean 6,,,,, of
the surface nanobubbles (Table 1).

Subsequently, we analyzed whether there was any dependence
of 0., on the radius of curvature. To clarify this question, the
individually determined values of 0,,,,,, were plotted as a function
of the corresponding radius of curvature R, (Figure 9a). These
data were compared with macroscopic contact angle data acquired
by the captive bubble method (Figure 9b).

On substrates with 0, of 107° and 86°, the surface
nanobubbles possessed values of 0,,,,, of ~165°, which were
clearly independent of R.. On the other substrates, the values of
0ano showed some scatter; however, due to the significant errors
and hence uncertainty of the values, we cannot decide conclu-
sively whether there is a dependence of 0,,,,,, on R.. If there is a
dependence, it must be very weak. The nanoscopic contact
angles for the most hydrophilic sample is the smallest value
reported thus far and corresponds, within experimental error, to

Table 1. Mean 6,,,,,, of Surface Nanobubbles Obtained from
Figure 8

Omacro (°) - H/(2W) AH/(2W) Briano (°) Aboano (°)
107 0.13 0.01 165.6 0.1
86 0.22 0.01 155.4 0.7
60 031 0.02 145.2 19
50 122 0.09 78.5 40
37 2.56 0.11 47.8 2.1

the macroscopic contact angle. On the basis of the tip-corrected
values for the radius of curvature, we estimated Laplace pressures
(i.e., the pressure difference between the inside and outside of the
nanobubbles) between 2.53 and 3.53 MPa for the sample with
0 nano = 50° and between 1.28 and 2.81 MPa for the sample with
ena.no =37°

As a control experiment, the dependence of the macroscopic
contact angle on the size of the captive bubbles was also
determined (Figure 9b). The radius of curvature was calculated
from the measured height and width of the bubbles, such as those
shown as insets in Figure 9b. The data shown indicate that 0.,
did not change significantly for a range in the radius of curvature
of the captive bubble between 3700 and 300 wm, which
corresponds to Laplace pressures for these bubbles between
39 and 480 Pa. By combining the results of surface nanobub-
bles and captive bubbles, we can conclude that the contact
angle of the bubbles has no marked dependence on the radius
of curvature.

If both 0 macr0 and Opan, possess constant values for a given
binary SAM, which are independent from R, we can plot 0,,,cr0
versus O,,.,0. In Figure 10 we compare this dependence for the
raw (not tip-corrected) data (Figure 10a) and for the deconvo-
luted data (Figure 10b).

Figure 10a shows that the values for 6,,,,,""" (uncorrected and
hence overestimated) are <90°only for the sample with Op,,cr0 =
37°, while Figure 10b indicates that (except for data on the two
more hydrophilic SAMs) the values for 6,,,,, remain (much)
larger than the values for 0., even after correction for the
hydrophobic SAMs. This trend was already obvious from the
analysis summarized in Table 1. In the literature, surface
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Figure 10. Nanoscopic versus macroscopic contact angles of bubbles on SAMs with different compositions: (a) before and (b) after tip correction. The

solid line representing €,.n0 = Omacro has been added as a guide to the eye.

nanobubbles were reported to always show higher than expected
contact angles.

What could be the reason for this discrepancy for the more
hydrophobic SAMs? In principle, three possible contributions
can be considered: (i) an erroneous tip radius correction, (ii) the
presence of a contamination layer that would mask the true
contact angle, or (iii) force-induced bubble deformation and
hence a too-high apparent 0,,,,,.

From a closer look at the data in Figure 10, it becomes obvious that
the tip radius correction has indeed a pronounced effect on 0,,,,, for
the more hydrophilic SAMs. The error in 0,,,, in Figure 10b is
dominated by the uncertainties of the tip radius. Despite the use of
two complementary methods to determine the tip radius, the corres-
ponding error could not be reduced to a level that would signifi-
cantly reduce the error in 0,,,,, for the hydrophilic SAMs. The
correction is probably not fully adequate for the data set
obtained on the SAM with 6,,,, = 37°, since the values for
bubble height were much larger than 2R.. However, when we
consider the opening angle of the tip, the data would be
expected to reside even closer to the line with a slope of unity.

It is also clear that the data for the hydrophobic SAM with a
contact angle of 107° are much less affected by the correction and

correspondingly the errors in R.. If one calculates the tip radius
from the acquired AFM data, assuming that O,.cc0 = Onano
(compare also Figure 10) and that the discrepancy is exclusively
due to the tip convolution of a spherical tip, then tip radii in
excess of 1 um would be required (see Supporting Information,
Figure S-5). These values are clearly unreasonable.

The unusually high values for contact angles on HOPG,
among others, have been attributed by Borkent et al.'® in part
to tip-borne contamination, namely, oligomeric siloxanes that
may be liberated from the AFM cantilever packaging (Gel
Pack), as has been shown in a different context.’® In general,
polysiloxanes possess a low solubility in water, and if they are
surface-active, they are expected to adsorb at the air—liquid
interface to lower the interfacial energy; adsorption of
(hydrophobic) siloxanes on a hydrophilic surface immersed
in water would increase the interfacial free energy, hence this
is, in contrast to experiment at the solid—air interface,
energetically unfavorable. In our study we have found no
experimental evidence for adsorbed siloxanes in the contact
angle data as well as in the analysis data of the aqueous imaging
solutions (by "H NMR). We can therefore exclude this source
of potential contamination for our experiments and as the

8230 dx.doi.org/10.1021/1a2014896 |Langmuir 2011, 27, 8223-8232
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origin for the too-large nanoscopic contact angles observed in
this study. Contamination of the solid—gas interface with
hydrophobic adsorbates prior to the AFM experiment, how-
ever, could explain the unreasonable contact angle reported in
the literature for mica."”

It could also be argued that surface nanobubbles may be soft
and are deformed by the AFM tip during scanning. In intermittent
contact mode AFM we used minimized amplitude and the
highest possible set point ratio.”” >’ The data acquired on
different AFMs and also via a fundamentally different imaging
mode (Peak Force) did not lead to an altered trend.** Further-
more, in an independent systematic study of nanobubbles
formed on HOPG, we extrapolated the forces in both inter-
mittent contact mode and peak force AFM to zero interactions
and observed that the smallest nanoscopic contact angles were
around 120—130°.>* While the values correspond to the lowest
values reported thus far (by Borkent et al.),'¢ there is still a
discrepancy that is certainly beyond any experimental error.
These observations imply that nanobubble deformation can
also be excluded as single reason for the observed discrepancy in
the present study. On the basis of the currently available
evidence, we cannot identify the origin of the clear discrepancy
with certainty.

B CONCLUSIONS

We have investigated systematically how the shape and dimen-
sions of surface nanobubbles change with the composition and
hence macroscopic wettability of binary methyl/carboxyl-termi-
nated SAMs on template-stripped gold. While the literature-known
deviations for hydrophobic samples, on which nanobubbles are
apparently very flat and laterally expanded, were confirmed for
hydrophobic binary SAMs, we observed, within experimental
error, a good match of 0,,,cr0 t0 0000 00 hydrophilic samples.
In particular, this report represents to the best of our knowl-
edge the first experimental determination of radii of curvature
and contact angles of nanobubble with 0,,,, < 90°. The
alleged role of oligo- or poly(dimethylsiloxane) contamina-
tion in the mismatch of the macroscopic and (apparent)
nanoscopic contact angles could not be substantiated in our
experiments and appeared to be negligible. This study com-
plements recent efforts to understand these important, but far
too little understood, features of solid—liquid interfaces.
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Siloxane contamination of aqueous phase

"H-NMR spectroscopic data confirmed that no PDMS contamination that may have
leached from PDMS based Gel pack material was detectable in water. In a first
experiment oligomeric PDMS precursor (Silicone prepolymer of type Sylgard 184, Dow
Coming GmbH, Germany) was added as contaminant to the water. 'H-NMR
spectroscopic data of the residual material isolated from the aqueous phase after
evaporation of the water (Figure S-la) showed a peak attributed to the protons of a
dimethylsiloxane unit at 0.07 ppm. The concentration in water calculated according to the
siloxane unit was around 2.14 mM. For the further test experiments, a 1 cm X 1 cm piece
of the PDMS based adhesive layer of the tip storage package was cut and immersed into
20 mL of Milli-Q water for 12h. After taking the PDMS out, the water was removed
under vacuum. The alleged residual material was taken up with CDCl; and a certain
amount of heptane was added as internal standard for '"H-NMR characterization. No
traces of PDMS were detected (absence of peak attributed to the protons of a
dethylsiloxane unit at ~ 0.07 ppm, see FiBure S-1b)
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Figure S-1. NMR spectra of the possible “contamination” in water originating (a) from
a PDMS precursor and (b) from a PDMS-based Gel pack material. A certain amount of
heptane was added for reference. The concentration of the PDMS precursor was

2.14 mM as deduced from the known concentration of heptane.
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Siloxane contamination of substrates

The contact angles 6., of binary SAMs that were contaminated with siloxanes by
repeated transfer through the air - water interface were determined according to the
captive bubble method. Here one drop of the liquid PDMS precursor prepolymer was
added into Milli-Q water. The separated aqueous phase of this solution was used for
contact angle measurements. The substrates functionalized with a binary SAMs of certain
composition were repeatedly taken out and immersed in the water to measure the contact
angle. With increasing number of passages through the air - water interface, the contact
angle increased until a maximum value of 110° was reached (Figure S-2). Although the
PDMS gel pack does not have influence the contact angle (as shown in Figure 2C), the
PDMS precursor was thus shown to contaminate the substrate. These results were also
confirmed by the thickness measured by ellipsometry. After the captive bubble

experiment, the substrate was covered with a tens of nanometers thick of PDMS

precursor.
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Figure S-2. Contact angles of captive bubbles measured for repeated passages through
the air-water interface in the presence of PDMS precursor in the solution, the contact
angles increased after immersion in the contaminated water and reached a very similar

limiting value of 108 + 3°.
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AFM tip radius calibration

(@) = (b)

Figure S§-3. (a) AFM image acquired on a TGTI calibration standard for blind
construction and (b) SEM image of a used AFM tip in side view.
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Merging of nanobubbles
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Figure S-4. AFM image of surface nanobubbles on substrate with contact angle of 37°
(the height scale covers 50 nm). The scanning in the central area resulted in the merging
of many of the originally small bubbles and the concomitant formation of larger bubbles

located predominantly close to the edge on the scanned square. Figure 7e shows the

surface nanobubbles after merging.
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AFM tip radius
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Figure S-5. AFM tip radius Ry, calculated back from the tip correction model under the
assumption that the contact angles of the nanobubbles are equal to the macroscopic
contact angles and that the observed deviation is solely due to tip convolution. The data
for nanobubbles on the samples with G, = 37°, 50°, 60° and 86° are enlarged (plot on
the right hand side).
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Nanobubble parameters

Table S-1. Fitted parameters of an exemplary nanobubble on the sample with
Oracro = 37° for fitting with different threshold values.

threshold (nm)| 2 10 | 20 | 30 | 40 | S0 | 60 | 70 | 80 | 90 | 100 | 110

H (nm) 127.71127.7|127.9|128.0|128.7|128.6|129.8|131.0131.6131.6|134.9|136.9

W/2 (nm) |106.5|106.5]106.0/105.5{103.7|103.7{100.0| 95.5 | 93.0 | 93.0 | 77.5 | 60.2

R. (nm) 108.2|108.2/107.9|107.5(106.1|106.1|103.4|100.3| 98.7 | 98.7 | 89.7 | 81.7

Ghano (°) 79.6 | 79.6 | 79.3 | 79.0 | 77.8 | 77.7 | 75.2 | 72.2 | 70.5 | 70.4 | 59.8 | 47.5
RMS error

(nm) 109 | 11.0 | 11.0 | 10.8 | 10.6 | 10.6 | 10.1 | 9.8 | 9.7 | 9.7 | 89 | 8.6
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The apparent shape of surface nanobubbles
in tapping mode AFM

The issue with the unusually high apparent nanoscopic contact angles
of surface nanobubbles, which are in clear contradiction with
the theoretical predictions, originates from the evidence provided
by numerous experiments performed in tapping mode (TM) AFM. In this
chapter, we addressed the question how the TM scanning conditions
influence the apparent dimensions of nanobubbles in AFM height images.
In particular, by systematically varying the free amplitude of
the cantilever oscillations and the amplitude setpoint ratio, we analyzed
the effect on the apparent nanobubble height, width and contact angle.
We found that even in nearly zero-interaction-force imaging conditions,
nanobubbles in the AFM images appeared smaller, both in the height
and the width, than their actual sizes, and that the underestimation
of bubble sizes depended in a systematic way on the values of the
scanning parameters employed. Based on our findings, we developed

a method to estimate the actual bubble size.
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The chapter consists of the following publication:

Closer Look at the Effect of AFM Imaging Conditions on the Apparent

Dimensions of Surface Nanobubbles

Wiktoria Walczyk and Holger Schénherr
Langmuir2013, 29, 620-632

Reprinted with permission. Copyright (2013) American Chemical Society.

Supporting Information directly follows the article.
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Closer Look at the Effect of AFM Imaging Conditions on the
Apparent Dimensions of Surface Nanobubbles

Wiktoria Walczyk and Holger Schonherr*

Department of Chemistry and Biology, Science & Technology, Physical Chemistry I, University of Siegen, Adolf-Reichwein-Str. 2,

57076 Siegen, Germany
© Supporting Information

ABSTRACT: To date, TM AFM (tapping mode or
intermittent contact mode atomic force microscopy) is the
most frequently applied direct imaging technique to visualize
surface nanobubbles at the solid—aqueous interface. On one
hand, AFM is the only profilometric technique that provides
estimates of the bubbles’ nanoscopic dimensions. On the other
hand, the nanoscopic contact angles of surface nanobubbles
estimated from their apparent dimensions that are deduced
from AFM “height” images of nanobubbles differ markedly
from the macrocopic water contact angles on the identical
substrates. Here we show in detail how the apparent bubble
height and width of surface nanobubbles on highly oriented

PRRRPRRRRR22PY
100 150 200 250 300 350
Position (nm)

0 50

pyrolytic graphite (HOPG) depend on the free amplitude of the cantilever oscillations and the amplitude setpoint ratio. (The
role of these two AFM imaging parameters and their interdependence has not been studied so far for nanobubbles in a systematic
way.) In all experiments, even with optimal scanning parameters, nanobubbles at the HOPG—water interface appeared to be
smaller in the AFM images than their true size, which was estimated using a method presented herein. It was also observed that
the severity of the underestimate increased with increasing bubble height and radius of curvature. The nanoscopic contact angle
of >130° for nanobubbles on HOPG extrapolated to zero interaction force was only slightly overestimated and hence
significantly higher than the macroscopic contact angle of water on HOPG (63 + 2°). Thus, the widely reported contact angle
discrepancy cannot be solely attributed to inappropriate AFM imaging conditions.

B INTRODUCTION

Surface nanobubbles have been controversially discussed in the
literature for several years. Since the observation of a long-range
attractive force between hydrophobic surfaces and the
hypothesis of nanobubbles as a possible reason for this
interaction," ™ much progress has been made. Following the
first direct observation of surface nanobubbles by atomic force
microscopy (AFM)** and conflicting X-ray and neutron
reflectometry experiments®” that suggested the absence of
nanobubbles under the sample preparation conditions
employed, their existence has been confirmed in the meantime
by various noninvasive techniques such as attenuated total
internal reflection Fourier transform infrared (FTIR) spectros-
copy® "' and the quartz crystal microbalance.'*"® Very
recently, interference microscopy,14 transmission electron
microscopy,'® and total internal reflection fluorescence
microscopy'® proved to be the first noninvasive microscopy
methods for visualizing surface nanobubbles. We have been
able very recently to confirm the report by Ohl's group16 and
show additionally optically that there is indeed a gas—liquid
interface.

In the past few years, many important issues in this area have
been addressed, including mechanisms of nanobubble for-
mation'”"® and possible stabilization,'” "' the alleged role of

-4 ACS Publications  © 2012 American Chemical Society
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S 212
contamination,” >* the role of temperature, gas type, and

concentration,” 1725728 their apparent contact angles, which
are markedly higher than the macroscopic ones,'®* the
coexistence of nanobubbles with so-called micropancakes,”*”*
and possible applications (e.g, for surface cleaning®~>%). All
descriptions and hypotheses put forward in this field are based
on at least two assumptions: (1) the bubbles possess uniform
curvature along the contact line and therefore a spherical cap
shape similar to macroscopic bubbles and (2) as suggested by
their name, nanobubbles are soft gaseous structures, which,
depending on the experimental details, may be covered with a
layer of contamination at the gas—water interface. Among the
open questions concerning nanobubbles are their very
pronounced stability'® and high contact angles.>* The answers
to all of these questions are intimately linked to the accurate
and precise knowledge of the nanobubbles’ dimensions.
Starting from the pioneering experiments of Christenson et
al. in 1988, for many years, only AFM provided access to the
nanobubble profile in 3D (i.e., it could be operated in the liquid
medium and had sufficient spatial resolution). In these terms,
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AFM still represents a unique approach. Strikingly, AFM, as the
only family of techniques employed to determine the
dimensions of surface nanobubbles directly, is invasive in
nature, and knowledge on the height and width of nanobubbles
(and the radius of curvature and nanoscopic contact angle
derived from these data) is crucial for an adequate description
and analysis.

Many important observations have been made by means of
TM AFM™*>*572734747 3and CM (contact mode) AFM, #4830
Unfortunately, many results published to date lack the
appropriate description of the exact experimental conditions
used. This renders, as will be shown in this article, comparisons
among the different published data sets and experiments
difficult, if not impossible. Moreover, it must be taken into
consideration that AFM is an invasive technique and, as a
microscopy technique, is not free of imaging artifacts. It is
already known that TM imaging may underestimate the height
of soft surfaces such as polymers, biological structures, and
nanodroplets.”’ >’ In addition, Banin and co-workers demon-
strated systematic errors in the assessment of nanoparticle
heights for AFM in air depending on the tip—sample
interaction.® In the recent nanobubble literature, one can
find some suggestions that the nanobubble height is under-
estimated in TM AFM and that the bubble deforms because of
the scanning.*>*>***#*> However, many authors do not take
this effect into account in the discussion of their own results on
nanobubbles, even though the evidence is clear.*>>°

In view of the urgent need to clarify the remaining
uncertainties about the nanobubbles, we ask a simple question:
what are the actual dimensions of surface nanobubbles in the
absence of forces? The answer to this question has fundamental
relevance because any other information about the bubble
properties, such as internal pressure, bubble lifetime, calculated
contact angles, and all proposed stability mechanisms and many
other parameters rely on two assumptions mentioned above
and/or on the determination of the accurate bubble shape and
dimensions obtained from AFM height images.

In our work, we investigated nanobubbles at the HOPG—
water interface using constant-amplitude TM AFM and
systematically studied the role of the free amplitude of the
cantilever oscillation A, controlled via the dithering piezo's
driving amplitude and the amplitude setpoint ratio (related to
the damping), respectively. This choice was motivated by two
facts: (1) these two parameters can be set and modified freely
by the user in each AFM experiment and (2) the free amplitude
and the setpoint amplitude are related to each other to control
the level of interaction between the sample and surface and
cannot be treated independently.

The influence of A, on the apparent dimensions of
nanobubbles in AFM height images has not been studied so
far. Even worse, the value of A is typically not quantitatively
determined, calibrated, or even reported. In isolated reports, its
values have been stated, but surprisingly, the dependence of the
results obtained on the amplitude value used was not
discussed.*>*** By contrast, the role of the amplitude setpoint
ratio has already been investigated, albeit not in a systematic
manner. The results are scarce and often inconsistent. Some
authors did not observe any influence of the setpoint ratio on
the bubble shape,® but others observed a clear depend-
ence.*>**** Unfortunately, all of the publications lack a
conclusive explanation of why the apparent bubble shape
depends (or does not depend) on the setpoint ratio in a
particular way. The change in the apparent bubble shape caused

621

by scanning with the TM AFM was suggested to be a possible
reason for the discrepancy between the macroscopic and
nanoscopic contact angles.”***> However, this hypothesis has
not yet been tested experimentally. The only suggestion
coming from the reports is that, in order to minimize the force
applied to the bubble but without losing scanning resolution,
one should use high setpoint ratio values (90—95%).

Therefore, in this article we report on our systematic study
that addressed how changes in the free oscillation amplitude of
the cantilever and the amplitude setpoint ratio influence the
apparent shape of surface nanobubbles in TM AFM height
images. In addition, we show a method to estimate the actual
unperturbed sizes of nanobubbles, discuss the influence of the
bubble size on the obtained results, and address the issue of the
high apparent contact angles of nanobubbles on HOPG.

B EXPERIMENTAL SECTION

Nanobubbles were measured on highly oriented pyrolytic graphite
(HOPG) (Veeco, grade ZYH) with a macroscopic water contact angle
of 63° + 2. The water contact angle of freshly cleaved HOPG was
measured with the sessile drop method with an OCA 15 Plus
instrument (Data Physics Instruments GmbH, Filderstadt, Germany)
using Milli-Q water from a Direct-Q 8 system (Millipore) with a
resistivity of 18.0 MQ/cm.

The AFM experiments were carried on a MultiMode IIla (Veeco,
Santa Barbara, CA) in an open liquid cell configuration (without a
rubber O-ring) and on an Asylum Research MFP-3D Bio (Asylum
Research, Santa Barbara, CA). The liquid cell was rinsed with ethanol
and dried in a stream of nitrogen before use. A drop of Milli-Q water
was put on the liquid cell using a sterile disposable plastic syringe and
sterile needle so that it filled the groove and covered the cantilever.
Another drop was placed directly on the sample. As the last step, the
liquid cell was inserted into the optical head of the microscope and the
optical head was lowered such that the two droplets coalesced and
formed a meniscus between the liquid cell and the sample.* AFM
measurements were performed by TM AFM in Milli-Q water with V-
shaped Bruker MLCT Si;N, cantilevers (cantilever nominal spring
constant of 0.6 N/m). All cantilevers were cleaned immediately prior
to use with oxygen plasma for 60 s at a power of ~60 W
(PlasmaPrep2, GaLa Instrumente, Bad Schwalbach, Germany).

The drive frequencies used for those cantilevers were 25—27 kHz.
The drive amplitude and the amplitude setpoint ratio were changed
according to the description below. After the AFM images were
recorded, the raw data were processed using a first-order plane fit and
a zeroth-order flattening (with nanobubbles excluded). Subsequently,
the images were exported to ASCII format and analyzed with
MATLAB software according to the procedure described elsewhere.>*
No tip correction was applied.

The free amplitude A, (V) was calculated from amplitude-
displacement curves recorded before and after each captured image
as an average of 30—50 points. Using the deflection sensitivity, it was
converted into Ay in nm. The amplitude setpoint ratio was calculated
as the ratio of the setpoint value set during the measurements and A,
calculated from the corresponding A—Z curve. All setpoint ratio values
given in this article are mean values of two setpoint ratios calculated
using curves recorded before and after scanning the corresponding
image.

The error in the measured data includes (1) an experimental error
of 1% for all spatial directions and (2) the error from fitting the data to
a spherical cap shape. The detailed error calculation is described in the
Supporting Information.

B RESULTS AND DISCUSSION

We assume that the surface nanobubbles adopt a spherical cap
shape with a radius of curvature R, base width W, and height H
above the surface as defined in the schematic bubble cross
section shown in Figure la. The nanoscopic contact angle 0,
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is defined through the water phase. Typically, the bubble height
is comparable to the size of the AFM tip apex (Figure 1b).

(@) (b)

WATER Nanoscopic
contact angle
Height H tip
AR 0
L\ nan Nanobubble

e AN

| Width W

Radius of curvature Re

Figure 1. (a) Schematic cross section of a surface nanobubble. We
define the contact angle through the condensed (ie., the aqueous)
phase. (b) Schematic (approximately to scale) of the AFM tip apex
and surface nanobubble. The nanobubble height is much smaller than
its width and approximately the same order of magnitude as the radius
of curvature of the tip end.

Relevance of Setpoint Ratio and Amplitude in
Studying Surface Nanobubbles. In TM AFM imaging,
the cantilever is oscillated at (or close to) its resonance
frequency f, of several tens of kilohertz with an amplitude A,

which is proportional to the drive amplitude of a dithering
piezo that excites the forced oscillation of the cantilever. When
the tip is far from the surface, A equals the free (maximum)
amplitude A, During a topographic scan, A, is decreased
(damped) by the interaction forces between the tip and the
surface in the vicinity of the surface. In a particular constant-
amplitude-mode experiment, one chooses to which extent the
oscillations are damped by defining a setpoint amplitude for the
feedback loop to track the surface topography. The setpoint
ratio is defined as the ratio between the setpoint amplitude and
free amplitude (i.e, (A/Ay) X 100%). Operating the AFM at a
setpoint ratio of 100% is physically impossible because one
needs an interaction with the surface to be able to detect it.
High setpoint ratios (>ca. 90%) ensure relatively small
damping of the oscillation and hence weak interaction with
the surface. However, this relative damping involves different
energies depending on the absolute value of the free amplitude
A, used in the measurement.

Initially, we examined how the amplitude A changes during
the approach of the AFM tip to the surface for small and large
amplitudes A,. Figure 2 shows AFM amplitude—piezo displace-
ment (A—Z) curves measured on a HOPG sample in water for
two different free amplitudes Ay = 4.9 nm (small amplitude,

(@)
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Figure 2. AFM amplitude—displacement curves (black solid, approach; red dashed, retraction) measured in water on the HOPG (a) for free
amplitude A, = 4.9 nm on the substrate, (b) for Aj = 34 nm on the substrate, (c) for Ay = 4.9 nm on the nanobubble, and (d) for A; = 34 nm on the
nanobubble. The positions of data acquisition are marked with crosses in the topographic TM AFM images shown as insets (measured for A, = 40
nm and a 95% setpoint ratio, pixel size 3.9 nm X 3.9 nm, height scale 30 nm). In the plots in panels a and b, the amplitude decreases when the tip
interacts with the hard substrate. In the plots in panels ¢ and d, the initial less-steep slope indicates damping of the oscillations by interactions with
the bubble, which is followed by a steeper slope when the oscillations are damped by interaction with the sample surface.
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Figure 3. (a) Schematic plot of the height—amplitude dependence for a single nanobubble for different setpoint ratios. The slope AH/AA, becomes
steeper as the setpoint ratio decreases. The actual bubble height H,,,,(4,), which is the bubble height in the extrapolated unperturbed state, is reached

at Ay = 0 nm. The apparent bubble height measured with a fixed value of the setpoint ratio decreases with increasing amplitude and is always lower
than H, (s, (b) Schematic plot of the height—setpoint ratio dependence for different free amplitudes A, for a single nanobubble. The slope AH/

A(setpoint ratio) increases for larger amplitudes.

upper plots) and A, = 34 nm (large amplitude, lower plots) at
two locations: (1) on the atomically flat substrate and (2) on
the nanobubble. All plots show both approach and retraction
curves. The exact locations of the data acquisition are marked
with crosses in the TM AFM height images shown as insets in
the upper plots. The AFM images were measured with A, = 40
nm and a setpoint ratio of 95%.The A—Z curves in Figure 2a,b
measured on the substrate possess qualitatively similar shapes
for both sets of data, and hysteresis between consecutively
captured approach and retract cycles was absent. When the tip
was far away from the surface, the amplitude was constant and
equal to the free amplitude A, It decreased when the tip
approached closer to the surface. One difference between these
two data sets is the vertical scale: the absolute drop in the
amplitude is larger for larger A,. Likewise, the A—Z curves
measured on the nanobubble possess different shapes. When
the bubble was approached, the amplitude first decreased
slightly (apparent slope approximately —0.12 nm/nm for A, =
4.9 nm and approximately —0.36 nm/nm for A; = 34 nm),
indicating damping of the cantilever oscillations primarily by
the bubble, which was followed by a rapid decrease in A
(apparent slope approximately —1.0 nm/nm for 4, = 4.9 nm
and approximately —2.2 nm/nm for A, = 34 nm), when the tip
interacted with the underlying stiff substrate. This rapid
decrease was similar to that in the plots measured on the
bare substrate (Figure 2ab). The presence of two different
slopes in the A—Z curves was observed both for data captured
on the bubble with small and large A,. However, for the small
amplitude a less-steep (—0.12 nm/nm) apparent slope
prevailed, whereas for large amplitudes this part of the curve
constituted only a small part of the total amplitude drop. This
means that most of the oscillation was damped by the bubble
for small A, whereas for large A, most of the oscillation was
damped by the substrate. In all curves, the total distance
covered by the piezo, until the oscillations were damped
effectively, was longer for Ay = 34 nm (AZ =~ 30 nm) than for
Ay =49 nm (AZ > 20 nm). This behavior was again similar for
the curves measured on the substrate and on the nanobubble.

These results, which show different shapes of amplitude—
displacement curves measured on the bubble and on the
substrate, are similar to the results reported by Bhushan et al.**
but are in contradiction to the results of Zhang et al,> who did
not observe any slope change on the bubble.

623

For the two curves in Figure 2¢,d measured on the bubble,
the ranges of the less-steep slopes (—0.12 nm/nm for small and
—0.36 nm/nm for large amplitude) were approximately ~16
nm for both values of Ay From the length of these slopes, we
could roughly judge the height of the bubble. (To get the actual
height of the bubble, we should take also the deflection of the
cantilever into account, which might be up to a few
nanometers.) The estimated value of ~16 nm is comparable
to 15 nm for the bubble height as measured from the AFM
image shown in the inset of the upper plot (scanned with A, =
40 nm and a 95% setpoint ratio). The consequence of these
differences becomes apparent when different amplitude
setpoint ratios are compared. In Figure 2¢,d, different values
of the setpoint ratio are represented by horizontal lines drawn
in the A—Z curves. During scanning with a particular setpoint
ratio, the distance AZ measured from the point where the
corresponding line crosses the A—Z curve (i.e., contact with the
bubble surface) to the point where the slope of the curve
becomes steeper (i.e., interaction with the substrate beneath the
bubble) is transferred to the apparent height and displayed in
the AFM topographic image. Because the lines for different
setpoint ratios cross the A—Z curve at different points, the
distance AZ and thus the apparent height of the bubble must
depend on the choice of the setpoint ratio. It is thus expected
to decrease markedly with decreasing setpoint ratio (thus
increasing damping). Moreover, if one compares the plots in
Figure 2¢,d, then the distance AZ also depends on Ay; for the
same setpoint ratio, AZ is larger for small A, than for large A,.
In other words, measurements of the same bubble with the
same value of the setpoint ratio but with different free
amplitudes A, result in different apparent bubble heights in the
AFM image. It is also obvious that the apparent height is
expected to decrease faster with decreasing setpoint ratio for
larger amplitudes and is always smaller than the actual “true”
height of the bubble. Hence, it is clear that the amplitude A,
and the setpoint ratio A/A, are two parameters that cannot be
treated independently because they both influence the result of
TM AFM measurements of surface nanobubbles.

As mentioned above, the apparent height of the bubble in the
AFM images depends both on A, and the setpoint ratio.
Because the slopes in Figure 2c,d are constant in the range of
the bubble height, we may assume a linear dependence of the
height on the setpoint ratio. Consequently, the dependence of

dx.doi.org/10.1021/1a304193d | Langmuir 2013, 29, 620—632
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Figure 4. (a) TM AFM height image of nanobubbles on HOPG in water scanned with A, = 10.2 nm and a setpoint ratio of 91.9%. The dimensions
of eight bubbles marked with numbers were analyzed and are plotted in Figure S. (b) Sequence of AFM images (left) and corresponding cross
sections of a single nanobubble (no. 2 in panel a) scanned with different free amplitudes A, (right). The apparent size of the bubble decreases with
increasing amplitude. The height scale of all AFM images is 30 nm, and the pixel size is 7.8 nm X 7.8 nm.

the height on the amplitude should also be linear. The plots in
Figure 3 schematically show these dependences for an
examplary nanobubble. Lines with different slopes are labeled
with different setpoint ratios in Figure 3a and different A,
values in Figure 3b. In this way, we are able to describe all
possible experimental conditions in a single plot. A fixed value
of the free amplitude is represented by a dotted—dashed
vertical line in Figure 3a. A change in A; means shifting the line
to lower (left) or higher (right) values of the apparent bubble
height. The change in the setpoint ratio is represented by
moving up and down along the fixed amplitude line and also
results in a different apparent height of the bubble. The
apparent height always decreases with decreasing setpoint ratio,
but the absolute decrease is less pronounced for small
amplitudes and more pronounced for large amplitudes A,.
This behavior is also shown in the corresponding plot in
Figure 3b that displays the dependence of the apparent bubble
height on the setpoint ratio for different amplitudes A,. Points
for 0 and 100% setpoint ratio on the horizontal axis correspond
to maximum and minimum (zero) damping, respectively. The
apparent height decreases linearly with decreasing setpoint
ratio, and the slope of the functions becomes steeper for larger
amplitudes. For A, = 0 nm, the slope is zero, and for all setpoint
ratios, the apparent bubble height H equals the maximum
height H,4, (the convergence point in Figure 3a, which

represents the bubble height in the extrapolated unperturbed
state®®). However, for the 100% setpoint ratio the apparent
height reaches its maximum value H,,,(,,), which still depends
on the amplitude A, and is smaller than H, 4, for Ay > 0 nm.

Accordingly, the line in Figure 3a labeled with 100% setpoint
ratio possesses a nonzero slope. This means that even if one
was able to increase the setpoint ratio to 100% the bubble
height shown in the AFM image would still depend on the free
amplitude used. By minimizing A, one gets closer to the actual
value of the bubble height H,,.(a,) (the one reached for 0 nm
free amplitude and 100% setpoint ratio). This height cannot be
measured by TM AFM because of the nonzero amplitude and
nonzero damping conditions necessary to make any measure-
ment possible. Therefore, the apparent bubble height in AFM
images is always underestimated and smaller than H, 4,

Moreover, the apparent height may vary in different experi-
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ments for bubbles of the same sizes depending on the scanning
parameters used.

To experimentally test and verify the dependence of the
nanobubble size on the free amplitude A, and the setpoint ratio
obtained from the A—Z curves above, we conducted two
further series of experiments described in the next two sections.

Constant Setpoint Ratio and Different Amplitudes. In
the first series of experiments, we studied the influence of the
free amplitude A, on the apparent size of the nanobubbles. We
kept the setpoint ratio constant and systematically changed A,,.
Figure 4a shows a typical TM AFM image of nanobubbles on
HOPG in water. The nanobubbles resembled spherical caps,
were approximately 10—30 nm high and 50—230 nm wide (the
size also depended on the scanning conditions, vide infra), and
~50% of the bubbles imaged were located near atomic steps.
No micropancakes or apparent impurities were observed on the
surface during these experiments.

We scanned the bubbles at the same location on the HOPG
sample with systematically varying amplitudes, starting from A,
= 5.9 nm + 0.5 nm and gradually increasing up to Ay = 55.6 +
3.4 nm. In total, a series of 19 images was taken. For each
image, after the AFM tip was engaged, the setpoint ratio was
adjusted to the highest possible value at which the contact with
the surface was still established/kept, and force—displacement
and amplitude—displacement curves were recorded (on top of
the bubbles). Subsequently, a constant-amplitude (height)
image was acquired using identical scan rate and gain settings.
After the scan was completed, F—Z and A—Z curves were
recorded again on the substrate and the AFM tip was
withdrawn. Immediately afterward, A, was increased to a new
value and the tip was engaged again in the same place to
capture the next image. The entire procedure took approx-
imately 25 min per image (20 min of scanning + S min of other
operations).

To minimize the interactions with the AFM tip, the setpoint
ratio was kept at the highest possible level during the entire
experiment. For each individual image, the value of the setpoint
ratio was determined as the mean value of setpoint ratios
measured in the A—Z curves recorded before and after scanning
the frame, as described in the Experimental Section. The
measured values showed some fluctuations for different frames
(Figure S-1 in the Supporting Information). For all images
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Figure S. Apparent nanobubble (a) height H and (b) contact angle 6,,,, as functions of the free amplitude A, measured with setpoint ratios >85.9%
for the eight bubbles marked in Figure 4a. The apparent height decreases, and the contact angle slightly increases with increasing amplitude. 6, ,,, is
greater than the macroscopic contact angle. Even if the data are corrected by taking the AFM tip radius into account, the discrepancy between

macroscopic and nanoscopic contact angles is >80°.

except the first one, the setpoint ratio was hence kept between
91 and 97%. As will be shown below, even those variations in
the setpoint ratio may influence the results; however, they do
not change the overall trend. The variations in the setpoint
ratio observed were caused by fluctuations of the amplitude
signal over time (the actual scan of each image took
approximately 20 min). This effect was more pronounced for
low A, because then the signal was closer to the noise level and
more unstable. For Ay = 5.9 nm, the maximum setpoint ratio
was 85.9%; for Ay = 4.2 nm, no height data could be obtained
for setpoint ratios higher than 64.8%. Because of the large
deviation in the setpoint ratio, these data were not included in
the series.

In general, nanobubbles apparently become smaller in the
AFM image as the free amplitude A, increases. As an example, a
series of six AFM images and cross sections of one bubble
(bubble no. 2 in Figure 4a) scanned with different amplitudes
are shown in Figure 4b. Both the apparent height and width of
the bubble decrease with increasing A,.

In total, eight bubbles marked with numbers in Figure 4a
were measured and analyzed. Their apparent heights H and
nanoscopic contact angles 6., are plotted as functions of the
free amplitude A in Figure S. The corresponding dependences
for their widths W and radii of curvature R_ are shown in Figure
S-2 in the Supporting Information. To within the error, the
apparent height H decreases linearly with increasing amplitude
for all measured nanobubbles. This result is in agreement with
the dependence shown schematically in Figure 3. The
extrapolation of the fits to the free amplitude A; = 0 nm yields
an estimate of the maximum (actual) heights of the measured
nanobubbles, denoted as H,ua,) Hma,) for a particular

bubble is always larger than any apparent value measured in
AFM images for this bubble.

In contrast to the height, the apparent contact angle of
nanobubbles 6, does not show a strong dependence on the
amplitude A,. After the initial small increase for small
amplitudes, which can be attributed to the actual small
variations of the setpoint ratio, 6,,,, is scattered over the
range between 150 and 160°. Variations for individual bubbles
did not exceed 10°. All measured 6,,,, significantly (>80°)
exceed the independently determined macroscopic contact
angle (63 + 2°) of water on HOPG.

None of the data shown in the plots were corrected for the
AFM tip size. The correction was not applied because the
apparent heights of nanobubbles were not constant during the
experiment and the tip deconvolution introduces a systematic
error into all measurements, which can be neglected as long as
one does not compare data from experiments done with
different tips. As mentioned, the correction does not lower the
contact angle so much that it will reach the macroscopic
value.**

According to the scheme in Figure 3a, the slope AH/AA, is
steeper for lower setpoint ratios. In our experiment with
relatively high setpoint ratios, the apparent height decreased by
approximately 30% when the amplitude A, was increased by 50
nm. This is a significant decrease; therefore, the role of
amplitude in imaging nanobubbles cannot be neglected. Typical
values of amplitudes used in AFM experiments for scanning
under optimal conditions range from several to several tens of
nanometers. This variation in amplitude causes a significant
difference in apparent bubble shape in the AFM images even if
the setpoint ratio is kept high (>90%). We believe that
although A, may vary depending on the cantilever type and the
microscope model used, this range represents the amplitudes
used in many experiments on nanobubbles reported in the
literature so far.

Constant Amplitudes and Different Setpoint Ratios.
In the next set of experiments, we studied the influence of the
setpoint ratio on the apparent size of the nanobubbles. This
time, we kept the amplitude A, constant and systematically
changed the setpoint ratios. The bubbles were scanned with
setpoint ratios from 98.5 + 0.1% down to 30.0 + 0.2% and
mean amplitudes A, from 4.5 £ 0.2 to 120.7 &+ 0.1 nm. In

total, we conducted three experiments and tested six
amplitudes. In Figure 6, TM AFM height images of
nanobubbles from three different experiments are shown. The
bubbles in Figure 6a were scanned with A, = 4.5 + 0.2 nm

(one series). The bubbles in Figure 6b were successively
scanned with amplitudes A, of 43.1 + 04, 65.3 + 1.3, and

120.7 + 0.1 nm (three series). The bubbles in Figure 6¢c were
scanned with Ay = 90.5 + 0.6 nm and subsequently with

Ay =110 % 0.1 nm (two series). For each amplitude value, a

series of 15—21 constant-amplitude (height) images were
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Figure 6. TM AFM height images of nanobubbles on HOPG in water
measured with different free amplitudes A, : (a) 4.5 £ 0.2, (b) 43.1

+ 0.4, 65.3 + 1.3, and 120.7 + 0.1 nm, and (c) 11.0 + 0.1 and 90.5 +
0.6 nm. For each amplitude, a series of images was scanned with
different setpoint ratios. The dimensions of three bubbles marked with
arrows were measured and plotted in Figure 7. The heights of bubbles
marked with numbers are plotted in Figures 8 and 9. (d) Sequence of
AFM images of a single bubble (no. 1 in panel c) scanned with 4, =

‘mean

11.0 £ 0.1 nm and A, _ = 90.5 + 0.6 nm with various setpoint ratios.

The apparent size of the bubble depends on the amplitude and
decreases with decreasing setpoint ratio. The height scale of all images
is 30 nm, and the pixel size is 5.9 nm X 5.9 nm in panels a and b and
7.8 nm X 7.8 nm in panels ¢ and d.

recorded. The first image in each series was scanned with the
highest possible setpoint ratio (usually higher than 94%), and
then the setpoint ratio was gradually decreased to the minimum
possible value (usually around 35%). Finally, the setpoint ratio
was reset to the highest possible value, and one more image was
scanned in order to determine whether the bubbles changed
their size (volume) or position during scanning the series. For
setpoint ratios lower than 30%, imaging was possible, but the
signal became very noisy. The recording of each image took
approximately 15 min. In all three experiments, the nano-
bubbles possessed similar sizes, with apparent heights H
ranging from 10 to 36 nm and widths W between 50 and 200
nm (as measured for setpoint ratios >90%).

For each image, the amplitude was measured from the A—Z
curves recorded before and after scanning the image as
described in the Experimental Section. Afterward the mean
amplitude was calculated for each image and finally for the
whole series. The amplitudes were held constant during each
series in order to minimize their influence on the bubble size
(Figure S-4 in the Supporting Information). The only exception
was the series acquired for Ay = 90.5 + 0.6 nm, for which the

amplitude first decreased with changing setpoint ratio at a
gradient of approximately 0.5 nm/% and then increased again.
This decrease affected the results (Figures 7 and 8).

Figure 6d shows two series of AFM images obtained for a
single bubble scanned with different setpoint ratios (the bubble
is marked with an arrow in Figure 6c). The first series was made
for small amplitudes (A4, =110 + 0.1 nm), and the second

series was made for large amplitudes (4, = 90.5 + 0.6 nm).

In both cases, the bubble gradually decreased in size for
decreasing setpoint ratios. Its apparent shape changed
dramatically from a typical spherical cap shape for high
setpoint ratios through a hatlike structure for intermediate
setpoint ratios to complete disappearance in images for low
setpoint ratios. After the set point was reset to high values, the
bubble reappeared on the surface in its original location and
size. The bubble size depended on the amplitude and was
smaller for larger A, for comparable setpoint ratios. This is in

line with the results described in the previous sections. Similar
behavior was observed for all measured bubbles. They remained

36 T T T T T T 36
Bubbles for A, ...
324 5 45+02nm 132
e 11.0+0.1 nm
289 431+04nm
24 65.3 +1.3nm
» 90.5+0.6 nm
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£ 16 T
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Figure 7. Apparent nanobubble (a) height H and (b) contact angle 6,,,,, as functions of the setpoint ratio measured for three bubbles marked with

arrows in Figure 6 for six different free amplitudes A, . Data for Ay = 11.0 £ 0.1 and 90.5 + 0.6 nm concern the same bubble measured during

the same experiment but with different scanning parameters. Similarly, data points for A, = 43.1 + 0.4, 65.3 & 1.3, and 120.7 £ 0.1 nm refer to the

same bubble. The apparent height decreases and the contact angle increases with decreasing setpoint ratio. The slopes increase with increasing

amplitude.
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Figure 8. Change of (a) the slope AH/Asetpoint ratio and (b) the maximum height Hinax(sp) (apparent bubble height extrapolated to 100% setpoint
ratio) as functions of the mean amplitude A, for different bubbles. Each data point corresponds to a single bubble marked with numbers in Figure

6. The slope increases with the amplitude; the maximum height shows no clear trend.

unchanged as long as the setpoint ratio and amplitude were
held constant but changed their apparent shape in response to
changes in one of these parameters. In all experiments, smaller
bubbles disappeared from the AFM image faster (i.e., for higher
setpoint ratios) than large bubbles, but all bubbles reappeared
unchanged for high setpoint ratios. This observation indicates
that nanobubbles do survive the tip—bubble interaction not
only without being destroyed but also without any change in
their apparent shape or size. Therefore, they proved their
extreme stability over a long time (several hours) and under
harsh scanning conditions.

As explained in the previous section, the disappearance of
nanobubbles in the AFM images for lower setpoint ratios is
caused by the fact that the bubble does not damp oscillations
sufficiently and the AFM tip approaches and eventually
interacts with the hard substrate. Moreover, because bubbles
are lower at the edges, this effect is more pronounced at the rim
than in the center and visible in the image as a circular
depression around the bubble. In addition, for large amplitudes,
after the initial bubble disappearance, if we further lower the
setpoint ratio, the bubble reappears and disappears again
(Figure 6d). The reason for this is a repulsive force between the
tip and the sample that becomes more significant for lower
setpoint ratios and causes a much faster damping of the
oscillations. As a consequence, the piezo moves less toward the
tip (retracts the sample) and that is seen as an elevation in the
height image. For larger amplitudes, this artifact is visible for
even higher setpoint ratios, where relatively more damping of
A, is needed to establish contact with the surface and repulsive
forces play a role in the earlier stage.

The underestimation of the nanobubble height as a result of
TM AFM scanning has already been observed by several
authors. For instance, the real bubble height estimated from the
force—displacement curves measured on the bubble by Zhang
et al.*>* was found to be more than 2 times larger than the
apparent height measured in TM AFM height images. Also,
Holmberg et al.>° reported that the real bubble height deduced
from force—displacement curves was larger than the one
measured via CM AFM. Interestingly, Bhushan et al.** obtained
approximately the same bubble height in TM AFM height
images (setpoint ratio 95% and free amplitude 7 nm) as
compared to an estimate from the amplitude—displacement and
phase shift—displacement curves measured on the same bubble.

The apparent shrinkage of bubble heights and widths as a

result of decreased setpoint ratios is in agreement with most of

627

the data reported in the literature. Wang et al.** studied
nanobubbles on spin-coated PS films and observed the
apparent bubble disappearance from the height image for a
low setpoint ratio (80%) and the reappearance for a high (95%)
setpoint ratio. Yang et al.** measured nanobubbles on HOPG
in water for five values of the setpoint ratio between 89 and
44%. They observed the decrease in the apparent bubble height
and width for decreased setpoint ratios. For an example bubble,
the apparent bubble height decreased from ~11 to ~1 nm and
the bubble became nearly flat. The gradient of shrinkage was
relatively small for setpoint ratios of 89—67% and increased for
setpoint ratios of 67—44%. No tip correction was applied in this
report. Borkent et al*’ also investigated nanobubbles on
HOPG in water and measured them with different cantilevers
for free amplitudes that were as low as 1 to 2 nm and several
setpoint ratios ranging from 98 to 50%. In some cases, no
change in the apparent shape was observed down to a setpoint
ratio of 50%, and in other cases, the bubble size decreased for
setpoint ratios <90% and showed a plateau for setpoint ratios
>90%. Finally, in a few cases, a decrease was observed for the
whole range of setpoint ratios used. According to the authors’
claims, these differences could not be assigned to different
cantilever stiffnesses (a stiffer cantilever presumably caused a
weaker dependence), but were the result of the contamination
of the cantilever of unknown origin (all cantilevers were plasma
cleaned prior to use and investigated with high-resolution SEM
after use). This contamination might cause pinning of the
contact line and was argued to form a layer on the nanobubble’s
air—water interface, increasing its stiffness and weakening its
response to the force applied by the AFM tip, which resulted in
a plateau in the plots. Clean cantilevers (also plasma cleaned
and investigated with SEM) gave reproducible results; however,
the different slopes in the setpoint ratio dependences could not
be explained by the varying cantilever stiffness.

In experiments on nanobubbles on OTS-covered silicon in
water carried out by Zhang et al,> the setpoint ratio was
changed from 92.6 to 74.1% (only two values examined). The
bubbles were found to be insensitive to the setpoint ratio and
kept their apparent height and width constant, which is similar
to the plateau effect observed by Yang et al. and Borkent et al.
but in contradiction with our results. Interestingly, the same
authors also measured nanobubbles on OTS in 0.5 CMC
Tween 20 solutions and observed a strong setpoint ratio
dependence in the range of 96.8 to 74.4%. The apparent bubble
size decreased with lowering the setpoint ratio and increased
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with increasing the setpoint ratio (no plateau observed). The
strong response to the variation in the setpoint ratio was
explained by the authors as a consequence of a decreased
surface tension and hence a decreased stiffness of the bubble
due to the presence of the surfactant.

As shown in the present work, unfortunately, the values of
setpoint ratios given by different authors cannot be compared
directly because of other unknown scanning parameters and
different cantilevers, substrates, and solutions used. Moreover,
in some experiments the cantilevers were precleaned, and in
others they were not. In our opinion, the inconsistency in the
measured setpoint values and therefore the extent to which the
apparent bubble size changed as a result of the tip action may
be mainly ascribed to the variations in the free amplitude in
different experiments. (Unfortunately, in most cases the values
of A, were not reported.) The origin of the plateau effect
reported by some authors, although also observed by us in
other experiments, is still unclear. Finally, moving, coalescence
with neighboring bubbles, or even the removal of nanobubbles
from the image for low setpoint ratios reported by Agrawal et
al.* and Wang et al.*® can be attributed to large lateral forces
due to the contamination of (nonprecleaned) AFM tips used in
the experiments. It should be noted that such effects may also
occur for hydrophobic AFM probe tips at the highest possible
setpoint ratios.”™*® Similar effects of tip operation on the
bubble height were also observed in contact-mode AFM.>**~>°

Throughout all of our experiments, we assumed that
nanobubbles possess a spherical cap shape and that they kept
this shape over the whole course of the experiment, also for low
setpoint ratios. Therefore, as long as the bubbles were visible in
the AFM images, we applied the spherical cap fit and measured
their apparent dimensions. The apparent heights H and contact
angles 0,,,, of three example bubbles marked with arrows in
Figure 6a—c are plotted as functions of the setpoint ratio in
Figure 7. Different data points refer to six series of
measurements made for different amplitudes in three experi-
ments. Series for Ay = 11.0 £ 0.1 and 90.5 + 0.6 nm describe

the same bubble. (They were measured during the same
experiment at the same location on the sample.) Similarly, data
points for A, = 43.1 £ 04, 65.3 + 1.3, and 120.7 £+ 0.1 nm

refer to the same bubble. The apparent widths W and radii of
curvature R_ of the bubbles as functions of the setpoint ratio are
shown in Figure S-5 in the Supporting Information.

For all bubbles, the apparent bubble height H decreased with
decreasing setpoint ratio. Similar trends were observed in
independent PeakForce TM AFM measurements of surface
nanobubbles, where the apparent height decreased for
increased maximum scanning force.®’ In the current TM
AFM experiments reported here, we assumed a linear
dependence of H on the setpoint ratio in Figure 7a, and we
applied a linear fit to the data points. For each series, the data
points followed the trend and the slope AH/Asetpoint ratio of
the fit increased for increasing A, This observation is in
agreement with the schematic plot in Figure 3b. To confirm
this, we calculated the slopes AH/Asetpoint ratio for several
bubbles marked with numbers in Figure 6: eight bubbles from
the series measured with amplitudes of A, = 4.5 + 0.2 and

11.0 + 0.1 nm (bubble no. 1—8 in Figure 6a,c, respectively), six
bubbles from the series for Ay = 43.1 + 0.4 nm (bubbles no.
1-6 in Figure 6b), and three bubbles from the series for
amplitudes A, = 90.5 + 0.6 nm (bubbles no. 1-3 in Figure

628

6¢c) and Ay =653 + 1.3 and 120.7 + 0.1 nm (bubbles no. 1—

3 in Figure 6b). The results are plotted as functions of the mean
amplitude in Figure 8a. Each data point in this plot corresponds
to a single bubble in Figure 6. The slope increases for increasing
amplitude, which is again in line with the dependence shown in
the scheme in Figure 3b. The line is constant for A; = 0 nm in
the scheme; therefore, no dependence of the size on the
setpoint ratio is represented in Figure 8a as the (0, 0) point.
However, it is difficult to judge whether there is a linear
dependence of the slope on the amplitude because of (1) the
deviation of A, = 4.5 + 0.2 nm data, (2) the deviation of

Ay, =90.5 + 0.6 nm data, and (3) the possible dependence of

the slope on the bubble size discussed in detail in the next
section (where we compare three bubbles of different sizes
measured in three different experiments). The deviation of
Ay =45+ 02 nm data (slopes steeper than for A, =110

+ 0.1 nm) can be explained by the lack of points available for
fitting for high setpoint ratios (the highest setpoint ratio was
<90%) and by presumably different AFM tip sizes/shapes. The
slope of the bubbles measured with A, = 90.5 + 0.6 nm

deviates from the linear trend (is less steep) most likely because
the amplitude decreased during the experiment (Figure S-4 in
the Supporting Information). This decrease affected (in-
creased) the apparent bubble heights measured for lower
setpoint ratios and consequently resulted in a less-steep slope.

The extrapolation of the fitted lines in Figure 7a to a 100%
setpoint ratio yields an estimate of Hi (). The estimated
values were larger than the apparent values of H measured from
the AFM images. Importantly, the same bubble measured with
the same setpoint but a larger amplitude displayed both lower
apparent and maximum heights (cf. the series for A, =11.0 +

0.1 nm (red circles) and for A, = 90.5 + 0.6 nm (magenta

right-facing triangles) in Figure 7a). This observation is in
agreement with the schemes in Figure 3 in which Hpu )
depends on the amplitude. However, when we extrapolated the
data for the rest of the bubbles to the 100% setpoint ratio, the
estimated maximum apparent heights H,, () did not show a
clear dependence on the amplitude (Figure 8b). This was
caused by the large error bars, which in turn resulted from the
accumulation of the errors in the linear fitting.

The additional evidence of the dependence of the nano-
bubble height on the setpoint ratio and amplitude comes from
the experiment described in the previous section concerning
the nanobubbles measured with high setpoint ratios and
different amplitudes A,. This time, if one focuses on only one
bubble, then one can see that the apparent heights measured
with different amplitudes A, were all smaller than the actual
height of this bubble estimated from the linear fit in Figure Sa
and that the apparent heights measured for comparable
setpoint ratios decrease with increased free amplitudes. This
is similar to the behavior shown in Figures 3b and 7a. An
example plot of the apparent height versus setpoint ratio for a
single bubble (no. 2 in Figure 4a) is shown in Figure S-3 in the
Supporting Information.

The apparent contact angles 6,,,, of the bubbles plotted in
Figure 7b increased with decreasing setpoint ratios. The
increase was more pronounced for larger amplitudes. In
addition, for a single bubble 6,,,, was larger when measured
with the same setpoint ratio but a larger amplitude. All
measured values were in the range of 140—180° and hence
significantly greater than the macroscopic contact angle of 63 +
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2°. As mentioned in the previous section, such high contact
angles decrease by a maximum of 10—15° when they are
corrected for the tip size and are hence still much higher than
the macroscopic value. Contrary to nanobubbles, nanodroplets
display a nanoscopic contact angle close to the macroscopic
contact :mgle.‘%_58 Interestingly, a setpoint dependence of the
contact angle similar to the one observed by us (but of course
with different values of the contact angle) was observed by
Zhang et al.>” for decane nanodroplets studied with TM AFM.
The apparent contact angle (measured on the decane side) was
found to be decreased with a decreased setpoint ratio, and the
droplets appeared to be more flat in the topographic images.

Some authors suggested that bubble deformation due to the
scanning in TM AFM can serve as an explanation of the
unusually high contact angle of surface nanobubbles.***>°
However, the difference in the nanoscopic contact angles
calculated by Zhang et al.*® using the real bubble height
estimated from the force—displacement curves and the
apparent height measured in the TM AFM height image was
only 7° (the bubble width did not change). This value is smaller
than the range of variations of the contact angle caused by using
a nonzero free amplitude and a setpoint ratio <100%. In our
experiments, the smallest value of 6,,,,(y) that could be
estimated from the plot (for a 100% setpoint ratio) does not
exceed 135° and is hence ~70° higher than the macroscopic
value.

The apparent bubble widths W followed the same trend as
the apparent heights H and decreased with decreasing setpoint
ratios. This change was more pronounced for larger A,

(details in Figure S-S in the Supporting Information). Again,
the same bubble measured with comparable setpoint ratios had
different apparent widths in the TM AFM height images,
depending on the free amplitude. The larger the amplitude, the
smaller the bubble appeared.

Contrary to the heights and the widths, the apparent bubble
radii of curvature R. did not display any particular trend in the
tested setpoint ratio range. They had values of 100—300 nm,
and for a single bubble, they remained approximately equal
independent of the amplitude. However, for large amplitudes,
data points became more scattered and the error increased.
This is likely caused by an inferior fit to the spherical cap model
for severely deformed bubbles measured for large amplitudes.

At this point, one may ask how serious the height
underestimation caused by the scanning conditions actually is.
As an example, the relative change in the bubble height
(Hax(sp) = H)/Hinax(sp)) is plotted as a function of the setpoint
ratio for eight bubbles scanned with the amplitude A, =4.5 +
0.2 nm (Figure 6a). The small amplitude was chosen to
investigate the effect of the setpoint ratio for the most optimal
experimental conditions that we could obtain. The results are
plotted in Figure 9. Despite the large error bars attributed to
the error in the estimation of H, () from the linear fits, the
trend for the data points is clear: the underestimation of the
height is as high as 10% even for high setpoint ratios (~90%)
and increases with decreasing setpoint ratio by approximately
10% for each 10% decrease in the setpoint ratio. Therefore, it is
clear that even for optimal scanning conditions the apparent
sizes of the nanobubbles deviate significantly from their actual
sizes. Moreover, one must keep in mind that this under-
estimation becomes even larger for higher amplitudes because
the slope AH/Asetpoint ratio increases. Even more evidence
showing that TM AFM scanning is an invasive technique comes
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Figure 9. Relative underestimation of the apparent height (me<sp) -
H)/Hpay(sp) 28 a function of the setpoint ratio for eight nanobubbles
marked with numbers in Figure 6a, measured with amplitude A, =
4.5 £ 02 nm. H, ) values for the 100% setpoint ratio were
estimated from the linear fits of data points similar to those shown in

Figure 6a.

from the work of Zhang et al.,62 who showed that even
scanning with setpoint ratios close to 100% (free amplitude
unknown) caused the shape transformation of pancakelike
gaseous layers into regular nanobubbles of unchanged volume.

Size Dependence. In this section, the above-mentioned
influence of the bubble size on the dependence of the height on
the setpoint ratio and the amplitude is addressed for two series
of images: (1) for eight bubbles measured with different
amplitudes and high setpoint ratios (bubbles 1—8 in Figure 4a)
and (2) for eight bubbles measured with the smallest amplitude
Ao, =45+ 02 nm and setpoint ratios varying from 95 to

40% (bubbles 1—8 in Figure 6a). The choice of the small-
amplitude conditions ensured the most optimal conditions for
measuring nanobubbles and provided the longest series of AFM
images. The apparent heights of the bubbles were plotted in
Figure 10a,c as functions of the setpoint ratio for different A,
values and different setpoint ratios, respectively. Although
measured in different experiments, bubbles in both series had
comparable heights of 10—35 nm. To estimate the maximum
height H,, (4, and Hypoy(sp) Of the bubbles, as before, we applied

a linear fit to the data points and extrapolated the functions to 0
nm free amplitude in Figure 10a and 100% setpoint ratio in
Figure 10c. In both cases, the estimated maximum heights
served as an indication of the bubbles’ actual sizes. As the next
step, we plotted calculated slopes AH/AA; and AH/Asetpoint
ratio as functions of the corresponding maximum heights, as
shown in Figure 10b,d, respectively. In both plots, the slopes
depend on the bubble size and become steeper for larger
bubbles. Therefore, we conclude that the apparent height of a
nanobubble in the TM AFM height image decreases more
drastically for larger bubbles with a decreasing setpoint ratio or
with an increasing free amplitude. Hence, the underestimation
of the height that is always present for setpoint ratios <100%
and free amplitudes > 0 nm also depends on the bubble size
and is larger for bigger bubbles. This observation is in line with
the reasoning presented by Bhushan et al.** and also confirms
the suggestion made by Borkent et al.** that larger bubbles are
more easily deformable/penetrable than smaller ones. The
difference is caused presumably by the difference in the Laplace
pressure for bubbles of different sizes. For the bubbles
considered in Figure 10, the Laplace pressure varied from
0.64 MPa for the largest bubble to 1.16 MPa for the smallest
one. Clearly, the larger bubbles were softer and the tip

dx.doi.org/10.1021/1a304193d | Langmuir 2013, 29, 620—632


wiktoria
Maschinengeschriebenen Text
_____________________________________________________________________________________________________

wiktoria
Maschinengeschriebenen Text
124 | C H A P T E R   5


THE SHAPE OF NANOBUBBLES IN TM AFM]|125

Langmuir

" Bubblé no.
136

CONOOPRWN =
L

70

Setpoint ratio (%)

(b)

-0.10] {-0.10
—a—
ge-ms j { . {-0.15
E Bubble no. J — l
o 1 + ] |
(O] o 2
§-020 I 3 ‘ ——e——=1.020
%] v 4
5 ‘
> 6 |
025 - 7 {-0.25
e 8
14 16 18 20 22 24 26 28 30
(d)
0.6 ———————————————————— 06
Bubble no.
05 « 4 . los
L 4 A
= 044 2 ] {04
8 ~ 8 e —"
T 0.3 7 T 1 B {103
9 © 8 TT1 +
02 =t lo2
3 (=
g
S 0.1 {01
0.0 ——————————————————00
0 5 10 15 20 25 30 35 40 45

Hmax(sp) (nm)

Figure 10. (a) Apparent nanobubble height vs free amplitude A, for eight bubbles indicated with numbers in Figure 4a as measured for high setpoint
ratios (>89.5%) and (b) corresponding slopes AH/AA, as a function of the bubble size H,,,,.4, (apparent bubble height extrapolated to Ay = 0 nm).

(c) Apparent nanobubble height vs setpoint ratio measured for A, = 4.5 + 0.2 nm for eight bubbles indicated with numbers in Figure 6a and (d)

corresponding slopes AH/Asetpoint ratio as a function of the bubble size H,,

ax(sp) (apparent bubble height extrapolated to 100% setpoint ratio).

Both slopes increase with increasing bubble size, and hence the height underestimation is larger for larger bubbles.

deformed them more easily than smaller bubbles. These results
indicate that the bubble size (radius of curvature) is an
additional parameter that influences the appearance of
nanobubbles in TM AFM height images.

B CONCLUSIONS

We addressed the influence of the two central intermittent
contact (tapping)-mode AFM scanning parameters, namely, the
free amplitude of the cantilever oscillations A, and the setpoint
ratio, on the size and shape of surface nanobubbles on HOPG
in water, as seen in TM AFM height images. In general, the
apparent height of nanobubbles was found to decrease with
decreasing setpoint ratio and with increasing amplitude. When
the amplitude was large compared to the bubble height (several
tens of nanometers), the AFM tip deformed the bubble to a
larger extent, and the same holds for lower setpoint ratios. In
turn, if the amplitude was low (a few nanometers), then the
bubble size was less affected even for relatively low setpoint
ratios. We showed that nanobubbles were stable for a long time
and under severe scanning conditions. Independent of the
scanning conditions, the apparent size of nanobubbles
measured with TM AFM was always underestimated and
thus smaller than their actual size and depended both on the
amplitude and on the setpoint ratio. In addition, this
dependence was shown to be more pronounced for bubbles

630

with larger radii of curvature and hence smaller Laplace
pressure. The actual heights of the bubbles could be estimated
from the extrapolation to the 100% setpoint ratio and A, = 0
nm (ideal noninvasive scanning conditions). Importantly, the
change in the apparent bubble shape due to imaging with
nonzero amplitude and nonzero setpoint ratios did not explain
the discrepancy between nanoscopic and macroscopic contact
angles. The apparent nanoscopic contact angles of nanobubbles
on HOPG extrapolated to the 100% setpoint ratio and A, = 0
nm were >130° and hence significantly higher than the
macroscopic contact angle in water (63°). Therefore, it is not
the AFM scanning itself that causes the high apparent contact
angle of nanobubbles. As a final remark, we want to emphasize
that (1) maximizing the setpoint ratio and minimizing the free
amplitude is crucial to obtaining optimal and reliable results of
TM AFM measurements of surface nanobubbles and (2) both
parameters must be controlled during the course of the
experiment and carefully reported. Only this will enable one to
compare the results within a single experiment and, more
importantly, with data from different experiments.

B ASSOCIATED CONTENT

© Supporting Information

Error calculation, AFM data for setpoint fluctuation, amplitudes
A, used, and various nanobubble widths and R. data. This
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Error calculation

The error calculation included:

)

2)
3)

4)

5)

AFM measurements — experimental error of 1% for all spatial directions (also 1% of radius of
curvature R,)

MATLARB fitting procedure — rms error for R, and consequently for H, W and 6,4,,.

Free amplitude — rms amplitude 4,[V] was measured as a mean value of n = 30-50 points

from the amplitude-displacement plots:

The amplitude A,y [nm] = A, [V]*deflection sensitivity of the cantilever

Error in 4y [nm]: dAy [nm] = A Ay [V]*deflection sensitivity of the cantilever
Averaging of 4, [nm] (from two curves for one image — recorded before and after the scan):
(dAp betore [nM] + dAp aer [nm])/2

Setpoint ratio — error in the setpoint amplitude was equal to A 4,[V]

Error in setpoint ratio (4/ A,*100%) was calculated by the partial derivatives method

Error of the averaging of setpoint ratio from two curves for one image — analogous as for the

free amplitude in point 4)
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Constant setpoint ratio, different amplitudes experiment
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Figure S-1. Setpoint ratios measured for nominally identical AFM settings. The setpoint ratio was
kept high (> 90 %) for all images beside the first one taken at 4, = 5.9 nm, for which the setpoint ratio
85.9 % was the highest value at which imaging was possible. Variations in the setpoint ratio were

caused by the fluctuations of the free amplitude during the imaging.
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Figure S-2. Apparent nanobubble (a) width W, (b) radius of curvature R. as function of the free

amplitude 4, measured with setpoint ratios > 85.9 % for eight bubbles marked in Figure 4a. Both

parameters decrease with increasing amplitude.
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Figure S-3. Apparent nanobubble height as a function of the setpoint ratio measured for different free
amplitudes 4, (see labels) for bubble no. 2 in Figure 4. The height .. (green square) was
estimated for 100 % setpoint ratio from the linear fit for this bubble as shown in Figure 5a. The
H,yax40) level is marked in the plot with the horizontal line. All other data points marking the individual
apparent heights are smaller than H,,..10) and lay below this line and thus are all smaller than .40
The apparent heights of the bubble decrease for increasing free amplitude when measured with

comparable setpoint ratio. Compare this plot with the plots in Figures 3b and 7a.
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Constant amplitudes, different setpoint ratios experiment
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Figure S-4. Free amplitudes A4, as a function of the image number for six series of measurements

marked with different symbols. For each series except 4y e = 90.5 = 0.6 nm the amplitude was held

constant.
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Figure S-5. Apparent nanobubble (a) width W, and (b) radius of curvature R, as function of the
setpoint ratio, measured for three bubbles marked in Figure 6 for six different free amplitudes Ag,cq-
Data for Ag,ea, = 11.0 £ 0.1 nm and 90.5 £ 0.6 nm concern the same bubble measured during the same
experiment, but with different scanning parameters. Similarly, data points for 4y, = 43.1 £ 0.4 nm,
65.3 £ 1.3 nm and 120.7 £ 0.1 nm refer to the same bubble. The apparent width decreases and the

radius of curvature remains constant for decreasing setpoint ratio.
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The apparent shape of surface nanobubbles
in Peak Force Tapping AFM

This chapter expands on the material presented in Chapter 5 and deals
with the effect of AFM scanning parameters on the apparent shapes
and dimensions of surface nanobubbles. Here, we describe the results of
experiments on nanobubbles performed in peak force tapping (PFT) AFM
mode, which allows a more precise control of the force exerted by a tip
on the sample than TM AFM. We analyzed how the apparent dimensions
of nanobubbles in AFM height images depended on the maximum applied
force (‘peak force”) in PFT AFM. We found that bubbles appeared
smaller than their actual sizes even for very small forces and that the
magnitude of the size underestimation increased for increased peak force.

The strength of this effect depended in addition on the bubble size.

The actual nanobubble contact angles, estimated from an extrapolation of
the apparent contact angles to zero scanning force conditions, were larger
than 140° and larger than the macroscopic contact angle. This result was

comparable to the result obtained for nanobubbles in TM AFM.
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Abstract

Until now, TM AFM (tapping mode or intermittent contact mode atomic force microscopy)
has been the most often applied direct imaging technique to analyze surface nanobubbles at
the solid—aqueous interface. While the presence and number density of nanobubbles can be
unequivocally detected and estimated, it remains unclear how much the a priori invasive
nature of AFM affects the apparent shapes and dimensions of the nanobubbles. To be able to
successfully address the unsolved questions in this field, the accurate knowledge of the
nanobubbles’ dimensions, radii of curvature etc is necessary. In this contribution we present a
comparative study of surface nanobubbles on HOPG (highly oriented pyrolytic graphite) in
water acquired with (i) TM AFM and (ii) the recently introduced PFT (PeakForce tapping)
mode, in which the force exerted on the nanobubbles rather than the amplitude of the
resonating cantilever is used as the AFM feedback parameter during imaging. In particular, we
analyzed how the apparent size and shape of nanobubbles depend on the maximum applied
force in PFT AFM. Even for forces as small as 73 pN, the nanobubbles appeared smaller than
their true size, which was estimated from an extrapolation of the bubble height to zero applied
force. In addition, the size underestimation was found to be more pronounced for larger
bubbles. The extrapolated true nanoscopic contact angles for nanobubbles on HOPG,
measured in PFT AFM, ranged from 145° to 175° and were only slightly underestimated by
scanning with non-zero forces. This result was comparable to the nanoscopic contact angles of
160°-175° measured using TM AFM in the same set of experiments. Both values disagree, in
accordance with the literature, with the macroscopic contact angle of water on HOPG,

measured here to be 63° + 2°.

Online supplementary data available from stacks.iop.org/JPhysCM/25/184005/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Over two decades ago, the first hypotheses of surface
nanobubbles were put forward as a possible explanation
for the long-range attractive interaction observed between
hydrophobic surfaces immersed in water [1-3]. Since
the first observation of spherical cap shaped domains at
the solid—aqueous interface by atomic force microscopy

0953-8984/13/184005+11$33.00

(AFM) [4, 5], many attempts have been made to interrogate
these gas-filled cavities. The intrinsic features of nanobubbles,
namely their nanoscopic size and their liquid environment,
limit the number of techniques that can be applied. Among
others, data from neutron reflectivity [6-8], attenuated total
internal reflection Fourier transform infrared (FTIR) spec-
troscopy [9-11], rapid cryofixation [12], x-ray reflectivity [13,
14], quartz crystal microbalance [15, 16], and, very recently,

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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interference microscopy [17] and total internal reflection
fluorescence microscopy [18, 19] have been reported.
Compared to these techniques, AFM has become the standard
technique for measuring surface nanobubbles [20-35]. This
is mainly due to its ability to investigate simultaneously the
shape and size of nanoscale objects, even in liquids, with
nanometer scale resolution.

Over the years, many important issues of surface
nanobubbles have been addressed by AFM, including the
methods of nanobubble formation [22, 23], their stability [19,
23-26], the role of the substrate [27-29], the liquid [30,
31], temperature [32, 33], gas type and concentration [34,
35], and the coexistence of nanobubbles with so-called
micropancakes [9, 21, 34, 36]. So far, it has been shown that
nanobubbles contribute to the attraction between hydrophobic
surfaces in water [1-3], rupture of thin liquid films [37,
38], and hydrodynamic slip [29]. Moreover, they play a role
in froth-flotation [39], immersion lithography [40], and are
a useful tool for cleaning surfaces fouled with proteins or
nanoparticles [41, 42].

The large body of AFM data collected over the years
has been the starting point for all existing theories and
explanations that have been put forward to rationalize
the unexpected lifetimes, stability and nanoscopic contact
angles of surface nanobubbles (as measured through the
condensed phase), which are all much higher than for
macroscopic bubbles [23-25]. However, a consensus has not
been achieved yet. To be able to successfully address the
unsolved questions in this field, an accurate and precise
knowledge of the nanobubbles’ dimensions, radii of curvature
etc is a mandatory prerequisite. The exact information about
surface nanobubble properties is crucial because it may enable
one to predict the existence of nanobubbles in various systems
and to avoid them in those situations when the complete
wetting of surfaces by water is essential.

Since AFM is a priori an invasive technique and is
prone to provide apparently quantitative data even if the
measurement conditions preclude this, great care has to be
taken to (i) perform AFM experiments adequately and (ii)
to analyze the data appropriately. For instance, it is well
established that AFM images comprise a convolution of the
geometry of the scanning probe and of the sample surface
topology. In addition, AFM may under- or overestimate the
absolute height of sample surface features, especially in the
case of soft structures such as polymers, biological structures,
or nanodroplets, but also in the case of solid nanoparticles and
nanotubes [43-50].

Most experiments on surface nanobubbles were con-
ducted in TM (tapping mode) AFM [4, 5, 27-29, 32-35,
51-58], which is considered less invasive than CM (contact
mode) and therefore more suitable for imaging soft and
delicate structures. The pronounced lateral forces involved in
the scanning in CM AFM are the main reason that only a
few researchers have reported successful imaging of surface
nanobubbles in this mode [57, 59]. Some other authors
observed the removal of the bubbles from the AFM image
during the scanning, presumably caused by the action of the
AFM probe [5, 59-61].

However, even for TM AFM several authors reported that
the nanobubble height may be underestimated and that the
bubbles may deform due to the force exerted by the AFM
tip [4, 5, 28, 51, 56, 58, 62]. Our recent experiments fully
confirm these earlier observations and show that the apparent
sizes and shapes of nanobubbles in TM AFM height images
are altered even when scanning with the lowest possible
amplitude and highest possible setpoint ratio. The force
exerted by the tip alters the apparent nanobubble dimensions
to such an extent that it cannot be neglected [62]. The true
bubble size in the absence of an applied force can be obtained
by extrapolating the AFM height data to conditions of zero
amplitude of the cantilever’s oscillations and 100% amplitude
setpoint ratio. These conditions are physically impossible
to obtain during the TM scanning and require laborious
experiments that render the mentioned extrapolation feasible.

Obviously, the magnitude of the forces, which play a
role in the scanning process, influences the apparent image
of the surface nanobubbles. Unfortunately, TM mode does
not allow direct control of the force exerted. To address
this shortcoming, we present here the first study employing
a novel imaging approach to analyze surface nanobubbles
by means of AFM, namely PeakForce tapping (PFT) mode.
PFT has been recently used to study the properties of very
delicate samples such as polymer films, polymer brushes,
nanoparticles, various biological structures, nanotubes and
liquid films [63-65]. In this mode the force is controlled
directly by using the peak force (maximum force exerted) as
a feedback parameter. This mode allows one to control and
minimize the interactions between the tip and the nanobubble.
This, in turn, makes it possible to approach experimentally the
dimensions of surface nanobubbles in the absence of forces.
The knowledge about the unperturbed size of the bubbles
is, as mentioned above, crucial because all derived bubble
properties, such as its internal pressure and contact angles
rely on the accurate bubble shape and dimensions, which, in
turn, is required to explain the observed bubble lifetime and
stability.

Thus, here we present the first results of surface
nanobubbles analyzed at the HOPG-water interface using
PFT mode AFM. In particular, we investigated how the
apparent shape of surface nanobubbles in height images
depends on the applied force. In addition, we compared PFT
and TM AFM data on nanobubbles and analyzed as to how far
the bubble dimensions and derived parameters depend on the
imaging mode chosen.

2. Experimental details

Nanobubbles were measured in fresh Milli-Q water (from
an Advantage A 10 system (Millipore) with a resistivity of
18.0 M2 cm™") on freshly cleaved highly oriented pyrolytic
graphite (HOPG) (VEECO, grade ZYH) with a water contact
angle of 63° £ 2°. The contact angle was measured by means
of the sessile drop method with an OCA 15plus instrument
(Data Physics Instruments GmbH, Filderstadt, Germany)
using Milli-Q water.
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Figure 1. (a) Three-dimensional topographic PFT mode AFM image of a nanobubble. (b) Three-dimensional representation of the
nanobubble; each data point represents one pixel in the AFM topographic image. (c) Schematic cross-section of a surface nanobubble. We

define the contact angle through the condensed, i.e. the aqueous phase.

PeakForce TM and TM AFM measurements were carried
out on a Multimode 8 AFM instrument equipped with
a NanoScope V controller, a vertical engage E-scanner
and NanoScope version 8.10 software (Bruker AXS, Santa
Barbara, CA). An open liquid cell configuration (without
rubber O-ring) was used [44]. The liquid cell was rinsed with
ethanol (99.9%, Merck KGaA, Darmstadt, Germany), dried
in a stream of nitrogen and inserted into the optical head of
the microscope. Immediately, a drop of Milli-Q water was put
in the groove of the liquid cell and on the cantilever using a
sterile disposable plastic syringe and a sterile needle. Another
drop was placed directly on the sample and when the optical
head was lowered, the two droplets coalesced and formed a
meniscus between the liquid cell and the sample [44]. AFM
measurements were performed with V-shaped MLTC Si3Ny4
cantilevers (Bruker AXS, Camarillo, CA, spring constant
ke = 0.7 & 0.07 N m~!). The cantilever spring constant
was independently calibrated also on an Asylum Research
MFP-3D Bio (Asylum Research, Santa Barbara, California).
The cantilevers were cleaned prior to the measurements for
60 s by oxygen plasma (Plasma Prepll, SPI Supplies, West
Chester, USA). The nanobubbles were scanned first in TM
AFM and subsequently in PFT mode AFM without changing
the cantilever and the tip. The drive frequency used for
imaging in TM AFM was 27 kHz. The free amplitude (in
volts) was calculated from amplitude—displacement curves
recorded before and after recording of the image, as an
average of 50 points. Using the appropriate value of the
deflection sensitivity, it was recalculated into a free amplitude
in nm. The amplitude setpoint ratio (ratio of the setpoint
amplitude value set during the measurements and the free
amplitude calculated from the corresponding curve) was
calculated as the mean value of two setpoint ratios calculated
using curves recorded before and after scanning the image. In
PFT mode the sample was oscillating at 2 kHz (off resonance).
The peak force tapping amplitude was set to 110 nm and
the peak force threshold was varied for each image. The
deformation fit region was set on 85%.

The raw PFT and TM height images were processed
using a first-order plane fit and a zero-order flattening
(with nanobubbles excluded) [44]. The data analysis, the
reconstruction of the bubble shape, the fit of the profile
obtained to the spherical cap and the calculation of the bubble
dimensions, as displayed in figure 1, were performed with

MATLAB software according to the procedure described
elsewhere [27]. No tip size correction was applied. Adhesion,
deformation and dissipation PFT images were not processed
except for a normalization of the data, as mentioned in the
text.

3. Results and discussion
3.1. PeakForce TM AFM on surface nanobubbles

PeakForce tapping mode has been recently introduced as
an atomic force microscopy imaging mode [64]. Apart
from topographic images, it provides maps of stiffness,
deformation, adhesion (pull-off force) and dissipation of the
sample with nanoscale resolution. In the work presented here,
nanobubbles at the solid-liquid interface were investigated by
PFT AFM.

In PeakForce tapping mode, the AFM tip is brought
intermittently into contact with the sample surface, which
minimizes lateral forces, similar to tapping mode. The main
differences between the two modes are: (1) the working
frequency—in PFT, the tip (or the sample) is oscillated
out of resonance at a frequency of 1-10 kHz, which is
lower than in standard TM in liquid, and (2) in PFT,
the parameter maintained constant in the feedback loop
is the peak (maximum) load force, not the amplitude of
the cantilever oscillations. Imaging speeds and resolution in
both modes are comparable. The amplitude of the cantilever
oscillations in PFT may be varied between 0.1 nm and 3 um
peak-to-peak.

In the PFT mode, the cantilever is constantly moving
in the surface normal direction and in each oscillation cycle
a force—displacement curve is measured. The force is zero
(baseline force), which corresponds to the deflection of the
free hanging cantilever, when the probe is not contacting the
surface. The value of the peak force threshold (the difference
between maximum force and baseline force) is held constant
by the feedback loop so that at each point (each pixel of the
image) the force exerted on the sample is the same. In our
experiment, a modulation rate of 2 kHz was used, therefore
each curve consisted of 250 points.

The interaction forces measured at different distances
between the tip and the sample constitute the shape of the
force—distance curve. In the approach phase, when the tip
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Figure 2. PFT AFM height and deformation images of surface nanobubbles on HOPG in water scanned with peak forces of F = 0.24, 2.5,
9.7 and 27 nN. The dimensions of the bubbles marked with numbers were quantitatively analyzed and are plotted in figure 3. Vertical scale
of the images: height: 30 nm, deformation: 40 nm. Pixel size: 2.9 nm x 2.9 nm. In the last column, the cross-sections of bubble no. 4 are

shown.

is far from the sample, the force is zero (initial zero force
line). Close to the sample the tip may experience van der
Waals attraction, snapping into contact with the surface and
subsequently bending up due to strong repulsive forces until
it reaches the peak force threshold (usually repulsive). After
that, the tip is retracted and instantly brought back to the
baseline (zero) reference force. During the retraction, the
cantilever may stick to the sample and bend down due
to adhesive forces (the force drops below the zero force
line) until it eventually snaps off and returns to the base
line deflection position. Next, the tip is moved to the next
position on the sample and the whole procedure is repeated.
Different behavior of the cantilever during the approach
and the retraction action results in the hysteresis in the
force—displacement curve.

In addition to direct measured data i.e. adhesive forces,
in PFT, a number of derived data may be calculated
from the force—displacement curve. The derived quantities—
deformation and dissipation—can be plotted according the
x—y position of the AFM tip or can be used in a feedback loop
and maintained constant during the measurements. ‘Adhesion’
(pull-off force) data is calculated as the largest negative
force detected during the retraction curve. The area enclosed
between the approach force curve and the retract force curve
accounts for the dissipation of the energy per oscillation cycle.
Finally, the maximum deformation of the sample is calculated
as the difference in the piezo-displacement between the points
of maximum (peak) and zero (baseline) force, measured along
the approach curve, and corrected for the change in the
deflection of the cantilever. The calculated value includes both
elastic and plastic contributions and reaches its maximum at
the peak force. There may be some error in the determining
the deformation value due to the fact that the tip first contacts
the sample at the snap-in point (when the force is attractive
before it becomes repulsive) and not at the zero crossing
point.

3.2. Dependence of the apparent nanobubble size on the
scanning force in PFT AFM

In our experiments, we systematically investigated surface
nanobubbles on HOPG in water with PFT AFM. During the
course of the experiment, at a fixed location on the sample,
an area of 1.5 x 1.5 um? was scanned several times with
gradually increasing peak force. The peak force threshold
was varied between 73 pN and 27 nN, so the forces used
in our experiment ranged over several orders of magnitude.
The smallest force was limited by the minimum interaction
required for the imaging to occur, which was proportional to
the cantilever stiffness (a relatively stiff cantilever of k. =
0.7 N m~! was used). The largest force was limited by the
apparent disappearance of (most of) the bubbles from the
height image. During the scan, the maximum force (measured
at the tip apex) exerted at each point of the sample was stable
and constant, i.e. it did not exceed a predefined threshold
value. However, the effective force varied from zero (close
to the moment of first contact) to the threshold value (at the
point of acquiring the data).

In order to minimize the interactions between the AFM
tip and the sample, the first scan was done with the lowest
possible force, i.e. with the force for which any features were
visible in the image. After the scanning of each image was
completed, we immediately increased the force and continued
the scanning. The last image in the series was scanned again
with the lowest possible force and was used as a control image
in order to verify that the nanobubbles’ positions and sizes
did not change due to the scanning. In total, we obtained a
series of 10 images. The so-called adhesion, dissipation and
deformation images were acquired simultaneously with the
height images. Exemplary images no. 2, 4, 6 and 10 from
the series, scanned with peak forces 0.24 nN, 2.5 nN, 9.7 nN
and 27 nN, respectively are shown in figure 2 (height and
deformation) and in figure S1 (available at stacks.iop.org/
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Figure 3. Nanobubble (a) height H, (b) width W, (c) radius of curvature R, and (d) nanoscopic contact angle 6y, as functions of scanning

force measured for seven bubbles marked in figure 2.

JPhysCM/25/184005/mmedia) in the supporting information
(adhesion and dissipation). In addition, the cross-sections of
one bubble (no. 4) are shown as an example in figure 2. In total
the apparent dimensions of seven bubbles (as indicated with
numbers in figure 2) were measured. If not noted differently,
all data discussed in this paper is apparent, i.e. as stated by the
software.

We succeeded in imaging surface nanobubbles on HOPG
for a large range of scanning peak forces. In general,
nanobubble sizes were observed to decrease with increasing
scanning peak force and to gradually disappear from the
height images with higher forces. The smallest bubbles
completely disappeared already for relatively small scanning
forces (compare the height images in figure 2), whereas larger
bubbles remained visible and could be measured for forces
up to F = 21 nN. After resetting the peak force threshold to
a small value (F = 0.73 nN), all bubbles reappeared in the
height image in their initial sizes and locations. Therefore,
their disappearance from the height image for high peak
forces was only apparent, and was certainly not caused by the
physical action of the AFM tip.

Adhesion, deformation and dissipation images corre-
sponding to the topographic images shown in figure 2
and figure S1 in the supporting information (available at
stacks.iop.org/JPhysCM/25/184005/mmedia) confirm that the
bubbles were extremely stable and did not change their sizes,
shape or locations during the whole experiment, even for the
highest peak force used. The footprint of the nanobubbles
(i.e. the outer perimeter of the three phase line) did not

depend on the peak force in the images of these channels. The
substrate below the bubbles that became visible in the height
images scanned with high forces did not display any features
such as defects, impurities or micropancakes that could cause
the bubble pinning. No further evidence for contamination
was found in the course of the entire experiment.

For forces F > 24 nN all nanobubbles became too small
to be measured (i.e. fitted with the spherical cap); therefore,
only bubbles from a maximum of 8 of a total of 10 images
in the series could be analyzed (for small bubbles the number
of images was smaller). The apparent heights H, widths W,
radii of curvature R. and nanoscopic contact angles 6Ghano
of seven bubbles from figure 2 are plotted in figure 3 as
a function of the peak force F. The bubbles measured for
low forces <1 nN possessed heights of 10-25 nm, widths
of 90-160 nm, and radii of curvature of 100-160 nm.
The nanoscopic contact angles Ohano Were within the range
140°-160° and were smaller for larger bubbles. The values of
Onano > 140° are in agreement with the data obtained so far
for nanobubbles on HOPG in water scanned in TM AFM [31,
35,51, 54, 55, 62]. When the peak force increased from ~1.0
to ~20 nN, the apparent heights, widths and radii of curvature
of all bubbles decreased by approximately 50%. At the same
time, the apparent contact angle decreased only by less than
10% (approximately 10° per bubble). Regardless of scanning
conditions, all measured values of 6, Were much higher
than the macroscopic contact angle of 63°+ 2° for water
on HOPG. Although the correction for the tip size was not
applied in this work, it has been shown elsewhere that the
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correction does not lower the contact angle so much that it
will reach the macroscopic value [27].

To within the error, the apparent height and width of
seven measured bubbles decreased linearly with increasing
peak force. We applied a linear least squares fit to the data
points and extrapolated this fit to zero force conditions. These
extrapolations provide a good estimation of the unperturbed
bubble heights and widths. The values denoted as Hmax(F=0)
and Wpax(F=0) may be treated as the actual and not apparent
values and therefore are used as a reference point in our
further considerations.

In the second row of figure 2 four deformation images
and bubble profiles are shown. For the smallest force the
deformation on the bubble was zero and hence comparable
to the deformation measured on the substrate. The signal
on the substrate (but not on the bubble) was very noisy,
and at some points a very large apparent deformation was
measured. The HOPG surface is very stiff, and certainly
could not become deformed by several tens of nm by the
cantilever of much lower stiffness, especially not for very
low applied forces. Therefore, we concluded that the noise
was an artifact caused presumably by the irregular shape of
the force—distance curve obtained for very low peak force
threshold. Moreover, as can be seen in the cross-sectional
plot, this artificial noise effect was absent on the bubble, and
disappeared completely from the signal for larger peak forces
used. For intermediate forces (second and third deformation
image in figure 2) the deformation on the bubbles increased,
while it remained zero at the substrate. Interestingly, the
deformations of the bubble centers were smaller than the
deformations on their edges, mirroring the spatial variation
in pull-off forces (figure S1, supporting information available
at stacks.iop.org/JPhysCM/25/184005/mmedia). In the AFM
images a higher deformation was visible as a bright ring
along the bubble rim. Finally, for large forces (fourth image)
the deformation increased even more, but its range became
limited only to the bubble centers. This effect was more
pronounced for larger bubbles.

The deformation measured on the bubbles was <20 nm
and was always smaller than the corresponding maximum
apparent bubble height measured. Thus, the bubble was not
deformed more (in the vertical direction) than indicated by
its apparent physical size. This means that the maximum
apparent bubble heights in the images, though underestimated,
were close to the actual dimensions of the bubbles. Moreover,
the decrease in the apparent bubble height corresponded well
to the increase in the deformation signal. In fact, adding
up the signals from the height and deformation channels
should provide the actual bubble shape. As an example in
two dimensions, the profiles of bubble no. 4 constructed as
the sum of the height and the deformation signals measured
for different peak forces are shown in figure 4. Because of the
very noisy deformation signal on the substrate and practically
zero deformation on the bubble for the smallest force F =
0.24 nN, only the apparent height profile was plotted (black
open squares) and used as a reference. For the intermediate
forces, the combined bubble profiles fall onto each other and
resemble very well the reference bubble profile. Only for very
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Figure 4. Topographic profiles of bubble no. 4 in figure 2
constructed as the sum of the apparent nanobubble height and the
maximum deformation calculated for different scanning peak
forces. The sum provides a good estimate of the actual unperturbed
bubble height.

large forces F > 20 nN does the reconstructed bubble profile
become less high and narrower, but it is still significantly
higher and wider than the original apparent height profile
(compare with figure 2). This may be caused partly by the
fact that the deformation fit region in the force—displacement
curves was set for 85% and not 100%. In general, by means
of adding topography and deformation signals, the bubble
shape, especially the height, is reconstructed successfully. For
example: for F = 0.24 nN the apparent height of the bubble
in figure 4 was 23.8 nm and the deformation signal was nearly
zero. The same bubble measured with ' = 9.7 nN displayed a
height of 14.9 nm with a deformation of 8.8 nm. The sum
of the decrease in the apparent height and the deformation
gives the value of 23.7 nm, which is close to the apparent
height measured for F = 0.24 nN. For larger forces, the
sum of the apparent height and deformation decreases, most
likely due to a non-linear dependence between the height
and the deformation. However, we have shown that, in the
regime of low forces, the true bubble height can be estimated
by combining the information from height and deformation
images.

In addition, in figure S1 in the supporting information
(available at stacks.iop.org/JPhysCM/25/184005/mmedia),
four force maps of nanobubbles measured for different peak
forces are shown together with exemplary cross-sections of
bubble no. 4. The signals on the substrate for all profiles were
treated as a reference and were brought to the same level.
For a small peak force of F = 0.24 nN the adhesion signal
on the nanobubble was equal to the signal on the substrate.
This result indicates a minimum interaction of the tip with the
bubble surface for such a small force. With the increase of the
peak force, adhesion on the bubble changed and reflected the
different contact geometry of tip and bubble. The center of the
bubble showed different adhesion compared to the rim.

Finally, energy dissipation images displayed in the
second row of figure S1 in the supporting information (avail-
able at stacks.iop.org/JPhysCM/25/184005/mmedia) show an
increase of energy dissipated on the bubble with increasing
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Figure 5. Slopes AH/AF of the linear fits from figure 3(a) as a function of bubble size Hnax(r) (apparent bubble height extrapolated to
F = 0N), (b) Slopes AW /AF of the linear fits from figure 3(a) as a function of the bubble size Wyax(r) (apparent bubble width extrapolated

to F = 0 N). Both slopes increase with increasing bubble size.

peak force (here shown only qualitatively). This behavior
mirrors the spatial variation in adhesion (see figure S2 in the
supporting information available at stacks.iop.org/JPhysCM/
25/184005/mmedia) and deformation observed on the bubble
scanned with larger forces. Initially, for small forces, the
dissipation was small and uniform on the bubble and on
the substrate. For larger forces, the dissipation increased first
more along the edges of the bubbles and later it spread toward
the bubble center. Such rings are visible in the dissipation
image for bubbles scanned with F' = 27 nN. Practically zero
energy dissipation on the bubbles measured for very small
forces indicates that PFT AFM is an almost non-invasive
technique for imaging surface nanobubbles, provided that the
low threshold force is used.

In order to better interpret the images of the additional
channels, we measured the apparent widths of bubble no. 4
as visible in the profiles for height and deformation images in
figure 2. The results are collected in table 1. The measured
values of the apparent width are compared to the value of
Wmax(F=0) estimated from the linear fit of the data points in
figure 3(b). Strikingly, all apparent widths are similar, except
for the ones measured for large forces (this estimation is an
approximation with an error of at least a few nm). In addition,
the apparent lateral bubble sizes remained unchanged also
in the adhesion and dissipation images, regardless of the
scanning peak force conditions (see table S1 in the supporting
information available at stacks.iop.org/JPhysCM/25/184005/
mmedia). Therefore, we conclude that, although nanobubbles
change their apparent width in the height images depending
on the scanning conditions, in all cases their real widths
can be estimated from the adhesion or dissipation images. In
addition, the absence of a difference between the maximum
bubble width measured from the adhesion images and the
apparent width measured from the height image measured
for F = 0.24 nN confirms practically non-invasive scanning
conditions of imaging surface nanobubbles in PFT AFM.

3.3. Dependence of the apparent nanobubble size on the
force in PeakForce TM as a function of the bubble size

To determine how the dependence of the apparent nanobubble
size on force (AH/AF and AW /AF) depends on the applied

Table 1. Apparent widths measured from the cross-sections of
nanobubble no. 4 as seen in the height and deformation images
shown in figure 2.

Force F Height Wappn) Deformation Winax(F=0)
(nN) (nm) Wupp(de) (nm) (nm)
0.24 144 n.a. 138

2.5 133 144

9.7 88 117

27 35 114

imaging force, we analyzed the data plotted in figures 3(a)
and (b). As mentioned above, we applied a linear regression
to the data sets for H(F) and W(F) for seven bubbles
marked with numbers in figure 2. The real (maximum) bubble
heights and widths were estimated for F = 0 N and denoted
as Hmax(F=0) and Wnax(r=0), respectively. Subsequently, we
plotted the slopes AH/AF and AW/AF as functions of the
corresponding sizes Hiax(F=0) and Wax(F=0). The results are
shown in figure 5. For the apparent height, the slopes depend
on the bubble size and increase for larger bubbles (become
more negative). This means that the bubbles’ apparent sizes,
as observed in AFM height images, depend on the scanning
peak force in a different way for small and for large bubbles.
Larger bubbles display steeper slopes, which means that they
are deformed to a higher extent by the AFM tip than small
bubbles for comparable forces. All height data points in
figure 5(a) follow this trend. In the case of the apparent bubble
width, the data points in the plot in figure 5(b) are more
scattered and show no clear trend. In addition, the point for
bubble no. 6 falls out of the data set. This fact, as well as
the large vertical error bars for this small bubble, are the
consequences of the fitting made for only few points. The
apparent bubble sizes were only big enough to be measured in
images obtained for the lowest peak forces F' < 4.0 nN. For
larger forces, although visible in the images, the bubble was
too small (i.e. consisted of too few pixels) for the spherical
cap fitting procedure to work properly.

The tendency of larger bubbles to be deformed more than
small bubbles during the scanning (at least in the vertical
direction) may be explained by the differences in the Laplace
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Figure 6. Height images of surface nanobubbles on HOPG in water scanned in (a) TM AFM with free amplitude Ay = 35.4 nm and 96.1%
setpoint ratio, (b) TM AFM with free amplitude Ag = 3.9 nm and 88.6% setpoint ratio, (c¢) PFT AFM with peak force 3.14 nN, (d) TM
AFM with free amplitude Ay = 6.2 nm and 93.5% setpoint ratio, (¢) PFT AFM with peak force 0.93 nN. The dimensions of bubbles marked
with numbers are listed in table S2 in the supporting information (available at stacks.iop.org/JPhysCM/25/184005/mmedia). The
dimensions of bubbles marked with letters are plotted in figure 7. The vertical scale of the height images is 30 nm. Pixel sizes in (a), (c), (d)

and (e) are 5.9 nm x 5.9 nm and in (b) are 7.8 nm x 7.8 nm.

pressure (excess pressure inside the bubble) L, = 2y /R, with
y being the surface tension. This explanation was already
suggested by some authors [54, 55] and confirmed in our
previous TM AFM experiments [62]. Here we confirm this
result independently in PFT AFM. Table 2 lists the estimated
true bubble heights Hmax(r=0) and compares them with the
slopes AH/AF and Laplace pressure values calculated for
F = 0.24 nN for all seven measured bubbles. One can see that
indeed the slope AH/AF increases (becomes more negative)
and the Laplace pressure decreases with the bubble size. In
other words, larger bubbles are softer and therefore they are
deformed more. The range of pressures measured for those
bubbles is from 1.2 MPa for the largest ones to 1.5 MPa for
the smallest ones. All these values are much larger than the
atmospheric pressure. The different response to the scanning
action in PFT AFM observed for the bubbles of different sizes
resembles the results obtained by us for bubbles scanned in
TM AFM [62]. Large bubbles with lower Laplace pressure
were deformed to a more significantly increasing extent than
small bubbles with decreasing TM amplitude setpoint ratio.
The detailed comparison of nanobubbles measured with PFT
and TM AFM is discussed in section 3.4.

3.4. Comparison of PeakForce tapping mode and tapping
mode AFM

As stated in section 1, TM has so far been the most common
AFM mode to investigate surface nanobubbles. Therefore,
in this section, we briefly compare our results obtained on
surface nanobubbles on HOPG in PFT with data acquired
using TM AFM. In the experiments, scanning in TM mode
had been performed before the PFT mode was launched. The
same AFM tip was used later in both modes. The free TM
amplitude was set to Ag = 35.4 nm and a setpoint ratio of
96.1% was chosen. Figure 6(a) shows a 3 x 3 um?> TM
AFM height image of nanobubbles. Eighteen nanobubbles
marked with numbers have been analyzed and their apparent
heights, widths, radii of curvature, contact angles and Laplace

Table 2. Estimated maximum height Hpaxr=0), slope AH/AF, and
Laplace pressure L, calculated for peak force F = 0.24 nN, for the
seven bubbles measured in PeakForce TM AFM and marked in
figure 2. The slope increases and L, decreases with increasing
bubble size.

Bubble

Hiax(F=0) Slope AH/AF L

no. (nm) (mN~1 (lf/[Pa)
6 11.2 —0.45 1.4
7 12.1 —0.58 1.5
1 124 —0.45 1.4
2 14.8 —-0.52 14
5 16.8 —0.53 1.2
3 18.4 —0.56 14
4 22.8 —0.61 1.2

pressures are summarized in the supporting information (table
S2 available at stacks.iop.org/JPhysCM/25/184005/mmedia).
These bubbles are not the same bubbles that were scanned
later with PFT AFM, but their sizes were of the same range
as the sizes of bubbles discussed in sections 3.2 and 3.3,
which allows a comparison. In addition, figures 6(b)—(e)
compare three nanobubbles that were subsequently scanned
in the two imaging modes. The radii of curvature and
contact angles estimated from these images are shown in
figure 7 (height and width data is provided in figure S3,
supporting information available at stacks.iop.org/JPhysCM/
25/184005/mmedia). The non-circular bubble shape in the
AFM images represents a well-established effect that results
from the non-spherical probe tip shape and poor contact with
the sample during scanning with very high setpoint ratios,
resulting in poor tracking of the surface contour once the tip
has traversed the bubble [44].

The bubbles in figure 6(a) had apparent heights and
widths between 7-15 nm and 130-240 nm, respectively. Both
height and width are underestimated because of non-zero
interaction scanning conditions [62]. The nanoscopic contact
angles were in the range of 160°-170°. A rough correction
(without error calculation) for Agp = 35.4 nm yields the
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Figure 7. Apparent nanobubble radii of curvature R, ((a), (b)) and nanoscopic contact angles O, ((c), (d)) scanned in TM and in PFT
AFM as functions of the setpoint ratio and scanning force, respectively, measured for the six bubbles marked with letters in figure 6.

estimated true heights of the bubbles in the range of 10-18 nm,
true widths in the range of 180-280 nm, and true contact
angles of 160°-164°. These TM results are comparable to the
results obtained in PFT AFM (vide supra) and to the values
typically reported for nanobubbles on HOPG in water [31, 35,
51, 54-56, 62]. In addition, we observed that Ohano app Was
smaller for larger bubbles, which is a similar dependence to
the one for bubbles in PFT AFM described above.

Very similar data were recorded for the experiment shown
in figures 6(b)—(e). These data were also not corrected for
the tip size, which results in a negligible error due to the
limited height and large contact angle observed. It is clear
that, in accordance with a companion TM AFM study, the
high nanoscopic contact angle could not be explained by the
underestimation of the bubble size due to the scanning with
the non-zero amplitude and setpoint ratio less than 100% [62].
In this work, we confirmed that the size underestimation
was not caused by using non-zero scanning force. Because
we obtained similar results using two independent AFM
approaches, we can generalize our statement and say that,
although AFM is an invasive measuring technique, it is not the
reason for the observed discrepancy between the macroscopic
and nanoscopic contact angles.

The high nanoscopic contact angles estimated from the
data observed in figure 6 suggest a lower Laplace pressure
for those bubbles than for bubbles in some previous studies,
where the radii of curvature were significantly smaller. Due

to the relatively small number of nanobubbles analyzed we
cannot conclude that the Laplace pressure is as low as
~80 x 103 Pa with certainty. However, such a low value in
conjunction with omnipresent trace contaminations that may
adsorb at the gas—liquid interface and hence slow down the gas
transport [24, 25] may in parts explain the long nanobubble
lifetimes.

The data shown above clearly demonstrate the potential
of PeakForce tapping mode AFM in analyzing surface
nanobubbles under carefully controlled force conditions.
However, the imaging conditions are not a priori comparable
and more work has to be done to fully understand
the nanobubble profiles. For instance, a comparison of
the data shown here and independent force—displacement
measurements (compare also data in the literature [51, 59,
61, 65]) shows that while the force required to completely
compress a typical nanobubble in force—displacement
experiments with a vertical scan rate of 1 Hz is on the
order of 2 nN. By contrast, nanobubbles apparently withstand
>10 nN in PFT (at a frequency of 2 kHz) and presumably
similarly high or higher normal forces in TM AFM (at a
frequency of ~20 kHz). If we may assume that interfacial
or nanobubble viscoelasticity effects play a role in the
deformation and imaging of nanobubbles, the imaging and
hence our understanding of the behavior of nanobubbles can
further be improved.
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4. Conclusions

We have shown that PeakForce TM AFM is an alternative
mode of imaging surface nanobubbles and enables one to
assess the apparent dimensions of nanobubbles in a more
controlled way than in TM AFM. The apparent size of
the bubbles on HOPG, as recorded in AFM height images
obtained in PFT, gradually decreased with increased scanning
force. The adhesion, deformation and dissipation channels,
however, display clearly the unaltered footprint area of the
bubble also in those cases, when the height image shows
a significantly reduced bubble width. Bubbles with larger
radii of curvature, which possess smaller Laplace pressures,
show this force-induced apparent size reduction in a more
pronounced manner. After resetting the force to a lower value,
all bubbles reappeared unchanged in size, shape or location.
The actual bubble size can be estimated by extrapolation of
the height data to zero force or by combining the information
from height, deformation and adhesion images. The apparent
decrease in nanobubble size for the increased peak force in
PFT was similar to the decrease observed for bubbles scanned
in TM AFM with decreased setpoint ratio. Hence, the contact
angle discrepancy is independent of the scanning mode and
does not originate from a force-induced bubble compression.
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The effect of PeakForce Tapping Mode AFM imaging

on the apparent shape of surface nanobubbles

Wiktoria Walczyk, Peter Schon, and Holger Schonherr

Supporting information


wiktoria
Maschinengeschriebenen Text
_____________________________________________________________________________________________________

wiktoria
Maschinengeschriebenen Text
T H E   S H A P E   O F   N A N O B U B B L E S   I N   P E A K   F O R C E   A F M | 151


152|CHAPTER 6

1) Dependence of the apparent nanobubble size on the scanning force in PFT AFM
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Figure S-1: PeakForce Tapping AFM adhesion and dissipation images of surface nanobubbles on
HOPG in water scanned with peak forces /' = 0.24 nN, F'=2.5 nN, F = 9.7 nN and F = 27 nN. The
dimensions of the bubbles marked with number were quantitatively analyzed and are plotted in figure
4. Vertical scale of the images: adhesion: 9.7 nN, dissipation: 300 eV. Pixel size: 2.9 nm % 2.9 nm. In
the last column, the cross-sections of bubble no. 4 are shown. The functions were normalized to the

value of the parameter measured for the bare substrate
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Figure S-2: Normalized profiles of adhesion (A, solid symbols) and dissipation (D, open symbols) on

bubble no. 4 in figure S-1 plotted together for different scanning peak forces. The profiles on the
bubble overlap. One unit for the adhesion is equal to 0.58 nN and for the dissipation is 3 eV.

Table S-1. Apparent widths measured from the cross-sections of nanobubble no. 4 as seen in the

adhesion and dissipation images shown in figure S-1.

Force Adhesion Dissipation

F Wapp(aa) Wapp(a
(nN) (nm) (nm)
0.24 144 150

25 144 147
9.7 138 144

27 150 147
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2) Comparison of PeakForce Tapping Mode and Tapping Mode AFM

Table S-2. Apparent heights, widths, radii of curvature, contact angles of eighteen nanobubbles

measured in TM AFM and marked with numbers in figure 7.

# H. app Wapp R, app Ghano app Lp
[nm] [nm] [nm] [°] [MPa]
1 13.6 203 286 165 0.51
2 12.1 203 433 167 0.34
3 11.0 170 334 165 0.44
4 10.3 152 286 165 0.51
5 7.45 161 437 169 0.33
6 11.3 158 282 164 0.52
7 8.51 169 423 169 0.34
8 10.3 183 411 167 0.35
9 10.0 170 365 167 0.40
10 9.26 178 460 168 0.32
11 7.82 129 270 166 0.54
12 11.4 194 415 167 0.35
13 10.3 179 398 167 0.37
14 7.75 141 324 167 0.45
15 104 155 293 165 0.50
16 147 229 454 165 0.32
17 9.58 163 351 167 0.41
18 13.7 241 537 167 0.27
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Tapping Mode AFM Peak Force Tapping AFM
a) soOr—r——r————————————+—50 b) sr————"m—FF—————50
Bubble Bubble
A " A
40{ ® B 140 40+ ® B 140
A C A C
D D
30- E 130 30- E 130
—_ F — F
€ £
= 20- ° ¢ 420 = 20/ {20
T ° ¢ I " i
(] F L S [ ]
10 110 10 *a ° 110
0 ——————————————————0 0 ———————————————0
0 10 20 30 40 50 60 70 80 90 100 0 1 2 3 4 5 6 7 8 9 10
Setpoint ratio (%) F (nN)
c) 900 ——— 1 900 d) 900 ——————r————————r——r—— 900
Bubble Bubble
8004 w A {800 800 = A 1800
e B e B
7004 7 2 {700 7004 ? 2 {700
600{ ~ D {600 600 D {600
E E
T 5001 . F 1500 5001 F 1500
£ 400 Ay 1800 £ 400 4400
3004 -= e 1300 2 300 § 4300
he _
200 ] . b 1200 200 * 3 . 1200
100+ {100 100+ 4100
0 — 0 0 — 0
0 10 20 30 40 50 60 70 80 90 100 0 1 2 3 4 5 6 7 8 9 10
Setpoint ratio (%) F (nN)

Figure S-3. Apparent nanobubble (a, b) height H, (c, d) width ¥ scanned in TM and in PFT AFM as
functions of the setpoint ratio and scanning force, respectively, measured for six bubbles marked with

letters in figure 7.
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The interaction between AFM tips
and surface nanobubbles

Despite much AFM research done on surface nanobubbles,
the mechanism of AFM tip-nanobubble interaction remained unclear
until recently. In this chapter, we address this issue by comparing results
of combined tapping mode and force volume AFM experiments with
the predictions of two theoretical models of tip-bubble interaction —
the capillary force model and the dynamic interaction model. We found
that the bubbles interacted differently with hydrophilic and hydrophobic
AFM tips and that the interaction resulted in quasi-linear deformation
of the bubble surface depending on the tip properties. Based on a simple
model, we calculated the nanobubble stiftness and found that it was
comparable with the surface tension of water and sensitive to
the presence of contamination. QOur findings set strict rules concerning
the parameters and cleanliness of the AFM cantilevers and tips used

to image surface nanobubbles accurately with AFM.
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The chapter consists of the following publication:

Characterization of the Interaction between AFM Tips and Surface

Nanobubbles

Wiktoria Walczyk and Holger Schénherr

Langmuir 2014, 30, 7112-7126.
Reprinted with permission. Copyright (2014) American Chemical Society.

Supporting Information directly follows the article.
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Characterization of the Interaction between AFM Tips and Surface
Nanobubbles

Wiktoria Walczyk and Holger Schonherr*

Physical Chemistry I, Department of Chemistry and Biology, University of Siegen, Adolf-Reichwein-Str. 2, 57076 Siegen, Germany
© Supporting Information

Hydrodynamic
force

Capillary

ABSTRACT: While the presence of gaseous enclosures P

observed at various solid—water interfaces, the so-called
“surface nanobubles”, has been confirmed by many groups in
recent years, their formation, properties, and stability have not
been convincingly and exhaustively explained. Here we report
on an atomic force microscopy (AFM) study of argon
nanobubbles on highly oriented pyrolitic graphite (HOPG)
in water to elucidate the properties of nanobubble surfaces and
the mechanism of AFM tip-nanobubble interaction. In
particular, the deformation of the nanobubble—water interface
by the AFM tip and the question whether the AFM tip penetrates the nanobubble during scanning were addressed by this
combined intermittent contact (tapping) mode and force volume AFM study. We found that the stiffness of nanobubbles was
smaller than the cantilever spring constant and comparable with the surface tension of water. The interaction with the AFM tip
resulted in severe quasi-linear deformation of the bubbles; however, in the case of tip—bubble attraction, the interface deformed
toward the tip. We tested two models of tip—bubble interaction, namely, the capillary force and the dynamic interaction model,
and found, depending on the tip properties, good agreement with experimental data. The results showed that the tip—bubble
interaction strength and the magnitude of the bubble deformation depend strongly on tip and bubble geometry and on tip and
substrate material, and are very sensitive to the presence of contaminations that alter the interfacial tension. In particular,
nanobubbles interacted differently with hydrophilic and hydrophobic AFM tips, which resulted in qualitatively and quantitatively
different force curves measured on the bubbles in the experiments. To minimize bubble deformation and obtain reliable AFM
results, nanobubbles must be measured with a sharp hydrophilic tip and with a cantilever having a very low spring constant in a
contamination-free system.

" Nanobubble =

Nanobubble /

[
Hydrophobic AFM tip

Hydrophilic AFM tip

B INTRODUCTION

Surface nanobubbles, which are small gas-filled structures that
appear on surfaces immersed in water, offer an interesting
system to investigate the interaction between solids, liquids,
and gases on the nanoscale. It has been shown that
nanobubbles contribute to the attraction between hydrophobic
surfaces in water,' > rupture of thin liquid films,* and
hydrodynamic slip.> Moreover, they are a useful tool for
froth-flotation® and cleaning surfaces fouled with proteins or
nanoparticles.” However, despite much research done, several
nanobubble properties remain unknown or undefined, which
has hampered a complete understanding: Their estimated
internal pressure is anomalously high, their apparent profile is

constituting the nanobubble and the unperturbed bubble
dimensions.

In order to be able to answer the questions about the
anomalous nanobubble contact angles and in order to develop
meaningful theories concerning nanobubble stability, it is
necessary to know the actual bubble shape. Until now, the
information on the nanobubble shape was obtained essentially
exclusively by atomic force microscopy (AFM). Numerous
imaging experiments were done mainly in tapping mode
(TM),* %> contact mode (CM),**”*” peak force tapping
(PET),*®* frequency modulation (EM),”**' force spectros-
copy (force-volume mode),** noncontact mode,'® and lift
mode AFM.>® Despite the wealth of data, a substantial fraction

extremely flat, and the nanoscopic contact angles, measured
through the condensed phase, are (much) larger than
macroscopic contact alngles.s_10 Moreover, there is no
consensus within the scientific community in support of one
particular stability theory. Among the most considered theories
are the ones that emphasize the role of contamination,'' ™ the
underlying substrate,'*™16 gas exchange between the bubble
interior and surrounding liquid,17_21 or presence of surface
charges.22 The lack of agreement has its source in the fact that
little is known about the nanobubble—water interface

-4 ACS Publications  © 2014 American Chemical Society

7112

of the results should be regarded with some reservation,
because the imaging parameters have either not been controlled
or were not reported. Hence, the imaging forces are not
controlled or unknown, which is problematic due to the
profound impact of the imaging forces on the apparent
nanobubble dimensions (vide infra).****73® Other methods

Received: April 16, 2014
Revised: ~ May 22, 2014
Published: May 23, 2014
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used to study surface nanobubbles either lack spatial resolution
or cannot be operated in liquid or give information only on the
bubble content, but not on the bubble shape. The list of
techniques includes neutron reflectivity,>’ attenuated total
internal reflection Fourier transform infrared (FTIR) spectros-
copy,”® rapid cryofixation,® quartz crystal microbalance,*® X-
ray reflectivity,** synchrotron-based scanning transmission
soft X-ray microscopy (STXM),* interference microscopy,**
and total internal reflection fluorescence microscopy.*>*®

Therefore, we face the situation that only AFM related
techniques allow us to determine the bubble shape.
Unfortunately, as already alluded to above, it is well established
that imaging of soft matter (like bubbles) with AFM may lead
to several artifacts and complex sample deformation.*’ Several
authors reported a strong dependence of the apparent
nanobubble shape and size on the AFM scanning parameters,
such as the rms amplitude of the cantilever oscillations and the
amplitude set point ratio in TM AFM>**73** and the peak
force in PFT AFM.”*7*° In these AFM experiments, the
apparent nanobubble height was concluded to be always lower
than the actual bubble height. This is a consequence of the
nonzero interaction force conditions, which results in the
deformation of nanobubbles. The apparent bubble height
decreases for both nonzero amplitude of the cantilever
oscillations and a set point ratio lower than 100% in TM
AFM, or for nonzero peak force in PFT AFM. The decrease
becomes larger, the more invasive scanning conditions are used.
Assuming that, during the approach, the bubble is not attracted
to the tip and does not deform upward, and knowing the
scanning parameters chosen to scan a particular image, we can
approximate the actual nanobubble height only by extrap-
olation.

The sensitivity of the apparent nanobubble shape and
dimensions in AFM images to scanning parameters indicates
that there is a complex interaction between the AFM tip and
the nanobubble during scanning. To date, this interaction has
not been addressed in sufficient detail. However, to unravel the
real shape and size of nanobubbles with AFM, it is crucial to
understand the nature of this interaction. The AFM mode that
allows one to study the interaction in most detail is FV mode
AFM. Unfortunately, only few FV studies on surface nano-
bubbles have been carried out so far, presumably due to its slow
data acquisition rate and hence inherent sensitivity to thermal
and instrumental drifts.

In addition, the scarce information from force measurements
on nanobubbles is inconsistent. Most authors agree that
nanobubbles possess different properties and hence display
different behavior than the underlying hard substrate, but the
mechanism responsible for these differences is not well
understood and the details of the interaction between an
AFM tip and a nanobubble during the scanning remain unclear.
The shapes of force—distance curves measured on nanobubbles
reported by various authors vary substantially both qualitatively
and quantitatively,'>>>*>?%3>3>% 454 the observed differences
cannot be clearly attributed to a change in the experimental
conditions (surface, gas content, contamination). To date, the
only information on bubble stiffness or deformation has been
obtained in the experiments done in the peak force mode.”**°
Clearly, there is an urgent need to study the tip-nanobubble
interaction in a systematic manner.

Here we report on an AFM FV study of argon nanobubbles
of HOPG, which was focused on the elucidation of the AFM
tip—nanobubble interactions for (a) hydrophilic and (b)

7113

hydrophobic AFM tips. By analyzing the spatial variation of
tip—bubble interaction forces across individual nanobubbles, we
determined the unperturbed nanobubble shape and the
nanobubble stiffness. Moreover, we tested two models of
tip—bubble interaction and discussed possible mechanisms
responsible for nanobubble deformation during the scanning in
different AFM modes.

B EXPERIMENTAL SECTION

Sample Preparation. In all experiments, freshly cleaved highly
oriented pyrolitic graphite (HOPG; grade ZYH, Veeco, Santa Barbara,
CA) with a water contact angle of 63 + 2° was used. The static contact
angle was measured with the sessile drop method with an OCA 15plus
instrument (Data Physics Instruments GmbH, Filderstadt, Germany)
using Milli-Q water obtained from a Millipore Direct Q 8 system
(Millipore, Schwalbach, Germany) with resistivity of 18.0 MQ/cm and
surface tension of 0.072 N/m (determined by a Wilhelmy plate
method). Nanobubbles were measured in argon saturated Milli-Q
water. First, 20 mL of Milli-Q in a clean round-bottom flask with a
Teflon inlet was degassed at a pressure of 80 mbar for 30 min at 20 °C
by using a diaphragm vacuum pump (type MZ 2C, Vacuubrand,
Germany) while it was sonicated continuously in a water bath
sonicator (Brandelin Sonorex, Rk 100 H). Next, the flask with water
was closed, removed from the ultrasonic bath, and was put under an Ar
stream (no filter used) for 45 min.

Atomic Force Microscopy. The AFM measurements were carried
out on a MultiMode IIla AFM instrument (Bruker/Veeco, Santa
Barbara, CA) with a vertical engage E-scanner and NanoScope version
3.10 software (Bruker/Veeco, Santa Barbara, CA). V-shaped MLTC
Si;N, cantilevers (Bruker AXS, Camarillo, CA) with the following
spring constants were used: k.., = 0.1 + 0.01 N/m and k_,, = 0.7 +
0.07 N/m. The cantilevers’ spring constants were calibrated on an
Asylum Research MFP-3D Bio instrument (Asylum Research, Santa
Barbara, CA). The cantilevers were cleaned prior to the measurements
for 60 s by oxygen plasma (Plasma Prep-pixelsll, SPI Supplies, West
Chester, PA). To minimize the contamination of the tip, the
cantilevers were inserted with minimal delay in the liquid cell and
directly immersed in Ar saturated water. In all experiments, a closed
liquid cell configuration was used. First, the liquid cell, the O-ring
(fluorosilicone rubber) and the inlet and outlet tubes (silicone) were
rinsed with Milli-Q water and with ethanol (99.9%, Merck KGaA,
Darmstadt, Germany) and dried in a stream of nitrogen. Next, the
liquid cell was assembled and the cantilever was inserted.
Subsequently, a 1 mL sterile syringe (Braun, Injekt-F 0.01-1 mL/
luer Solo) was filled with the Ar saturated water and connected to the
inlet tube. No needle was used for this procedure to avoid possible
contamination by the lubricant. Immediately, the water was injected in
the liquid cell until the cantilever was immersed and the O-ring was
filled. Then the liquid cell was placed on the sample, the O-ring was
brought in contact with the sample, 0.6 mL of water was passed
through the liquid cell, and after that the inlet and outlet were closed.
We stress that no liquid exchange procedure was performed and the
HOPG surface did not have contact with ethanol at any stage of the
experiment. Also, the lubricant free syringe used was cleaned by Milli-
Q_water before use. Before the start of the AFM measurement, the
system was left for 30 min to equilibrate. The nanobubbles were
scanned first in TM AFM and subsequently in FV mode without
changing the cantilever and the tip or replacing the liquid.

Tapping Mode AFM (TM AFM). The drive frequency used for
imaging in TM AFM was 9.2 kHz for the cantilever with k., = 0.1 +
0.01 N/m, and 29.6 kHz for the cantilever with k., = 0.7 + 0.07 N/m.
The free amplitude of the cantilever oscillations (in volts) was
calculated from amplitude—displacement curves recorded before and
after recording of the image, as an average of 50 points. Next, it was
converted into free amplitude in nanometers using the appropriate
value of the deflection sensitivity. The amplitude set point ratio (ratio
of the set point amplitude value set during the measurements and free
amplitude calculated from the corresponding amplitude—distance
curve) was calculated as the mean value of two set point ratios
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determined using amplitude—distance curves recorded before and after
scanning a TM height image. The values of free amplitudes and set
point ratios in TM measurements of nanobubbles in our experiments
were 13 nm and 90% for the experiment done with the cantilever with
keane = 0.1 & 0.01 N/m, and 16 nm and 90% for the experiment done
with the cantilever with k., = 0.7 = 0.07 N/m. Raw TM height
images were processed using a first order planefit and a zeroth order
flattening (any nanobubble was excluded). The bubble size was
measured using the spherical cap fitting and no tip size correction was
applied."®

Force Volume Mode AFM (FV AFM). The resolution of the FV
imaging was set to 32 pixels X 32 pixels.” The cantilever oscillation was
switched off during data acquisition in FV mode. Ramp sizes and
trigger thresholds were set to 223 and 30 nm in the experiment done
with the cantilever with k_,,, = 0.1 £ 0.01 N/m, and to 100 and 60 nm
in the experiment done with the cantilever with k,,, = 0.7 + 0.07 N/
m. The velocity of tip approach was set to 446 nm/s and 1.02 um/s,
respectively. The force curve resolution was set to S12 points per
single approach—retraction cycle. Raw deflection—distance curves
were transformed into deflection—separation curves.*® The vertical
position of the tip above the substrate is represented in the plots by the
tip—sample separation distance (zero separation indicates that the tip
is in contact with the substrate). The deflection was recalculated into
force by multiplying the measured deflection value with the
corresponding cantilever stiffness. For more details on FV imaging
please compare the Supporting Information.

B RESULTS AND DISCUSSION

Force Volume AFM Measurements. In the experiments,
argon surface nanobubbles on HOPG in water were scanned in
FV AFM (details are explained in the Supporting Information)
using (a) hydrophilic and (b) hydrophobic AFM tips.

First, a selected area of HOPG was scanned in TM AFM
with high resolution (pixel width ~6 nm) to identify the
positions of the nanobubbles. Subsequently, lower resolution
(pixel width 60—90 nm) FV measurements were done in the
area where the selected bubble was located. Figure 1 shows TM
and FV images of two nanobubbles.

In the FV mode, two types of images were acquired
simultaneously: (1) a FV height image and (2) a FV slice
image. The FV height image shows the vertical distances over
which the tip had to be moved at each point of the sample in
order to reach the selected trigger threshold. In the experiment,
the threshold value was set to sufficiently large values
(corresponding to an upward cantilever deflection of ~30—60
nm) to ensure that the tip reaches the substrate at each point of
the sample. As a result, the FV height images in Figure 1b and e
do not show the nanobubbles, but the substrate under them.
However, the exact location of the bubbles on the sample
during the acquisition of the force data could be determined by
comparing the features of the substrate visible in the FV height
images with the TM height images. In addition, nanobubbles
were visible in FV slice images shown in Figure 1c and f. These
images show the magnitude of the force exerted on the tip
(expressed as the cantilever deflection) at a particular height
over the substrate, as measured from the approach force curves.

As a first step, we compare force—distance curves acquired
on the substrate and on the nanobubbles. A set of typical
approach and retraction force—distance curves measured on
HOPG in water is shown in Figure S2 in the Supporting
Information. No long-range interaction was observed in the
force curves. Recently, the absence of strong long-range
repulsion between a silicon-nitride AFM tip and HOPG in
the areas between nanobubbles was ascribed to the interfacial
gas enrichment on the sample surface due to solvent
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Figure 1. (a) and (d) AFM TM height images, (b) and (e) FV height
images, and (c) and (f) FV slice images of two nanobubbles on
HOPG. The spring constant of the cantilever was k., = 0.1 N/m for
the data shown in panels (a)—(c), and k., = 0.7 N/m for the data
shown in panels (d)—(f).

exchange.”” In our experiments, the long-range repulsion has
not been detected because no solvent exchange was used to
create nanobubbles.

Force—distance curves measured on surface nanobubbles
displayed an entirely different shape than the ones measured on
HOPG. Figure 2 compares two nanobubbles measured on
HOPG in water (panel (a) shows the data for hydrophilic and
panel (b) for hydrophobic tips). For each bubble, the height
profiles and a set of force—distance curves are shown. The TM
height profiles (open symbols) were measured from the TM
topographic images shown in Figure la and d and were
corrected for scanning conditions (solid line).>* The bubbles
were chosen such that they can be easily compared, that is, they
have similar dimensions: ca. 300—350 nm in apparent width
and 38 nm in apparent height. Two sets of plots accompanying
the height profiles show sequences of force curves measured on
the bubbles at different horizontal positions along a single scan
line acquired over the bubble center. The numbers in the plots
correspond to the numbers in the bubble profiles marking the
locations on the sample, where a particular force curve was
measured.

The force—distance curves depended on tjhe particular tip
used for a given experiment and can be divided into two
groups. The bubbles shown in Figure 2 are good
representatives of two observed groups. Figure 3 compares in
detail the two types of force curves observed in our experiments
on nanobubbles on HOPG. The raw (unprocessed) force—
displacement curves are shown in the Supporting Information.
In both plots in Figure 3, the onset and the end point of the
tip—sample interaction (jump-in and jump-off points) were
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Figure 2. Apparent (open squares) and corrected (solid line) cross-sectional profiles of two nanobubble from Figure 1 shown together with the
corresponding sequence of approach (black) and retraction (red) force—distance curves measured on the bubbles along single scan lines (see Figures
la and d). The scanning was done with (a) a hydrophilic AFM tip and (b) a hydrophobic AFM tip. The numbers in the force plots correspond to
the numbers in the bubble profiles indicating the horizontal positions on the sample where the force curves were acquired. The spring constant of
the cantilever was k., = 0.1 N/m for (a) and k., = 0.7 N/m for (b).
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Figure 3. Comparison of two types of force—distance curves acquired on nanobubbles with (a) a hydrophilic AFM tip and (b) a hydrophobic AFM
tip. The point of crossing of the zero-deflection line defines the unperturbed bubble height H,,,. The slope of the linear part of the curve defines the
bubble stiffness k. The spring constant of the cantilever used to acquire the data was k,,, = 0.1 N/m for (a) and k., = 0.7 N/m for (b).

located at separation distances of several tens of nanometers, the shape of the force curves acquired on macroscopic
which marked a larger range of interaction than for bare bubbles.>***> Due to the absence of pronounced adhesion, we
HOPG. attribute this to a hydrophilic tip.

In the plot in Figure 3a, only repulsive forces were observed On the contrary, in the plot in Figure 3b, a significant
on the nanobubble. After a not very well pronounced jump-in attractive force was measured at the jump-in point. As the
point, the cantilever bent upward and its deflection increased separation between the tip and the sample decreased, repulsive
linearly with decreasing tip—sample separation until the HOPG forces prevailed and the deflection of the cantilever increased
surface was reached. The shape of the retraction force curve linearly. For small separation distances, the gradient of the
followed the shape of the approach force curve and the jump- deflection decreased so that the slope transformed into a
off point was located at roughly the same position as the jump- plateau. The deflection of the cantilever stayed constant over
in point. This type of force curve was typically observed in our the distance of several nanometers until the HOPG surface was
experiments done on surface nanobubbles®' and is similar to reached and the cantilever bent upward. Upon retraction, the

7115 dx.doi.org/10.1021/1a501484p | Langmuir 2014, 30, 7112-7126


wiktoria
Maschinengeschriebenen Text
_____________________________________________________________________________________________________

wiktoria
Maschinengeschriebenen Text
164 | C H A P T E R   7


THE INTERACTION BETWEEN AFM TIPS AND NANOBUBBLES]| 165

Langmuir

pattern was reversed. However, the jump-off point was located
at the separation distance larger than the separation distance of
the jump-in point. This caused significant hysteresis in the force
curves. Because of the pronounced adhesive force, this type of
curve is attributed to a hydrophobic tip. Similar features were
observed in the force curves acquired on nanobubbles with not
precleaned AFM tips.'>***

A peculiar feature of the force—distance curves in Figure 3b is
the plateau measured at small tip—sample separation distances
both in approach and retraction force curves. The plateau
indicates that no change in the interaction force occurs over a
certain separation distance. The plateaus had different lengths
depending on the position on the bubble being the longest in
force curves acquired near the bubble center. To our
knowledge, the presence of plateau in force—distance curves
measured on nanobubbles has not been reported previously. In
addition, we have observed similar plateaus in the amplitude—
distance curves acquired on the bubble in the same experiment,
subsequently after the acquisition of the force—distance curves
(see the Supporting Information). Similar plateaus in the
amplitude—distance curves measured on nanobubbles have
been already reported.>***

From the force—distance curves, we extract information
about the measured bubbles. First, we can estimate the
unperturbed bubble height Hy . The best available estimate
of Hyy, is the point in the force curve at which the tip is in
contact with the bubble, but the net force applied on the AFM
cantilever is zero. This corresponds to the position of the jump-
in point in the approach force curve in Figure 3a, and to the
zero-deflection crossing point in the approach force curve in
Figure 3b. The exact difference between these two situations
will be explained further in the Article. From the left plot, we
estimate that the actual height of the bubble from Figure 1a was
38 nm, which is in agreement with the height of the corrected
bubble profile shown in Figure 2a. In turn, the actual height of
the bubble from Figure 1d estimated from the plot in Figure 3b
was 30 nm, which is less than the height of the corrected bubble
profile in Figure 2b.

Next, knowing Hy,, and the exact shape of the force curve,
for any force measured in the FV experiment, we can estimate
the bubble deformation in the vertical direction as a deviation
of the separation distance corresponding to a particular force
value from the position of the H,y, point. This includes both
upward and downward deformation.>*

The entirely different shapes of the force curves shown in
Figure 3 indicate different conditions for tip—bubble interaction
and possible bubble deformation in the experiments done on
these two nanobubbles. Because the bubbles were similar in
size, the observed differences may originate from properties of
the bubble, the AFM tip, the liquid, and/or the substrate.

Modeling of the Tip—Nanobubble Interaction. In order
to establish the conditions and the nature of the tip—bubble
interaction in both our experiments, we will compare force—
distance curves measured experimentally with the force—
distance curves predicted by two models of tip—bubble
interaction: the dynamic interaction model and the capillary
force model.

Dynamic Interaction Model. First, we consider a model that
assumes a dynamic interaction between soft materials. It was
developed to describe deformation and forces between
interacting bubbles and drops and between a drop/bubble
and a spherical particle. The model agrees with a large number
of experimental data acquired with various techniques,
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including AFM, on droplets and bubbles of millimeter and
micrometer sizes.”>~>” We apply the model to characterize the
tip—bubble interaction in the last stage of approach when a thin
film of liquid is trapped between the bubble surface and the tip
apex, that is, the interaction just before the contact with the
substrate is established.

The model describes both the flow of the liquid in the film
and bubble deformation in response to external forces. The
behavior of the film, the forces, and the geometrical
deformations are coupled. On one hand, hydrodynamic flow,
surface forces, and variations in material properties give rise to
spatial and temporal variation in forces that cause deformation
of the bubble surface. On the other hand, bubble shape changes
define variations in the film thickness and influence its
dynamics and the interaction forces. The model neglects
gravity and assumes constant surface tension and axial
symmetry of the system. It describes the film down to
nanometer thicknesses.

In the application of the model to our system, we will focus
on interaction force. The formula that relates the interaction
force F to the displacement AX of the tip apex follows

FR
AX = £ log —btz 1
4my 8myR,
(1)

where y is the surface tension and R, & ((1/R,) + (1/Ry,)) ™" is
the reduced radius with R. and Ry, denoting the radius of
curvature of the bubble and of the tip, respectively. The
parameter B(0,,,,) is related to the constant volume constraint
under the assumption that the bubble deforms with the
constant contact angle 6,

nano*

_ A

] + 2B(Opa0)

cant

1+ cosé
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2 + cos O
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B, =1+ %log(

)
This formula is valid for high forces and for a small interaction
zone and small deformation compared to the bubble size
(radius of curvature). This constraint is satisfied for surface
nanobubbles in our experiments. Moreover, the model assumes
that the volume of the bubble is constant at all stages of
interaction and the contact angle does not change. It means
that the bubble contact line is not pinned to graphite surface
and that it can move to adapt the bubble shape to varying force
conditions. It is not clear if this scenario is true in case of
surface nanobubbles and it clearly violates the hypothesis of
contact line pinning as a mechanism that stabilizes the bubble.
However, assuming an alternative scenario (constant radius of
the bubble base) does not significantly change the results of the
model for our system. Finally, the model does not include the
effect of bubble compressibility (change in volume) that, as
suggested by the authors, may become important for bubbles
with radii below about 1 ym. This constraint is valid as long we
assume that gas inside the bubble behaves as an ideal gas.

We checked how the variation of parameters of the model
(RﬁP, 7, R (related to 6,,,,), and k) influence the slope of the
modeled force curve for two considered nanobubbles. In both
cases, the initial points of interaction assumed for the model
were located at separation distances that were equal to the
unperturbed bubbles’ heights of 38 and 30 nm. The
unperturbed radii of curvature R. and contact angles 6,,,, of
the bubbles were extracted from the TM AFM height images
corrected for the “nonzero force” scanning conditions. We
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Figure 4. Slopes of the force dependence obtained from the dynamic interaction model for the nanobubble scanned with the hydrophilic tip with
ket = 0.1 N/m as functions of different parameters of the model: (a) Ry (b) 7, (c) R (related to 0,,,,), and (d) k... The dashed line represents
the level of k., = 0.1 N/m; the dot-dash line represents the value of the slope in the experimental force curve shown in Figure 3a.

tested a wide range of values of all considered parameters
describing various experimental conditions. The slopes in the
force—distance curves were calculated from the model for
different values of Ry, in the range of 20—380 nm, y in the
range of 0.01—0.10 N/m, R_ in the range of 75—526 nm for the
first analyzed bubble and in the range of 284—1724 nm for the
second bubble, and k_,,,, in the range of 0.02—0.20 N/m for the
first bubble and in the range of 0.3—1.2 N/m for the second
bubble. Each time, we changed the value of only one parameter,
while keeping the other three constant and equal to the initial
values Ry, = 20 nm, y = 0.07 N/m, and R, and k,, equal to 270
nm and 0.1 N/m for the first bubble and 540 nm and 0.7 N/m
for the second bubble, respectively. All force curves are shown
in Figures SS and S7 in the Supporting Information.

For the first considered nanobubble, all force curves in the
tested parameter range showed the quasi-linear behavior. The
plots showing the dependences of the slopes of these force
curves on four discussed parameters of the model are shown in
Figure 4. The corresponding histograms of the measured slopes
are shown in the Supporting Information. The dot-dash line
drawn in the plots represents the level defined by the value of
the slope measured in the experimental approach force curve
shown in Figure 3a.

Most of the slopes of the force curves obtained from the
dynamic interaction model were steeper than the slope of the
force—distance curve measured experimentally on the nano-
bubble. This means that in most of the tested experimental
conditions, changing the parameters of the model did not lead
to an improvement of the fit quality. This includes also a
decrease in k.. One must keep in mind that any change in
ke value alters not only the outcome of the model, but also
the slope of the experimental force curves (force is equal to the
deflection of the cantilever (in nm) multiplied by k).
Therefore, any decrease in k., would lead to less steep slopes
of both the measured and the modeled force curves, still leaving
the gap between the slope values.
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An increase in surface tension above the surface tension of
water 0.07 N/m only slightly improves the quality of the fit. In
addition, since there are no other premises that nanobubbles
stiffness is significantly higher than the surface tension of water,
an increase in ¥ in the model does not seem to be adequate.

From all four tested parameters of the dynamic interaction
model, an increase in Ry, and a decrease in R, of the bubble
possess the greatest impact on the slope of the force curve and
result in good agreement of model and data. A decrease in R,
automatically means a decrease in the nanoscopic contact angle

0 ano of the bubble.

On the one hand, as indicated in the plot in Figure 4c, the
value of the slope in the modeled force curve would reach the
value of the slope in the experimental force curve only, if R, was
decreased to below 100 nm, which corresponds to a decrease in
bubble width by roughly 50% and a decrease in 8,,,, by at least
30°. On the other hand, as shown in the plot in Figure 4a, in
order to achieve the same result, R, should be increased to
about 120 nm (with all other parameters unchanged). The
former seems reasonable, if one takes into account that an
apparent nanobubble width in an AFM image is likely to be
overestimated because of the tip imaging effect (the size of the
tip apex adds to the actual width of the nanobubble). An
increased Ry, used in the model also is considered a possible
scenario because the physical size of the tip apex in the AFM
experiment may increase due to tip wear. However, this
possibility is limited because a significant increase in Ry,
violates the assumption of the dynamic interaction model
that the tip—bubble interaction zone (directly related to the size
of the tip apex) is much smaller than the size of the bubble.
This restriction leaves only a small window of possible Ry,
values that can be used in the model.

Nevertheless, one must keep in mind that an increased tip
size results most likely in more pronounced tip imaging effects,
an increase in the apparent nanobubble width, and a decrease in
the apparent curvature of the bubble. Therefore, considering
the measured apparent nanobubble width as a reference point,

dx.doi.org/10.1021/1a501484p | Langmuir 2014, 30, 7112—-7126


wiktoria
Maschinengeschriebenen Text
_____________________________________________________________________________________________________

wiktoria
Maschinengeschriebenen Text
166 | C H A P T E R   7


THE INTERACTION BETWEEN AFM TIPS AND NANOBUBBLES]|167

Langmuir

(a) 4+
.
3.0,

£2

3

5

s ,

.,

0 g
0 10 20 30 40 50

Separation distance [nm]

—
(=)}
~

>

>

o N >

TP O UTOLo0! Bay
>

£

f

Force [nN]

'
N
[P

0 10 20 30 40
Separation distance [nm]

50

Figure 5. AFM tip—nanobubble interaction forces as functions of the separation distance to the substrate measured experimentally (open symbols)
with (a) a hydrophilic AFM tip and (b) a hydrophobic tip, and calculated from the dynamic interaction model (solid symbols) for (a) tip radius Ry,
= 50 nm, surface tension y = 0.07 N/m, bubble radius of curvature R. = 115 nm, contact angle 6,,,, = 132°, kepe = 0.1 N/m, and (b) Ry, = 20 nm, y

= 0.07 N/m, R, = 540 nm, 6,,,, = 158° ke, = 0.7 N/m.

if we increase the value of Ry, in the model, we should
accordingly decrease R..

For example, for Ry, = SO nm, the apparent nanobubble
width should be decreased by 2R, = 100 nm. Assuming that
the nanobubble height does not change, this decreases R. of the
considered bubble to 115 nm. With y = 0.07 N/m, and k_,,, =
0.1 N/m unchanged, the force curve calculated from the
dynamic interaction model has a slope equal to —0.0957 +
0.0003 N/m that is approximately equal to the estimated value
—0.0962 =+ 0.0006 N/m of the slope in the experimental force
curve in Figure 3a. The experimental and modeled force curves
are shown together in the plot in Figure Sa. Considering all
available information on the experimental system and the
model, the force curve calculated from the model for the given
parameters is close to the best possible fit of the experimental
data acquired on the nanobubble from Figure la. For
comparison, a force curve modeled for R, = 120 nm and all
other parameters unchanged has a slope of —0.09582 + 0.0003
N/m (shown in the Supporting Information).

In the plot in Figure Sa, the data set provided by the model
indicates repulsive tip—bubble interaction over the entire
examined separation distance range. The repulsion increased
in strength for decreased separation. A 0.5 nN discrepancy
between the maximum repulsive force at zero separation
distance predicted by the dynamic interaction model and
measured in the experiment may be caused by the fact that the
model describes the interaction in the bubble center, whereas,
due to the limited resolution of the FV experiment, the
presented force curve was acquired near the bubble center. We
have observed that the larger the local bubble height, the
steeper the slope in the force curve and the stronger the
repulsion experienced by the tip at the level of the substrate.>*
A force of 3.5 nN predicted by the model in Figure Sa was
estimated to be measured for the bubble height of ~45 nm.
This is only slightly larger than the maximum estimated bubble
height. For details, see the Supporting Information. In addition,
the original model was developed to describe only local and
small deformations of the bubble apex. In the case of the
surface nanobubble, the maximum deformation was severe and
approximately equal to the bubble height. There might be
additional factors, not included in the model, that influenced
the interaction.

Contrary to the results obtained for the nanobubble from
Figure la, for the bubble from Figure 1d, the discrepancy
between the results of the dynamic interaction model and the
experimental data was very large and the shapes of the force
curves determined experimentally and predicted by the model
for all tested parameters were entirely different. All force curves
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calculated for varying parameters are shown in the Supporting
Information. An exemplary curve is shown in Figure Sb. The
presented force curve was calculated for the initial conditions
Ry, =20 nm, y = 0.07 N/m, R. =540 nm, and k,,, = 0.7 N/m.
According to the model, the repulsion between the tip and the
bubble increased with decreasing tip—sample separation
distance at much higher rate than in the case of the previous
bubble, which was caused by the larger k., used to calculate
the force. In addition, in most of the calculated force curves, the
increase was not quasi-linear; therefore, the slope analysis
similar to the one shown in Figure 4 could not be employed for
this nanobubble.

Whereas the reasons presented above may account for the
small difference between the theory and experiment observed
in the force—distance curves for the nanobubble from Figure
la, they are not able to explain the striking discrepancy
observed in the force curves plotted in Figure Sb for the
nanobubble from Figure 1d. In the case of the first bubble, the
film of liquid between the tip apex and the bubble ruled the
interaction over separation distances 0—38 nm. We conclude
that this nanobubble was not directly in contact with the tip
surface but wrapped around it when the tip was lowered toward
the substrate. In the case of the second bubble, the dynamic
interaction model gives very poor results. Therefore, we claim
that in that case the interaction forces had another than
hydrodynamic origin.

Capillary Force Model. As an alternative to the dynamic
interaction model, we consider a capillary force model.>® This
model is commonly used to describe the interaction between
AFM tips and macroscopic bubbles. The model is based on
several assumptions. First, we consider a two-dimensional
system shown schematically in Figure 6. A nanobubble has a
shape of a spherical cap and sits on a perfectly smooth and
homogeneous substrate. The height of the nanobubble Hy,, is

o

“‘Qﬂb _
H Depth F
bub) —3
ETip/-sample separation| F,, R.

Figure 6. Schematic cross-section of the spherical AFM tip apex
penetrating the surface nanobubble during the force measurement.
The parameters and the interaction forces are defined in the text.
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Figure 7. AFM tip—nanobubble interaction forces as functions of the separation distance to the substrate measured experimentally (open symbols)
on the nanobubble from Figure 1d and calculated from the capillary force model (solid symbols). Various data sets show the influence of the values
of (a) Ry (b) 04y and (c) 7 on the course of the force curves. The exact values of the parameters are indicated next to the adequate data sets. (d)
Best fit of the model results to the experimental data. The spring constant of the cantilever was k . = 0.7 N/m.

several times smaller than its width (base diameter) and its
radius of curvature R. The bubble is filled with air and
surrounded by the infinite bulk of water. Second, the AFM tip
end interacting with the bubble is modeled as a sphere of radius
Ry, made of smooth and relatively hydrophilic homogeneous
material. We assume that the tip apex is hydrophilic so that the
contact angle of water with the tip material is smaller than 90°
and constant over the whole tip surface. The radius of curvature
of the tip is much smaller than the radius of curvature of the
bubble, and comparable to, but not smaller than, the bubble
height.

The model describes the interaction between the tip end and
the bubble apex at different heights; therefore, only the tip
motion in the vertical direction is considered. We assume that
the tip deforms the bubble surface during the interaction and
that the deformation is controlled by surface tension. Next, we
assume that, during the entire interaction period, we stay in a
small load force regime so that the bubble responds as a
Hookean spring to the applied load and its deformation is
linear and much smaller than Ry, and R.. The stiffness of the
bubble kyy, is uniform over the whole surface and equal to the
surface tension of water. The interaction cycle starts when the
tip end contacts the bubble apex. Then, the tip is lowered until
it reaches the substrate under the bubble. The depth to which
the tip is lowered is equal to the downward deformation of the
bubble apex and the contact line does not move upward or
downward the tip. The maximum deformation is equal to Hyy,
and does not exceed Ry,. The scenario described does not fulfill
the requirement of small perturbations and a range of
interaction much smaller than R,

Equilibrium is established between the force F, with which
the tip is pressed against the bubble, the force F, arising from
the surface tension y acting along on the tip—bubble contact
line, and the force F, originating from the pressure difference
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across the bubble wall: Rip = TJP + 1_5;,. The directions of the
forces are sketched in Figure 6. The tip is lowered over the
bubble so the force Fy, is directed downward. The resisting
force F, is directed upward and is given by the formula:

E, = Apn(Ry, cos a)’ 3)
where Ap is the pressure difference between the inside and
outside of the bubble equal to 2y/R, and « is the angle
between the tangent to the tip surface and normal of the tip. It
describes the change in the tip shape at different points of the
apex (caution: the angle a is not the opening angle of the tip
and it changes for different locations on the tip). The vertical
component of the force arising from the surface tension y and
acting along the line where the bubble surface and the tip
interact is equal to

E, = 2myRy, cos a cos(a + 6;,) (4)

where 6y, is the contact angle of water on the tip material.

Because we assumed that R. > R, at the point of
interaction, the bubble will appear flat to the tip and the
interaction will be similar to the one between a sphere and a flat
liquid surface. As a consequence, F, < F, so that F, can be
neglected in the force equilibrium formula. The influence of
other forces, such as electrostatic, van der Waals, gravitational,
hydration forces, and forces originating from the substrate, is
also neglected in the model.

The final formula for the net force applied on the AFM tip in
the system is

E

i = 2Ry cos a cos(a + O;,) (s)

Similarly as for the dynamic interaction model, the results of
the simulations were compared to the force—distance curves
measured on two nanobubbles from Figure 1 plotted in Figure

dx.doi.org/10.1021/1a501484p | Langmuir 2014, 30, 7112—-7126


wiktoria
Maschinengeschriebenen Text
_____________________________________________________________________________________________________

wiktoria
Maschinengeschriebenen Text
168 | C H A P T E R   7


THE INTERACTION BETWEEN AFM TIPS AND NANOBUBBLES]|169

Langmuir

3. As the initial values of the parameters in the model, we used
the initial separation of 38 and 30 nm of the first and second
bubble, respectively, 6, = 18° (measured for water on Si;N,
wafer cleaned with plasma cleaner®), y = 0.07 N/m, and Ry, =
20 nm. These initial values of 0y, y, and Ry, were varied to
simulate different possible experimental conditions: Ry, in the
range between 10 and 260 nm, y in the range between 0.05 and
0.1 N/m, and 0y, in the range between 18° and 90°. Each time,
we changed the value of only one parameter while keeping the
other two parameters constant and equal to the initial values.

The force curves calculated from the capillary force model for
the bubbles from Figure la and d are shown in the Supporting
Information. For the second bubble, a selection of data sets is
shown in Figure 7. The maximum range of the interaction that
could be modeled did not exceed Ry, and therefore, in some of
the force curves, the fitted region was smaller than the bubble
height and equal to Ry,

For both bubbles, the results given by the model for the
initial values of the parameters (blue stars) deviated strongly
from the experimental data (open symbols). Although the
general repulsive character of the interaction was predicted well,
in most of the force curves predicted by the capillary force
model, the magnitudes of the forces were much larger than
measured in the experiment for both considered bubbles.
Moreover, the dependence of the force on the separation
distance was nonlinear at all points of the interaction.

For all tested values of Ry, the discrepancy between the
theory and the model was large, and increased for increased
Ry, For both bubbles, a decrease in y down to 0.01-0.005 N/
m decreased the repulsive force and reduced the attractive force
at the onset of the interaction. However, a good match between
the modeled forces and the experimental data was reached only
for extremely small values of y, which we exclude as a physically
impossible scenario in our experiments. In turn, an increase in
Oyp caused the flattening of the force dependence and the
decrease in the attraction strength in the initial phase of the
interaction. With other parameters unchanged, for 6, ~ 80°,
the dependence was almost linear and its slope resembled the
slopes in the approach force curves measured on the bubbles
from Figure la and d. However, although for the first bubble
the slope was modeled well, the attractive force at the jump-in
point was overestimated. We conclude that the capillary force
model did not describe the interaction between the nanobubble
and the tip measured experimentally for any of experimental
conditions tested. On the contrary, as shown in the plot in
Figure 7b, for the second considered nanobubble, the shape of
the modeled force curve resembled the experimental curve in
terms both the slope and the maximum attractive force.
However, the more exact fitting would require shifting the
initial point of the interaction toward larger separation
distances, as shown in the plot in Figure 7d. If we assume
that the interaction started at the separation ~40 nm
approximately equal to the position of the jump-in point, the
magnitude of the attractive force and the slope in the force
curve predicted by the model is in good agreement with the
experimental data.

In sum, the assumed initial values of 6, y and Ry, gave very
poor agreement between the model and the experiment. The
values of the forces predicted by the model approached the
values of the forces measured experimentally on the nano-
bubble from Figure 1d only if large 0, was used. This leaves
increased hydrophobicity of the tip used in the experiment, as
the only possible scenario predicted by the model in our
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experiment. Therefore, according to the capillary force model,
the tip used to measure the nanobubble from Figure 1d was
hydrophobic and the tip—bubble interaction started above the
unperturbed bubble height. If the increased attraction at the
jump-in point was caused by the hydrophobicity of the tip, it is
likely that the bubble surface deformed upward to meet the tisp
and that the interaction started at larger separation distances.”*
This validates the shift in the initial tip—sample separation
distance set in the capillary force model required for the data
sets to match, shown in Figure 7d.

The good agreement between the experiment and the
prediction of the capillary force model observed for the bubble
from Figure 1d suggests that, in this particular experiment, the
deformation of the tip and the bubble during the measurement
was governed by the capillary force acting along the contact line
that formed around the tip, hence by the surface tension. This
means that the bubble was penetrated by the (hydrophobic) tip
during the AFM force measurements hence, the tip and the
bubble were physically connected. Also, increased attraction
and unexpectedly low repulsive forces measured with a stiff
cantilever with the hydrophobic tip originated from the direct
interaction between the tip apex and the bubble surface.

This scenario is entirely different from the scenario based on
the dynamic interaction model sketched for the bubble scanned
with the hydrophilic tip, in which the bubble was separated
from the tip by a thin liquid film (vide supra). The meniscus
did not form on the tip, the capillary force was absent, and the
surface tension influenced the interaction and the slopes in the
force curves less than in the case of the bubble scanned with the
hydrophobic tip.

Knowing that the hydrophobic tip penetrated the bubble, we
can explain the plateaus in the force—distance curve shown in
Figure 3b. We claim that it was purely geometrical effect caused
by the unique tip shape (aspect ratio) that affected the length of
the contact line that formed on the tip, hence the strength of
the interaction forces. We believe that the plateaus in the
force—distance curves measured on the bubble originate from
the parts of the AFM tip with locally (nearly) constant
perimeter. The length of the contact line, and hence the
magnitude of the interaction force, almost did not change with
decreasing tip—sample separation distance. The plateaus were
measured only in the force curves acquired near the bubble
center, and only at small tip—sample separation distances, that
is, at the positions where the tip was immersed deep in the
bubble so that the contact line was located far from the tip apex.
This suggests that the region where the tip perimeter was
(nearly) constant was located far from the apex. This part of the
tip did not participate in the AFM measurements done at the
locations away from the bubble center.

Nanobubble Stiffness. Knowing that, in the case of the
hydrophobic tip, the bubble was in direct contact with the tip,
we can estimate the nanobubble stiffness and verify our earlier
assumption, that its value is close to the surface tension of pure
water.

Recently, a map of “Young moduli” of the sample with
nanobubbles acquired in peak force AFM was published.”®
However, since a bubble is not solid, Young modulus may not
be a proper description. Here we use a simple model valid for
macroscopic bubbles®* that assumes that the bubble—tip system
acts as two springs in the series. This method is well established
for the force measurements on nanodroplets® and microscopic
bubbles.*® Recently, it was used to estimate the nanobubble
stiffness from the force curves acquired in the PFT mode.*
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The model assumes that the deformation of all components
of the system is linear. In our previous reports, we presented
the linear dependence of the apparent bubbles’ heights and
widths on the peak force in peak force AFM* and on the
amplitude of the cantilever oscillations and the amplitude set
point ratio in TM AFM, respectively.** In addition, several
authors reported linear slopes in the force—distance curves
measured on nanobubbles on different substrates.”*>?

If the bubble—tip system acts as two springs in series, the
observed slope in the force—distance curve is a function of both
the deformation of the bubble and the deformation of the
cantilever. According to the model, the bubble stiffness ki, can
be extracted from the relationship (1/ky) = (1/ken) + (1/
kyub), where ke, is the spring constants of the cantilever and
ki is total spring constant of the bubble—tip system equal to
the modulus of the slope of the linear part of the retraction
force curve (in N/m) Islopeyy,|- Importantly, the formula can
be applied only if k. > Islopey,pl-

The histograms of the slopes of the linear parts of the
approach and retraction force curves acquired on the
nanobubble from Figure 1d scanned with a hydrophobic tip
and the calculated values of the bubble stiffness k;,;, are shown

in Figure 8.
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Figure 8. Histograms of the slopes of the linear parts of the force—
distance curves and corresponding bubble stiffness ky,, for the
nanobubbles from Figure 1d measured with a hydrophobic AFM tip.
The spring constant of the cantilever used to acquire the data was k
= 0.7 N/m.
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All measured slopes were negative, because we dealt either
with repulsive forces (positive cantilever deflection) that
increased with decreased tip—sample separation distance, or
with attractive forces (negative deflection) that increased with
increased separation distance. The slopes of the linear parts of
the approach force curves were steeper than the corresponding
slopes in the retraction curves. The condition k., > Islopeyy|
is fulfilled for all measured slopes. The values of ki, calculated
from the slopes range between 0.02 and 0.14 N/m. Estimated
mean values of k,, were 0.10 + 0.02 and 0.05 + 0.01 N/m, as
calculated from the approach and retraction force curves,
respectively. The difference in the values is due to the hysteresis
in the force curves, caused by a hysteresis of the contact angle
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of the tip material and by the fact that, during the retraction, the
contact between the tip and the bubble was better established,
than during the retraction. We consider the value of ki,
calculated from the retraction force curves as more accurate
estimation of the nanobubble stiffness. Commonly, the surface
tension (hence stiffness) of various liquids is measured by
pulling a sphere from a liquid.*!

Our results mean that the nanobubble surface has a stiffness
approximately equal to the surface tension of water at 20 °C
(0.072 N/m). This result is similar to the result obtained from
measurements done on nanobubbles in PFT mode.** This
indicates that the assumption that the bubble stiffness is equal
to the surface tension, common for the macroscopic bubbles,
holds also for nanoscopic bubbles and that the deformation of
the bubble surface is ruled by surface tension. To date, several
authors suggested low surface tension as an explanation of the
increased stability of nanobubbles.'””® This result, together
with the shape of the force—distance curves, confirmed that we
dealt with nanobubbles filled with gas and not with
contamination, for example, with PDMS.® In addition, our
finding does not support the hypothesis that nanobubbles are
high-density gas state structures that contain aggregation of gas
molecules in a condensed (liquidlike) form, rather than cavities
only sparsely filled with gas molecules.*®

Interestingly, the estimated ky,, value is lower than the spring
constant of the cantilever k.,, = 0.7 N/m used in the
measurements; that is, the bubble was very soft as compared to
the cantilever. A large difference between ky,, and k., will
likely result in a large difference in the magnitude of the
(vertical) deformation of the cantilever and of the bubble. A
soft bubble is likely to deform more easily and to a larger extent
than a stiff cantilever. As we will discuss later, this finding may
have significant consequences for the height determination of
surface nanobubbles attempted previously in various AFM
modes.

As shown in Figure 8b, most of the values of k;, measured
from the retraction force—distance curves were below the value
of surface tension of pure water. This result is due to the
increased hydrophobicity of the tip predicted by the capillary
force model and inevitably brings up an issue of the presence of
contamination in the system. It has been shown that bubbles
become softer and more deformable in the presence of
surfactants.** The hypothesis that nanobubbles are covered
with the contamination layer'"'> or the idea of pinning of the
contact line to the substrate'®'* possibly caused by
contamination serve as explanations of the unusually long-
term stability and high apparent contact angle of nanobubbles.
In the force curves acquired on the nanobubbles, we did not
observe any features indicating deformation or breaking of a
stiff, shell-like layer of contaminants surrounding the bubbles.
Although several precautions had been taken to keep the
system contamination-free, we are aware that the contaminants
are always present in a nanoububble system and their presence
could not be excluded in our experiment. However, its amount,
nature, and origin remain unknown to us.

Finally, we emphasize that the method described above to
determine ky,, from the slopes in the force—distance curves
acquired on nanobubbles cannot be applied if the tip used in
the measurement is hydrophilic. The model of two springs in
the series does not describe the tip—bubble interaction
conditions well for hydrophilic tips, because there is no direct
contact between the tip and the bubble during the interaction.
In addition, in the dynamic interaction model, the relation
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Figure 9. Typical shapes of the approach and retraction force—distance curves acquired on a nanobubble with (a) a hydrophilic AFM tip and (b) a
hydrophobic AFM tip. The deflection of the cantilever gradually increases with decreasing tip—sample separation distance. The AFM cantilevers with
the tips and the bubbles (drawings not to scale) are shown schematically at different stages of the interaction.

between the force and the tip—sample separation distance is
not linear. Moreover, a slope of a quasi-linear dependence in
the force—distance curve, similar to the one shown in Figure Sa
calculated for the nanobubble scanned with a relatively soft
cantilever, very often does not satisfy the condition k., >
Islopen,ml- In the cases that the condition is fulfilled, the
calculated values of ki, may significantly differ from the actual
nanobubble stiffness. In short, although the dynamic interaction
model describes well the interaction between the hydrophilic
tip and the nanobubble in the FV experiment, the scenario of
the cantilever and the bubble as two springs in the series does
not apply to the results provided by this model.

Bubble Deformation in AFM Experiments: Hydro-
philic versus Hydrophobic Tip. From the discussion so far,
it is clear that we can speak about two types of the AFM tips
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that were used to measure surface nanobubbles. Now, we can
reconsider the possible scenarios of the nanobubble deforma-
tion by the hydrophilic and the hydrophobic tips in the AFM
experiments. The typical shapes of the approach and retraction
force—distance curves acquired on the nanobubbles with the
hydrophilic and with the hydrophobic tip are shown in Figure
9. They display several features that can be found in the force
curves plotted in Figure 3. The schemes accompanying the
plots are a visual interpretation of the data encoded in the
corresponding force curves, and show the position of the tip,
bending of the cantilever, and possible deformation of the
bubble surface at different stages of tip—sample interaction
during a single approach—retraction force curve cycle. The
schemes help to understand the information encoded in the
plots and the possible bubble behavior during the AFM
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experiment. We stress that the drawings were not made to scale
and that the actual shapes of the nanobubbles might change
differently during the interaction with the real AFM tips in the
experiments.

In the case of a hydrophilic tip, the repulsive forces dominate
the interaction. As shown in Figure 9a, as the tip is lowered
toward the bubble, the first interaction (jump-in) is measured
at the separation distance approximately equal to the
unperturbed bubble height H,,, (point 1). Importantly, at the
onset of interaction, the cantilever is not bent. This is
confirmed by zero attraction measured close to the jump-in
point in the force—distance curve shown in Figure 3a. The
jump-in is followed by the repulsion that increases (quasi-)
linearly with decreased separation distance until the substrate
underneath the bubble is reached (point 2). During retraction,
the scenario is reversed. The repulsive force decreases as the tip
is drawn further from the substrate. The interaction does not
extend above the initial bubble profile, and the attractive force
measured around the jump-out point is minimal (point 3). The
hydrophilic tip does not directly contact the bubble at any stage
of the force cycle. Instead, the tip and the bubble interact
through a thin layer of liquid separating them. As the tip is
lowered and subsequently retracted, increased squeezing of the
liquid film generates the repulsive force between the tip and the
bubble at all separation distances smaller than the unperturbed
bubble height.

As shown in the schematic pictures in Figure 9a, when the
hydrophilic tip is being lowered toward the substrate, the
bubble “wraps” around the tip and adapts its shape to the tip
profile without making a direct contact. For simplicity, we
assume that only the central part of the bubble becomes
deformed by the tip and that the bubble contact line remains
pinned to the substrate and does not move during the force
measurement. However, this might not be the case in a real FV
AFM experiment.

In the case of a hydrophobic tip, the attractive and repulsive
forces between the tip and the bubble compete, resulting in a
more complex shape of the force curve and bubble deformation
than in the case of the hydrophilic tip. As indicated in the
schematic force curve sketched in Figure 9b, for the
hydrophobic tip, the onset of the interaction takes place at
tip—sample separation distances high above the unperturbed
bubble surface, that is, larger than the unperturbed bubble
height.>* Because the hydrophobic tip attracts the bubble more
than the hydrophilic tip, it is likely that the meniscus forms a
neck between the tip and the bubble, which causes downward
bending of the cantilever and strong attraction at the jump-in
point (point 1), similar to the one in the force curve in Figure
3b. The exact magnitude of the upward deformation and the
attraction strength depend on the ratio between the stiffness of
the cantilever and the bubble. A cantilever that is stiffer than the
bubble will deform to a lesser extent, which may lead to a
substantial bubble deformation. In turn, the cantilever softer
than the bubble will deform more than the bubble; that is, it
will rather bend toward the bubble than let the bubble stretch
upward. In the extreme case, for a very soft cantilever, the
bubble will not deform upward and the position of the jump-in
point in the force curve will correspond to the unperturbed
bubble height. However, because relatively stiff cantilevers were
used in most of the experiments done on surface nanobubbles
reported so far, we suppose that in the cases when the tips used
to the measurement were hydrophobic, the onset of the
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interaction was located above the unperturbed nanobubble
surface.

After the contact between the tip and the bubble has been
established, the tip is lowered toward the substrate. As the
hydrophobic tip approaches the substrate, the tip will be
immersed deeper in the bubble. Unlike the hydrophilic tip that
at the separation distance equal to Hy, only contacts the
bubble without deforming it, the hydrophobic tip may be
already immersed in the bubble so that the bubble surface may
be deformed. After crossing the zero-deflection point, the
upward deflection of the cantilever increases (quasi-) linearly
until the tip reaches the substrate (point 3).

During the retraction, as the separation distance increases,
the contact line moves down the tip. If the tip is hydrophobic,
the contact line may remain attached to the tip over a long
separation distance, and the bubble may stretch upward far
beyond its initial size forming a neck and exerting large
attractive force on the cantilever. The neck elongates and
remains attached to the tip until it snaps off and the cantilever
restores its initial unbent position (point ).

The hysteresis in the force—distance curves similar to the one
shown in Figure 3b is caused by the hysteresis in the contact
angle of the tip material possibly caused by contaminants.

In short, force measurements done on surface nanobubbles
with hydrophobic AFM tips involve direct contact between the
bubble and the tip, upward bubble deformation, large adhesion,
and large difference between the positions of the jump-in and
jump-out points in the force—distance curve (compare with
Figure 3b). All these features are absent if the measurement is
done with a hydrophilic tip (compare with Figure 3a).
Therefore, to minimize the nanobubble deformation during
the AFM experiment, one should measure with a sharp and
hydrophilic tip and with a relatively soft cantilever.

Very limited data concerning the application of the capillary
force model to surface nanobubbles is available in the literature.
Holmberg et al.*® drew a similar conclusion based on the results
of the capillary force model applied to the results of force
measurements done on nanobubbles on gold. More recently,
Wang et al.'> reported a discrepancy between the (adhesion)
forces calculated from the capillary force model and the force
measured on a nanobubble. However, the model was applied
only to a single point in the force curve, and the angle a was
mistaken for the tip opening angle. The authors calculated that,
to meet the measured force value, the surface tension should be
as low as 0.01 N/m. This result resembles one of the scenarios
predicted by the model in our experiments that was rejected as
unphysical.

Our findings have an important consequence for AFM
measurements of surface nanobubbles in various scanning
modes. The vital information is that, in the case of hydrophilic
tips, the force—distance curves acquired on nanobubbles in
different FV AFM experiments will look similar, whereas in the
case of hydrophobic tips the course of the force curves will be
different in each experiment depending on the tip size and
aspect ratio. Clearly, in the AFM experiment done on surface
nanobubbles, the effects of different factors influencing the
interaction will add up in a single unique force—distance curve
or a bubble image. Because we do not know the exact tip size,
shape, and cleanness during the experiment, it is practically
impossible to predict neither the exact character of the tip—
bubble interaction during the scanning nor the bubble
appearance in the AFM images. We believe that individual
differences between scanning conditions and tip sizes, shapes,
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and hydrophobicity explain the variety of shapes of force—
distance curves and amplitude—distance curves acquired on
nanobubbles in different AFM experiments. In particular, the
hysteresis in the force and amplitude curves and the attractive
interaction reported in the experiments on nanobubbles may be
attributed to not or not adequately precleaned cantilevers and
tips used.'>*>*® Unfortunately, the fact that the measurements
were done with different cantilevers, substrates, and nucleation
procedures (involving the liquid exchange) and on nanobubbles
of different sizes precludes a direct comparison between the
reported results.

The good agreement between the dynamic interaction model
and the FV experimental data in the case of the nanobubble
scanned with the hydrophilic tip discussed in this report
suggests that, assuming that the tip used for the scanning is
sharp and hydrophilic, nanobubble deformation in the AFM
experiment has a hydrodynamic origin. We are convinced that
the hydrodynamic nature of the tip—bubble interaction is
responsible for the unusual spatial and temporal stability of the
bubbles during scanning done in TM AFM and in peak force
AFM for a wide range of scanning conditions. The presence of
the thin liquid film between the bubble and the tip at all times
of the interaction will prevent the tip from penetrating the
bubble, attaching to it, and dragging it along the sample during
the scanning. Small attractive and large repulsive forces
resulting from the presence of the film will “protect” the
bubble even if harsh scanning conditions will be used for
imaging. This includes high scan rate and tip velocity, large
amplitude of the cantilever oscillations and low amplitude set
point ratio in TM, and large peak force in peak force AFM.
Under all conditions, the nanobubble will adapt its shape to the
tip profile and movement and will restore its original
appearance as soon as the tip is withdrawn. We stress that
the proposed explanation does not involve any external
stabilizing mechanism and does not require the presence of
any external factor, including micropancakes’ or pinning of the
contact line and contamination layer covering the bubble."' ™'
Moreover, we believe that the bubble instability in contact
mode AFM imaging is the consequence of the large lateral
forces involved. Apparently, these forces overcome the
repulsion arising from the squeezing of liquid near the bubble,
and the tip punctures the bubble and may drag it aside.

In the view of these results, one must consider consequences
for nanobubble imaging in AFM. Hydrodynamic repulsion may
be the source of height under- or overestimation. Concerning
the fact that this repulsion may increase at high approach speed,
it may be especially important in peak force AFM and TM
AFM where approach velocity is much higher than that in FV
AFM experiment. For now, however, the influence of the
hydrodynamic effect on the apparent nanobubble height in the
AFM images is unknown.

Finally, since the estimated nanobubble stiffness ki, was of
the order of 0.07 N/m, already a very small force in the range of
piconewtons exerted by the tip will deform the bubble surface.
In our experiment, the maximum repulsive force measured on
the nanobubble was ~4 nN and caused severe bubble
deformation (tens of nm). Because the forces involved in
AFM scanning are usually in piconewton and nanonewton
range, our results indicate that nanobubbles are always
deformed during AFM imaging. In other words, nanobubbles
in AFM images are practically always deviating from their true
shape. In addition, because the size of a nanobubble and the
AFM tip end are comparable, during the scanning, the tip will
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deform the bubble not only locally, but rather it will distort and
affect the whole bubble volume. Moreover, one may think
about the tip—bubble interaction as a transfer of energy,
involving work being done on interface deformation, work
against the surface tension, work of tip—bubble adhesion, and
work being done on the eventual rupture of the bubble surface
and any layer covering it. Clearly, AFM scanning of surface
nanobubbles is a complex process that requires more
investigation being done.

B CONCLUSIONS

Based on the results of the FV AFM measurements of surface
nanobubbles on HOPG in water, we unraveled the AFM tip—
nanobubble interaction and nanobubble deformation during
the AFM experiment. In our experiments, the interaction
resulted in mutual deformation of the bubble surface and the
cantilever at all stages of the interaction. The nanobubble
stiffness estimated from the slopes of the linear parts of the
force—distance curves acquired on the bubbles was comparable
with surface tension of water. This finding confirms the
assumption that nanobubbles are very soft and presumably
filled with gas. It also limits the range of the cantilevers spring
constants that can yield meaningful AFM imaging results. We
have shown that, in each AFM experiment, the tip and the
bubble form a unique interaction system, which may lead to
qualitatively and quantitatively different FV AFM results, which
possess relevance also for other imaging modes. Entirely
different shapes of the force curves measured on similar
nanobubbles could be explained by the differences in tip
sharpness, aspect ratio, and cleanliness (contact angle). By
comparing the force curves measured experimentally with the
variation in the interaction forces predicted by two models of
the tip—bubble interaction, (1) the dynamic interaction model
and (2) the capillary force model, we have revealed two
mechanisms responsible for nanobubble deformation during
the AFM scanning. When the measurement was done with a
hydrophilic AFM tip, the tip apex interacted with the
nanobubble through a thin film of liquid squeezed between
the tip and the bubble surface. The bubble deformation was a
dynamic effect of the drainage of the film under the influence of
the external force. The bubble wrapped around the tip,
adapting its shape to the tip profile and movement. The
hydrodynamic origin of nanobubble deformation and the
“protecting” effect of the thin liquid film offer an explanation to
the unusual bubble stability observed in different AFM
scanning modes and under harsh scanning conditions. In the
case of the measurement done with the hydrophobic tip, the tip
penetrated and directly contacted the bubble. The interaction
was governed mainly by the force arising from the surface
tension acting along the contact line attached to the tip. The
differences between the tips in both described interaction
scenarios involved qualitatively different nanobubble deforma-
tion, which was likely to affect the results of AFM imaging done
with these tips. Our results indicate that the choice and control
of the cantilever and the tip parameters is crucial, as it may
substantially affect the nanobubble appearance in the AFM
experiment, hence all the parameters derived from the
measured bubble shape. To minimize the nanobubble
deformation, the scanning must be done with a sharp and
hydrophilic tip and with a soft cantilever. Moreover, all AFM
data on nanobubbles, especially concerning the bubble shape,
should be carefully acquired and critically reviewed. Finally,
more investigation is needed concerning the details of the tip—
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nanobubble interaction, nanobubble deformation, and the role
of the parameters inherent to a particular dynamic AFM
scanning modes.
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Force-Volume mode (FV) AFM measurement

Force Volume AFM mode is used to study mechanical properties of the sample or forces
between surfaces on the nanoscale in air and in liquid environment. Unlike the Tapping Mode
or the Contact Mode AFM, the FV is not strictly an “imaging” mode because the tip does not
follow the surface to create a topographic image of the sample. Different purpose of the
scanning imposes entirely different movement of the tip during the scanning. The schematic
in Figure S1 shows the basic principles of the AFM force measurement that was carried out in

the experiment.

l T Approach
Cantilever ﬁ ﬁ | |
Tip kcan: Retraction y
Sample Separation y
— h J

kﬂaﬂ
Positi T kcam Negative . l ‘
Dsifive I deflection '
deflection _

Repulsion Attraction

Figure S1. The principle of FV AFM measurement shown schematically. The tip is
repeatedly lowered and retracted from the sample. During the movement, the deflection of the
flexible cantilever end caused by the tip-sample interaction forces is measured as a function of

the piezo displacement, which can be transformed to tip-sample separation distance.

Contrary to TM AFM, in the FV mode, the cantilever is usually not oscillated. At each point
of the selected area of the sample, the tip mounted on the cantilever is lowered towards the

substrate surface and then retracted. Because the cantilever is flexible, the forces acting on the
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tip will cause a bending of the cantilever. Repulsive tip-sample interaction forces cause an
upward bending (denoted as positive deflection); attractive forces will cause a downward
bending (negative deflection). The magnitude of the forces acting on the tip is calculated by
multiplying the deflection value by the cantilever stiffness. During a single cycle of the
vertical movement of the cantilever, the deflection data of the cantilever during approach and
retraction are acquired as a function of (piezo) displacement, to form a pair of force-
displacement curves. The force-displacement curves may be acquired sequentially on

different positions on the sample in order to create a force image of the sample.

Alternatively, the cantilever may be oscillated and a decrease in the oscillation amplitude due
to interaction forces is measured as a function of the tip-sample separation. An amplitude

image of the sample may be created in a similar way as a force image.

The main advantage of FV over TM AFM is the fact that the force exerted on the sample by
the AFM tip is known and well controlled at each point of the area scanned. In a particular
experiment, one may limit the maximum cantilever deflection that defines the maximum force
exerted on the sample. This is beneficial, especially while investigating very soft and fragile
samples that can be damaged easily. Alternatively, as it was done in the experiment on surface
nanobubbles, one may set the maximum deflection threshold high to ensure that during the
approach the tip is moved all the way down through the layer of the soft material until it
meets the hard HOPG substrate.

The shapes of the force-displacement curves acquired on the sample in FV AFM contain

valuable information on various mechanical properties and deformation of (soft) materials.
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Force curves measured on the HOPG sample
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Figure S2. (a) Typical unprocessed approach and retraction force-displacement curves
acquired on HOPG surface in water. These curves were converted to force-distance curves,
compared in (b). In (b), the graphite surface is represented as zero separation distance. The
inset shows a magnification of the data points measured at separation distances of few

nanometers to the graphite. The cantilever spring constant Keant was 0.1 N/m.

The initial position of the tip in the force cycle was at the point of maximum separation far
from the sample surface. The separation distance gradually decreased as the tip approached
the sample. The cantilever remained in its initial non-bent position, until the tip-sample
separation distance of a few nanometers, where attractive short-range van der Waals forces
caused a downward bending of the cantilever (snap to contact). The attraction was almost
immediately followed by a strong repulsion as the tip contacted the HOPG surface. Upon

retraction, the behavior of the cantilever was reversed.
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Force curves measured on the nanobubbles
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Figure S3. Unprocessed approach and retract force-displacement curves acquired on two
nanobubbles. These curves correspond to the processed force curves shown in Figure 3. The
spring constant of the cantilever used to acquire the data was Kcant = 0.1 N/m for (a) and Keant =

0.7 N/m for (b).
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Amplitude curves measured on a nanobubble
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Figure S4. Unprocessed approach and retract amplitude-displacement curves acquired on a
nanobubble. The plateau is similar to the plateau observed in the force-distance curves

measured on the nanobubble shown in Figure 3b. The spring constant of the cantilever used to

acquire the data was Keant = 0.7 N/m.
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Dynamic interaction model — modelling results
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Figure S5. AFM tip-nanobubble interaction forces as a function of the separation distance to
the substrate measured experimentally on the bubble with a hydrophilic tip and calculated
from the dynamic interaction model for different values of the parameters: (a) radius of

curvature of the tip Rip, (b) surface tension y (c) radius of the curvature of the bubble R.

(related to the nanoscopic contact angle 6hano), and (d) cantilever spring constant Keant.
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Figure S6. Histograms of slopes of the linear parts of the force-distance curves calculated for
various parameters of the dynamic interaction model Ryp, surface tension y, R. (related to the

nanoscopic contact angle Ghano), and Keant. The inset shows a magnification of the plotted data.
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Figure S7. AFM tip-nanobubble interaction forces as a function of the separation distance to
the substrate measured experimentally on the bubble with a hydrophobic tip and calculated
from the dynamic interaction model for different values of the parameters: (a) radius of
curvature of the tip Rip, (b) surface tension y (c) radius of the curvature of the bubble R¢

(related to the nanoscopic contact angle 6hano), and (d) cantilever spring constant Keant.
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Figure S8. AFM tip-nanobubble interaction forces as a function of the separation distance to

the substrate measured experimentally (open symbols) with a hydrophilic AFM tip and

calculated from the dynamic interaction model (solid symbols) for tip radius Rgp = 120 nm,

surface tension y = 0.07 N/m, bubble radius of curvature R; = 260 nm, contact angle Ghano =

149°, Keant = 0.1

N/m.
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Figure S9. Repulsive force measured on the nanobubble at zero tip-sample separation
distance as function of the unperturbed bubble height Hyy, (initial tip-sample separation in the

dynamic interaction model).
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Capillary force model — modelling results
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Figure S10. AFM tip-nanobubble interaction forces as a function of the separation distance to
the substrate measured experimentally (open symbols) on the nanobubble in Figure 1a with
the hydrophilic tip, and calculated from the capillary force model (solid symbols). Various
data sets show the influence of the values of the tip radius Ry, tip material contact angle Gy,
and surface tension y used in the model on the course of the force curves. The spring constant
of the cantilever used to acquire the experimental data was Keant = 0.1 N/m.
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Figure S11. AFM tip-nanobubble interaction forces as a function of the separation distance to
the substrate measured experimentally (open symbols) on the nanobubble in Figure 1d with
the hydrophobic tip, and calculated from the capillary force model (solid symbols). Various
data sets show the influence of the values of the tip radius Ryp, tip material contact angle Gy,
and surface tension y used in the model on the course of the force curves. The spring constant

of the cantilever used to acquire the experimental data was Keant = 0.7 N/m.
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Hydrodynamic effect of the tip movement
on surface nanobubbles

Depending on the AFM imaging mode, the tip movement during
scanning is different. In particular, varying directions and speed of the tip
movement may have implications for the imaging of soft samples. In this
chapter, we directly compare the effect of different tip-nanobubble
Interactions in tapping mode, lift mode and Force Volume (FV) mode
AFM. We measured and analyzed the strength and character of the
Interactions as functions of the vertical and horizontal position of the tip
on the bubble with respect to the bubble center, and compared them with
the results calculated using the dynamic tip-bubble interaction model.
We found a variation in the strength of the hydrodynamic effect
depending on the direction from which the tip approached the bubble
during the scanning. Our findings indicate that the direction of tip
movement influences the bubble deformation and should be considered,
when analyzing images of nanobubbles acquired in various AFM scanning

modes.
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The chapter consists of the following publication:

Hydrodynamic effects of the tip movement on surface nanobubbles:

A combined tapping mode, lift mode and force volume mode AFM study

Wiktoria Walczyk, Nicole Hain and Holger Schénherr
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Hydrodynamic effects of the tip movement on
surface nanobubbles: a combined tapping mode,
lift mode and force volume mode AFM study

Cite this: DOI: 10.1039/c4sm01024h

Wiktoria Walczyk,T Nicole Haint and Holger Schénherr*

We report on an Atomic Force Microscopy (AFM) study of AFM tip-nanobubble interactions in experiments
conducted on argon surface nanobubbles on HOPG (highly oriented pyrolytic graphite) in water in tapping
mode, lift mode and Force Volume (FV) mode AFM. By subsequent data acquisition on the same
nanobubbles in these three different AFM modes, we could directly compare the effect of different tip-
sample interactions. The tip-bubble interaction strength was found to depend on the vertical and
horizontal position of the tip on the bubble with respect to the bubble center. The interaction forces
measured experimentally were in good agreement with the forces calculated using the dynamic
interaction model. The strength of the hydrodynamic effect was also found to depend on the direction
of the tip movement. It was more pronounced in the FV mode, in which the tip approaches the bubble
from the top, than in the lift mode, in which the tip approaches the bubble from the side. This result
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1 Introduction

Surface nanobubbles that appear on surfaces immersed in
water are responsible for the attraction between hydrophobic
surfaces in water,' rupture of thin liquid films,** and hydro-
dynamic slip.® They play a role in immersion lithography,” froth-
flotation,® and are a useful tool for cleaning surfaces fouled with
proteins or nanoparticles.®'® Furthermore surface nanobubbles
have been studied by various techniques including Atomic
Force Microscopy (AFM),"*** neutron reflectivity,"* attenuated
total internal reflection Fourier transform infrared (FTIR)
spectroscopy,” rapid cryofixation,' quartz crystal microbal-
ance,"” X-ray reflectivity,'®" synchrotron-based scanning trans-
mission soft X-ray microscopy (STXM),* interference
microscopy,” and total internal reflection fluorescence
microscopy.”>*

Surface nanobubbles were found to be very soft and
deformable. Their stiffness is comparable with the surface
tension of water.>*** Based on their shape measured from AFM
images, the estimated Laplace pressure exceeds the atmo-
spheric pressure significantly, which should lead to their rapid
dissolution. However, experimental observations confirmed
that surface nanobubbles are stable for long periods of time.>**”
Importantly, the internal pressure is calculated from the

Physical Chemistry I, University of Siegen, Department of Chemistry and Biology,
Adolf-Reichwein-Str. 2, 57076 Siegen, Germany. E-mail: schoenherr@chemie.
uni-siegen.de

T These authors contributed equally.

This journal is © The Royal Society of Chemistry 2014

taken into account when nanobubbles are analysed by AFM in various scanning modes.

apparent nanobubble size and profile, which is extremely flat
with nanoscopic contact angles higher than the macroscopic
ones.”**" The unusual stability and high nanoscopic contact
angles observed are issues that need to be addressed by the
various theories on surface nanobubbles. These theories
emphasize the role of contamination,”?*"** the substrate and
pinning of the three phase contact line,*** gas exchange
between the bubble interior and surrounding liquid,***° and
the presence of surface charges.**

An accurate determination of the bubble size and shape is
therefore critical. Practically all data in this respect has been
derived from AFM experiments. However, it has been shown
that AFM imaging may lead to several artefacts and complex
sample deformation** and that the shape of nanobubbles in
AFM height images may not reflect the real bubble size and
shape.*»* It is in general difficult to extract the actual shape of
nanobubbles from a single AFM image because each image
combines the information about the sample, the AFM tip and a
number of parameters related to the scanning procedure. So far,
it has been shown that the apparent bubble height and radius of
curvature of surface nanobubbles in AFM height images depend
on the tip shape,® the amplitude of the cantilever oscillations
and the amplitude setpoint ratio in TM (Tapping Mode)
AFM*™*® and on the peak force in Peak Force Tapping
AFM.25,47,48

Moreover, the choice of the AFM tip i.e. size, material and
cleanness are crucial and can entirely change the result of AFM
experiments on surface nanobubbles.** Only if the tip is
hydrophilic, the interaction between the tip and the bubble is

Soft Matter
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ruled by hydrodynamic forces. In this case a thin film of water
remains between the tip and the bubble surfaces at all stages of
(intermittent) contact. Pressing the tip against the bubble
surface causes its deformation and a squeezing of the liquid
film that gives rise to the dynamic forces acting on the tip.
During the AFM measurement, the hydrophilic tip “slides” over
the bubble surface and the bubble continuously adapts its
shape to the shape of the tip. By contrast, a contaminated or
hydrophobic tip attracts the bubble surface, penetrates the
bubble during the contact and may even drag the bubble over
the sample. In extreme cases, it may move nanobubbles away
from the scanning area. Therefore, hydrophobic tips are not
suitable to interrogate nanobubbles.

In addition, low force conditions must be employed, which
demand a sharp, hydrophilic tip and a cantilever with a small
spring constant as well as small amplitudes of the cantilever
oscillations and high amplitude setpoint ratios in TM. During
the measurement the tip always distorts the bubble surface and
as a result a distorted bubble shape is detected in the height
image. This effect is independent from the scanning mode.
Hence in order to extract information about the actual bubble
shape and size from AFM images, it is necessary (i) to know
which parameters influence the bubble appearance in the
experiment and (ii) to estimate their individual contributions to
the particular image. Importantly, one should not directly
compare images of nanobubbles acquired under entirely
different (or unknown) scanning conditions.

While we can compare the data obtained using different
experimental conditions in a particular scanning mode, it
remains more difficult to compare results obtained in different
AFM modes. Most of the experiments were carried out in
TM, 1283674049 CM  (Contact Mode),'>******  Peak Force
Mode,>**”*®* FM (Frequency Modulation) mode,*** force spec-
troscopy (Force-Volume mode or FV mode),”® non-contact
mode,** and lift mode AFM.* All these modes have their own
specific methods of data acquisition, scanning procedures and
parameters involved.

In order to shed light on the response of nanobubbles to the
scanning tip in different AFM modes, we conducted an experi-
ment on surface nanobubbles in three different AFM imaging
modes: TM, lift mode and FV mode AFM. In particular, we
discuss the tip-bubble interactions and nanobubble deforma-
tion under different AFM imaging conditions for individual
bubbles.

2 Experimental
Sample preparation

In the experiments freshly cleaved highly oriented pyrolytic
graphite (HOPG) (Veeco, grade ZYH) with a water contact angle
of 63 & 2° was used. The static contact angle was measured with
the sessile drop method with an OCA 15plus instrument
(Data Physics Instruments GmbH, Filderstadt, Germany) using
Milli-Q water obtained from a Millipore Direct Q8 system
(Millipore, Schwalbach, Germany) with resistivity of 18.0 MQ
cm~'. Nanobubbles were measured in Argon saturated Milli-Q
water, which was prepared as reported earlier.”*

Soft Matter

Paper

Atomic force microscopy

The AFM measurements were carried out on a MultiMode IlIa
AFM instrument (Bruker/Veeco, Santa Barbara, California) with
a vertical engage E-scanner and NanoScope version 3.10 soft-
ware (Bruker/Veeco AXS, Santa Barbara, CA). V-shaped MLTC
SizN, cantilevers (Bruker AXS, Camarillo, CA) with a spring
constant of keane = 0.05 £ 0.005 N m~ " was used. The spring
constant was independently calibrated on an Asylum Research
MFP-3D Bio (Asylum Research, Santa Barbara, California). The
cantilever was cleaned prior to the measurements for 60 s by
oxygen plasma (Plasma PrepIITM, SPI Supplies, West Chester,
USA).

In all experiments, a closed liquid cell configuration was
used. First, the liquid cell, the O-ring (fluorosilicone rubber)
and the silicone inlet and outlet tubes were rinsed with Milli-Q
water and with ethanol (99.9%, Merck KGaA, Darmstadt, Ger-
many) and dried in a stream of nitrogen. Next, the liquid cell
was assembled and the cantilever was inserted. Subsequently, a
1 mL sterile syringe (Braun, Injekt-F 0.01-1mL/luer Solo)
cleaned with Milli-Q water was filled with the Ar saturated water
and connected to the inlet tube. No needle was used. Immedi-
ately afterwards the water was injected in the liquid cell until
the cantilever was immersed and the O-ring was filled. Then the
liquid cell was put on the sample, the O-ring was brought in
contact with the sample, 0.6 mL of water was passed through
the liquid cell and after that, the inlet and outlet were closed.
We stress that no liquid exchange procedure was performed and
the HOPG surface did not have contact with ethanol at any stage
of the experiment. Before the start of the AFM measurement,
the system was left to equilibrate for 30 min. The nanobubbles
were then scanned first in TM AFM and subsequently in lift
mode and in force volume mode AFM without changing the
cantilever and the tip or replacing the liquid.

The TM deflection data reported in this study refer to the
root mean square (rms) averaged cantilever deflection (TM
deflection) that can be recorded in TM AFM as a separate
channel in addition to conventional height (vertical piezo
displacement to keep a constant amplitude), amplitude and
phase. This deflection signal (also in deflection-displacement
curves) is low-pass filtered to eliminate the high-frequency
Tapping Mode oscillation. For technical details, see, e.g. Veeco
MultiMode SPM Instruction Manual RevB Nanoscope5 pp.199-
200.

Lift mode

Deflection images were acquired in the interleave scan in the
linear lift mode. Each line was first scanned in the forward
direction (trace) in TM with the following settings: drive
frequency 29.6 kHz, free amplitude 46 nm and setpoint ratio
94%. After completing the line, the tip was lifted 200 nm in
order to pull the tip off the surface. Next, the cantilever oscil-
lation was switched off, the tip was lowered to the requested lift
height and the line was rescanned at fixed lift height above the
start point of the line in the backward direction (retrace) in the
lift mode, i.e. the lift mode scan did not follow the contour of
the line recorded in TM during the trace scan. All AFM

This journal is © The Royal Society of Chemistry 2014
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deflection images shown here are retrace images. Raw height
and deflection images were processed using a 1* order planefit
and a 0™ order flattening (with nanobubbles excluded). The
data analysis was performed with Nanoscope software version
3.10. The bubble size in TM height images was measured using
the spherical cap fitting without applying a correction for the tip
size.*

Force volume mode (FV AFM)

In this mode, the tip was lowered and retracted at each point of
the selected area of the sample and the interaction forces
during approach and retraction were measured. The resolution
of the grid of positions imaged was limited to 32 x 32 pixels.>
The cantilever oscillation was switched off. The tip approach
velocity was set to 1.02 um s~ and the force curve resolution to
512 points per single force curve cycle. The raw deflection-
distance curves were transformed into deflection-separation
curves.* The vertical position of the tip above the substrate is
represented in the plots by the tip-sample separation distance.
The deflection was recalculated into force by multiplying the
measured deflection value with the cantilever stiffness.

3 Results

In the experiments, argon surface nanobubbles were investi-
gated in TM, lift mode and FV AFM. Fig. 1 shows the principles
of data acquisition and details of the tip operation in scanning
in the three considered imaging modes. In TM AFM, the
cantilever is oscillated near resonance and the oscillating tip
moves slowly horizontally along the scan line following the
sample surface. In the lift mode, the tip moves horizontally at
the fixed separation distance (lift height) to the planar
substrate, while the deflection of the cantilever is recorded. In
the FV mode, the tip is moved for each pixel vertically at a fixed
position on the sample in and out of contact with the surface.

First, a 5 x 5 pm? area of HOPG containing nanobubbles was
scanned in TM AFM. The acquired height and deflection images
are shown in Fig. 2a. Apart from the atomic steps and surface
nanobubbles, the graphite surface was flat and homogeneous
without visible micropancakes®® or contamination. The five
largest bubbles, marked in the image with numbers, had
apparent heights between 10 and 15 nm, and apparent widths
between 300 and 700 nm. In the TM deflection image acquired
simultaneously with the height image, the color scale encodes

Cantilever

Osc:llatlons\_I/ Y, |tip-sample
7 \\¥ separation

V/ p“«\/\ /.

gi% ¥ Nanobubbl%?; > &

Tapping mode Lift mode

Force Volume mode

Fig. 1 Schemes of the movement of the AFM tip during scanning in
the different AFM modes. In tapping mode and in lift mode the tip is
moved horizontally along the scan line, whereas in the force volume
mode the tip is moved pixel by pixel vertically at a fixed position on the
sample.

This journal is © The Royal Society of Chemistry 2014
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(@) Tapping mode images
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Lift mode images
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Lift helht 10 nm
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Lift height 25 nm
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0nm

Fig. 2 (a) AFM TM height and deflection and (b) lift mode images
(deflec’uon of the cantilever at different lift heights between 10 and 25
nm) of surface nanobubbles on HOPG in water. The five largest
nanobubbles are marked with numbers. The cross-sections of the
bubble no. 1 are shown in Fig. 5.

the cantilever bending. The locations of the nanobubbles could
be recognized as circular spots. Dark color marked the positions
on the sample, where the cantilever bent more downwards, and
bright color marked the positions, where the cantilever bent
more upwards, as compared to its bending on the graphite
surface. The bubbles in the TM deflection image and the cor-
responding bubbles in the TM height image had similar widths.

Next, the same area of the sample was rescanned in the lift
mode. Each line of the image was scanned in TM mode on the
way forward (from left to right), while on the way back (from
right to left) the scanning was done with the cantilever lifted
over the substrate at a certain lift height. It means that during
the scanning of a single image, the tip was moved up and down
repeatedly because of the continuous switching between TM
and lift mode. During the lift mode data acquisition the
deflection of the cantilever was measured as the tip was being
moved horizontally over the sample. The lift height was
increased for each image from 10 to 120 nm in 5-10 nm steps.

Soft Matter


http://dx.doi.org/10.1039/c4sm01024h
wiktoria
Maschinengeschriebenen Text
_____________________________________________________________________________________________________

wiktoria
Maschinengeschriebenen Text
H Y D R O D Y N A M I C   E F F E C T   O F   T H E   T I P  M O V E M E N T  | 197


Published on 18 June 2014. Downloaded by Universitaetsbibliothek Siegen on 07/07/2014 08:53:21.

198| CHAPTER 8

View Article Online

Soft Matter

Four deflection images measured over the sample at lift heights
of 10 nm, 15 nm, 20 nm and 25 nm are shown in Fig. 2b.

The lift mode deflection images were featureless over most of
the scanned area of the sample. This means that there was no
interaction between the tip and the graphite when the separa-
tion distance was larger than 10 nm. Surface nanobubbles were
visible in the lift mode images as dark circular spots located at
the positions that correspond to the positions of the bubbles
identified in the TM height images. In the lift mode deflection
image acquired at a lift height of 10 nm, the width of each
bubble was slightly smaller than the apparent width of the
footprint of the corresponding bubbles in the TM height image
in Fig. 2a. Interestingly, although all five bubbles were visible in
the lift mode deflection image, some appeared with dark
contrast, while other appeared bright. As the lift height
increased to 15 nm, the bubbles in the deflection image
appeared dark and considerably smaller (bubbles 1, 3 and 5) or
they disappeared from the image (bubbles 2 and 4). At a lift
height of 20 nm, the bubbles were visible as slightly bright spots
almost undistinguishable from the substrate (mind the
different vertical color scales in Fig. 2b). Finally, at lift heights of
25 nm and larger the deflection images were featureless.

To explain the different deflection signals in the lift mode
images, we have analysed force data acquired on the same
bubbles in FV mode AFM. In addition, these force measurement
also afforded information on the cantilever deflection on the
bubble, but acquired in a different way than in the lift mode. In
the FV experiment, the tip was lowered and retracted at several
positions on the bubble, and the forces acting on the tip
(deflection of the cantilever) at different tip-sample separation
distances were measured. In the measurement, FV height image
and FV slice image of the HOPG sample with the nanobubbles
were acquired simultaneously. Both images are displayed in
Fig. 3. The FV height image shows how much the AFM tip was
moved in the vertical direction at each point of the sample in
order to reach the requested maximum deflection threshold
(always exceeding a nanobubble height). The FV slice image
shows the magnitude of the cantilever deflection at a particular
height over the substrate (here, comparable with the bubble
height). The nanobubbles were visible only in the FV slice
image. By comparing the sample features in the FV height
image with the TM height image shown in Fig. 2a, the bubbles

Fig. 3 (a) FV AFM height image and (b) FV AFM force slice image of
HOPG with nanobubbles. Nanobubble no. 1 from Fig. 2 is marked with
a box.

Soft Matter

Paper

~~
V)
N
o
~
- |

Deflection [V]
& & b b o o
® o B N o N

0o 2 4 6 8 10 12
Piezo position [V]

i ]
I |
I I

T I I
| |

c I I Ly

'E' I I g
I I

% 1 | 2

| >

= i z

(0]

- |

- : : : : , -0.25
0 10 20 30 40

Separation distance [nm]

Fig. 4 (a) Unprocessed force—displacement and (b) force—distance
curves acquired on nanobubble no. 1 from Fig. 2. The deflection
measured at positions 10 nm, 15 nm, 20 nm and 25 nm (marked with
four vertical lines) are plotted in Fig. 5b. The data were acquired with a
cantilever with a spring constant kcant = 0.05 N m~L.

in the FV slice image could be identified. Bubble no. 1 is marked
with a box. Exemplary force curves measured on this bubble are
shown in Fig. 4. For clarity, only approach force curves are
shown in the plots.

Since we know how the deflection of the cantilever changed
with the tip-sample separation distance, we could extract the
information on the deflection at a particular separation
distance to the substrate. In Fig. 5, we directly compare the
results of the lift mode and force measurements done on
nanobubble no. 1 from Fig. 2. The graphs show the deflection
signals measured at different tip-sample separation distances
imposed on the bubble height profile. Three cross-sections of
the bubble no. 1 are plotted. The first cross-section (open
squares) shows the apparent shape of the bubble measured
directly from the TM height image. The second cross-section
(black solid squares) is the bubble profile corrected for non-
ideal scanning conditions i.e. non-zero amplitude of the canti-
lever oscillations and amplitude setpoint ratio lower than
100%.* The corrected bubble height was estimated to be 17 nm.
The third cross-section (solid squares — shown only in the plots
in Fig. 5b) is the bubble profile reconstructed from the force-
distance curves (the procedure is described further in this
article). Because of the low spatial resolution of the FV
measurement, the reconstructed profile only roughly resembles

This journal is © The Royal Society of Chemistry 2014
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Fig.5 Deflection of the AFM cantilever over bubble no. 1 from Fig. 2 (a) measured directly in lift mode scans at lift heights of 10 nm, 15 nm, 20 nm
and 25 nm, and (b) measured from the approach force—distance curves acquired on the bubble in the FV mode at tip-sample separation
distances of 10 nm, 15 nm, 20 nm and 25 nm. The apparent (black open squares) and corrected (black solid squares) bubble profiles measured
from the TM AFM height image are compared to the profile estimated from the force—distance curves (black squares in panel b). The plots on the
right hand side showing the bubble top are a magnification of the adequate part of the plots on the left hand side. The data were acquired with a
cantilever with a spring constant keant = 0.05 N m~™,

the spherical cap. Nevertheless, its height was similar to the
height of the corrected TM profile.

The measured and calculated bubble profiles were used as a
reference in order to show the deflection of the cantilever
measured at different tip-sample separation distances. The
deflections plotted in Fig. 5a were extracted from the lift mode

images shown in Fig. 2b.

The deflections plotted in Fig. 5b were

measured from the force-distance curves acquired over the
nanobubble at the separation distances of 10 nm, 15 nm, 20 nm
and 25 nm, as marked with four vertical lines in the force plot in
Fig. 4b. All plotted deflections were measured along a single

scan line approximately

over the bubble center.

For simplicity, in each case we assumed that the cantilever
was in an unbent position and its deflection was zero, when it
was far away from the bubble. However, in order to give a better
overview of the experiment and the results, all cantilever
deflections in Fig. 5 are plotted at the levels approximately equal
to the actual separation to the substrate, where the tip end was
located during the experiment. For example, zero cantilever
deflection away from the bubble is plotted as equal to 10 nm, if

This journal is © The Royal Society of Chemistry 2014

it was measured at the lift height/tip-sample separation of
10 nm, and as equal to 15 nm if it was measured at the lift
height/tip-sample separation of 15 nm, and so on. Conse-
quently, all data points located below the initial deflection level
indicate a downward bending of the cantilever at these posi-
tions, whereas data points located above this level indicate an
upward bending. The values of TM deflection measured directly
on the sample were not included in the plots.

In TM AFM in liquid, the cantilever always bends as soon as
the tip interacts with the surface. However, because at the same
time the cantilever is oscillated, the tip-bubble interaction
conditions are different than in the other two imaging modes.
For this reason, we cannot quantitatively compare the TM
deflection signal with the results obtained in the other modes.

In the plots in Fig. 5, all deflections measured over the
bubble at tip-sample separation distances smaller than or equal
to the corrected local bubble height were non-zero. Regardless
the direction of the tip movement - horizontal in the lift mode
and vertical in the FV measurement, the cantilever started to
bend when the tip approached the bubble, and remained bent

Soft Matter
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until the tip left the bubble. Interestingly, the spatial extent of
non-zero deflection was slightly larger in the lift mode than in
the FV mode.

Now, we will look in detail at the deflection of the cantilever
at different tip-sample separation distances. In the lift mode, at
lift heights of 10 nm and 15 nm the deflection measured on the
bubble was smaller than the one measured on the substrate (i.e.
the cantilever bent downwards). However, the deflection value
varied at different positions over the bubble. This is clearly
visible in the right plot in Fig. 5a that shows in detail the data
points acquired at lift heights of 10 nm and 15 nm. It is clear
that at a lift height of 10 nm, the downward deflection of the
cantilever was the largest (~2 nm) near the rim just outside the
bubble. When the tip interacted with the bubble, the deflection
decreased in magnitude to ~0.5 nm and stayed approximately
constant at all positions while traversing the bubble, until the
tip reached the bubble rim and the deflection increased again to
~2 nm. A similar behavior of the cantilever could be observed at
a lift height of 15 nm, however, the tip-bubble interaction was
weaker so that the cantilever bent downward only by ~1 nm and
this bending was nearly constant on all positions over the
bubble - the data points formed an almost straight line in the
plots in Fig. 5a. The deflection data for the lift heights of 20 nm
and 25 nm were featureless.

If we look at the plots in Fig. 5b that show the cantilever
deflection values over the same bubble measured from the
force-distance curves, we observe a similar cantilever response
to the bubble as measured in the lift mode. At a tip-sample
separation distance of 10 nm, the deflection near the bubble
rim was slightly decreased (bending down by ~1 nm) as
compared to the deflection measured away from the bubble. In
turn, near the bubble center, the measured deflection value was
increased and the cantilever bent upwards by ~6 nm. A similar
but weaker (~2 nm) upward bending of the cantilever near the
bubble center was observed at a tip-sample separation distance
of 15 nm. Unfortunately, we cannot discuss the changes in the
cantilever deflection at different horizontal positions over the
bubble because of the small spatial resolution of the FV
measurement. At a tip-sample separation distance of 20 nm, a
weak (~3 nm) downward bending of the cantilever on the
bubble was observed in the FV mode, whereas no change in the
deflection signal was measured over the bubble in the lift mode.
Finally, the deflection data extracted from the force-distance
curves was featureless at a separation of 25 nm to the substrate.

4 Discussion

The cantilever deflection signal measured on the nanobubbles
varied depending on the tip-sample separation distance and the
horizontal position of the tip over the bubbles, as shown in
Fig. 2 and in Fig. 5.

In the experiment, the nanobubbles were visible in the lift
mode deflection image, when the lift height was smaller than
the unperturbed bubble heights. The statement is supported by
the results shown in Fig. 2. Only the largest bubbles no. 1 and
no. 5 shrank, but did not disappear in the lift mode deflection
image acquired at a lift height of 15 nm. The corrected heights
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of these bubbles measured from the TM image were equal to
17 nm and 18 nm, respectively. Therefore they were both larger
than the lift height level. The heights of the remaining bubbles
no. 2, 3 and 4 were smaller and equal to ~12 nm. In addition, as
shown in the plots in Fig. 5a, no tip-sample interaction was
detected at separation distances larger than the bubble height.

If we assume that the nanobubble resembles a spherical cap,
the shrinking of the circular spots representing the bubbles in
the lift mode deflection images acquired at increased tip-
sample separation distances might be a pure geometrical effect
and approximately corresponds to a decrease in circumferences
of the bubbles at increased heights above the HOPG. In other
words, in the lift mode images done at different lift heights, we
can see different horizontal “slices” of the bubbles. The data
shown in the plots in Fig. 5 confirm this hypothesis. At small
tip-sample separation distances the total horizontal distance,
over which the tip interacted with the bubble, was larger than at
increased separation distances, which is the consequence of
different bubble widths at different distances to the substrate.
These results explain not only why the bubbles shrank in the
deflection images acquired at increased lift heights, but also
why small bubbles disappeared from deflection images sooner
than large bubbles.

If we decrease the lift height, the lateral size of the bubble in
the deflection image will approach the bubble width measured
from the TM height image. For zero lift height, the bubble width
measured in the deflection image and in the TM height image
should be equal. If we compare the TM height image shown in
Fig. 2 with the TM deflection image (acquired directly on the
sample), and with the lift mode deflection image (acquired at a
lift height of 10 nm), we see that the bubbles have similar
footprint widths in the TM height and deflection image, while
they appear slightly smaller in the lift mode image (at 10 nm lift
height). For example, for the bubble no. 1, the widths are
656 nm (TM height), 675 nm (TM deflection) and 607 nm (lift
height 10 nm, lift mode deflection). The TM bubble width and
the horizontal extent of the deflection signal measured at 10 nm
lift height can also be seen in the plot in Fig. 5a. The observation
that a single nanobubble displayed similar widths in various
imaging channels or modes, was reported for Peak Force AFM
experiments.>>*7*%

Previously, the qualitative agreement between the results
obtained in the FV mode and in lift mode AFM indicates that
the variations in the deflection signal with the tip-sample
separation distance were well reflected in the shapes of the
force-distance curves. As shown in the exemplary force curves
in Fig. 4b, the deflection of the cantilever on the bubble
changed in the magnitude or/and the direction depending on
the distance of the tip to the sample. We believe that this effect
explains the switching between positive (upward bending) and
negative (downward bending) deflection values observed in the
deflection images in Fig. 2b acquired at different lift heights. In
addition, because each change in the deflection sign from
positive to negative values or vice versa required crossing the
zero deflection point at a certain tip-sample separation
distance, our results explain why sometimes nanobubbles did
not appear in the deflection image acquired at small lift

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Approach force—distance curve acquired on the bubble no.
1 from Fig. 2 and forces calculated from the dynamic interaction
model. The data were acquired and calculated with the cantilever with
spring constant Keant = 0.05 N m™2, (b) A schematic diagram of AFM tip
interacting with surface nanobubble. The parameters used in the
dynamic interaction model are defined.

heights/tip-sample separations, and reappeared in the deflec-
tion image done for larger lift heights/separations. Finally,
because force-distance curves acquired on bubbles of different
vertical sizes have different shapes, our results also explain, why
different bubbles appear as bright or dark in a single lift mode
deflection image measured at a fixed tip-sample separation
distance.

As already mentioned, the deflection data extracted from the
force curves resembles the lift mode deflection data qualita-
tively. However, larger cantilever bending was detected in the
force measurement, which suggests stronger tip-bubble inter-
action. The maximum deflection measured on the bubble in the
force mode was as large as 6 nm (which corresponds to a
repulsive force of 0.3 nN), whereas the maximum deflection
measured in the lift mode did not exceed 2 nm (which corre-
sponds to an attractive force of 0.1 nN). Taking into account that
the same cantilever and tip was used in the whole course of the
experiments, this result is puzzling. The cantilever seemed to be
less sensitive in the lift mode than in the force measurement.
The lack of precise control of the tip-sample separation distance
due to the open feedback loop system used in the lift mode
cannot account for the observed discrepancy.

This journal is © The Royal Society of Chemistry 2014
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In order to explain the difference in the interaction strength,
we need to focus on the tip-bubble interaction. Force-distance
curves acquired on the bubble are a valuable source of infor-
mation. First, from the course of the force curve we could
measure the unperturbed nanobubble height Hy,p,.>* As shown
in the example in Fig. 6a, for each force-distance curve acquired
on the bubble, the local unperturbed bubble height H,, is
equal to the separation distance of the zero-deflection crossing
point that follows the jump-in event. The height extracted from
the force curves measured near the bubble center will be larger
than the height extracted from the force curves measured near
the bubble edge. This method was used to reconstruct the
bubble profile plotted in Fig. 5b (black squares).

Next, we apply the dynamic interaction model to the force
curve measured approximately at the bubble center.*>*” The
model characterizes the interaction between a hydrophilic AFM
tip and a nanobubble at the last stage of tip approach when a
thin film of liquid is trapped between the bubble surface and
the tip apex, as sketched in Fig. 6b.**

The relation between the displacement AX of the tip apex
and the interaction force F experienced by the tip is given by

F FRy, 47y }
AX =—<1 + 2B(0nano) — -1 1
4’rc7{ o8 <87T’YRCZ) ( ) Keant (1)

where k.. is the stiffness of the cantilever, v is the surface
tension and the reduced radius Ry is given by

S B
Ry = (?c+ R[ip) (2)

where R is the curvature of the bubble and Ry, is the radius of
the tip apex. B(fhano) is @ parameter related to the constant
volume constraint under the assumption that the bubble
deforms with the constant contact angle 6,,.,0. It is described by

eqn (3):

1 1 4 cos Ghano 1
B(ﬂnano) =1+ 5 10g<1 — COS 0nano> B 2 4 c0S Bnano (3)

This formula is valid for high forces and for a small inter-
action zone and small deformations compared to the bubble
size (radius of curvature). This constraint is satisfied for surface
nanobubbles in our experiments. Moreover, the model assumes
that the volume of the bubble is constant at all stages of inter-
action and the contact angle does not change. The initial
separation used as an input parameter in the model was chosen
as 17 nm and is equal to the unperturbed bubble height Hyyp
extracted from the force curve. The values of other parameters
used in the model were as follows: tip radius Ry, = 20 nm,
surface tension y = 0.07 N m™ ', cantilever stiffness kean =
0.05 N m~ . The forces calculated from the model formed a
force curve shown in Fig. 6a.

The good agreement between the force curves from the
model and from the experiment indicates that (1) the AFM tip
used for the scanning was sharp and hydrophilic, (2) the
interaction forces between the tip and the nanobubble in the
AFM experiment had a hydrodynamic origin. This result means
that a thin liquid film was present between the tip apex and the
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bubble during the measurement. The increased repulsion
measured on the bubble in the experiment originated from the
squeezing of the film and the displacement of water from the
shrinking space between the bubble surface and the
approaching AFM tip.

The discrepancy in interaction strengths measured for the
same bubble in lift mode and in FV AFM is the manifestation of
a different nature of tip-bubble interaction in both AFM modes
that is caused by different directions of tip movement. As shown
in Fig. 1, during scanning in lift mode, the tip is moved hori-
zontally so that it approaches the bubble only from the side. On
the contrary, during the force measurement, the tip is displaced
only in the vertical direction so that it approaches the bubble
from the top. Because the geometry of the interaction, and the
speed and direction of the tip movement differed in the lift
mode and in the force measurement, the hydrodynamic effect
and the cantilever response were different. Apparently, the
bubble top resisted the squeezing of the liquid film by the tip
more than the bubble side and the cantilever bent more
upwards during the force measurement than during the scan-
ning done in the lift mode.

An upward bending of the cantilever was measured only on
the bubble near the bubble center. Near the edges of the bubble,
the cantilever bent downwards both in the lift mode and in the
FV mode. The local variations in the deflection signal with the
spatial position of the tip over the bubble observed in the plots
in Fig. 5 suggest different tip-bubble interactions near the
bubble periphery as compared to the bubble center. Spatial
variations of various parameters extracted from the force-
distance curves or amplitude-distance curves were also repor-
ted in the experiments done in Peak Force AFM,***”* in FV
AFM,*® and in amplitude spectroscopy (Amplitude Volume)
AFM.*¢

As shown in the plots in Fig. 5, the total spatial extent of non-
zero cantilever deflection signal in the horizontal direction was
larger in the lift mode than in the FV mode at a fixed tip-sample
separation distance. In the lift mode, when the tip was
approaching the bubble from the side, it started to bend
downwards at the distance about 100 nm from the position of
the estimated unperturbed bubble surface, so before the bubble.
After passing through the bubble, the cantilever returned to the
unbent position about 100 nm after the position of the unper-
turbed bubble surface. No analogous behavior was observed in
the FV experiment. However, in the vertical direction, the
spatial extent of non-zero deflection signal measured in FV was
larger than in the lift mode. As shown in the plots in Fig. 5, in
the FV mode, downward bending of the cantilever was
measured over the bubble top for a tip-sample separation of
20 nm, whereas no interaction was measured in the lift mode
for the lift height of 20 nm.

The difference in the spatial extent of the tip-bubble inter-
action measured in lift mode and in FV mode can again be
explained by different tip movement in these two modes. In FV,
the tip approached the bubble vertically from the top and hence
the interaction region was extended in the vertical direction.
The initial attraction that caused bending of the cantilever at
the separations larger than the local bubble height Hy,, is well
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visible in the force curve plotted in Fig. 6a. This effect could be
caused by a jump of the bubble interface towards the tip. By
contrast, in lift mode, the interaction region was extended in
the horizontal direction because the tip was approaching the
bubble from the side and the bubble interface moved sideways
towards the tip. In both cases, the tip shape might also play a
role and the interaction of the bubble surface with the tip apex
was different from its interaction with the tip side.

We expect that the tip-bubble interaction and nanobubble
deformation in TM AFM will be the resultant of the effects
arising from the horizontal movement of the tip over the bubble
and the simultaneous vertical movement due to cantilever
oscillations.

The information on the deflection of the cantilever on
surface nanobubbles available in the literature is consistent
with our results. Janda et al. studied nanobubbles in aqueous
solution on graphite in modified AFM dynamic force mode.>
Deflection measurements were done simultaneously with
topographic imaging and the deflection was measured at zero
tip-sample separation. The deflection signal was nearly zero on
the substrate and negative on all nanobubbles. The bubbles’
footprints in the deflection image had approximately the same
widths as the widths of the corresponding bubbles in the
topographic image. Zhang et al*® conducted a series of
measurements in lift mode AFM on nanobubbles on octade-
cyltrichlorosilane (OTS) modified silicon substrates in
~0.5 CMC Tween 20 solution, and obtained results comparable
to ours. In the experiment, the bubble height and width esti-
mated from TM height image were 44 nm and 375 nm,
respectively. The deflection on the bubble was measured at lift
heights varied between 10 and 160 nm. In all lift mode images,
the deflection on the bubble was different from the deflection
measured on the substrate. It changed from the positive values
all over the bubble for low lift heights to negative values for
increased lift heights (the switch from positive to negative took
place between 20 and 40 nm lift height). At 10 nm lift height, the
area of the bubble visible in the image was slightly smaller than
the area of the bubble base in the TM height image. Then, the
apparent bubble area decreased for the lift heights increased
from 10 nm to 40 nm. With a further lift height increase up to
160 nm, the footprint area stayed approximately constant and
the deflection became weaker until 160 nm, when the bubble
disappeared completely from the image. No information about
the strength of the interaction and a magnitude of deflection
was provided. In the view of our findings, the results of Zhang
et al. showing non-zero deflection signal detected far above the
estimated bubble height indicate the presence of a strong
attractive interaction between the tip and the bubble. Our
suggestion is in line with the authors' conclusion drawn in their
report that the surfactant solution made nanobubbles more
pliable. Therefore, it was possible that the bubble in the lift
mode experiment was stretched upwards toward the tip far
above its regular height.

In our experiment, no forces were detected at tip-sample
separation distances exceeding the bubble height by 80 nm. We
conclude that no flow was present anywhere above or around
the bubble up to at least 120 nm. Our finding is in line with the

This journal is © The Royal Society of Chemistry 2014
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results reported by other authors, and obtained using various
techniques.”*®

The generalization of our findings to other systems
including soft organic or polymeric clusters or (ultra)small
droplets etc. appears to us very relevant. Unfortunately, the
physics is for the following reasons system-dependent and it
seems that a generalization may only work for standardized
systems:

(a) tapping mode AFM is dominated by energy dissipation,
which is system-dependent, primarily depending on relaxation
channels and characteristic times, among others;

(b) intermolecular forces that govern attraction and repul-
sion depend on the medium as well as on the particular mole-
cules and their arrangement;

(c) the tip shape in 3D determines the range of interaction
forces and the local contact geometry; this varies with each tip
and should be explicitly considered;

(d) AFM tip functionality (e.g. by functionalization with
monolayers) may possess an effect on (a) and (b) and hence
need to be considered separately.

Although a complete description of these factors for random
systems may be not feasible, it should be in reach for well-
defined systems.

5 Conclusions

Based on the results of our combined AFM TM, lift mode and FV
measurements of argon nanobubbles on HOPG in water, we
have shown that the interaction between the AFM tip and the
surface nanobubble was weak and limited to the volume occu-
pied by the bubble and to its closest vicinity. No interaction with
the liquid above or around the bubble surface was detected. The
strength and the character (repulsive or attractive) of the
interaction depended on the vertical and horizontal position of
the tip over the bubble. Attractive forces dominated the region
near the bubble rim, whereas repulsive (or less attractive) forces
dominated the region near the bubble center. The appearance
of the bubble in the lift mode deflection images varied
depending on the shape of the individual force-distance curves,
and on the bubble size.

Good agreement between the results of the experiment and
of the dynamic interaction model indicated that the AFM tip
was hydrophilic and interacted with nanobubbles through a
thin film of liquid. The hydrodynamic effect arising from
squeezing the thin film during the measurements played a role
in the interaction and influenced the cantilever response during
the scanning. Its strength and spatial extent were closely related
to the character and direction of the tip movement during the
scanning. In lift mode, the tip approached the nanobubble only
from the side and the hydrodynamic repulsion was less
pronounced so that only a weak interaction between the tip and
the bubble was measured. In the FV mode, the tip approached
the bubble only from the top, and the hydrodynamic effect and
measured repulsion were stronger.

Finally, we have shown that the nanobubble appearance in
the AFM images not only depends on the tip shape and clean-
ness, and the scanning parameters chosen, but also is sensitive

This journal is © The Royal Society of Chemistry 2014

Soft Matter

to the measuring conditions related to the scanning mode
utilized in the AFM experiment. Because the hydrodynamic
effect is related to the bubble deformation, its possible conse-
quences for the measurements of nanobubble dimension must
be taken into account, especially when measuring nanobubbles
in the AFM scanning modes that involve complex tip
movement.
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On the shape and deformation
of surface nanobubbles in AFM

In this chapter, we address the issue of deformation of the
nanobubble/water interface by the AFM tip during imaging. Because
the interaction between the bubble and the tip is different in case
of hydrophilic and hydrophobic tips, we compare the nanobubble
deformation in different experimental conditions. By analyzing the tip-
bubble interaction strength and the magnitude of the bubble deformation
as functions of vertical and horizontal position of the tip on the bubble,
we sketch two possible scenarios of nanobubble deformation depending
on whether the AFM tip penetrates the nanobubble during scanning or
merely ‘slides” over its surface. In addition, we look at the consequences
of the imaging for the apparent bubble shape and contact angle in AFM
images. Based on the experimental results, we estimate the extent
of the discrepancy between the apparent and the actual nanobubble

dimensions and speculate about possible mechanisms responsible for this
effect.
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The chapter consists of the following manuscript submitted for publication:

On the Dimensions and the Profile of Surface Nanobubbles:
Tip-Nanobubble Interactions and Nanobubble Deformation in Atomic

Force Microscopy

Wiktoria Walczyk and Holger Schénherr

2014 (manuscript submitted for publication).

Supporting Information directly follows the article.
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On the dimensions and the profile of surface
nanobubbles: Tip-nanobubble interactions and
nanobubble deformation in Atomic Force

Microscopy

Wiktoria Walczyk and Holger Schonherr*

Physical Chemistry I, University of Siegen, Faculty of Natural Sciences and Engineering,

Department of Chemistry and Biology, Adolf-Reichwein-Str. 2, 57076 Siegen, Germany

KEYWORDS Surface nanobubbles, atomic force microscopy, tip surface interactions,

gas-water interface deformation

ABSTRACT: The interactions between argon surface nanobubbles and AFM tips on
HOPG (highly oriented pyrolitic graphite) in water and the concomitant nanobubble
deformation were analyzed as a function of position on the nanobubbles in a combined
Tapping Mode and Force-Volume mode AFM study with hydrophilic and hydrophobic
AFM tips. Based on the detailed analysis of force-distance curves acquired on the
bubbles, we found that for hydrophobic tips the bubble interface may jump toward the tip
and that the tip-bubble interaction strength and the magnitude of the bubble deformation
were functions of vertical and horizontal position of the tip on the bubble and depended
on the bubble size, and tip size and functionality. The spatial variation is attributed to

long-range attractive forces originating from the substrate under the bubbles, which
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dominate the interaction at the bubble rim. The non-uniform bubble deformation leads to
a non-uniform underestimation of the bubble height, width and contact angle in
conventional AFM height data. In particular, scanning with a hydrophobic tip resulted in
severe bubble deformation and distorted information in the AFM height image. For a
typical nanobubble, the upward deformation may extend up to tens of nanometers above
the unperturbed bubble height and the lateral deformation may constitute 20 % of the
bubble width. Therefore, only scanning with a hydrophilic tip and no direct contact
between the tip and the bubble may reduce nanobubble deformation and provide reliable
AFM images that can be used to estimate adequately the unperturbed nanobubble
dimensions. The deformation and underestimation of the bubble size and shape lead to the
conclusion that the profile of surface nanobubbles is much closer than previously thought
to a nearly flat bubble profile and hence that the Laplace pressure is much closer to the
atmospheric pressure. Together with line pinning this may explain the long nanobubble

lifetimes observed previously.
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INTRODUCTION

The invention of the Atomic Force Microscopy (AFM) several decades ago, afforded the
possibility to study the behavior and deformation of soft samples of microscopic and
nanoscopic dimensions.' It is, however, also well established that soft samples may be
deformed or even damaged during AFM scanning.” In many systems, this effect is
undesired, not only because of the possible damage of fragile samples, but mainly due to
the possibly erroneous information about the sample provided in these AFM images. In
particular, AFM height images of soft samples may not reflect the real dimensions and
shapes of the samples as a consequence of the deformation caused by the forces exerted
by the tip. This effect was observed for a variety of materials from rubbers and polymers
to biological materials, liquid films, bubbles and droplets.”” The list includes also surface
nanobubbles — gaseous domains with the dimensions of several tens to hundreds of

nanometer that form on substrates immersed in water.”

The small dimensions and the low stiffness'®'""

of nanobubbles as compared to the size
of an AFM tip and the stiffness of a cantilever, respectively, render nanobubbles
extremely prone to deformation during AFM scanning. The same holds true for silicone
polymer nanodroplets, which were very recently proposed to be a possible explanation of
various experimental observations in the literature."* The possibility of nanobubble
deformation leading to distorted AFM images has been repeatedly brought up since the
first AFM images of nanobubbles were published.'*!> Also, in order to explain the
absence of nanobubbles in the images, some authors concluded that the nanobubbles that
originally had been present on the sample, were deformed by the AFM tip and / or

16-18

scraped away from the scanned area. The deformation of nanobubbles seems to be a
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common phenomenon present to different extent in experiments performed in various
AFM modes: TM (Tapping Mode),'*'>'** CM (Contact Mode),'>'****** Peak Force
mode,'*'%*?° FM (Frequency Modulation) mode,”>*” FV (Force-Volume) mode,'"'***

and lift mode AFM.2%%

So far, it has been shown that the apparent nanobubble dimensions in AFM images
depend on the scanning parameters: The apparent bubble height and width decrease with
increased amplitude of the cantilever oscillations and with decreased amplitude setpoint
ratio in TM AFM"*2!%%% and with increased peak force in Peak Force tapping

AFM %% Moreover, it has been established that nanobubbles interact differently with
hydrophobic tips than with hydrophilic tips,' and that they respond differently to a

vertical or horizontal approach of the same AFM tip during scanning.29

Although we already know which parameters influence the extent of nanobubble
deformation in the AFM experiments, several questions remain unanswered. It is not clear
(7) how a nanobubble deforms and (i7) how its shape changes during scanning. In
addition, we do not know (ii/) how much the bubble deformation contributes to the
apparent nanobubble shape in the AFM height image, and hence, what the unperturbed

bubble dimensions are.

The information about the nanobubble deformation and about the unperturbed bubble
profile is crucial because it affects the values of parameters derived from the bubble
dimensions and influences any theory that relies on these parameters. So far, the
estimated internal pressure of a typical nanobubble is anomalously high, the lifetime is
several orders of magnitude longer than predicted, and the apparent profile is extremely

flat with nanoscopic contact angles higher than macroscopic ones.**!” All these
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conclusions are based on the apparent shapes of nanobubbles estimated from AFM
images and as shown more recently some of these data may suffer from experimental
errors or uncertainties. Therefore also the theories put forward to explain the unusual

30-42

nanobubbles properties” ~ need to be tested critically against possible AFM artefacts.

The importance and urgency of a systematic study on the nanobubble deformation during
the AFM scanning is strengthened by the fact that the AFM is so far the only technique
that provides information about the bubble dimensions and shape concurrently.
Alternative techniques used to study nanobubbles — attenuated total internal reflection
Fourier transform infrared spe:ctroscopy,43 rapid cryoﬁxation,44 quartz crystal

46,47

microbalance,”’ X-ray reflectivity, synchrotron-based scanning transmission soft X-

. 48 - . 49 . .
ray microscopy, = interference microscopy,  total internal reflection fluorescence

2031 and much more recently fluorescence lifetime imaging microscopy

microscopy,
(FLIM)***® — either do not provide any or no absolute information on the nanobubble

dimensions (width or height) or the resolution is too low to compete with AFM data.

In addition, knowledge of the shape and properties of bubbles is important in the view of
currently anticipated and future applications of surface nanobubbles. It has been shown

54,55

that nanobubbles are useful for cleaning surfaces™ "~ and contribute to the attraction

2638 rupture of thin liquid films,” and drag

between hydrophobic surfaces in water,
reduction.’® Considering the growing number of research on the possible presence of

nanobubbles in the variety of non-biological and biological systems,’' the list of

applications of nanobubbles is certainly not complete.

Here we investigated AFM tip-nanobubble interactions in detail and in particular tip-

induced nanobubble deformation based on the results of TM and FV AFM measurements
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of individual argon surface nanobubbles on HOPG. Expanding on a previous report,'* the
variation of tip-bubble interaction forces for different positions on individual bubbles
with respect to their centers and related parameters is analyzed here for various
experimental conditions for the first time and the consequences of this phenomenon, also

in relation to previously published data, are critically discussed.
EXPERIMENTAL

Sample preparation: In all experiments, freshly cleaved highly oriented pyrolitic
graphite (HOPG) (VEECO, grade ZYH) with a water contact angle of 63 + 2° was
analyzed. The static contact angle was measured with the sessile drop method with an
OCA 15plus instrument (Data Physics Instruments GmbH, Filderstadt, Germany) using
Milli-Q water obtained from a Millipore Direct Q 8 system (Millipore, Schwalbach,
Germany) with resistivity of 18.0 MQ/cm and surface tension of 0.072 N/m. Argon
nanobubbles were measured in Ar saturated Milli-Q water as reported previously (see

also Supporting Information).'*

Atomic Force Microscopy: The AFM measurements were carried out on a MultiMode
[Ila AFM instrument (Bruker/Veeco/Digital Instruments, Santa Barbara, California) with
a vertical engage E-scanner and NanoScope version 3.10 software (Bruker AXS, Santa
Barbara, CA). V-shaped MLTC Si3;Ny cantilevers (Bruker AXS, Camarillo, CA) were
used with the spring constants k.., = 0.1 + 0.01 N/m (hydrophilic) and k.4, = 0.7 + 0.07
N/m (hydrophobic). The cantilevers’ spring constants were independently calibrated on
an Asylum Research MFP-3D Bio (Asylum Research, Santa Barbara, California). The
cantilevers were cleaned prior to the measurements for 60 s by oxygen plasma (Plasma

Prep-II, SPI Supplies, West Chester, USA). In order to minimize the contamination of the
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tip the cantilevers were inserted with minimal delay in the liquid cell and directly
immersed in water. In all experiments, a closed liquid cell configuration was used as

described previously (see also Supporting Information).'?

Tapping mode (TM AFM): The drive frequency used for imaging was 9.2 kHz
(cantilever with k.4, = 0.1 + 0.01 N/m) and 29.6 kHz (cantilever with k.., = 0.7 + 0.07
N/m), respectively. The values of free amplitudes and setpoint ratios in TM
measurements of nanobubbles in our experiments were 13 nm and 90 % for the
hydrophilic tip and 16 nm and 90 % for the hydrophobic tip (for details see reference 12).
Raw TM height images were processed using a 1% order planefit and a 0" order flattening
(with nanobubbles excluded). The bubble size was measured using the spherical cap

fitting; no tip size correction was applied."’

Force Volume mode (FV AFM): The FV data was captured with a force curve
resolution of 512 points per force curve cycle and a lateral resolution of 32 x 32 pixels®
with no cantilever oscillation. The ramp sizes and trigger thresholds were set to 223 nm
and 30 nm in the experiment done with the hydrophilic tip, and to 100 nm and 60 nm in
the experiment done with the hydrophobic tip. The velocities of tip approach were set to
446 nm/s and 1.02 pm/s, respectively. Raw deflection-distance curves were transformed
into deflection-separation curve®” so that the vertical position of the tip end above the
substrate was represented in the plots by the tip-sample separation distance. The
deflection was recalculated into force by multiplying the measured deflection value by

corresponding cantilever stiffness.
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RESULTS

Argon surface nanobubbles on HOPG in water were scanned both with hydrophilic and
hydrophobic AFM tips. In each experiment, the positions of nanobubbles were initially
identified in high resolution (pixel size ~6 nm) TM AFM images. Next, a FV image with
lower resolution (pixel size 60-90 nm) was acquired on a particular nanobubble. The
bubbles analyzed in both experiments had similar dimensions estimated based on their
apparent size in TM height images. Typical nanobubbles height profiles are shown in
Figure 1. Figure 1a shows a bubble that was scanned with a hydrophilic tip, Figure 1b — a
bubble that was imaged with a hydrophobic tip. The apparent TM height profiles (black
open squares) were obtained from the TM topographic images shown in the insets of the
plots. The solid line represents the bubble profile estimated for zero force scanning
conditions, i.e. zero amplitude of the cantilever oscillations and 100% setpoint ratio.>' For
each bubble, a set of exemplary FV force-distance curves is plotted, showing a sequence
of force curves measured on the bubbles at different horizontal positions along a single
scan line acquired over the bubble center. The numbers in the plots mark the locations on
the sample, where a particular force curve was obtained and correspond to the numbers in

the plots of bubble profiles.
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Figure 1. AFM TM height images and cross-sectional plots of the apparent (black
squares) and estimated (solid lines) profiles of the nanobubble scanned with (a) a

hydrophilic tip (keqne = 0.1 N/m), (b) a hydrophobic tip (kcqn; = 0.7 N/m). The sequences of
approach (black) and retraction (red) force-distance curves were measured on the bubbles
along single scan lines located approximately at the bubble centers. The numbers in the
plots correspond to the numbers in the profiles and mark the horizontal positions on the

sample, where the force curves were acquired.
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The force curves shown in Figure 1 represent two types of force-distance curves acquired
on the nanobubbles. They possess, as discussed previously,'? entirely different shapes that
depend on whether the scanning was done with a hydrophilic or with a hydrophobic AFM
tip. The characteristic features of the force curves acquired on the bubble with a
hydrophilic tip (Figure 1a) are the presence of a linear slope, a very small hysteresis, no
or little attraction, similar positions of the corresponding jump-in and jump-out points. On
the contrary, the force-distance curves acquired on the bubble in Figure 1b with a
hydrophobic tip display large adhesion, large attraction, jump-out points at larger
separation distances than the corresponding jump-in points, a non-linear dependence of

force on separation distance, and a large hysteresis.

We analyze the force curves acquired on both nanobubbles in order to investigate the
interaction between the AFM tips and the bubbles during imaging. Several parameters
that can be extracted from a typical force curve acquired on the nanobubbles are defined
in Figure 2. The schemes surrounding the plots show in a simplified way the position of
the tip, the bending of the cantilever and the possible deformation of the bubble-water
interface at different stages of a single approach-retraction force curve cycle. Importantly,
in the experiment, the actual shape of the bubble might change differently during the

interaction with a real AFM tip.

The best available estimate of the unperturbed bubble height Hp,; is the position of the
point no. 2 in the force curves in Figure 2, i.e. the tip-sample separation distance at which
the tip interacts with the bubble, but the net force applied on the AFM cantilever is zero
(see schemes). Next, as defined in the plot in Figure 2b, the difference between the jump-

in and jump-out positions (points 1 and 6) in the approach and the retraction force curves
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is the adhesion distance D,g;. This parameter is related to the adhesive force between the
tip and the bubble. The distance measured on the approach curve from the jump-in point
to the point, at which the linear part of the force curve crosses the zero deflection line (the
distance between points 2 and 1) is the deformation distance on approach D, (this
definition assumes a jump of the bubble interface toward the tip).'* From a similar
measurement done on the retraction curve, the deformation distance on retraction D4,
may be obtained. As shown in the schematic drawing in the bottom of Figure 2a, the
maximum upward deformation of the bubble surface upon retraction is the sum of D,,.
and D,4;, measured from the corresponding force curve. For a given nanobubble (with
constant properties) the parameters D,,, and D,.. characterize the AFM tip. D4, is related
to the advancing and D, to the receding contact angle of the liquid on the tip material. In
addition, we can estimate from the force curve the cantilever deflection at the point of the
maximum downward bending (point 5 in the plot in Figure 2b) the rupture or maximum
adhesive force F,g. While D4, decribes the range of separation distances over which the

adhesion force plays a role, F,4, describes the strength of the adhesion.

A comparison of the plots in Figures 2a and 2b reveals that in the case of measurement
done with an ideally sharp and hydrophilic tip, the hysteresis in the force-distance curves
acquired on a nanobubble is zero. Consequently, all presented parameters with exception
of Hp,;, are equal to zero. In other words, Dyan, Fuan, Daay and D, are non-zero only, if
there is a hysteresis in the force curves. This is obviously the case, if the bubble is

scanned with a hydrophobic tip, as shown in the plot in Figure 2b.
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Figure 2. Typical approach and retraction force-distance curves acquired on a
nanobubble (a) with a hydrophilic AFM tip, (b) with a hydrophobic AFM tip. The

position and the bending of the cantilever and the possible bubble deformation are shown

schematically at different stages of the interaction (drawing not to scale). The parameters
are described in the text.
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First, we determine the unperturbed bubble profile. The local bubble height H,;,
measured from the individual force-distance curves shown in Figure 1a and 1b can be
plotted against the horizontal position of the tip over the bubble. The height profiles of
both measured bubbles reconstructed in this way are plotted in Figure 3 together with the
height profiles estimated from TM AFM images. Both bubbles were chosen such that
they had similar estimated dimensions, with 300-400 nm in width and around 38 nm in
height. Despite the low resolution of the FV images, the shapes of both reconstructed
profiles resemble well a spherical cap shape. For the nanobubble scanned with a
hydrophilic tip, the height and the width of the reconstructed profile are similar to the
height and width estimated for zero force scanning condition, as shown in the plot in
Figure 3a. For the bubble scanned with a hydrophobic tip, the situation is different. In the
corresponding plot in Figure 3b, the height of the reconstructed profile is significantly

smaller than the height estimated from the TM AFM data.

Next, we discuss the values of the four parameters D,g, Fuan, Dagy and D, defined in
Figure 2 that were determined from the force curves acquired on two nanobubbles.
Figures 4 and 5 show the data for D,4, and F,4, and for D4, and D,.., respectively. The
values of the parameters measured from the force curves measured on all positions over
the bubble are plotted for each bubble as functions of the unperturbed local bubble height
Hy,p. Large Hp,, correspond to the positions near the bubble center and small Hp,
correspond to the positions near the bubble rim. This is shown schematically in the
pictures placed next to the data points in the plots. Shifting from small to large Hp,»,
values corresponds to moving the tip from the bubble periphery toward the bubble center
along the radius of the bubble base. The data from the force curves shown in Figure 1

measured along a single scan line, plotted for each bubble as functions of the horizontal
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position of the tip across the bubble are shown in the Supporting Information (Figures S-1

and S-2).
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Figure 3. Cross-sectional profiles of (a) the nanobubble scanned with a hydrophilic tip,
(b) the nanobubble scanned with a hydrophobic tip. In both plots three profiles are shown:
the apparent profile measured from the TM height image (open symbols), the profile
estimated for zero interaction conditions (solid line), and the profile reconstructed from
the force-distance curves (solid symbols in red).

In the plots shown in Figure 4, adhesion distances D,4;, and maximum adhesion forces

F ., measured on the bubble scanned with the hydrophobic tip were larger and showed a
stronger dependence on Hy,, than D4, and F,4, measured on the bubble with the
hydrophilic tip. The maximum D,4, measured on the bubble with the hydrophobic tip was
nearly 40 nm, which was twice the maximum value of D,4, measured on the bubble

scanned with the hydrophilic tip. Hence even at the bubble rim, the nanobubble stays
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attached to the tip to 40 nm separation distance before it detaches. From the plot in Figure

4D, it is clear that for the bubble scanned with the hydrophobic tip, D, depended on the

position of the tip over the bubble and was larger near the bubble periphery and smaller

near the bubble center. For the bubble scanned with the hydrophilic tip, D,s, was found to

be independent from Hp,p.

—_~
O
~—

Figure 4. (a) D 4, measured for the nanobubble scanned with a hydrophilic tip, (b) D,an
measured for the nanobubble scanned with a hydrophobic tip, (c) F,z, measured for the
nanobubble scanned with a hydrophilic tip, (d) F,4 measured for the nanobubble scanned
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with a hydrophobic tip. The values measured from all force curves acquired on the
particular bubble are plotted as a function of the unperturbed local bubble height Hp,s.

As shown in the plot in Figure 4d, F,4; measured on the bubble with the hydrophobic tip

spanned the range between -0.7 and -1.6 nN with most of the values being smaller than -

1.2 nN. The measured force was large all over the bubble and increased in magnitude

when the tip was shifted toward the bubble center. For the bubble scanned with the
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hydrophilic tip, F,4, was small and did not exceed -0.6 nN. In contrast to the bubble

scanned with the hydrophobic tip, F,, decreased as the tip was moved toward large Hp,»

values near the bubble center.
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Figure 5. (a) D,4 measured for the nanobubble scanned with a hydrophilic tip, (b) D;..
measured for the nanobubble scanned with a hydrophobic tip, (¢) D,.. measured for the
nanobubble scanned with a hydrophilic tip, (d) D,s measured for the nanobubble scanned
with a hydrophobic tip. The values measured from all force curves acquired on the
particular bubble are plotted as a function of the unperturbed local bubble height Hp,p.

In the plot in Figure 5b, D 4 measured on the bubble with the hydrophobic tip showed a

dependence on local bubble height H},;, and decreased as the tip was moved away from

the bubble center. The maximum D, value of nearly 40 nm was measured in the force

curve acquired near the bubble center; the minimum value of D, close to 0 nm was

measured near the bubble periphery. Such D,,, variations were not observed for the
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bubble scanned with the hydrophilic tip, as shown in the plot in Figure 5a. At all positions

on the bubble, D,;, was nearly constant and did not exceed 20 nm.

Finally, the deformation distance on approach D,.. was smaller than D, for both bubbles
and only slightly exceeded 10 nm. For the bubble scanned with the hydrophilic tip, Dy,
was approximately constant, irrespective of the horizontal position of the tip over the
bubble. For the bubble scanned with the hydrophobic tip, D,.. increased slightly for

increased Hp,p.

As anext step in our analysis of force curves, we determine the total distance over which
the tip interacted with the bubbles in both experiments. We use the fact that the positions
of the jump-in point in the approach force curve and the jump-out point in the retraction
force curve indicate the onset and the end of the tip-bubble interaction, respectively
(Figure 6). For each bubble, a cross-sectional plot shows an exemplary cross-section of
the bubble and the variation of the parameters measured along a single scan line. The
general plot shows the data as a function of the unperturbed local bubble height H,y.

Solid line represents the position of the bubble surface above the substrate.

For both bubbles, the separation distances of the jump-in points to the bubble surface
were comparable and smaller than 10 nm. They were smaller than the separation
distances of the jump-out points and independent from Hp,;. In the case of the separation
distances of jump-out points, there was a clear difference between the data points
acquired on the bubbles with hydrophilic and with hydrophobic tips. As shown in the
plots in Figure 6a, when the bubble was scanned with a hydrophilic tip, the difference
between the positions of the jump-in points and the jump-out points was small (<15 nm)

and independent from the local bubble height. On the contrary, as shown in Figure 6b, for
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the bubble scanned with a hydrophobic tip, the difference between the positions of the

jump-in points and the jump-out points was on average larger and it increased with

decreasing bubble height, from ~10 nm near the bubble center up to ~40 nm near the

bubble edge.
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Figure 6. The position of the jump-in and jump-out points in the force-distance curves
marking the onset and the end of the tip-nanobubble interaction (contact), respectively,
measured for the bubble scanned with (a) a hydrophilic tip, (b) a hydrophobic tip. In the
upper graphs, the values are plotted as a function of the horizontal position of the tip

along the scan line. In the lower graphs, the values are plotted as a function of the
unperturbed local bubble height Hj,.

Finally, we look at the slopes of the (quasi-)linear parts of approach and retraction force

curves acquired on the nanobubbles with hydrophilic and hydrophobic tips. The values of

the slopes are plotted in Figure 7 as a function of Hj,, measured at the location on the

sample, where the particular force curve was acquired.
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Figure 7. Slopes of the (quasi-)linear parts of the force curves acquired on nanobubbles
plotted as a function of the unperturbed local bubble height H},;. (a) Approach curves
measured with a hydrophilic tip, (b) approach curves measured with a hydrophobic tip,

(c) retraction curves measured with a hydrophilic tip, (d) retraction curves measured with

a hydrophobic tip.

All measured slope values are negative. During the approach, the repulsive forces

(positive deflection) increased with decreasing tip-sample separation. During the

retraction, we dealt with attractive forces (negative deflection) that increased, i.e. became

more negative, as the separation distance increased. In the plots, we observe a dependence

of the slope values on the bubble height i.e. on the position on the bubble, where the

curve was acquired. For both bubbles, the slopes became steeper and more negative as

Hp,, increased. We have observed that in the case of the force curves measured with the
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hydrophobic tip, the slopes in the retraction curves showed less irregularity than the
slopes in the approach curves and the data points in Figure 7d were less scattered than in
Figure 7b. This was caused most likely by the fact that during the retraction, the contact
of the bubble with the tip surface was already well established, which was not always the

case on approach.
DISCUSSION

Based on the experimental data acquired in TM and FV AFM on individual nanobubbles
with tips with different hydrophobicity, we determined several parameters that
characterize the bubbles and their interactions with the tips during the scanning. These
data provide insight into how the AFM scanning influenced the apparent bubble shape in
the AFM “height” images obtained and what can be learned about the unperturbed

nanobubble size and shape.

In Figure 3a, the reconstructed profile of the nanobubble scanned with a hydrophilic tip
had similar dimensions as the profile estimated from the TM height image for zero force
scanning conditions. This result confirms our earlier findings'? and shows that the
apparent bubble dimensions measured from the TM height image and the knowledge of
the values of the amplitude of the cantilever oscillations and the setpoint ratio used to
scan the image are sufficient to determine the actual bubble shape, if the tip is ideally
hydrophilic and sharp. This is in many experiments nof the case. As shown in Figure 3b,
in the case of the bubble scanned with a hydrophobic tip, the height of the reconstructed
profile was significantly smaller than the height of the estimated profile. This means
either that the position of zero deflection crossing point in the force curve did not reflect

the unperturbed bubble height or that the estimation based on the TM height image was
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erroneous and did not apply in the case of nanobubbles scanned with a hydrophobic tip. It
can be concluded that in the case of the scanning of nanobubbles with a hydrophobic or
mildly hydrophobic tip, the real bubble profile and dimensions cannot be determined with

certainty.

The entirely different shapes of the force curves in Figure 1, acquired on nanobubbles
with hydrophilic and hydrophobic tips, are reflected in different values and different
spatial dependences of D g, Fuan, Daav and D,... From the plots in Figure 4 and Figure 5,
it is clear that these four parameters were non-zero even for a “hydrophilic” tip, which is
contrary to what had been suggested in Figure 2a. Obviously, the tip used in the
experiment was not ideal, which resulted in the not uncommon hysteresis observed in the
force curves. We stress that the hysteresis was much smaller than the hysteresis in the

10,11,14,20,23,28,32
””” Nevertheless, the values

curves shown in Figure 1b or reported previously.
of Dyan, Faan, Daav and D, measured from curves acquired with the hydrophilic tip were
smaller and showed no or only a weak dependence on the bubble height H,;,, whereas for
the hydrophobic tip, the values were larger and varied with Hp,. So far, the spatial

dependences of the parameters has been reported,'*2%*° but no consistent explanation

has been offered.

These results are not surprising. From earlier analysis of the data from the same set of
experiments, we know that the nature of the tip-bubble interaction was entirely different
in the case of the scanning done with hydrophilic and hydrophobic tips.12 Increased
adhesion was caused by the capillary force acting along the contact line that formed on

the tip, when it contacted the bubble during the measurement. In the case of the
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hydrophilic tip, no direct contact between the tip and the bubble resulted in weaker

attractive forces measured.

In order to determine the actual nanobubble shape, we need to know more about the
bubble deformation. We can analyze the information from the force curves in order to
determine the interaction at different points on the bubble. Next, having information
about the spatial variation in the interaction, we can estimate the changes in the bubble

shape during the scanning.

Although different forces were involved in the interaction in the experiments done with
hydrophilic and hydrophobic tips, as shown in Figure 6, for hoth bubbles the interaction
between the tip and the bubble started and ended at separation distances well above the
unperturbed bubble surface. This result means that the bubble surface might deform

12,29
upwards. ~

The distances D,.. and D, + D4, define the possible maximum upward
deformation of the bubble on approach and on retraction, respectively. As shown in
Figure 6, for a particular force curve, the sum of Hy,, and D, ot D, + Dyap 1s equal to
the separation distances of jump-in and jump-out points, respectively. We can estimate
that the upward bubble deformation on approach was between few up to 10 nm and
comparable for both tips, and on retraction was up to 15 nm for the hydrophilic tip and up
to 45 nm for the hydrophobic tip, depending on Hp,;. If we compare these values with the
estimated (maximum) bubble heights of ~40 nm, the deformation of 10 nm corresponds
to an increase of the bubble height by 25 % or more and to an apparent increase in the

curvature and in the Laplace pressure by approximately 20 % or more, assuming that the

bubble contact line was pinned.**”* In fact, the true values of deformation might be even
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larger because we do not know the actual vertical positions of the contact line on the

hydrophobic tip with certainty.

Based on the data shown in Figure 6b, the upward bubble deformation was smaller on
approach than on retraction. According to the plots shown in Figures 5b and 5d, for the
bubble scanned with the hydrophobic tip, D,,, was on average larger than D,.., hence the
receding contact angle of the tip material was smaller than the advancing contact angle.
Therefore, it is likely that the bubble surface stayed attached longer to the tip and the
bubble deformed more upwards during the retraction than during the approach. A similar
trend has been observed in the experiments done on bubbles of microscopic size probed
with spherical particles.®” Based on the plots in F igures 5b and 5d, we can estimate the
variation in the contact angles of the tip material, depending on how deep the tip was
immersed into the bubble. For the tip sizes between 20 and 60 nm, the advancing and the
receding contact angles at the tip apex were both estimated to 18-30°. Away from the
apex, the advancing contact angle increased to 60-140° whereas the receding contact
angle increased to 40-70°. The smaller the (assumed) tip size, the larger the estimated
values of the contact angles. The difference between D,4, and D, that corresponds to the
difference between the advancing and the receding contact angles increased with
increased Hp,; (see Supporting Information, Figure S-3). This suggests that the tip
material was more hydrophobic away from the apex. This might be caused by

contaminations on the tip or local changes in the shape or curvature of the tip.

In the case of the hydrophilic tip, the described scenario of nanobubble deformation does
not apply because there was no direct contact between the tip and the bubble during the

force cycle. From Figure 6a, we know that the tip-bubble interaction extended above the
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estimated unperturbed bubble profile during both approach and retraction, but interaction
forces acted through the film of liquid remaining between the bubble and the tip apex, and
did not necessarily caused bubble stretching in the upward direction. Because the bubble
did not contact the tip directly, we cannot use D,4, and D,.. to learn more about the
contact angle of the tip material. However, a low contact angle (~18°) of the tip material

was confirmed in our previous report.

In our experiment reported here, we observed spatial variations in D,,, measured from the
force curves acquired on the bubble with the hydrophobic tip similar to the variations
measured by Wang et al.** from amplitude-distance curves. As shown in Figure 4b, Dy
was larger for small H;,, near the bubble periphery that indicates that at these positions
the bubble remained attached to the tip over a relatively larger distance, as compared to
its unperturbed local height. This was caused most likely by the fact that the bubble
simultaneously stretched upwards and deformed sideways during the retraction, so that it
could remain attached to the tip. At each point, the vertical distance over which the
bubble could be stretched (the jump-out point position) was limited only by the bubble
volume, and therefore it was almost independent from the horizontal position of the tip
over the bubble, as confirmed by the plot in Figure 6b. In consequence, D,,; measured for
small Hp,, was increased compared to D,4, measured for large Hp,,. The absence of a
dependence of D,4, on Hp,, in Figure 4a for a hydrophilic tip further confirms the
scenario presented above. The absent direct contact between the tip and the bubble
prevented the stretching of the bubble interface sideways, and therefore D, 4, did not
increase for small Hj,;. Consequently, in Figure 6a, the data points marking the jump-out

positions follow the data points for the jump-in points.
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As shown in Figure 4d, for the bubble scanned with the hydrophobic tip, the increase in
D, near the bubble periphery was not followed by an increase in F,4;. This opposes the
statement of Wang et al.”” that the tip-bubble surface area (and hence the length of the
contact line and the magnitude of the force) increased, when the tip was shifted off the
bubble center. As a comparison, in the Peak Force Tapping AFM done with a low peak
force, unchanged or slightly increased adhesion was measured near the bubble edges as
compared to the center.'®**?® In our experiment, only the bubble scanned with a
hydrophilic tip showed a similar dependence. This suggests that the tips used in the

mentioned Peak Force experiments were hydrophilic.

Next, we discuss the tip-bubble interaction and bubble deformation at separation
distances smaller than the unperturbed bubble height. Independent from the type of tip
used in the experiment, a positive cantilever deflection was measured for both bubbles at
separation distances smaller than H,;,. We know from the force curves acquired on the
nanobubbles that the tip apex reached the graphite substrate at each point of the scanned
area. We assume that at this point of the measurement, the maximum downward
deformation of the bubble was equal to the local unperturbed height H,,, (compare with
Figure 2); hence it was largest at the bubble center and smallest near the bubble
periphery. At any intermediate vertical position of the tip end between Hp,, and the
substrate, the bubble deformation was approximately equal to the difference between Hp,,
and the current tip-sample separation distance. Near the bubble periphery, only the very
end of the tip interacted/was in contact with the bubble, whereas near the bubble center,
the tip was “immersed” several tens of nanometers deep into the bubble. We emphasize
that the exact value of the bubble deformation depended also on the vertical position of

the contact line on the tip in the case of the hydrophobic tip. In turn, the deformation of
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the bubble scanned with a hydrophilic tip might be influenced by the temporarily
changing thickness of the water film between the tip and the bubble that might add to the
measured nanobubble height. We assume that the thickness of this film in our experiment

did not exceed several nanometers.

We have also shown above that the deformation of the nanobubbles depended both on the
vertical and on the horizontal position of the tip on the bubble, independent from the
hydrophobicity of the tip. The variations in the slope values shown in Figure 7, measured
from the force curves acquired at different spatial positions on the bubbles, are
manifestations of this effect. The slopes in the force curves measured at the locations near
the bubble center were relatively steeper for both bubbles than the slopes in the curves
measured near the bubble periphery. This result means that during the measurement, the
deflection of the cantilever and the deformation of the bubble increased with decreased
tip-sample separation distance relatively faster at points on the sample located close to the
bubble center than at the points located near the bubble periphery. Our finding may have
significant consequences for AFM measurements of surface nanobubbles. Because the
deformation of the bubble surface is related to the force exerted on the sample, the extent
of the bubble deformation will vary depending on the scanning conditions and the

position of the tip.

The most straightforward example for the effect the varying slopes may have on the
height measurement is Peak Force AFM. We have shown that the downward deformation
of a nanobubble increased for increased peak force and varied depending on the spatial
position of the tip on the bubble® (see also Supporting Information, Figures S-4 and S-5).

This presumably reflected the variations in the slope of the individual force-distance
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curves. A relatively less steep slope and forces that increase slowly with decreasing
separation required that the tip had covered a larger vertical distance, before it reached the
peak force level, than in the case of a steep slope and fast increasing force. We conclude
that the relatively large local deformation measured near the bubble periphery
corresponded to relatively less steep slopes in the curves acquired at these points.
Therefore, the nanobubble measured in the Peak Force AFM displayed similar local
variation in the slopes of the force curves as the bubbles measured in our experiments. On
the contrary, in another Peak Force experiment, the deformation measured on the bubble
seemed uniform over whole bubble surface,”> which was presumably caused by a very

low peak force value set in this measurement and different cantilever and tip used.

On the one hand, a relatively large bubble deformation along the periphery will result in a
relatively large height underestimation at these points. On the other hand, a relatively
small bubble deformation near the center will correspond to a relatively small height
underestimation due to this effect. This non-uniform height underestimation will result in
the change in the apparent bubble shape — the bubble will appear higher and less wide in
the AFM height image than it really is. In addition, most likely, the thin air layer that
constitutes the bubble near its periphery will not offer much resistance to the tip action,
and will be deformed/penetrated instantly even for small scanning force and, therefore, it
will not appear in the height image and the apparent nanobubble width will be
underestimated. We roughly estimate that due to this effect, the width of a nanobubble
may be underestimated by at least ~20% and the radius of curvature may be
underestimated by at least ~25%, assuming nearly zero force scanning conditions. This
was the case in the Peak Force experiment, in which the bubbles in the height image

displayed apparent widths smaller than the sizes of their corresponding footprints visible
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in the dissipation and adhesion images.?® Finally, this erroneous apparent bubble shape in
the height image will result in a decreased apparent contact angle (water side) i.e. it will
lead to an underestimation of the contact angle. Since the contact angles measured for
nanobubbles are already much higher than the macroscopic contact angles, further
flattening of the bubble applied as a correction for the AFM measurement would mean
that, we end up with an almost completely flat structure with a contact angle toward 180°
that has a large radius of curvature and hence a small Laplace pressure. As a rough
estimate, if the apparent radius of curvature of a nanobubble is underestimated by 25%,
the necessary correction for the Laplace pressure would require the apparent value to be
lowered 25 %. For a typical nanobubble with an apparent height and width of 30 nm and
350 nm, respectively, that has an apparent contact angle of 160°, the corrected Laplace
pressure would drop from 0.27 MPa to a pressure of approximately 0.20 MPa.
Importantly, the larger is the force used as a threshold in the measurements, the more
severely underestimated will be the nanobubbles’ heights and widths. It means that for
increased scanning forces, the bubbles in the AFM height images will deviate more and
more from their unperturbed shapes and their apparent contact angles will decrease. Such
a decrease in the apparent nanobubble height, width and contact angle have been

observed in PET AFM for high scanning forces.

Interestingly, in TM AFM a decrease in the apparent height and width and an increase in
the apparent contact angle were observed for decreased amplitude setpoint ratio (for
increased scanning force threshold).?' This was most likely caused by the different
imaging mechanism employed which is based on the damping of high frequency

oscillations and hence local energy dissipation.
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We hypothesize that spatial variations of the slope of the force-distance curves acquired
on the nanobubbles are a manifestation of spatially varying strength of the long-range
attractive forces originating from the substrate under the bubbles. Long-range van der
Waals forces possibly influenced the tip-bubble interaction over tens of nanometers.” A
simple estimate suggests that the force is significant, but cannot account alone for the
observed effects. Certainly, any attractive force originating from the substrate influences
the cantilever bending more near the bubble periphery than near the bubble center. Near
the bubble edge, the majority of the tip apex interacted with the graphite and only small
part of the tip interacted with the bubble (and with the graphite through a thin air layer).
The more the tip was shifted toward the bubble center, the weaker was the influence of
the substrate and the stronger was the influence of the deformed bubble surface. The
change in force was gradual and was reflected in the gradual change in the slope values
measured in the experiments shown in Figure 7. The fact, that a change in the slopes was
observed for both hydrophilic and hydrophobic tips further validates the hypothesis of the
influence of long-range van der Waals forces. As a comparison, short-range van der
Waals forces influenced the tip-bubble interaction up to the separation distances of few
nanometers, and their influence on the tip-bubble interaction was equal, disregarding the
position of the tip on the sample. The attraction strength varied from fractions of nN to
few nN, depending presumably on the size of the tip. Stronger short-range interaction
measured in the force-distance curves acquired on the bubble with the hydrophobic tip

might be the result of the increased tip size.

It is possible that a strong tip-sample interaction close to the substrate will cancel or
(over)compensate any interaction with the thin air layer covering the sample. Therefore, it

is also possible that there is a minimum air thickness, which will be “visible” for the tip in
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each AFM experiment. Any air layer of thickness equal to or smaller than this minimum
value will not appear in the AFM height image (i.e. it will appear as substrate). We
estimate that this critical thickness of such an air layer in TM AFM experiment does not
exceed a few nanometers. However, the exact value will depend on the scanning
parameters, the tip geometry and cleanness, and other parameters. If this effect is strong,
the edge of nanobubble will not appear in the AFM height image and the apparent bubble
width will be underestimated. The necessary correction of the bubble shape will reduce

the curvature of the bubble leading to nearly completely flat bubble profile.

These results bring up an issue of the dependence of bubble parameters on the bubble
size. In the Peak Force experiment,”® the apparent bubble height decreased linearly with
increased peak force. The ratio of the decrease was larger for larger bubbles i.e. their
apparent heights decreased faster in the height image with increased peak force than for
smaller bubbles. This means that larger bubbles were deformed to a larger extent by the
tip than small bubbles for comparable forces. Similar observations were done in TM
AFM.?! The apparent bubble height decreased with increased amplitude of the cantilever
oscillations and with decreased setpoint ratio. In both cases, the rate of decrease depended

on the bubble size (height) and was faster for larger bubbles.

In Figure 7, we saw that in our experiment the slopes in the force curves varied with local
Hy,, for a single bubble and were steeper for increased Hp,p. This resulted in a height
reduction that was smaller at the points with larger Hp,». Therefore, on the one hand, in
Peak Force and TM experiments, we observed that smaller nanobubbles were deformed
relatively less during the scanning and their actual height was less underestimated than

the height of larger nanobubbles. On the other hand, in the FV and Peak Force
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experiments, we observed that a single bubble was deformed downwards relatively less at
the points, where its height was larger and that its actual height at these points was less
underestimated. We combine these two results and conclude that the degree of
deformation of the bubble size (a) depends on the bubble size and (b) is a function of the
spatial position on the bubble. The apparent bubble profile in an AFM height image will
be the resultant of these two effects. A small nanobubble will be deformed downwards
relatively less than a large one, but for both bubbles, the deformation in the center will be

the smallest, and the deformation along the bubble periphery will be the largest.

The nanobubble size dependence and non-uniform distribution of deformation was most
likely the reason for the variation in the apparent contact angle for small and large
bubbles observed in the Peak Force and TM AFM experiments. In both cases, the contact
angle was a function of the bubble size — larger bubbles had smaller apparent contact

angle than smaller bubbles.

CONCLUSIONS

We presented the results of the measurements of argon surface nanobubbles on HOPG in
water done in FV AFM mode with hydrophilic and hydrophobic tips. If the tip used for
the scanning was ideally hydrophilic, the actual bubble shape could be estimated from the
apparent bubble dimensions measured from the TM height image based on the values of
the amplitude of the cantilever oscillations and the setpoint ratio used to scan the image.

The procedure does not apply if the scanning was done with a (mildly) hydrophobic tip.

In the case of the hydrophobic tip, the bubble surface was in direct contact with the tip

during the whole interaction period, which resulted in severe bubble surface deformation.
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Especially, the bubble was stretched upwards and sideways when the tip was located off
the bubble center. For the hydrophilic tip, the presence of the thin liquid film between the
tip and the bubble minimized bubble deformation and prevented stretching of the bubble
surface sideways. Independently from the hydrophobicity of the tip used, the deformation
of the bubbles in the vertical direction depended both on the vertical and on the horizontal
position of the tip on the bubble. It increased with decreased tip-sample separation
distance relatively faster at the points on the sample located close to the bubble periphery
than at the points located near the bubble center. This effect was most likely caused by
spatially varying strength of the long-range attractive van der Waals forces from the

substrate under the bubbles.

Spatially non-uniform and bubble size dependent deformation leads to a non-uniform and
bubble size dependent underestimation of the bubble height and width in the AFM height
images for non-zero force scanning conditions. This in turn will lead to an apparent
contact angle underestimation, i.e. the curvature of the bubble will appear larger in the
AFM topographic image than it really is. The results of Peak Force tapping

26 confirmed that this effect was stronger, the larger the peak force was in

experiments
the measurements. We may conclude that surface nanobubbles are almost completely flat,
pancake-like structure with large radius of curvature, instead of having a spherical cap
shape, and possess an inner pressure close to the atmospheric pressure. In the view of

these results, all AFM data concerning the bubble shape and related parameters as well as

stability theories built on AFM evidence should be critically reviewed.



SHAPE AND DEFORMATION OF NANOBUBBLES IN AFM | 241

ASSOCIATED CONTENT

Experimental details, cross-sectional plots, details of the nanobubble deformation. This

material is available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION
Corresponding Author

*E-mail: schoenherr@chemie.uni-siegen.de

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT

The authors would like to thank Dr. S. Druzhinin and Dr. H. Kneppe for enlightening
discussions and helpful suggestions and gratefully acknowledge financial support from
the Deutsche Forschungsgemeinschaft (DFG grant no. INST 221/87-1 FUGG), the
European Research Council (ERC grant to HS, ERC grant agreement No. 279202) and

the University of Siegen.

REFERENCES

(1) Binnig, G.; Quate, C. F.; Gerber, Ch. Atomic Force Microscope. Phys. Rev. Lett.
1986, 56, 930-933.

(2) Weisenhorn, A. L.; Khirsandi, M.; Kasas, S.; Gotzos, V.; Butt, H.-J. Deformation and
height anomaly of soft surfaces studied with an AFM. Nanotechnology 1993, 4, 106—-113.

(3) Chen, X.; Davies, M. C.; Roberts, C. J.; Tendler, S. J. B.; Williams, P. M.; Davies, J.;
Dawkes, A. C.; Edwards, J. C. Interpretation of tapping mode atomic force microscopy
data using amplitude-phase-distance measurements. Ultramicroscopy 1998, 75, 171-181.

(4) Schonherr, H.; Frank, C. W. Ultrathin films of poly(ethylene oxides) on oxidized
silicon. 2. In situ study of crystallization and melting by hot stage AFM. Macromolecules
2003, 36, 1199-1208.



242 |CHAPTER 9

(5) Vancso, G. J.; Schonherr, H. Scanning Force Microscopy of Polymers; Springer:
Berlin, 2010.

(6) Morris, V. J.; Kirby, A. R.; Gunning, A. P. Atomic Force Microscopy for Biologists;
Imperial College Press: London, 2010.

(7) Connell, S. D. A.; Allen, S.; Roberts, C. J.; Davies, J.; Davies, M. C.; Tendler, S. J.
B.; Williams, P. M. Investigating the Interfacial properties of single-liquid nanodroplets
by atomic force microscopy. Langmuir 2002, 18, 1719-1728.

(8) Craig, V. S. J. Very small bubbles at surfaces — the nanobubble puzzle. Soft Matter
2011, 7, 40-48.

(9) Seddon, J. R. T.; Lohse, D. Nanobubbles and micropancakes: gaseous domains on
immersed substrates. J. Phys. Condens. Matter 2011, 23, 133001.

(10) Zhao, B.; Song, Y.; Wang, S.; Dai, B.; Zhang, L.; Dong, Y.; Li, J.; Hu, J.
Mechanical mapping of nanobubbles by PeakForce atomic force microscopy. Soft Matter
2013, 9, 8837-8843.

(11) Song, Y.; Zhao, B.; Zhang, L.; Li, J.; Wang, S.; Dong, Y.; Hu, J. The Origin of the
,»Snap-In” in the Force Curve between AFM Probe and the Water/Gas Interface of
Nanobubbles. ChemPhysChem 2014, 15, 492—499.

(12) Walczyk, W.; Schonherr, H. Characterization of the interaction between AFM tips
and surface nanobubbles. Langmuir 2014, 30, 7112-7126.

(13) Berkelaar, R. P.; Dietrich, E.; Kip, G.; Kooij, S.; Zandvliet, H.; Lohse, D. Exposing
nanobubble-like objects to a degassed environment. Soft Matter 2014, 10, 4947-4955.

(14) Ishida, N.; Inoue, T.; Miyahara, M.; Higashitani, K. Nano bubbles on a hydrophobic
surface in water observed by tapping-mode atomic force microscopy. Langmuir 2000, 16,
6377-6380.

(15) Lou, S. T.; Ouyang, Z. Q.; Zhang, Y.; Li, X. J.; Hu, J.; Li, M. Q.; Yang, F. J.
Nanobubbles on solid surface imaged by atomic force microscopy. J. Vac. Sci. Technol. B
2000, /8, 2573-2575.

(16) Agrawal, A.; Park, J.; Ryu, D. Y.; Hammond, P. T.; Russel, T. P.; McKinley, G. H.
Controlling the Location and Spatial Extent of Nanobubbles Using Hydrophobically
Nanopatterned Surface. Nano Letters 2008, 5, 1751-1756.

(17) Song, B.; Walczyk, W.; Schonherr, H. Contact angles of surface nanobubbles on
mixed self-assembled monolayers with systematically varied macroscopic wettability by
Atomic Force Microscopy. Langmuir 2011, 27, 8223-8232.

(18) Bhushan, B.; Wang, Y.; Maali, A. Coalescence and movement of nanobubbles
studied with tapping mode AFM and tip-bubble interaction analysis. J. Phys.: Condens.
Matter 2008, 20, 485004.



SHAPE AND DEFORMATION OF NANOBUBBLES IN AFM | 243

(19) Borkent, B. M.; de Beer, S.; Mugele, F.; Lohse, D. On the shape of surface
nanobubbles. Langmuir 2010, 26, 260-268.

(20) Zhang, X. H.; Maeda, N.; Craig, V. S. J. Physical properties of nanobubbles on
hydrophobic surfaces in water and aqueous solutions. Langmuir 2006, 22, 5025-5035.

(21) Walczyk, W.; Schonherr, H. Closer Look at the Effect of AFM Imaging Conditions
on the Apparent Dimensions of Surface Nanobubbles. Langmuir 2013, 29, 620—632.

(22) Yang, S.; Kooij, E. S.; Poelsema, B.; Lohse, D.; Zandvliet, H. J. W. Correlation
between geometry and nanobubble distribution on HOPG surface. Europhys. Lett. 2008,
81, 64006.

(23) Holmberg, M.; Kiihle, A.; Garnzs, J.; Merch, K. A.; Boisen, A. Nanobubble Trouble
on Gold Surfaces. Langmuir 2003, 19, 10510-10513.

(24) Tyrrell, J. W. G.; Attard, P. Images of Nanobubbles on Hydrophobic Surfaces and
Their Interactions. Phys. Rev. Lett. 2001, 87, 1761041-1761044.

(25) Yang, C. W.; Lu, Y. H.; Hwang, . S. Imaging surface nanobubbles at graphite-water
interfaces with different atomic force microscopy modes. J. Phys.: Condens. Matter 2013,
25, 184010.

(26) Walczyk, W.; Schon, P. M.; Schonherr, H. The effect of PeakForce tapping mode
AFM imaging on the apparent shape of surface nanobubbles. J. Phys.: Condens. Matter
2013, 25, 184005.

(27) Lu, Y. H.; Yang, C. W.; Hwang, 1. S. Molecular layer of gaslike domains at a
hydrophobic-water interface observed by frequency-modulation atomic force microscopy.
Langmuir 2012, 28, 12691-12695.

(28) Peng, H.; Hampton, P. A.; Nguyen, A. V. Nanobubbles Do Not Sit Alone at the
Solid-Liquid Interface. Langmuir 2013, 29, 6123—-6130.

(29) Walczyk, W.; Hain, N.; Schonherr, H., Hydrodynamic effects of the tip movement
on surface nanobubbles: A combined tapping mode, lift mode and force volume mode
AFM study. Soft Matter 2014, in press. DOI: 10.1039/C4SM01024H.

(30) Wang, Y.; Bhushan, B. Boundary slip and nanobubble study in micro/nanofluidics
using atomic force microscopy. Soft Matter 2010, 6, 29—66.

(31) Ducker, W. A. Contact angle and stability of interface nanobubbles. Langmuir 2009,
25, 8907-8910.

(32) Wang, S.; Liu, M.; Dong, Y. Understanding the stability of surface nanobubbles. J.
Phys.: Condens. Matter 2013, 25, 184007.

(33) Zhang, X.; Chan, D. Y. C.; Wang, D.; Maeda, N. Stability of Interfacial
Nanobubbles. Langmuir 2013, 29, 1017-1023.



244 | CHAPTER 9

(34) Liu, Y.; Zhang, X. Nanobubble stability induced by contact line pinning. J. Chem.
Phys. 2013, 138, 014706.

(35) Brenner, M. P.; Lohse, D. Dynamic Equilibrium Mechanism for Surface Nanobubble
Stabilization. Phys. Rev. Lett. 2008, 101, 214505.

(36) Petsev, N. D.; Shell, M. S.; Leal, L. G. Dynamic equilibrium explanation for
nanobubbles’ unusual temperature and saturation dependence. Phys. Rev. Lett. E 2013,
88, 10402.

(37) Weijs, J. H.; Lohse, D. Why Surface Nanobubbles Live for Hours. Phys. Rev. Lett.
2013, 110, 054501.

(38) Grostfils, P. Coarse-grained modelling of surface nanobubbles. J. Phys.: Condens.
Matter 2013, 25, 184006.

(39) Berkelaar, R. P.; Zandvliet, H. J. W.; Lohse, D. Covering Surface Nanobubbles with
a NaCl Nanoblanket. Langmuir 2013, 29, 11337-11343.

(40) Seddon, J. R. T.; Kooij, E. S.; Poelsema, B.; Zandvliet, J. W.; Lohse, D. Surface
Bubble Nucleation Stability. Phys. Rev. Lett. 2011, 106, 056101.

(41) Dietrich, E.; Zandvliet, H. J. W.; Lohse D.; Seddon, J. R. T. Particle tracking around
surface nanobubbles. J. Phys.: Condens. Matter 2013, 25, 184009.

(42) Lhuissier, H.; Lohse, D.; Zhang, X. Spatial organization of surface nanobubbles and
its implications in their formation process. Soft Matter 2014, 10, 942-946.

(43) Zhang, X. H.; Quinn, A.; Ducker, W. A. Nanobubbles at the interface between water
and a hydrophobic solid. Langmuir 2008, 24, 4756-4764.

(44) Switkes, M.; Ruberti, J. W. Rapid cryofixation/freeze fracture for the study of
nanobubbles at solid-liquid interfaces. Appl. Phys. Lett. 2007, 84, 4759-4761.

(45) Zhang, X. Quartz crystal microbalance study of the interfacial nanobubbles. Phys.
Chem. Chem. Phys. 2008, 10, 6842—6848.

(46) Jensen, T. R.; Jensen, M. O.; Reitzel, N.; Balashev, K.; Peters, G. H.; Kjaer, K.;
Bjoernholm, T. Water in contact with extended hydrophobic surfaces: Direct evidence of
weak dewetting. Phys. Rev. Lett. 2003, 90, 0861.

(47) Mezger, M. A.; Schoder, S. A. B.; Reichert, H. A.; Schroder, H. A.; Okasinski, J. A.;
Honkiméki, V. B.; Ralston, J. C.; Bilgram, J. D.; Roth, R. A. E.; Dosch, H. Water and ice
in contact with octadecyl-trichlorosilane functionalized surfaces: a high resolution x-ray
reflectivity study. J. Chem. Phys. 2008, 128, 244705.

(48) Zhang, L.; Zhao, B.; Xue, L.; Guo, Z.; Dong, Y.; Fang, H.; Tai, R.; Hu, J. Imaging
interfacial micro- and nano-bubbles by scanning transmission soft X-ray microscopy. J.
Synchrotron Rad. 2013, 20, 413-418.



SHAPE AND DEFORMATION OF NANOBUBBLES IN AFM | 245

(49) Karpitschka, S.; Dietrich, E.; Seddon, J. R. T.; Zandvliet, H. J. W.; Lohse, D.;
Riegler, H. Nonintrusive Optical Visualization of Surface Nanobubbles. Phys. Rev. Lett.
2012, 7109, 066102.

(50) Mirsaidov, U.; Ohl, C. -D.; Matsudaira, P. A direct observation of nanometer-size
void dynamics in an ultra-thin water film. Soft Matter 2012, 8, 3108-3111.

(51) Chan, C. U.; Ohl, C. -D. Total-Internal-Reflection-Fluorescence Microscopy for the
Study of Nanobubble Dynamics. Phys. Rev. Lett. 2012, 109, 174501.

(52) Hain, N.; Handschuh-Wang, S.; Druzhinin, S. L.; Schonherr, H. Probing Surface
Nanobubbles with Fluorescence Lifetime Imaging Microscopy. manuscript in
preparation.

(53) Hain, N.; Wesner, D.; Zheng, S.; Handschuh-Wang, S.; Schonherr, H. Druzhinin, S.
L.; Schonherr, H. Nanobubbles and Nanodroplets Studied by Combined AFM and
Fluorescence Lifetime Imaging Microscopy. manuscript in preparation.

(54) Liu, G.; Craig, V. S. J. Improved cleaning of hydrophilic protein-coated surfaces
using the combination of nanobubbles and SDS. ACS Appl. Mater. Interfaces 2009, 1,
481-487.

(55) Yang, S.; Dusterwinkel, A. Removal of nanoparticles from plain and patterned
surfaces using nanobubbles. Langmuir 2011, 27, 11430-35.

(56) Israelachvili, J. N.; Pashley, R. M. The hydrophobic interaction is long range,
decaying exponentially with distance. Nature 1982, 300, 341-342.

(57) Christenson, H. K.; Claesson, P. M. Cavitation and the interaction between
macroscopic hydrophobic surfaces. Science 1988, 239, 390-392.

(58) Parker, J. L.; Claesson, P. M.; Attard, P. Bubbles, cavities and the long-ranged
attraction between hydrophobic surfaces. J. Phys. Chem. 1994, 98, 8468—8490.

(59) Stockelhuber, K. W.; Radoev, B.; Wenger, A.; Schulze, H. J. Rupture of wetting
films caused by nanobubbles. Langmuir 2004, 20, 164—168.

(60) Maali, A.; Bhushan, B. Nanobubbles and their role in slip and drag. J. Phys.:
Condens. Matter 2013, 25, 184003.

(61) Ball, P. Nanobubbles are not a Superficial Matter. ChemPhysChem 2012, 13,2173—
2177.

(62) Ally, J.; Kappl, M.; Butt, H. -J.; Amirfazli, A. Detachment Force of Particles from
Air-Liquid Interfaces of Films and Bubbles. Langmuir 2010, 26, 18135-18143.

(63) Loskill, P.; Hahl, H.; Faidt, T.; Grandthyll, S.; Miiller, F.; Jacobs, K. Is adhesion
superficial? Silicon wafers as a model system to study van der Waals interactions. Adv.
Colloid Interface Sci. 2012, 179-182, 107-113.



246 | CHAPTER 9

L rFk

‘ Nanobubble ' ‘ Nanobubble '

Hydrophilic AFM tip Hydrophobic AFM tip



SHAPE AND DEFORMATION OF NANOBUBBLES IN AFM | 247

On the dimensions and the profile of surface
nanobubbles: Tip-nanobubble interactions and
nanobubble deformation in Atomic Force

Microscopy

Wiktoria Walczyk and Holger Schonherr*

Physical Chemistry I, University of Siegen, Faculty of Natural Sciences and Engineering,

Department of Chemistry and Biology, Adolf-Reichwein-Str. 2, 57076 Siegen, Germany

Corresponding Author

* schoenherr@chemie.uni-siegen.de

Supporting Information



248 | CHAPTER 9

EXPERIMENTAL

Sample preparation: In all experiments freshly cleaved highly oriented pyrolitic
graphite (HOPG) (grade ZYH, VeecoO, Santa Barbara, CA) with a water contact angle of
63 + 2° was used. The static contact angle was measured with the sessile drop method
with an OCA 15plus instrument (Data Physics Instruments GmbH, Filderstadt, Germany)
using Milli-Q water obtained from a Millipore Direct Q 8 system (Millipore, Schwalbach,
Germany) with resistivity of 18.0 M{/cm and surface tension of 0.072 N/m (determined
by a Wilhelmi plate method). Nanobubbles were measured in Argon saturated Milli-Q
water. First, 20 mL of Milli-Q in a clean round-bottom flask with a Teflon inlet were
degassed at a pressure of 80 mbar for 30 min at 20°C by using a diaphragm vacuum pump
(Type MZ 2C, Vacuubrand, Germany), while it was sonicated continuously in a water
bath sonicator (Brandelin Sonorex, Rk 100 H). Next, the flask with water was closed,
removed from the ultrasonic bath, and was put under an Ar stream (no filter used) for 45

min.

Atomic Force Microscopy: The AFM measurements were carried out on a MultiMode
Illa AFM instrument (Bruker/Veeco/Digital Instruments, Santa Barbara, CA) with a
vertical engage E-scanner and NanoScope version 3.10 software (Bruker / Veeco, Santa
Barbara, CA). V-shaped MLTC Si3Ny cantilevers (Bruker AXS, Camarillo, CA) with the
following spring constants were used: ks, = 0.1 + 0.01 N/m and k.4, = 0.7 + 0.07 N/m.
The cantilevers’ spring constants were calibrated on an Asylum Research MFP-3D Bio
(Asylum Research, Santa Barbara, California). The cantilevers were cleaned prior to the

measurements for 60 s by oxygen plasma (Plasma Prep-II, SPI Supplies, West Chester,
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USA). In order to minimize the contamination of the tip, the cantilevers were inserted

with minimal delay in the liquid cell and directly immersed in water.

In all experiments, a closed liquid cell configuration was used. First, the liquid cell, the
O-ring (fluorosilicone rubber) and the inlet and outlet tubes (silicone) were rinsed with
Milli-Q water and with ethanol (99.9 %, Merck KGaA, Darmstadt, Germany) and dried in
a stream of nitrogen. Next, the liquid cell was assembled and the cantilever was inserted.
Subsequently, a 1 mL sterile syringe (Braun, Injekt-F 0.01-1ml/luer Solo) was filled with
the Ar saturated water and connected to the inlet tube. No needle was used for this
procedure in order to avoid the possible contamination by the lubricant. Immediately, the
water was injected in the liquid cell until the cantilever was immersed and the O-ring was
filled. Then the liquid cell was placed on the sample, the O-ring was brought in contact
with the sample, 0.6 mL of water was passed through the liquid cell and after that the
inlet and outlet were closed. We stress that no liquid exchange procedure was performed
and the HOPG surface did not have contact with ethanol at any stage of the experiment.
Also, the lubricant free syringe used was cleaned by Milli-Q water before use. Before the
start of the AFM measurement, the system was left for 30 min to equilibrate. The
nanobubbles were scanned first in TM AFM and subsequently in FV mode without

changing the cantilever and the tip or replacing the liquid.

Tapping mode (TM AFM): The drive frequency used for imaging in TM AFM was 9.2
kHz for the cantilever with k..,; = 0.1 + 0.01 N/m, and 29.6 kHz for the cantilever with
keane = 0.7 £ 0.07 N/m. The free amplitude of the cantilever oscillations (in Volts) was
calculated from amplitude-displacement curves recorded before and after recording of the

image, as an average of 50 points. Next, it was converted into free amplitude in
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nanometers using the appropriate value of the deflection sensitivity. The amplitude
setpoint ratio (ratio of the setpoint amplitude value set during the measurements and free
amplitude calculated from the corresponding amplitude-distance curve) was calculated as
the mean value of two setpoint ratios determined using amplitude-distance curves
recorded before and after scanning a TM height image. The values of free amplitudes and
setpoint ratios in TM measurements of nanobubbles in our experiments were 13 nm and
90 % for the experiment done with the cantilever with k.., = 0.1 + 0.01 N/m, and 16 nm
and 90 % for the experiment done with the cantilever with k.., = 0.7 + 0.07 N/m. Raw
TM height images were processed using a 1* order planefit and a 0" order flattening (any
nanobubble was excluded). No tip size correction was applied. The bubble size was

measured using the spherical cap fitting.

Force Volume mode (FV AFM): In this mode the tip was lowered and retracted at each
point of the selected area of the sample and the interaction forces during approach and
retraction were measured. The resolution of the imaging was limited to 32 x 32 pixels®.
The cantilever oscillation was switched off during data acquisition in FV mode. Ramp
sizes and trigger thresholds were set to 223 nm and 30 nm in the experiment done with
the cantilever with k.., = 0.1 + 0.01 N/m, and to 100 nm and 60 nm in the experiment
done with the cantilever with k.., = 0.7 + 0.07 N/m. The velocity of tip approach was set
to 446 nm/s and 1.02 um/s, respectively. The force curve resolution was set to 512 points
per single approach-retraction cycle. Raw deflection-distance curves were transformed
into deflection-separation curves. The vertical position of the tip above the substrate is
represented in the plots by the tip-sample separation distance (zero separation indicates
that the tip is in contact with the substrate). The deflection was recalculated into force by

multiplying the measured deflection value with the corresponding cantilever stiffness.
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Figure S-1. (a) D,y measured for the nanobubble scanned with a hydrophilic tip, (b) Daan
measured for the nanobubble scanned with a hydrophobic tip, (¢) F,s measured for the
nanobubble scanned with a hydrophilic tip, (d) F,s measured for the nanobubble scanned
with a hydrophobic tip. In each cross-sectional plot, the values are plotted as a function of
the horizontal position of the AFM tip along the scan line. The data measured from the
force curves (solid red circles) are compared with the apparent (open black squares) and

estimated (solid line) bubble profiles from TM AFM height images.
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Figure S-2. (a) D 4 measured for the nanobubble scanned with a hydrophilic tip, (b) D,e.

measured for the nanobubble scanned with a hydrophobic tip, (¢) D, measured for the

nanobubble scanned with a hydrophilic tip, (d) D,.. measured for the nanobubble scanned

with a hydrophobic tip. In each cross-sectional plot the values are plotted as a function of

the horizontal position of the AFM tip along the scan line. The data measured from the

force curves (solid red circles) are compared with the apparent (open black squares) and

estimated (solid line) bubble profiles from TM AFM height images.
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Figure S-3. Difference between the distances D,4, and D, as a function of the unperturbed local
bubble height H,,,, measured from the force-distance curves acquired on the nanobubble with a

hydrophobic tip.



254 | CHAPTER 9

tip-sample
A A separation

il .\/ I

On the substrate

Force
(Deflection)

F3 peak force threshoIdI

T

A tip-sample
/ separation

On the nanobubble

=
]
2%
St
|
F3 \peak force thresholdi
i
I
'
; . P
........... > v -
:‘Apparenf i Height
bubble height | (Separation)
] |
| 1
K ----------------------- 1
Actual '
bubble height

Figure S-4. Schematically shapes of AFM force-distance curves acquired on a hard substrate and

on a soft nanobubble. The horizontal lines define the exemplary thresholds set by the peak

force. The separation distance of the zero-deflection crossing point in the left force curve

denotes the actual bubble height. The separation distance of the crossing point of the slope in

the force curve with the line representing the force level indicates the apparent bubble height,

as would be measured in an AFM height image scanned with this particular peak force.
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Figure S-5. The effect of varying steepness of the slopes of the force-distance curves on the
measurement of the apparent nanobubble height. For a fixed peak force threshold, the apparent
bubble height will be underestimated more and the bubble will be deformed to a larger extent
near the bubble rim (less steep slopes) than near the bubble center (steeper slopes). A non-
uniform underestimation of the actual bubble height will lead to a more protruding bubble
shape with an underestimated width of the base and a smaller apparent contact angle (water

side).






Conclusions and outlook

During the last two decades, Atomic Force Microscopy (AFM) has played
an increasingly important role in research on surface nanobubbles. However,
a systematic investigation on the impact of the AFM imaging parameters and forces
on the results it provides was lacking. In this thesis, this issue has been addressed
by performing detailed studies on the effect of AFM imaging conditions on the
apparent dimensions of nanobubbles displayed in the AFM images obtained.
In particular, an explanation has been sought for the unusually high apparent contact
angles of nanobubbles (measured through water) observed experimentally. The aim

of the research was to determine the actual nanobubble dimensions.

Main results
The results presented in the previous chapters prove that:

(1) surface nanobubbles are soft, easily deformable structures with a stiffness

comparable with the surface tension of pure water;

(2) there exist at least two distinct mechanisms ruled by different forces that are

responsible for the interaction between AFM tips and surface nanobubbles;

(3) during imaging, the tip deforms the nanobubbles so that they do not display their

actual dimensions in the AFM height images;

(4) the substrate under nanobubbles affects the tip-nanobubble interaction forces

and influences the bubble deformation;

(5) these factors are not the sole reasons for the high apparent contact angles

of nanobubbles observed in the AFM images;

(6) the choice of AFM imaging modes and associated parameters may substantially
affect the appearance of nanobubbles in the AFM images, hence influences all

the parameters derived from the measured nanobubble profiles.
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The results explain previous contradicting and confusing observations such as:
(1) the unusual nanobubble stability under severe imaging conditions;

(2) the large variation in the shapes of reported force-displacement curves acquired

on nanobubbles;

(3) the low reproducibility of the dimensions of nanobubbles in the images acquired

under seemingly similar imaging conditions;

(4) the differences in the reported dependences of apparent bubble dimensions on

the amplitude setpoint ratio in Tapping Mode (TM) AFM;!?
(5) the alleged dependence of nanobubble parameters on the bubble size;?3 and

(6) the effect of scan speed on the bubble appearance in the AFM images.*

AFM tip-nanobubble interactions

By comparing experimental data with the results provided by two models of
the AFM tip-nanobubble interaction i.e. the capillary force and the dynamic
interaction model, respectively, it has been found that the strength and character of
the interaction depends strongly on the tip material, size and cleanness. In Chapter 7,
it has been shown that when the measurement was done with a relatively hydrophilic
AFM tip, the interaction forces originated from the hydrodynamic effect, which arises
from squeezing a thin film of liquid between the tip apex and the bubble surface.
These results were confirmed in Chapter 8 showing that the strength
of the hydrodynamic effect depended also on the direction and speed of the tip
movement with respect to the bubble. In case of the hydrophobic tip, the interaction
during the measurement was governed mainly by the force arising from surface

tension acting along the three-phase contact line attached to the tip.

In Chapter 5 and in Chapter 6, it has been shown that nanobubbles appeared smaller,
both in the height and in the width, in the AFM height images measured for increased
maximum imaging force (peak force) in Peak Force Tapping mode, or for increased
free amplitude of the cantilever oscillation and decreased amplitude setpoint ratio
in TM AFM. In fact, there will be no ‘ideal’ or ‘optimal’ imaging conditions because
nanobubbles will always be deformed during the AFM measurement, even when
the imaging forces are reduced to the piconewton range. This is not surprising since,
as shown in Chapter 7, nanobubbles are very soft — softer than a typical AFM

cantilever. Therefore they will deform easily by any external force applied. The larger
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the force, the larger the bubble deformation and the lower the apparent bubble height
in the AFM height images.

However, as described in Chapters 7 to 9, the qualitative and quantitative differences
between the tips involved qualitatively different deformation of the nanobubble shape
during the imaging. In fact, the interaction between the tip and the nanobubble
resulted in mutual deformation of the bubble surface and the cantilever that differed
depending on which forces governed the interaction. It has been shown that in case
of tip-bubble attraction the bubble interface deformed towards the tip, the effect
being stronger when a stiff cantilever was used. In addition, the bubble was stretched
upwards and sideways when the tip apex was located off the bubble center.
For a typical nanobubble, the upward deformation may extend up to tens
of nanometers above the unperturbed bubble height, especially if the measurement is
done with a hydrophobic tip that penetrates the bubble surface and directly contacts
the bubble during imaging. For a relatively hydrophilic tip, the bubble deformation is
a dynamic effect of the drainage of the liquid film between the tip and the bubble
under the influence of external force. The presence of the film prevents stretching
of the bubble surface upwards and sideways. In addition, when the hydrophilic tip is
pressed against the bubble interface, the hydrodynamic effect “protects” the bubble
from being penetrated. Instead, the bubble wraps around the tip adapting its shape
to the tip profile and movement without establishing contact (wetting) with the tip
material. A similar scenario does not hold for a relatively hydrophobic tip, for which

the hydrodynamic effect is absent.

The “protecting” effect of the thin liquid film offers an explanation for the unusual
bubble stability observed in different AFM scanning modes and under harsh scanning
conditions. At the same time, the presence of the film governs the nanobubble
deformation, and its possible consequences for the measurements of nanobubble
dimensions must be taken into account while imaging nanobubbles in various AFM
modes. A detailed study of this issue makes an interesting topic for future research.
In particular, more investigation would help to improve the dynamic interaction
model® by adapting it to nanoscopic bubbles and droplets. This could include a series
of experiments performed under conditions of controllably varied surface tension
obtained by purposely introducing contamination in the system. Subsequently,
the model might be used to study spatial and temporal evolution of the bubble shape
during the interaction with AFM tip. Finally, the analysis of the tip-nanobubble

interaction and nanobubble deformation in the AFM imaging modes that involve
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complex tip movement such as TM AFM would be a valuable source of information

about the relation between the actual and the apparent nanobubble shapes.

During the work, it has become clear that the cleanliness of AFM tip is crucial
to the stability of the imaging process and the quality of the images. When the tip is
hydrophobic, e.g. due to contamination, an accidental contact between the tip
and the bubble might occur during the imaging when the tip and the bubble surface
are separated by only a few nanometers. If this is the case, the bubble wets the tip
material and therefore attaches to the tip apex and forms a meniscus around it.
For a low-viscosity liquid such as water, this happens very quickly® — on a time scale
of about 10 ns, which is much shorter than the typical period of the cantilever
oscillation in liquid (~10 ps) in TM AFM. If this happens, the cantilever oscillation is
heavily damped and the contact causes deformation of the bubble surface and possibly
(increased) tip contamination. All these effects are detrimental to the accuracy

in measuring nanobubble dimensions.

Rules of AFM imaging of surface nanobubbles

Based on the work presented in this thesis, a set of rules of AFM imaging of surface
nanobubbles (and possibly other very soft microscopic structures) has been
determined. In order to minimize bubble deformation and obtain reliable AFM results

one must:

(1) avoid that solid surface is exposed to a contaminated liquid/gas interface during
filling of the AFM liquid cell, and minimize the contact of water with possibly

contaminated surfaces;

(2) choose a cantilever with a very low spring constant (preferably less that 0.07 N/m)
and a sharp hydrophilic tip; pre-clean the cantilever and the tip;

(3) preferably use an AFM imaging mode that allows direct control of the magnitude

of the imaging force;

(4) minimize the imaging force in order to minimize the bubble deformation
and the tip wear; while measuring in TM AFM, minimize the amplitude of cantilever

oscillation and maximize the setpoint ratio;

(5) control and note the values of imaging parameters before, during and after
scanning an image; if possible, record several images of the same nanobubbles to allow

the data comparison;
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(6) carefully process and analyze the data considering available information about

the system and the imaging conditions;

(7) avoid the comparison of apparent data acquired under different (or unknown)

experimental conditions.

Actual nanobubble dimensions

The question that has propelled the work presented in this thesis states: Is it possible
to estimate the actual nanobubble dimensions and to reconstruct the nanobubble
shape using information about the effect of the AFM technique on the apparent
nanobubble dimensions in the images? In order to answer this question, one must first
look back at the results of the TM and Peak Force Tapping AFM experiments
described in Chapter 5 and in Chapter 6. Based on the detailed analysis
of experimental data, a method has been proposed to estimate the actual unperturbed
nanobubble dimensions based on their apparent dimensions and the values
of corresponding imaging parameters. The method involved extrapolation
of the apparent nanobubble dimensions to the ideal non-invasive scanning conditions
— 100% amplitude setpoint ratio and zero free amplitude of the cantilever oscillation
in case of TM AFM, and zero peak force in case of Peak Force Tapping AFM.
Importantly, as shown in Chapter 9, because this method is based on the implicit
assumption that the attraction between the AFM tip and the bubble interface is
absent, it may be applied only if the measurement was done with a relatively
hydrophilic tip. As described in Chapter 7 and in Chapter 9, this can be deduced
from the shape of force-distance curves measured on the bubble (quasi-linear slope,

low attraction, low hysteresis, etc.).

Relying purely on “quantitative” data (bubble height), the extrapolation method does
not allow a distinction between hydrophobic and hydrophilic AFM tips.
Consequently, since the character of the tip-nanobubble interaction and
the nanobubble deformation in a particular experiment are unknown, it is not clear
how the dimensions estimated based on the acquired data are related to the actual
nanobubble dimensions. In the experiments described in Chapter 7 and in Chapter 9,
it has been shown that in case of (mildly) hydrophobic tip, this uncertainty may lead
to a significant under- or overestimation of the actual nanobubble size (height).
On the contrary, the method yielded reasonable results when the imaging was done
with relatively hydrophilic tips. It has been proven that in the absence

of the attraction between the nanobubble surface and the tip apex, the estimated
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values of the nanobubble height were in good agreement with the actual unperturbed

heights measured from force-distance curves acquired on the bubbles.

This is a remarkable result since in TM AFM, the imaging relies on damping
of the cantilever oscillation and not directly on monitoring changes in the imaging
force. In addition, in TM, the estimation is a two-step procedure involving first
the extrapolation of the bubble height to 100% setpoint ratio conditions for a given
non-zero amplitude of the cantilever oscillation, and subsequently, the extrapolation
of the estimated value to zero amplitude conditions. Since one cannot obtain
empirical data measured for non-zero amplitudes at 100% setpoint ratio, in the second
step of the estimation procedure, one must rely on the height-amplitude dependence
measured at 90-95% setpoint ratio assuming that it does not significantly differ
from the expected dependence for 100% setpoint ratio. Moreover, as discussed
in detail in Chapter 5, in addition to the fact that the quantitative dependence
of nanobubble dimensions on the setpoint ratio is different for different amplitude
values and, consequently, that the complementary dependence of the nanobubble size
on the amplitude varies depending on the setpoint ratio, both dependences are also
functions of the (actual) nanobubble size. To simplify, larger nanobubbles respond
differently than smaller nanobubbles to the imaging done under similar conditions,
and their deformation, hence change in the apparent dimensions will be
quantitatively different. This effect should also be taken into account when estimating
the actual nanobubble height.

Compared to TM AFM, Peak Force Tapping AFM allows a more straightforward
and more accurate estimation of the actual nanobubble dimensions. As described
in Chapter 6, it can be done either by direct extrapolation of the apparent data to zero
force conditions (taking into account the influence of bubble size on the size-force
dependence) or by combining the information from height, deformation and adhesion
images. This feature, as well as better control of the forces put on the sample, makes
Peak Force Tapping mode more suitable to image surface nanobubbles than TM AFM.
Another benefit of Peak Force Tapping mode is that it allows simultaneous acquisition
of images showing sample topography, deformation and other force-related
parameters (however, it is not entirely clear how the data is processed), and provides
one with raw force data measured for each point of the scanned area of the sample.

Such an abundance of information facilitates subsequent data analysis.

Faced with the fact that, to date, most of the research on surface nanobubbles has
been performed in the TM AFM, and knowing the character of the (hydrophilic)
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tip-nanobubble interaction, it would be beneficial to investigate how the nanobubble
deformation is influenced by the oscillating movement of the AFM tip
and by damping of the oscillation amplitude. In particular, in order to more accurately
estimate the actual nanobubble shape, it might be interesting to learn about the details
of nanobubble deformation for various imaging conditions such as e.g. large and small

amplitudes of the cantilever oscillation or varied oscillation frequency.

Another issue that requires more investigation is the (quasi)-linear character
of various dependences observed experimentally. The extrapolation methods proposed
in Chapter 5 and in Chapter 6 were based on the linear dependence of the bubble
height (and possibly other parameters) on the oscillation amplitude, the setpoint ratio,
and the peak force. In addition, in Chapter 7 and in Chapter 8, several of the
force-distance curves measured experimentally on the nanobubbles and calculated
from the tip-bubble interaction models (mainly from the dynamic interaction model)
displayed linear slopes. However, in the formulas describing the tip-bubble
interaction, the dependence between the force applied on the tip and the distance
(cantilever deflection) was non-linear. Why then are linear dependences so prevailing
in the experimental data? Future research that would establish the exact character

of the dependences measured experimentally might provide answer to this question.

Going back to the question about the actual nanobubble dimensions, several ways
have been shown to obtain relatively accurate estimation of the unperturbed
nanobubble height. Now one needs to focus on other parameters such as bubble

width, curvature and contact angle.

Nanoscopic contact angle

In this thesis, the issue of the nanobubble contact angle has repeatedly been
addressed. In the experiments, bubbles on two sorts of substrates were investigated —
binary self-assembled monolayers (SAMs) of octadecanethiol (ODT) and 16-mercapto
hexadecanoic acid (MHDA) on ultraflat template-stripped gold (Chapter 4),
and highly oriented pyrolitic graphite (HOPG) (Chapters 5 to 9). On the macroscopic
length scale, the materials displayed a range of contact angles with water. The SAMs
substrates had the contact angles between 107° + 1° and 15° *+ 3°, depending on the
ODT/MHDA ratio; the HOPG had the contact angle of 63° £ 2°. Yet, on
the nanoscopic scale, bubbles displayed high apparent contact angles (>130°)
on almost all the samples, with exclusion of only the most hydrophilic ones described

in Chapter 4. These nanoscopic contact angles were always larger that the
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corresponding macroscopic contact angles. These results are surprising because flat
surfaces that have macroscopic contact angle with water at room temperature greater
than 150° have not been reported. However, as already mentioned in the previous
chapters, these results are in agreement with the substantial experimental evidence
reported so far.!27# At this point, it is interesting to note that, on the one hand,
in Chapter 4 it has been observed that the nanoscopic contact angle varied with the
varied wettability of the samples; on the other hand, in the experiments described
in Chapters 5 to 9, measured contact angles were between ~130° and ~175° for the
nanobubbles on the HOPG sample. Interestingly, contrary to nanobubbles,
nanodroplets investigated with the AFM did not display such a striking contact angle
anomaly while being exposed to similar experimental conditions, level

of contamination, possibility of imaging artefacts etc.>!

It is likely that very close to the substrate, the shape of the three-phase contact line
deviates from that of a spherical cap due to action of surface forces.!! Unfortunately,
this effect cannot be observed by means of the AFM due to limited resolution
of the technique, finite size of an AFM tip, deformation of the surface, roughness
of the substrate and the tip. In the experiments, it has been determined that
the apparent nanobubble contact angle and the contact angle discrepancy are not
induced solely neither by the AFM imaging, nor by the tip convolution, nor by
the bubble height underestimation caused by the invasive imaging conditions.
Instead, the apparent contact angle is strongly influenced by a complex interplay
between the parameters describing the imaging, the bubble, the tip and the cantilever,
and the substrate. These issues have been extensively investigated in Chapter 7,
Chapter 8 and Chapter 9 and it has been established that the tip-bubble interaction
strength depended on the vertical and horizontal position of the tip on the bubble
with respect to the bubble center. Attractive forces dominated the region near
the bubble rim, whereas repulsive (or less attractive) forces dominated the region near
the bubble center. This spatial variation of the interaction strength was most likely
due to long-range attractive forces originating from the substrate under the bubble,

which dominated the interaction at the bubble rim.

Spatial dependences

It has been shown that non-uniform tip-bubble interaction led to the non-uniform
size-dependent nanobubble deformation and caused the non-uniform bubble

size-dependent underestimation of the bubble height, width and, consequently,
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the underestimation of the nanoscopic contact angle. This means that the curvature
of nanobubbles will appear larger in the AFM topographic images than it really is.
The detailed analysis of this effect led to the conclusion that, assuming that
the spherical-cap shape model is valid, surface nanobubbles have nearly flat
pancake-like profiles with large radii of curvature and Laplace pressure close
to the atmospheric pressure. As a continuation of the presented work, more research
on the topic of the tip-nanobubble interaction is needed in order to obtain more
accurate estimation of the actual nanobubble dimensions and their internal pressures.
In particular, the knowledge of the details of the interplay between forces originating
from the bubble interface and from the substrate near the bubble rim would help

to improve the quality of the estimation of the actual nanobubble width.

The findings concerning the non-uniform nanobubble deformation may explain
the dependence of parameters on the bubble size observed in the experiments.
In chapter 5, it has been shown that the severity of the underestimate of the actual
bubble dimensions increased with increasing bubble height and radius of curvature.
Similarly, as described in Chapter 6, the size underestimation for a non-zero peak
force was more pronounced for larger bubbles. This variation was attributed
to the difference in Laplace pressure — bubbles with larger radii of curvature, which
possessed smaller Laplace pressures, showed more pronounced force-induced apparent
size reduction. However, as described in detail in Chapter 9, the mechanism
responsible for the dependence of parameters on the apparent bubble size involves
more factors than merely Laplace pressure. It has been shown that the non-uniform
nanobubble deformation — larger near the rim than near the bubble center —
depended on the local bubble height at a particular point. According to the same
reasoning applied to bubbles of different sizes, smaller bubbles will deform relatively
more than larger bubbles. However, if, at the same time, smaller bubbles are indeed
stiffer than larger bubbles, as suggested above, they will deform relatively less.
Obviously, the issue of size-dependent nanobubble stiffness is still unclear
and requires more investigation. Future research on nanobubble deformation would
require a comprehensive and careful consideration of possible sources of under-
and overestimation of bubble dimensions. This might imply the necessity of revision
of existing AFM data on surface nanobubbles and reconsideration of several issues
such as, for instance, the role of line tension. The aim would be to identify the most
important factors and to describe quantitatively their combined impact
on the apparent bubble shape in order to develop a universal method to determine

the actual nanobubble dimensions. This research might help to resolve several other
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issues such as the alleged dependence of bubble curvature on the nanoscopic contact
angle?® and the variation in the apparent contact angle of nanobubbles measured
on HOPG.

Pinning

Assuming that surface nanobubbles are gaseous domains, the predicted very flat shape
of bubbles explains their prolonged stability'? and the uniformity of their contact
angles. However, it is yet unclear which mechanism is responsible for the
extraordinary flatness of nanobubbles. Seemingly, different mechanism plays
a dominant role on nanoscale then on macroscale. Among the possible scenarios is
the pinning of three-phase contact line to the substrate,!* which has recently gained
increasing attention as a possible nanobubble stabilization mechanism. In Chapter 6,
it has been shown that in Peak Force Tapping AFM, the adhesion, deformation
and dissipation channels displayed the unaltered footprint area of the bubble also
for large peak forces i.e. in those cases, when the apparent bubble width was
significantly reduced in the height image. The pinning of the contact line is one
of possible explanations of these results. Similarly, the observed variation
in the apparent (and estimated actual) contact angles of nanobubbles on HOPG
between approximately 130° and 175° could be related to pinning. However, so far,
it is difficult to make any definitive statement. In future research, it would be
beneficial to determine how the nanobubble stability due to pinning depends
on physical and chemical roughness of the sample and whether it can explain
nanobubble stability to increased temperature.!* In addition, the hypothesis of pinning
brings up two other yet wunresolved issues: the presence and the role
of contamination'® and micropancakes.!® Both topics have been widely discussed,
also throughout this thesis, but the consensus has not been reached so far. Another
pinning-related question that arises, concerns the difference in nanobubble
appearance on hydrophobic vs hydrophilic surfaces. Clearly, more investigation is
needed to address the presented issues. In addition, in the view of recent reports
on the possibility that many reported surface nanobubbles may consist
of contamination,” there is a great urgency to chemically characterize nanobubbles,

micropancakes and nanobubble-micropancake composites.



CONCLUSIONS AND OUTLOOK | 267

Final remarks

The work presented in this thesis shows that a choice of the measurement technique
is one of the most important factors in the research on surface nanobubbles.
In the view of the complexity of AFM and its considerable influence on nanobubble
appearances in the images, there is great need of finding an independent detection
and measuring method. In addition, the recently revived discussion on the origin of
nanobubbles and their nature (composition)!” creates a necessity to critically review
the existing procedures to generate nanobubbles in order to determine and possibly

minimize the problem of contamination in the system.

Since it has not yet been unequivocally resolved whether surface nanobubbles are
gaseous or liquid domains, it is important to note that although the experiments
described in this thesis were done under the assumption that surface nanobubbles are
gaseous domains, the results presented in the previous chapters, as well as these
conclusions, remain valid also in the case when “nanobubbles” are liquid contaminant
droplets. Clearly, AFM cannot help to unequivocally solve this issue of nanobubble

composition.

From the material presented in this thesis, it has become clear that, independently
from the chemical nature of surface nanobubbles, critical verification of the AFM data
and the theories built based on the information derived from AFM images is
a necessary step toward meaningful description of nanobubbles. In sum, future
research on the topic of the AFM measurements of nanobubbles should involve
systematic investigations concerning the quantitative details of the nanobubble
deformation, the tip-nanobubble interaction, and the role of the parameters inherent
to a particular AFM scanning mode. It might be also beneficial to consider how
the presented findings on the AFM on surface nanobubbles can be adapted
to the AFM studies performed on other soft matter systems on nanoscale

e.g. nanodroplets.

Independently on the AFM studies, practical applications of surface nanobubbles
and their possible presence in various systems make also interesting topics for future
research. To give only few examples: the possible biological impact of nanobubbles,
their role in various (matural) phenomena, creation of patterned surfaces,
and applications in microfluidics are the issues that are particularly interesting

not only from the fundamental but also from the practical point of view.
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However, before moving to nanobubbles in complex systems, the remaining

uncertainties need to be addressed in a consistent and systematic way. This includes

verification of mixed and controversial results on a number of topics concerning

e.g. the nucleation method, the presence of water depletion layer near hydrophobic

surfaces, the dependence of contact angle on the nanobubble curvature, and stability

theories.
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Summary

Nanoscopic gas bubbles on surfaces immersed in water, investigated in this thesis,
termed “surface nanobubbles”, with diameters hundred times smaller than
the diameter of a human hair and ten times smaller than the diameter of a red blood
cell belong to the realm of nanoscale. Since surface nanobubbles involve three phases,
i.e. gas, liquid and solid, they present an excellent system to study wetting of surfaces
on the nanoscale, which becomes increasingly important in nanotechnology, biology

and other fields.

The work presented in this thesis aimed toward a better understanding of the role
of Atomic Force Microscopy (AFM), which is the technique that is commonly used
to investigate surface nanobubbles, in the outcome of the analysis of the shape
and dimensions of nanobubbles. In particular, it is highly necessary to recognize
the discrepancy between the apparent nanobubble shape visible in AFM images
and the actual unperturbed shape of nanobubbles. This issue is particularly important
because the knowledge about actual nanobubble curvature and contact angle is crucial
for solving the puzzle of the long-term stability of nanobubbles, which would

undoubtedly accelerate current research in the field.

After a brief introduction in Chapter 1 into the occurrence and the role of bubbles
in systems on different length scales, Chapter 2 presents basic information on the
wetting and the AFM technique, and summarizes experimental and theoretical work
done on surface nanobubbles in the last two decades. Several issues such as
the morphology, nucleation, stability and practical applications of nanobubbles are
addressed in detail. The general presentation of the topic in Chapter 2 sets

the foundations for the experimental work described in the thesis.

Chapter 3 provides the motivation behind the research and presents the main
scientific challenges addressed in the thesis. It also describes the research hypotheses

and lists the objectives of the experiments presented in the subsequent chapters.
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The high apparent contact angle, seemingly independent from the hydrophobicity
of the substrate, is one of the features of surface nanobubbles that are in contradiction
with theoretical predictions. With the AFM being practically the only source
of information on nanobubble dimensions, the question arose whether the unusually
flat profile of nanobubbles had its source in the AFM imaging or was caused by
an independent mechanism. In order to address this issue, we conducted a series
of AFM experiments described in Chapter 4 to investigate the contact angles
of nanobubbles on surfaces with controllably varied wettability. The first part
of the chapter describes in detail the method of sample preparation; the second part
focuses on the AFM results. We have established that the apparent nanoscopic contact
angle of nanobubbles decreases with decreased hydrophobicity of the substrates;
however, its value always exceeds the corresponding macroscopic value, hence
the flat shape of nanobubbles is not induced merely by the AFM scanning.
In the experiments, very low contact angles of nanobubbles on hydrophilic substrates

were measured for the first time.

The mechanism of AFM imaging requires that a non-zero force is exerted on
the sample. This makes the AFM an invasive technique, especially for investigating
soft samples like surface nanobubbles. Even though it has been suspected
in nanobubble research that nanobubbles may become deformed during the imaging
process, the magnitude of the effect was unknown and its eventual impact on

the acquired experimental data was usually neglected.

We systematically investigated the issue of nanobubble deformation in two AFM
imaging modes most commonly used to study surface nanobubbles — tapping mode
(TM) AFM and Peak Force Tapping AFM. In the experiment performed in TM, which
is described in Chapter 5, we varied two parameters that define the magnitude of
the force applied on a sample during the imaging — the amplitude of the cantilever
oscillations and the amplitude setpoint ratio — in order to establish a quantitative
relation between the values of the parameters and the change in the apparent
nanobubble dimensions in the AFM height images. The results allowed us to develop
a method to estimate the actual dimensions of nanobubble in a particular
TM experiment based on their apparent shapes and sizes, and the values of

the scanning parameters used to acquire the image.

The results of the complementary experiment performed in Peak Force Tapping AFM
are presented in Chapter 6. In this experiment, we systematically investigated how

the apparent nanobubble size changed for varying peak scanning force exerted on
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the sample during the imaging. A detailed comparison of the results obtained in
TM and in Peak Force mode led to the conclusions that nanobubble deformation is
a common phenomenon in the AFM, and that nanobubbles are always deformed
while imaged with the AFM, i.e. that they do not display their actual dimensions
in the AFM height images. In addition, we have shown that the extent and
the character of nanobubble deformation vary depending on the utilized imaging

mode.

Knowing the effects of the AFM scanning on the apparent nanobubble dimensions
in the AFM height images, we focused on the nanobubble shape and, in particular,
on the nanobubble shape deformation. Because the nanobubble deformation is caused
directly by the interaction forces between the nanobubble surface and the apex
of a sharp tip used as a probe in the AFM imaging, in our next experiments, we aimed
to characterize the tip-nanobubble interaction and to describe its role in determining
the apparent nanobubble shape and dimensions in the AFM images. So far, this topic
has not been thoroughly studied and the nature of the tip-nanobubble interaction

forces was unknown.

First, in the experiment described in Chapter 7, we have determined the stiffness
of the nanobubble interface and we have found that it is comparable with the surface
tension of water, which is consistent with the assumption that surface nanobubbles
are gaseous domains. These findings supported our earlier hypothesis that
nanobubbles are very soft, compared to the stiffness of an AFM cantilever, hence they
will easily become deformed during the imaging. In addition, we have discovered
that, depending on the cleanliness and the size of an AFM tip, the interaction between
the tip and the nanobubble is governed by different forces that create entirely
different experimental conditions and lead to different nanobubble deformation.
In particular, a hydrophobic AFM tip likely penetrates the bubble during imaging
and both the interaction strength and the bubble deformation are governed mainly
by the capillary force acting through a three-phase contact line that forms on the tip.
On the contrary, a hydrophilic tip interacts with the bubble through a thin liquid film
that separates the tip apex from the bubble surface at all times during the imaging.
In this scenario, the bubble deformation is determined by the hydrodynamic effect

arising from squeezing the film as the tip approaches the bubble.
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Further details about the hydrodynamic effect and the interaction between
hydrophilic tips and nanobubbles during the AFM imaging are provided in Chapter 8
that describes a combined experiment performed on nanobubbles in lift mode
and in Force Volume AFM. In this experiment, we investigated the effect of varying
direction and speed of the tip movement during the imaging on the nanobubble
deformation. We have found that the magnitude and the character of the deformation
varied depending on whether the tip approached the bubble from the top or from
the side. These findings may have significant consequences for the nanobubble
deformation in the AFM imaging modes that involve different tip movement protocol

during the measurement.

Finally, in Chapter 9, we analyze in detail the nanobubble deformation as a function
of the position of the tip on the bubble under different experimental conditions.
We show that the magnitude of deformation and the strength of the tip-bubble
interaction display complex dependences on the size of the bubble and the tip, and
on the relative position of the tip on the bubble with respect to its center and
its distance to the surface. After discussing the possible reasons of the spatial
dependence of the nanobubble deformation, we consider the consequences of this
effect for the shape of nanobubbles in the AFM images. Based on our findings,
we deduce the unperturbed nanobubble shape that differs from its apparent shape and
from the shape of macroscopic bubbles. Namely, we postulate that the AFM imaging
leads to an underestimation of the apparent nanobubble contact angle, which implies
that nanobubbles are very flat structures with a Laplace pressure that only slightly

exceeds the atmospheric pressure.



Zusammenfassung

Bringt man Oberflidchen in Kontakt mit Wasser, bilden sich nanoskopische Gasblasen,
sogenannte Oberflichennanoblasen (,Surface Nanobubbles®), die in dieser Arbeit
untersucht wurden. Mit einem Durchmesser hundertmal kleiner als der des
menschlichen Haares und zehnmal kleiner als der roter Blutkdrperchen gehoren sie
zum Nanokosmos. Da an Oberflichennanoblasen Grenzflichen der drei Phasen Gas,
Fliissigkeit und Feststoff auftreten, bilden sie ein ideales System zum Studium der
Benetzbarkeit von Oberflichen auf der Nanoebene - einer Thematik von

zunehmender Bedeutung fiir die Nanotechnologie, Biologie und anderer Bereiche.

Das Ziel der in dieser Dissertation durchgefiihrten Arbeiten ist ein besseres
Verstindnis der Rasterkraftmikroskopie (AFM) und der Auswirkung verschiedener
Messparameter auf die apparenten Dimensionen der Nanoblasen. Dies ist von
besonderer Bedeutung, da die mittels AFM gewonnen Daten die Basis fiir die
Berechnung der Kriimmungsradien und Kontaktwinkel der Nanoblasen bilden. Aus
diesen Parametern ergeben sich bislang nicht zufriedenstellend beantwortete Fragen
nach der unerwartet langen Lebensdauer der Nanoblasen, so dass eine grundlegende
Uberpriifung der experimentellen Befunde einer weiteren theoretischen Betrachtung

vorausgehen muss.

Nach einer kurzen Einfithrung zum Auftreten und der Bedeutung von Blasen in
Systemen unterschiedlicher Lingenskalen in Kapitel 1, stellt Kapitel 2 grundlegende
Informationen zu der Benetzung von Oberflichen sowie der AFM-Technik dar und
fasst den Stand der Forschung zu Surface Nanobubbles der letzten zwei Dekaden
zusammen. Dabei werden Themen wie die Morphologie, Keimbildung und Stabilitét
sowie praktische Anwendungen von Nanoblasen detailliert behandelt. Diese
allgemeinen Betrachtungen legen die Basis fiir die experimentellen Arbeiten, die in

dieser Dissertation behandelt werden.
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Kapitel 3 thematisiert die Fragestellungen, die diese Forschungsarbeit begriinden und
die wissenschaftlichen Herausforderungen, die hier behandelt werden. Dabei werden
die Forschungshypothesen diskutiert und die daraus abgeleiteten Zielsetzungen der

Experimente dargelegt, welche in den folgenden Kapiteln beschrieben werden.

Der hohe Kontaktwinkel, der anscheinend unabhidngig von der Hydrophobie des
Substrats ist, ist eine der Eigenschaften von Nanoblasen, die im Widerspruch zu
theoretischen Vorhersagen steht. Da AFM praktisch die einzige Technik ist, die
Informationen zu den Dimensionen von Nanoblasen liefern kann, stellte sich die
Frage, ob das ungewohnlich flache Profil der Nanoblasen auf die AFM-Messungen
selbst zuriickzufiihren ist, oder durch einen weiteren unabhidngigen Mechanismus
hervorgerufen wird. Um dieses Problem zu bearbeiten, haben wir eine Reihe von
AFM Experimenten durchgefithrt und die Kontaktwinkel der Nanoblasen auf
Oberflichen von systematisch variierter Benetzbarkeit bestimmt (Kapitel 4). Der erste
Teil des Kapitels beschreibt detailliert die Probenpriparation; der zweite Teil befasst
sich mit den AFM Ergebnissen. Wir haben festgestellt, dass der apparente
nanoskopische Kontaktwinkel der Nanoblasen mit abnehmender Hydrophobie des
Substrates sinkt. Allerdings {ibersteigt er immer den entsprechenden
makroskopischen Wert, so dass das flache Profil der Nanoblasen nicht allein durch
den AFM Scan hervorgerufen wird. In diesen Experimenten wurden erstmals sehr

niedrige Kontaktwinkel von Nanoblasen auf hydrophilen Oberflichen gemessen.

Das Prinzip der AFM-Abbildung erfordert, dass eine gewisse Kraft auf die Probe
ausgeiibt wird. Dadurch wird AFM zu einer invasiven Technik, insbesondere bei der
Untersuchung weicher Proben wie Nanoblasen. Auch wenn seit Beginn der
Forschung an Nanoblasen vermutet wurde, dass die Blasen durch den
Abbildungsprozess deformiert werden kénnen, war das Ausmaf} unbekannt und die
moglichen Auswirkungen auf die experimentellen Resultate wurden weitgehend

vernachlassigt.

Wir haben das Problem der Deformation von Nanoblasen systematisch fiir zwei
Abbildungs-Modi untersucht, die hdufig in Studien von Nanoblasen eingesetzt
werden — Tapping Mode (TM) AFM und Peak Force Tapping AFM. In den
Experimenten im TM, die in Kapitel 5 beschrieben sind, haben wir zwei Parameter
variiert, die die Grofie der auf die Probe iibertragenen Kraft definieren - die
Amplitude der Schwingung des Cantilevers und das Verhiltnis von Setpoint und
Amplitude. So konnten Zusammenhidnge zwischen den Werten dieser zentralen Scan-

Parameter und den apparenten Dimensionen der Nanoblasen quantifiziert werden.
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Diese Ergebnisse erlaubten es uns, eine Methode zu entwickeln, durch die aus den
apparenten Dimensionen einer Nanoblase und den jeweiligen Scanparametern die

tatsdchliche Gestalt einer Nanoblase abgeschitzt werden kann.

Die Ergebnisse der entsprechenden Peak Force Tapping AFM Experimente sind in
Kapitel 6 dargestellt. In diesen Experimenten haben wir systematisch die apparente
Grofde der Nanoblasen in Abhéngigkeit von der maximal ausgeiibten Kraft untersucht.
Ein detaillierter Vergleich der Resultate aus Tapping Mode und Peak Force AFM hat
zu dem Ergebnis gefiihrt, dass die Deformation der Nanoblasen ein generelles
Phianomen bei AFM Abbildungen ist, d.h. die tatsdchliche Gestalt der Nanoblasen
wird durch die gemessene Topographie nicht korrekt wiedergegeben. Weiterhin
haben wir gezeigt, dass das Ausmafd und der Charakter der Deformation der

Nanoblasen von dem jeweiligen Abbildungsmodus abhidngen.

Nachdem die Auswirkungen eines AFM-Scans auf die apparenten Dimensionen der
Nanoblasen in topographischen AFM Abbildungen herausgearbeitet waren, haben wir
die Aufmerksamkeit auf die Gestalt der Nanoblasen uns insbesondere auf die
Deformation der Gestalt gelegt. Da die Deformation der Nanoblasen direkt durch die
Wechselwirkungskrifte zwischen der Blase und dem Apex der AFM Spitze
hervorgerufen wird, zielten unsere nidchsten Experimente darauf ab, die Interaktion
der AFM-Spitze und der Nanoblase zu charakterisieren und ihren Einfluss auf die
Form und Dimension der Nanoblase im AFM-Bild zu beschreiben. Bislang wurde
dieser Aspekt nicht tiefergehend analysiert und die Natur der Wechselwirkungskriéfte

zwischen Spitze und Nanoblase war unbekannt.

Zuerst haben wir in den Experimenten beschrieben in Kapitel 7 die Steifigkeit
der Oberfliche der Nanoblasen bestimmt. Diese liegt im Bereich der
Oberflichenspannung von Wasser, was mit der Annahme konsistent ist, dass es sich
bei den Nanoblasen um gasgefiillte Doménen handelt. Das Ergebnis unterstiitzte
unsere Hypothese, dass Nanoblasen verglichen mit der Steifigkeit von AFM-
Cantilevern sehr weiche Strukturen sind und sich wéhrend der Abbildung leicht
deformieren lassen. Weiterhin haben wir herausgefunden, dass abhingig von der
Sauberkeit und Grofse der AFM-Spitze die Interaktion zwischen einer Nanoblase und
der AFM-Spitze von verschiedenen Kréften bestimmt wird, die génzlich verschiedene
experimentelle Bedingungen schaffen und zu unterschiedlichen Deformationen
der Nanoblasen fithren. So penetriert eine hydrophobe Spitze die Blase wihrend
der Abbildung und sowohl die Stirke der Wechselwirkung als auch die Deformation

der Blase werden bestimmt von Kapillarkriften, die in dem Drei-Phasengebiet
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an der Spitze wirken. Im Gegensatz dazu interagiert eine hydrophile Spitze mit der
Nanoblase iiber einen diinnen Fliissigkeitsfilm, der zu jeder Zeit eine Grenzfliche
zwischen der Spitze und der Blase bildet. In diesem Fall wird die Deformation der
Blase von hydrodynamischen Effekten bestimmt, die bei dem Herauspressen des

Flissigkeitsfilms zwischen der Blase und der sich nidhernden Spitze auftreten.

Weitere Details des hydrodynamischen Effekts und der Wechselwirkung hydrophiler
Spitzen und Nanoblasen wihrend der Abbildung mit AFM finden sich in Kapitel 8,
das ein kombiniertes Experiment im Lift Mode und im Force Volume Mode
beschreibt. In diesem Experiment haben wir den Effekt einer unterschiedlichen
Richtung und Geschwindigkeit der Spitzenbewegung auf die Deformation der Blasen
untersucht. Wir fanden einen Unterschied im Ausmaf$ und der Art der Deformation
abhingig davon, ob sich die Spitze der Blase von oben oder von der Seite ndhert. Diese
Ergebnisse konnen signifikante Auswirkungen auf die Deformation von Nanoblasen
haben, wenn Abbildungsmodi eingesetzt werden, die unterschiedliche Protokolle der

Spitzenbewegung wihrend der Messung nutzen.

In Kapitel 9 haben wir abschliefSend eine detaillierte Analyse der Deformation der
Nanoblasen in Abhingigkeit von der Position der Spitze auf der Blase unter
verschiedenen experimentellen Bedingungen vorgenommen. Hier zeigen wir, dass die
Grofie der Deformation und die Stirke der Wechselwirkung zwischen der Spitze und
einer Blase eine komplexe Abhdngigkeit von der Grofse der Spitze und der Blase sowie
der relativen Position der Spitze beziiglich des Mittelpunkts der Blase und dem
Abstand zur Blase aufweist. Nach der Diskussion mdglicher Griinde der
ortabhidngigen Deformation der Nanoblasen betrachten wir die Konsequenzen fiir die
Form von Nanoblasen in AFM-Abbildungen. Basierend auf unseren Ergebnissen
leiten wir die Form einer unbeeinflussten Nanoblase ab, die sich sowohl von ihrer
apparenten Form als auch von der Form makroskopischer Blasen unterscheidet. Somit
kommen wir zu dem Schluss, dass der apparente Kontaktwinkel basierend auf AFM-
Abbildungen unterschitzt wird, was bedeutet, dass Nanoblasen sehr flache Strukturen

sind und der Laplace-Druck den Atmosphérendruck leicht iibersteigt.
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