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1
Introduction

In this chapter an introduction to the thesis will be given. All projects
described in this thesis are part of a collaboration between the University of
Twente and Canon Production Printing B.V. First, a theoretical introduction
to the physical background of the presented work will be given. It will cover
the basics of wetting of solid surfaces by liquids as well as the chemical
structure and working principles of surfactants. The second part will provide
basic information about industrial inkjet printing, in order to give the reader
an impression about the potential application of experimental research.

1.1 Wetting - the science of droplets and films

Many aspects of the inkjet printing process deal with wetting of solid surfaces
by liquids. Wetting describes the behaviour of liquids in contact with solid
surfaces. In other words, it describes the spreading, formation and shape
of sessile droplets, liquid films and capillary phenomena. It may come as a
surprise that events so common in every day life, and which are seemingly
so straightforward, are still a subject of scientific research. In the following
section, I aim to demonstrate that the wetting is a relevant, fascinating and
still surprising topic.

1.1.1 Young’s equation and sessile droplets

Probably the most intuitive example of different wetting properties of solid
surfaces can be spotted when observing shapes of sessile droplets. For in-
stance, in the kitchen we commonly use polytetrafluoroethylene (PTFE -
also know as teflon) covered frying pans. If we splash clean water on a PTFE
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coated pan, we will notice that water instantly forms droplets with high con-
tact angle θ (see Figure 1.1A), which easily roll on the surface when we tilt
the pan. An entirely different effect will occur, if we repeat the same ex-
periment with a metal pot. In that case, water will spread and form a film
or thin droplets (see Figure 1.1B). Even if we tilt a metal pot to remove
the water from it a lot of water will stay inside, stuck at the bottom in the
form of a thin film. This difference in water behaviour originates from the
different chemical structures of metal as compared to PTFE surfaces result-
ing in contrasting wetting properties. Surfaces with a high affinity to water,
like metals, are often referred to as hydrophilic.1 Surfaces like PTFE, with
low affinity are called hydrophobic, on the other hand.1 We can also say that
water wets metals well, but it does not wet PTFE.

A) B)

q
q

Figure 1.1: Water droplet formed on a PTFE (A) and a metal (B) surface.

The first attempt to describe this phenomenon was by Thomas Young in
1805.2 He postulated that the contact angle of a sessile droplet on a flat
surface will depend on the surface energies of all interfaces present in such a
system:

cos(θ) = γSG − γSL

γLG
(1.1)

where θ is the contact angle, and γSG, γSL, γLG correspond to the solid-
gas, solid-liquid and liquid-gas surface energies respectively, as illustrated
in Figure1.2A. Surface energy is an excess energy of unsaturated molecular
bonds present at the interface, which are usually neutralized in the bulk of
a material.3,4 It is also equivalent to the energy required to create a certain
area of a new interface between two phases. In case of the liquid-gas interface,
often the surface tension term is used instead of surface energy, to showcase
that liquids have the tendency to shrink in order to minimize their surface
area. The shrinking behaviour is enabled by the mobility of molecules in the

2



1.1 Wetting - the science of droplets and films

liquid state, which together with the force created by unsaturated molecular
bonds, results in the curvature of a liquid surface (see Figure 1.2B).3,4

g
SV

g
SL

g

q

LV

A) B)

Figure 1.2: A) A sessile droplet with illustrated surface tension vectors and the resulting
contact angle as described by Young’s equation 1.1. B) The net force owing to the unsatur-
ated molecular bonds leads to the surface tension, which eventually results in the curvature
of liquid surface.

Although, as will be shown later, Young’s equation is accurate only for
idealized cases, it beautifully demonstrates that the contact angle of sessile
droplets is mainly a result of the tendency to minimize the total energy of
the system. Therefore water, which has a high surface tension owing to
unsaturated hydrogen bonds (γw ≈ 72mN/m), will spread on surfaces with
even higher surface energy (like metals) in order to minimize the total energy
of the system.3,4 However, on low energy substrates (like PTFE) it will be
more optimal for water to reduce its surface area as much as possible, forming
a sessile droplet with a high contact angle. Following the same logic oils,
which have a much lower surface tension than water (γo ≈ 20 − 30mN/m),
will spread on almost any surface. This makes them excellent lubricants,
which are notoriously difficult to remove from solid surfaces. It should also
be stressed that the surface forces have only limited strength. Therefore,
if droplets are large enough, gravity will start to play a significant role in
determining the shape of sessile droplets. The size of a droplet, specific for
each liquid, at which gravity start to play a significant role is referred to as
capillary length and is defined as:4,5

λC =
√
γ

ρg
(1.2)

where λC is the capillary length, γ is the surface tension of a liquid, ρ is its
density and g is the gravitational acceleration. For instance λC of water is
only ≈ 2.7mm and it is even smaller for organic liquids having lower surface

3



Chapter 1 Introduction

tensions and higher densities. Sessile droplets with radius R smaller than
λC will assume a spherical cap shape, determined mainly by the surface
tension of the liquid. Droplets with R > λC will have flatted tops due to
the gravitational force acting on the liquid. Still, even for R > λC the
contact angle measured close to the contact line should remain unchanged.
For R � λC we observe the formation of a liquid film rather than a sessile
droplet.

1.1.2 Contact angle hysteresis

Unfortunately Young’s equation only takes into the account interfacial en-
ergies and assumes that they are homogenous over the entire contact area
between liquid and solid. However, when we look closely at Figure 1.2, we
will notice that both droplets have different contact angles at their left and
right sides. This difference most probably originates from the roughness and
inhomogeneities present on both surfaces, which influence the movement of
the droplet’s contact line.6,7 Imagine a sessile droplet with a certain contact
angle θ deposited on a substrate and pierced by a needle. Following the logic
of Young’s equation, if liquid is added to the droplet via the needle it should
immediately move its contact line in order to keep θ constant. However, in
most of the cases roughness present on the surface or inhomogeneities hav-
ing higher affinity towards the liquid will create an extra force inhibiting the
contact line movement. This extra forces are often called pinning forces, be-
cause they "pin down" the contact line. As a result, only after reaching a
certain threshold value θA, referred to as the advancing contact angle, the
pressure will be high enough to overcome the pinning forces and the contact
line will move (see Figure 1.3A).7 A similar situation will occur during the
depletion of liquid from the droplet. Now the contact angle drops first until it
reaches the angle called receding contact angle θR and only then the contact
line will move inwards, as shown in Figure 1.3B.7 The same behaviour can
be observed if the sessile droplet is moving sideways, for instance due to the
gravitational force if the substrate is tilted or due to any horizontally acting
force f.e. wind. In that case the droplet will assume an asymmetric shape
and will have a higher contact angle θmax on the side facing the direction of
movement and a lower θmin on the other side, which is shown in Figure 1.3C.
Note that the contact angles of the moving droplet may vary from the θR

and θA measured during inflation/deflation of the droplet, for instance due
to the kinetic energy of sliding drops.8,9 As a result, a droplet can exhibit a

4
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range of contact angle values ranging between θR and θA, instead of only one
θ as postulated by Young. The difference between θR and θA is referred to
as contact angle hystersis and its magnitude is used to asses the mobility of
liquids on various surfaces.7

A)

A

- Needle B) C)

q Rq minq maxq

- Needle
Direction of motion

Figure 1.3: Process of inflation A) and deflation B) of a sessile droplet with marked ad-
vancing and receding contact angles, respectively. C) Sideways motion of a sessile droplet
results in its asymmetric shape. Droplet will exhibit the advancing contact angle on the
side facing direction of motion and the receding contact angle on the other side.

The existence of contact line pinning has massive implications for numerous
practical applications such as inkjet printing,10 spray-coating11 or pesticide
spraying12 just to name a few. In order to predict the contact angle of sessile
droplets, their spreading and evaporation, it is necessary not only to know
all interfacial energies, but also to take into account all factors mentioned
earlier, like surface roughness and contaminants.7 Furthermore, these factors
can dynamically change over time, for instance due to dust accumulation or
abrasion of the surface, making everything even more complex. Still, not only
these parameters can change in the liquid systems. It should be emphasized
that not only the properties of the liquid govern the wetting processes, but
also the properties of the surfaces play a major role.

1.1.3 Surface adsorption and surfactants

In order to predict the sessile droplet contact angle (even for an ideal sub-
strate with no hysteresis), Young’s equation requires the knowledge of all
three interfacial tensions. Out of them, only the liquid-gas surface energy
γLG can be directly measured experimentally, for instance by the pendant
drop13 or Wilhelmy plate methods.14 The solid-liquid γSL and solid-gas γSG

can be established only by protocols using contact angles measurements of
sessile droplets of specially chosen test liquids15 or by measuring the contact
angle hysteresis.16 However, these methods are indirect and time consum-

5
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ing.17 The interfacial energies are a result of atomic and molecular inter-
actions present on the length scales of only a couple of nanometers, in the
closest vicinity of the interface. Hence, any modification of this tiny region
may lead to a massive change in the interfacial energy.18 Adsorption - the
attachment of atoms or molecules to the surface, is one of the most com-
mon phenomena responsible for surface modification. We define two types
of adsorption - physical and chemical. The former occurs when adsorbing
substances (adsorbates) bind to the surface in a reversible way, for instance
via van der Waals forces or hydrogen bonds. The latter takes place when
during the adsorption chemical bonds are created between surface and the
adsorbate, making it irreversible.

Surfactants are a class of surface active chemicals, which are commonly
used to modify surface energies of liquids.19 The name "surfactant" is created
from a blend of words: surface-active agent. Their characteristic feature
is the asymmetric molecular structure with one part of the molecule being
significantly more polar than the other part. Therefore, surfactants are of-
ten pictured as molecules with long hydrophobic chain (typically aliphatic)
and a polar hydrophilic head, as shown in Figure 1.4A. Even though this is
true for many surfactants, it should be stressed that surfactant can also have
complex and branched molecular structures (see Figure 1.4B). Surfactants
are classified on the basis of their hydrophilic head.19 If the surfactant con-
tains ionic-bonds it is called ionic. More specifically, if a negative charge is
located on the main part of the molecule, the surfactant is called anionic,
and if that charge is positive - cationinc. Molecules containing both charges
simultaneously are called amphoteric. Surfactants without any ionic bonds
are referred to as non-ionic.

Whenever there is an interface between one polar and one non-polar sub-
stance, for instance between water and air, the surfactant molecules will
adsorb on such an interface with their hydrophilic heads pointing towards
the polar substance and tails facing the opposite direction.20,21 This config-
uration is beneficial for surfactant molecules, since their polar and non-polar
parts are both in the vicinity of substances with a similar character. This re-
duces the number of unsaturated bonds at the interface and hence decreases
the surface energy of this interface. The adsorption of surfactants at the
interfaces can be utilized not only to lower the surface tension and facilit-
ate spreading of liquids,22 but also to produce emulsions, such as milk or
many cosmetics. In emulsions, droplets of non-polar or polar substance are

6
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A)

B)

Figure 1.4: A) A model of a surfactant molecule consisting of a hydrophilic head (marked
with red) and a hydrophobic chain (black). B) Popular examples of chemical structures of
anionic, cationic and non-ionic surfactants in research and industry. Hydrophilic parts of
the surfactant molecules are marked with red.

stabilized by surfactants, which allows them to form a stable dispersion in
medium with different polarity.23 That is also why surfactants are commonly
used in soaps, helping us to remove oils from surfaces. Similarly surfactants
can adsorb at the surface of particles suspended in a liquid, preventing them
from agglomerating and creating stable colloidal suspension (i.e. latex ink or

7
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paint).
The adsorption of surfactants at interfaces is a challenging topic and a sub-

ject of intense research. In general, we can state that when a surfactant is
introduced to the liquid it will agglomerate at the interfaces. If a surfactant
is soluble in a liquid, some part of it will always remain in the liquid phase.
The soluble surfactant adsorbed at the interfaces and in the bulk will remain
in dynamic equilibrium (unless adsorption is irreversible), with surfactant
molecules continuously adsorbing and desorbing from interfaces. The ad-
sorption process at the liquid-gas interface is the easiest to monitor, since we
have direct methods to probe the surface tension.13,14 It was shown that with
increasing surfactant concentration a growing number of molecules will ag-
glomerate at the liquid-gas interface, lowering the surface tension. However,
there is a limit to the molecular density which can be achieved by surfactant
molecules at the interface. Therefore, after overcoming a certain threshold,
supplying additional surfactant to a solution will have no effect on the surface
tension (see Figure 1.5).20,24 Since in this situation there is no more place
available at the liquid-gas interface, surfactant molecules will start to form
micelles or reverse-micelles in the bulk of a solution.18 Micelles are three-
dimensional, spherical structures formed from surfactant molecules in polar
liquids, where the hydrophilic heads of the surfactant are pointing towards
the outside and tails of the surfactant to the inside, respectively. Reverse

Surfactant concentration 

(1)

(1) (2)

(2)

Critical micelle
concentration (CMC)

Su
rf

ac
e 

te
ns

io
n

Air

Water

Air

Water

Micelle

Figure 1.5: The typical dependence of surface tension of a polar liquid mixture on the
concentration of surfactant. Arrangements of the surfactants in the solution and at the
liquid-air interface for the concentrations below and above the critical micelle concentration
are sketched at the left and right respectively.
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1.1 Wetting - the science of droplets and films

micelles have the opposite configuration and are formed in non-polar liquids.
The threshold concentration at which micelles start to form is commonly re-
ferred to as critical micelle concentration (CMC) and is a value specific for
every solvent-surfactant combination.

The situation at the liquid-solid interface is slightly more complex for a
couple of reasons. First, similar to the liquid-gas interface adsorption of
a surfactant at the solid-liquid interface will change its energy. Unfortu-
nately, there is no measurement technique available that can directly probe
the liquid-solid surface tension, which makes the investigation indirect and
time consuming. For instance, the thickness of an adsorbed surfactant layer
can be probed by ellipsometry25 or dual polarization interferometry.26 How-
ever, these methods neither provide information on the shape of surfactant
structures, nor about the surface energy. The shape of surfactant structures
can be investigated, for instance by atomic force microscopic, but it does
not allow to directly measure the interfacial energy.27,28 Second, unlike for
the liquid-gas interface, where the gas phase is simply air, for a vast ma-
jority of cases there is an enormous amount of possible solid surfaces, each
with unique chemical structure, corrugation and inhomogeneities. Together
with a myriad of solvents and their mixtures used in practical applications
it results in a massive number of combinations, which can be considered.
Furthermore, the adsorption of surfactants may sometimes lead to dramatic
and unexpected changes. For example, a class of siloxane-based surfactants
called superspreaders is known to dramatically facilitate polar liquid spread-
ing, even on hydrophobic surfaces.29–31 This effect is utilized, for instance to
enhance the spreading of pesticide containing droplets on hydrophobic plants
leaves. On the contrary, other surfactants can adsorb on high energy surfaces
(f.e. silicon oxide) with their hydrophilic heads pointing towards the surface
and hydrophobic tails towards the outside, resulting in a more hydrophobic
surface.32–34 This effect is called autophobing and is relevant for applications
where high energy surfaces are in contact with complex liquid mixtures, for
instance the silicon nozzle plate in inkjet printing. In this thesis it will be
demonstrated that the adsorption of a surfactant can also enhance the con-
tact line pinning of sessile droplets. The complexity and relevance of issues
related to surfactant adsorption at the solid-liquid interface inspired a large
portion of research presented in this thesis.

9
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1.2 Industrial inkjet printing

In this section the inkjet printing technology will be briefly introduced in
order to illustrate where the previously discussed physical wetting phenomena
can find potential application. Already in the beginning it should be stressed
that this project does not concern small desktop inkjet printers, which can be
found in almost every home or office. Canon Production Printing B.V. (CPP
- in short) exclusively produces large industrial printers. Their portfolio
consists of two main series of products. The first type are fast, digital printers
for printing bulk quantities of documents, books or brochures. They can be
longer than 15m, basically occupying a whole room. These printers can print
up to 300 A4 images a minute in case of cut-sheet printers and over 100m/min
in case of continuous feed printers, which use big rolls of paper. An example
of a cut-sheet printer from the varioPRINT ix-series is show in Figure 1.6A.
The second type are large format printers (see for example in Figure 1.6B).
They are utilized to print posters, banners or large-scale CAD drawings.
They are capable of reaching printing speeds in the range of 150m2/h, while
printing fully colour graphic and have a maximal resolution of 1600 dpi.

A) B)

Figure 1.6: A) varioPRINT ix-series cut-sheet printer. B) Colorado 1650 large format
printer.

1.2.1 FIP program

The inkjet printing process consists of multiple steps and aspects, of which
the jetting of droplets is only one small step.35 All these steps need to be
optimized in order to achieve the best possible result. To tackle the physical
challenges in the inkjet printing process in a structured manner, CPP started
a collaboration with the University of Twente and Eindhoven University of
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Technology. The main applicant and leader of this project is Prof. dr. Detlef
Lohse of the Physics of Fluids group from the University of Twente. The
program entitled "Fundamental fluid dynamic challenges in inkjet printing",
FIP in short, consists of 12 separate projects covering a wide range of top-
ics, starting from the improvement of piezo-actuator, through the jetting of
droplets, their behaviour on a medium and liquid imbibition into the paper.
A schematic representation of the topics of the FIP program is shown in Fig-
ure 1.7. Of the 12 projects, half is experimental and the other half is focused
on numerical simulations.

Figure 1.7: Topics of twelve separate projects making up the FIP program. These projects
are: (1) Improvements of piezoactuator, (2) Air bubble entrainment into the ink channel,
(3) Lattice Boltzmann modelling of meniscus and droplets dynamics, (4) Jet breakup and
wetting dynamics for liquid mixtures, (5) Coalescence of complex droplets, (6) Drying of
droplets: experiments on smooth surfaces, Liquid penetration into paper: experiments (7),
numerics (8), Lattice Boltzmann simulations (9), (10) Paper mechanics and effect of porous
3D structures, (11) Phase-field modelling and simulation of droplet motion and evaporation
on elastic substrates, (12) Unravelling the physics of hydro-expansion of paper fibres and
sheets.

This thesis is about project nr.6, which has the title: "Drying of droplets:
experiments on smooth surfaces". Although in Figure 1.7 project nr.6 is
marked at the substrate, the most common printing medium - paper is any-
thing but smooth. Even though inkjet printers can be used to print on smooth
media such as plastics or metals, drying of liquids occurs not only there, but
also at the nozzle-plate, which is made of silicon. Hence, in the reminder of
this chapter the construction of the inkjet printhead, requirements for the

11
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jetting process and types of inks used for inkjet printing will be described in
detail.

1.2.2 Construction of the printhead

An industrial printer is equipped with a few printheads, one for every col-
our. Each of these printheads consists of hundreds of individually controlled
nozzles.35 A single nozzle is a couple of tens of micrometers in diameter and is
able to produce up to 50000 droplets per second (50kHz). Generated droplets
have different volumes depending on the printhead, however nowadays they
can be as small as picoliters in order to achieve the best possible print resol-
ution.
In the past, inkjet printers used thermal droplet generation technology.

In this method a heating element was used to produce a vapour bubble
inside an ink channel in order to generate a pressure wave and jet a droplet.
Although thermal inkjet technology is cheap and easy to implement, it does
have limited jetting frequency and a tendency for issues like clogging. That
is why nowadays, piezo-inkjet technology is preferred for applications that
require precise, swift and robust performance.35–37 A schematic drawing of a
nozzle from a printhead using piezo-inkjet technology is shown in Figure 1.8.
The pressure wave required to jet a droplet is generated by a piezoelectric
element mounted on an elastic membrane inside the channel. The channel
acts as a Helmholtz resonator, with the nozzle and feed-through playing the
role of small and big openings, respectively. Therefore, a properly designed
pulse of voltage applied to the piezo-element can create a pressure wave
capable of jetting a droplet, as well as refilling the channel with the ink via
the feed-through. The printheads are etched in silicon, and are glued together
out of a few stacks of patterned wafers and a membrane with piezo-elements.
The printhead is also equipped with heating elements, which allow varying
the temperature of the ink, which is utilized to adjust its viscosity.

1.2.3 Droplet jetting process and nozzle-plate wetting

Although jetting a random droplet with a printhead is a trivial task, require-
ments regarding reproducibility, frequency and small length scales makes this
process extremely demanding in practice. As previously mentioned, jetting
frequencies can reach 50kHz and droplets are as small as 1− 10pL. In order
to achieve these high printing speeds, the printhead is moving over the sub-
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Jetted droplet Nozzle
Nozzle plate

Piezoelectric

Ink channel

Membrane

Figure 1.8: A schematic drawing of a piezoelectric printhead. Blue arrows indicate the flow
direction of the ink. The ink enters via the top of the ink channel.

strate with a velocity of a few meters per second and every jetted droplet has
to land precisely on the desired spot. Furthermore, in industrial conditions
printers have to operate continuously for multiple hours with an uptime up
to 90%, which requires great reproducibility of the process and resistance to
failures.

In order to achieve these requirements, multiple aspects of the droplet gen-
eration process have to be optimized. First, the viscosity, surface tension and
dynamic rheological properties of the ink mixture are tuned during ink devel-
opment.35,37 They can also be partly adjusted by modifying the temperature
of the ink in the channel, using heating elements. Second, the pressure pulse
applied by the piezo-element is tuned to ensure a correct volume and velocity
of the jetted droplet.38,39 It is also meant to limit the formation of satellite
droplets and secure a correct refill of the ink channel.40 Third, while leav-
ing the nozzle the ink will interact with the surface of the nozzle-plate and
a possible ink film which can be present on it. Liquid flows resulting from
those interactions might have an influence on the droplet jetting process and
thus they have to be taken into the account.41,42
There are no strictly defined requirements of how the interaction of ink with

the nozzle-plate has to be. However, it is essential that those interactions do
not change over time, as it would make the jetting process unpredictable.
Generally there are two main solutions to this issue, namely the ink should
(i) entirely wet the nozzle plate or (ii) not wet it at all (see Figure 1.9).
Both of these options have their pros and cons, but are in principle viable.
Using a wetting nozzle-plate is a more common approach, since it is typically
made of silicon, which is covered with a native silicon oxide layer. This is

13



Chapter 1 Introduction

a
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Figure 1.9: Schematic representation of the droplet jetting process on coated and uncoated
nozzle-plates. Images in the top row show correct and in the bottom row incorrect per-
formance of each configuration, respectively.

a high energy surface and will be wetted by most of the liquids. In the
ideal case, during jetting most of the wetting nozzle-plate will be covered
with a thin ink film, with a small amount of it spilling out and being sucked
back to the nozzle during every jetting cycle. If the interactions between
ink film and jetted droplet are limited then jetting can be stable in this
configuration. Unfortunately, the amount of liquid flowing on the nozzle-
plate during jetting can be large causing flows, which may interfere with
the jetting process.41,42 Similarly, if a significant amount of liquid is sucked
back into the nozzle during refill, ambient impurities may enter the nozzle
and interrupt the jetting. Lastly, as it will be shown in this thesis, certain
components of the ink mixture may adsorb physically or chemically to the
silicon oxide surface changing its wetting properties and disrupt jetting. The
alternative is to use the reactiveness of the silicon oxide surface and coat it
with an anti-wetting coating. Ideally, this prevents ink from accumulating on
the nozzle-plate, suppressing all issues arising from the presence of the ink
film.43 However, this solution does have disadvantages of its own. First, it is
relatively complex to implement, since the coating has to be applied only at
the nozzle-plate without penetrating the inside of nozzles themselves, which
could cause gas bubble entrapment during jetting and disable the nozzle.38,39
Second, contamination or damage of the coating during operation can create
points where the ink droplets will start forming during jetting or flushing the
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nozzles. If such a point is located close to the nozzle, sessile droplets may
interfere with the jetting and lead to non-zero jetting angles.

In conclusion, both wetting and non-wetting nozzle-plate solution approaches
have their advantages and disadvantages. However, it is most important to
ensure that both are stable over a long time and are not altered by compon-
ents of the ink mixture. Hence, a large fraction of this thesis will deal with
the influence of surfactant adsorption on the wetting properties of coated and
uncoated silicon surfaces.

1.2.4 Ink types in inkjet printing

As a last topic related to the inkjet printing, different variants of inks used in
the industry will be described here to give a perspective what type of chem-
icals are most commonly used and what their roles are.35,37 There are three
main groups of inks: hot-melt, UV-curable and latex inks. Hot-melt inks
are waxy mixtures with high melting temperatures, which are jetted in their
liquid state from the nozzle and then solidify upon landing on the substrate.
UV-curable inks are based on organic components containing typically ac-
rylate groups, which can cross-link when irradiated with UV-light and form
a very robust printed layer. Latex inks on the other hand, are mainly based
on water and latex particles. Latex particles are polymeric spheres with a
radius in the order of 100 nm, which are dispersed in an aqueous solution.
Due to the high water content and the usage of non- or mildly toxic chem-
icals, latex inks are more environmentally friendly and cheaper than other
alternatives and hence they are becoming increasing popular. The film form-
ation process for latex inks is also entirely different than for UV-curable or
hot-melt inks. It will be described in the introduction to Chapter 7 for which
it is mainly relevant.
In this thesis, mostly water-based systems are investigated and hence, they

are applicable primarily to the latex ink cases. Even though water constitutes
most of the latex inks weight they contain various other components that
affect its properties and can be relevant for entirely different steps of the
inkjet printing process (see Figure 1.10). Co-solvents have the second highest
weight content in latex inks. These are mainly water-soluble solvents such as
diols or triols (i.e. 1,2-hexanediol, glycerol), and their main role is to tune the
viscosity of the ink and prevent water evaporation at the nozzles. Surfactants
are also added to stabilize the ink mixture, control the surface tension and
promote the spreading on a medium. They can also act as coalescing agents
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Latex ink
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Figure 1.10: Main groups of components typically present in latex inks, together with their
major applications.

facilitating the latex film formation process.44 Other chemicals can be added
specifically for that reason. Pigments are included to provide the ink with
a colour. Finally, latex particles constitute typically 10 − 15% of the ink in
its wet state. After drying and fixating, latex creates a polymeric film that
protects the pigment particles and forms the bulk of the printed layer.

1.3 Guide to this thesis

The next chapter describes in detail the experimental and sample preparation
methods most frequently used throughout this thesis. In Chapter 3 it will be
demonstrated that the addition of ionic surfactant may induce contact line
pinning in evaporating water droplets on a hydrophobic substrate (coated
silicon oxide). In Chapter 4 we describe an effort to in-situ image structures
formed by an ionic surfactant adsorbing on a hydrophobic surface, which at-
tempts to explain the observations presented in Chapter 3. Chapter 5 focuses
on a hydrophilic silicon oxide surface and describes the competition between
autophobing and Marangoni contraction effects in determining the contact
angle of sessile droplets. This research was performed with mixtures of wa-
ter and 1,2-alkanediols, which are frequently used in latex ink. In Chapter
6 the chemical adsorption of siloxane surfactant on a reactive silicon oxide
surface is investigated. First, we demonstrate that the adsorption of the
surfactant can dramatically alter the wetting properties of the silicon oxide
surface. Subsequently, we use molecular dynamics simulations to calculate
the Hansen solubility parameters (HSP) of solvents, surfactant and silicon

16



1.3 Guide to this thesis

oxide surface. Using the HSP we are able to predict which solvents are able
to shield the surface and prevent the chemical adsorption of the surfactant.
For a large amount of organic solvents considered in this research, makes
this approach potentially applicable for both latex and UV-curable inks. Fi-
nally, in Chapter 7 we describe an attempt to correlate the results of simple
abrasion tests of latex film samples containing a surfactant with the micro-
scopic measurements performed with atomic force microscope. Although the
topic of Chapter 7 differs substantially from other experimental chapters, it
is directly related to the inkjet printing process as well. Finally this thesis
is concluded with a general summary of the main findings in and outlook
towards future work.
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2
Experimental methods

Multiple experimental techniques are employed in this thesis and every re-
search chapter contains a brief description of experimental methods used in
that chapter. In this chapter, the most important techniques and experi-
mental procedures will be described in more detail. It also includes compre-
hensive information about sample preparation and coating procedures.

2.1 Contact angle measurements

In every study dealing with the wetting properties of surfaces, contact angles
of droplets have to be measured.1 Even though it seems to be a relatively
straightforward measurement, performing it properly requires attention to
details. Conventionally, the contact angle is defined as the angle between the
liquid-vapour interface and the solid near the point where they come into
contact. There are two main ways to extract the contact angle. Either a
straight line has to be fitted to a part of a droplet near the contact line or
alternatively a circle has to be fitted to the side view of the droplet, which
is usually referred to as the spherical cap approximation. Naturally, fitting
a whole side view is more precise than fitting a line to a small area around
the contact line. However, a droplet has to be sufficiently small to ensure
that gravity does not distort its shape. It is generally assumed that in order
to use the spherical cap approximation, a droplet has to be smaller than the
capillary length of the liquid (λC). The capillary length of pure water is
≈ 2.7mm. This value is already relatively small and it can get even smaller
if the liquid has higher density or lower surface tension, which is the case
for most organic liquids. Therefore, for droplets larger than λC , it might be
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necessary to use only the droplet profile near the contact area. This method
however, may pose other difficulties, especially for droplets with high contact
angles (> 150◦). First, the droplet may cast a shadow on the area near the
contact line rendering identification of the droplet profile difficult with optical
methods. Second, when the contact angle is very high (> 150◦), even the
slightest error in detection of the contact line may cause a very significant
error in the contact angle read out.1,2

2.1.1 Image processing

The image processing and data analysis was performed with custom written
Matlab scripts. Due to the connection with the inkjet printing industry, the
research was always performed on droplets small enough to use the spher-
ical cap approximation for data analysis. Droplets were also assumed to be
axisymmetric. The algorithm of image processing consists of a few consec-
utive steps, the outcomes of which are illustrated in Figure 2.1. First, the
baseline of the droplet is identified and indicated manually by the user for the
first image of a measurement series. Afterwards, the possible motion of the
baseline is automatically tracked by the script. In a second step, the back-
ground is filtered from the grey-scale image and then it is transformed into a
binarized image (consisting only of 0 and 1 values). The binarized image is
subsequently used to extract the edges of the droplet (see Figure 2.1B).3 In
the third step a circle is fitted to the edges of the droplet. Together with the
information about the position of the baseline, a circular fit is employed to
calculate the contact angle. All the extracted lines, drawn on top of the ori-
ginal image are shown in Figure 2.1C. For an increased precision, the volume
of the droplet is calculated not from the spherical cap approximation, but by
slicing the droplet into disks with the height of exactly one pixel and sum-
ming up their volumes. In the final step, the script saves all extracted data
and creates figures.

2.1.2 Measurement setup

The contact angle measurement setup, which was used most frequently in this
thesis is a modified OCA15+ instrument (DataPhysics Instruments GmbH).
A photograph indicating the different components of the setup is shown in
Figure 2.2. For imaging a pco.pixelfly (PCO AG) CCD camera mounted on
a set of lenses with variable magnification was used. The optical resolution of
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q

A) B) C)

Figure 2.1: The results of the image processing routine. A) The original image of a droplet.
In the bottom of the image the shadow of the droplet is visible, which is an optical artefact.
B) The binarized image (converted to only 0 and 1 values) of a droplet with removed
background. The red dashed line is the baseline and the blue line the droplet’s edge, as
detected by the script. C) Original image with superimposed lines extracted by the script.
The yellow line is a circular fit of the edge and the purple line shows the contact angle of
the droplet.

the obtained images varied typically between 1 and 4µm per pixel depending
on magnification. The instrument has a built-in, automatic liquid dispensing
system, which was used together with glass syringes (Hamilton). It is also
equipped with a diffuse light source. However, for most of the measurements
an external LED was used as a light source, because it results in sharper
optical images. Furthermore, in order to control humidity and temperature
during the evaporation measurements, a humidity control device was connec-
ted to the measurement chamber. The humidity control device is home-built
and consists of a chamber where dry and humid air (passed through a column
of water) is mixed by a fan and heated until it reaches the desired relative
humidity and temperature. From the mixing chamber the air is pumped dir-
ectly to the measurement chamber with a low flow rate of 5L/h and in such a
way that is it not blowing directly onto the droplet, in order not to influence
the evaporation process. The measurement chamber was also equipped with
additional humidity and temperature sensors that allowed constant control
over these parameters.
Due to the limited precision of the dispensing device, the described setup

can be used to measure droplets no smaller than approximately 0.2µL. In
some experiments it was required to investigate much smaller droplets with
volumes as small as a few nanoliters. That is also relevant from the per-
spective of the collaboration with the inkjet printing industry, which uses
extremely small droplets, with volumes as small as a few picoliters. In order
to generate droplets smaller than 0.2µL an autodrop pipette (AD-KH-501,
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Figure 2.2: The contact angle measurement setup that was used for the majority of the
contact angle measurements during the course of this thesis.

microdrop Technologies GmbH) was used instead of a glass syringe connec-
ted to the automatic dispensing system. The autodrop pipette is capable
of generating droplets with volumes in the range of fractions of nanoliters,
depending on the jetting settings and the used liquid. Due to the high jetting
frequency and good reproducibility it is possible to jet tens or even hundreds
of droplets at the same location in a very short time, producing droplets on
a substrate with varying volumes.

2.2 Atomic force microscopy

Atomic Force Microscopy (AFM) was invented in 1986 in the IBM labs by
Gerd Bining, Christoph Gerber and Calvin Quate.4 It was designed based
on the Scanning Tunnelling Microscope (STM), but to probe insulating sur-
faces, which is impossible with STM. The AFM operation principle is based
on measuring interactions between a very sharp tip and a surface. Already
in the original design the AFM tip was fabricated on the long cantilever. Ini-
tially, the STM tip was used to measure deflection of the cantilever induced
by atomic forces acting on the AFM tip.4 Later designs used the capacitance
between a metal plate and the cantilever5 or probing the voltage generated
by stretching piezo-electric material deposited on the cantilever6 to detect
its bending. Even though some of these detection methods still have some
niche applications, using a laser deflection of the cantilever to measure its
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bending has became the most popular over the years and is now a stand-
ard in commercial AFM equipment.7 The photodiode used as a detector is
typically divided into four separate parts, which enables recording of the
bending of the cantilever in both vertical and horizontal directions. All the
AFM measurements presented in this thesis were performed with the Di-
mension Icon AFM produced by Bruker, which is shown in Figure 2.3. In
this section standard scanning methods such as contact and tapping mode
will be described briefly, followed by more detailed characterization of force
spectroscopy measurements used most frequently in this thesis.

2

4 3

1

1. AFM scanner 

3. Sample stage

4. Heating and humidity 
control stage

2. Optical camera
and lenses

Figure 2.3: Dimension Icon AFM used for the experiments during in thesis.

2.2.1 Contact mode

Contact mode is the simplest scanning mode of the AFM. In this mode, a
tip is brought in contact with a surface and deflection of the cantilever is set
to a specific predefined setpoint. Then, the tip can be used to scan a surface
by simply "scratching" it. It is possible to scan in either constant force or
constant height mode. In the first mode, the feedback loop is used to adjust
the vertical position of the cantilever in order to keep the deflection of the
cantilever (and thus the force acting on it) constant during scanning. Vari-
ations in height of the cantilever are then translated to a topographical image
of the surface. Constant height mode on the other hand works by keeping the
position of the cantilever constant and measuring the changes in the deflec-
tion of the cantilever. Out of the two, the constant force mode is more widely
used, because the change of height can be directly read out from the scanner
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position. Furthermore, keeping the force constant results in a longer lifespan
of the tip and reduces damage of the surface. Even though the contact mode
is no longer commonly used for standard topographical measurements due
to quick tip deterioration and the possibility of damaging the sample, this
mode is still attractive for some applications. For instance, the horizontal
bending of a cantilever can be used to measure the friction between a tip and
a surface, which may be used to identify surface regions surface modified by
adsorbed or intercalated molecules.8,9 Friction images can also give insight
into the atomic composition of a surface.10,11 Furthermore, the contact mode
is sometimes used in combination with conductive tips and cantilevers, which
allows to locally measure electrical transport properties.10–12 This method is
often refereed to as conductive AFM.

2.2.2 Tapping mode

Tapping mode is probably the most common scanning mode nowadays for
simple surface topography investigations, mostly thanks to the fact that it
causes much less damage to both the tip and the surface than the contact
mode. The main operational principle of this mode is that a cantilever is
being oscillated at its resonance frequency, which is typically in the range of
50 − 300 kHz, with an oscillation amplitude set by the operator. After the
tip is brought into contact with a surface the oscillation amplitude is damped
due the interactions with the surface. Furthermore, the resonance frequency
of the cantilever shifts as well due to attractive or repulsive interactions
with the surface. This phase shift provides additional information besides
the surface topography and may be used for instance to identify areas with
different mechanical properties.13 Both amplitude and frequency can be used
as a feedback signal during scanning. In the amplitude modulation (AM)
mode, the frequency is set close to the resonance frequency of the cantilever.
The change in the amplitude is used as a feedback loop signal and the z-
piezo height is adjusted to keep it constant.14,15 In the frequency modulation
(FM) mode, the driving amplitude of oscillations is fixed and the change in
resonance frequency of the cantilever due to the interactions with the surface,
is monitored and used as a feedback signal for the z-piezo.14,16 Out of the
two, the AM-mode is more commonly used due to higher stability and quicker
reactions to distortions.
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2.2.3 Force spectroscopy
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Figure 2.4: An example of a force spectroscopy measurement result (left). The blue line
represents a movement during approach and red one during retraction of the cantilever.
The tip-sample separation is presented on the x-axis and force acting on the cantilever
on the y-axis. Sketches on the right illustrate movement and bending of the cantilever
throughout the measurement.

Although AFM is typically associated with topographical measurements
of surfaces it can also be utilized as a sensitive force probe.17 An example
force spectroscopy measurement is presented in Figure 2.4. At the start of
the measurement a tip is placed far from the surface, such that it does not
experience any external forces (point 1 in Figure 2.4). Afterwards, it starts its
approach towards the surface. When the distance between tip and surface
is in order of a few nanometers, the tip starts to experience forces due to
the close proximity of the surface (point 2 in Figure 2.4). Typically those
are attractive interactions, just as proposed in the Lennard-Jones potential
model already in 1920’s.18 However, repulsive interactions can also occur,
for instance due to electrostatic repulsion between charges of the same sign
present on the tip and the surface. When a cantilever is lowered even further
the tip starts pressing on the surface. Subsequently, the downward movement
of the cantilever is continued until the force acting on the tip (i.e. its bending)
reaches the force setpoint defined by the operator (point 3 in Figure 2.4).
Note that soft surfaces may be significantly deformed or even damaged if
the force setpoint is set too high. After the force setpoint is reached the
cantilever is retracted. During retraction the tip experiences only elastic
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responses of the sample, which can be used to calculate the elastic modulus
of the surface (point 4 in Figure 2.4). Before the tip looses contact with the
surface it experiences adhesion, which is typically larger than the attractive
forces measured during the approach (point 5 in Figure 2.4). Finally, the
tip is moved far enough from the surface that it no longer interacts with the
surface and returns back to its equilibrium shape (point 6 in Figure 2.4).
Results of the force spectroscopy measurements are typically presented on
a graph with a force acting on the tip on the y-axis and vertical movement
of the cantilever or separation on the x-axis. Separation is calculated by
correcting the movement of the cantilever for its bending. Positive forces
refer to repulsive (tip bent upwards) and negative to attractive interactions
(tip bent downwards).

There are several values that can be quantitatively extracted from force
spectroscopy measurements. First, by using a linear fit to the retraction
curve, in a part where the interaction is repulsive, stiffness of the surface
can be extracted. By using models regarding deformation of material to-
gether with the assumption about the shape of the probe it is also possible
to calculate the Young modulus of a surface.17,19 Second, the adhesion is
usually extracted as a minimal attractive force recorded during the tip re-
traction. Third, the total indentation made by the tip and the difference
in tip position between the beginning and the end of pressing (referred to
as "deformation") can provide information about the depth of probing and
plastic deformations or damages done to the surface that can happen during
the measurement. A way of extracting quantitative values from the force
spectroscopy measurements is illustrated in Figure 2.4.

Force distance spectroscopy is a versatile technique that can provide in-
formation about mechanical properties of the surface on nano- or micro-
scale.20–22 It is also extremely sensitive to the tip-sample interactions, and
thus the chemical character of the surface. As a result it is able to detect
even a single layer of molecules adsorbed on a surface.23 Nonetheless, this
method comes with a few drawbacks, which are almost all related to the ill-
defined nature of the AFM probes. First, the AFM tips are prone to changes
during measurements, which can be caused by mechanical damage to the tip
or its contamination. Even the initial shape of a brand new tip is never the
same. Therefore, this technique suffers from problems with reproducibility,
especially when it comes to quantitative analysis. Furthermore, calculating
the Young modulus of a surface requires precise knowledge about the contact
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area between tip and surface when a load is applied.17,19

2.2.4 PeakForceTM tapping mode

Besides the aforementioned, well-established measurement techniques with
the AFM, a novel scanning mode - PeakForceTM tapping was used. This
mode can best be described as a scanning method based on fast force spectro-
scopy measurements. Instead of keeping a constant bending of the cantilever,
like in the contact mode, or oscillating it at its resonance frequency, as in the
traditional tapping mode, in this mode a single approach and retract cycle is
performed at every point, just as in force spectroscopy. Similarly, the force
acting on the cantilever is used as setpoint.24,25 The main difference with
the standard force spectroscopy is that a cantilever is moved with a high fre-
quency and using a sinusoidal signal on the piezo to enable that. This leads
to a much lower precision of force curve extracted from the measurements,
but makes it fast enough to work as a scanning method.
As a result, PeakForceTM tapping offers a scanning technique, which can

simultaneously measure various mechanical properties of a surface, such as
elastic modulus, adhesion or indentation. The values extracted from the
measurements are not quantitatively precise, but they can be used to identify
surface areas with different mechanical properties.24–27 Furthermore, various
mechanical properties can be examined separately in contrast to the phase
signal from traditional tapping mode, which is influenced by multiple factors
at the same time. On top of that, PeakForceTM tapping enables good control
over the force applied to a surface, which can be utilized to scan very fragile
structures, for instance molecules adsorbed on surfaces.

2.3 Ellipsometry

Ellipsometry is an optical method, which uses polarized light in order to probe
dielectric properties and thickness of thin films. Even though this technique
is already almost a century old it is capable of measuring film thicknesses
with sub-nanometer precision. In this section a theoretical introduction to
the technique will be given as well as a specific description of measurement
protocol and equipment used in this project.
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2.3.1 Theoretical introduction

Electromagnetic waves consist of electric and magnetic fields which oscillate
perpendicular to the propagation direction and are always at the right angle
to one another. Usually, the electromagnetic wave consists of fields oscillating
in multiple random planes, called polarization planes. However, using a po-
larizer it is possible to select only a single polarization of light, which is then
referred to as polarized light. Three types of polarized light are distinguished
depending on the projection of electric field on the plane perpendicular to
the propagation direction, which is illustrated in Figure 2.5. If the polarized
light consists of two waves oscillating in perpendicular polarization planes,
which are exactly the same in amplitude and do not have a phase shift, the
tip of the electric field vector will appear to move as a line (Figure 2.5A).
Therefore, this type of polarization is referred to as linear. If the waves are
equal in amplitude, but they have a phase shift of exactly 90◦, the tip of
the electric field vector will appear to rotate around a circle as the wave
propagates and therefore it is called circular polarization (Figure 2.5B). If
the two waves have unequal amplitudes or/and their phase shift is different
than 90◦ the tip of electric field vector will perform and elliptical movement
and this type of polarization is named elliptical (Figure 2.5C).28,29 The name
ellipsometry comes from the fact that the method uses elliptically polarized
light.
During the ellipsometry measurement light with a known wavelength is

passed through a linear polarizer, which converts it to linearly polarized
light. As described before, it consists of two waves oscillating in perpendicular
plane, with no phase shift. They are referred to as s- and p-polarizations. The
incident light beam consist then of two vectors Eis and Eip. Subsequently,
the wave hits a surface under a pre-defined angle and is reflected. During
reflection the two perpendicular waves, which make up the polarized light,
interact with the surface differently due to the differences in dielectric re-
sponse of the surface. Therefore, after the reflection light beam consist of
different vectors - Ers and Erp , which usually have phase shift making the
light elliptically polarized. We can describe this process as:

ρ = Erp/Eip

Ers/Eis
= rp

rs
= tan(Ψ) exp(i∆)) (2.1)

where rp and rs are the reflection coefficients for p- and s-polarizations, Ψ is
the phase difference and ∆ is the amplitude ratio. The values of Ers and Erp
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Figure 2.5: Three different types of possible light polarization: linear, circular and elliptical
(from left to right).

are read out in the detector, where light enters after reflection and are sub-
sequently recalculated to Ψ and ∆. The measurement is usually performed
for various wavelengths and incidence angles to increase the accuracy.
The main difficulty of using ellipsometry arises from the fact that the

obtained values of Ψ and ∆ do not directly give information on the properties
of a film. Instead, data has to be fitted using a model which would include
thickness of different layers of a film and their refractive indices as well as
the wavelengths and the angle of incidence. An example of a model for a
film composed of one layer on a bulk substrate can look like the following
equation:

ρ = tan(Ψ) exp(i∆) = ρ(Na,N1,N0, d1, d0, θ,λ) (2.2)

where d is the thicknesses of the layer, Ni are refractive indices of layer and
the ambient, θ is the incidence angle and λ is the wavelength. Often the
main goal of a measurement is to determine the thickness of a film on a
substrate. However, in order to calculate the thickness, values of refractive
indices for different wavelengths have to be known. These values are well
documented, especially for common inorganic materials like SiO2, however
they may not be available for less ordinary chemical species. In that case it
might be necessary to use an empirical model to simulate the N values.28 An
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example is the Cauchy model, which describes the dependence of refractive
index on wavelength such that:

N(λ) = n(λ) + ik(λ) = A+B/λ2 + C/λ4 + ... + ik(λ) (2.3)

where A, B, C and optional higher order terms are empirically determined
constants. While the Cauchy expression also includes the imaginary part of
the refractive index, it is usually assumed that k = 0, representing a non-
absorbing, i.e. transparent substrate.

2.3.2 Measurement setup and protocol

In this thesis, a VB-400-VASE (J.A. Woollam Co.) ellipsometer was used.
A photo of the setup with a description is shown in Figure 2.6. The ob-
tained data was analysed using WVASE32 (J.A. Woollam Co.) software.
The Cauchy model (see Eq. 2.3) was used for extracting the layer thickness
if the data about the dependence of refractive index on the wavelength for
specific substance was unavailable.
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Figure 2.6: VB-400-VASE ellipsometer that was used in this thesis. The inset shows the
liquid cell, which can be mounted on the sample stage.

A typical measurement starts with a calibration procedure, which is per-
formed on a silicon substrate with a silicon oxide layer on top with a specific
thickness, which is provided by the equipment manufacturer. Afterwards,
a sample is mounted and the ellipsometry measurement is performed. For
static measurements, which goal is to measure the already deposited film,
standard scan mode was used, where Ψ and ∆ are probed for several differ-
ent light energies (typically 1 − 4.5eV) and a few incidence angles (usually
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65◦, 70◦ and 75◦). Subsequently, the model is fitted to the obtained data in
order to determine layer thickness. Note that the measurement spot of this
ellipsometer is approximately 1mm in diameter and thus, obtained data will
be an average from the whole area of the spot. It is also possible to measure
adsorption/desorption processes in-situ using time scans. In that case it is
best to fix the light energy and incidence angle at one value and monitor Ψ
and ∆ changes over time. The Ψ and ∆ values can later be recalculated to
thickness variations by simulating data for specific light energy and incidence
angle using the software. It is important to mention that the ∆ parameter
is substantially more sensitive to thickness changes as it is in the argument
of the complex exponential function in Eq. 2.2. The ellipsometry measure-
ments can also be performed in controlled gaseous environment or liquid
using a closed sample chamber as shown in the inset in Figure 2.6. When
using the chamber it is important to keep in mind that windows may modify
the beam path and therewith the recorded signal and should be accounted
for. Furthermore, changes in ambient refractive index have to be included in
the model.

2.4 Substrate preparation and cleaning methods

In multiple projects presented in this thesis silicon was used as a substrate.
Silicon is commonly found in numerous industrial applications and research.
Furthermore, printheads used in inkjet printers are made of silicon, which
makes it even more suitable for this project. However, the properties and
surface chemistry of silicon are far from trivial and therefore they will be
covered in this section. Subsequently, cleaning and coating methods that can
be applied to silicon substrates will be described.

2.4.1 Silicon surface

A bulk silicon crystal has a diamond lattice. In most of the practical applica-
tions silicon is used in the form of thin wafers. The wafers usually have (100),
(110) or (111) silicon crystallographic planes, depending on the application.
Bare silicon easily reacts with atmospheric oxygen. Therefore, in ambient
conditions the silicon surface is always covered with a thin (0.5− 2nm) layer
of silicon oxide, which is referred to as a "native" silicon oxide. It is also
possible to grow thicker layers of oxide on a silicon surface, for example by
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thermal oxidation. To expose the clean silicon surface, the silicon oxide can
be removed by a dip in hydrofluoric acid. The silicon oxide layer can be ter-
minated with silanol (-Si-OH) or siloxane (-Si-O-Si-) groups.30,31 Due to the
presence of water vapour in ambient, typically silanol terminations will be
predominant. Both types of surface terminations are highly polar and make
a silicon oxide surface hydrophilic. In addition, silanol groups are chemic-
ally reactive. This has both positive and negative implications. On the one
hand, it enables a silicon oxide surface to be easily modified chemically, for
instance via coatings which will be described later in this section. On the
other hand though it makes the silicon oxide surface very easy to contam-
inate, even with airborne contaminants.32,33 Therefore, if the silicon oxide
surface is used for research purposes, usually strict cleaning protocols have
to be obeyed to ensure that the surface is in the same starting condition
every time.

2.4.2 Cleaning methods

It should be stressed that for any surface sensitive research the cleaning
chemicals and methods should be carefully chosen depending on the specific
surface and its application. Incorrect cleaning may lead to damaging of the
substrate or may leave it dirtier than before the cleaning by inducing new,
unknown contaminants. This holds especially for chemically active surfaces,
such as the aforementioned silicon/silicon oxide.32,33
In order to clean the silicon oxide surface with a solvent based method, typ-

ically invasive inorganic chemicals are used.34 It is necessary because contam-
inants landing on a silicon oxide surface can form covalent bonds by reacting
with reactive groups on the surface. As such, standard cleaning chemicals
such as ethanol, isopropanol or acetone will not be able to remove the con-
taminants. In order to remove organic contaminants a mixture, commonly
known as "piranha" is often used. It consists of 96% sulphuric acid and 30%
hydrogen peroxide in a volumetric ratio 3:1. Not only does it clean the sil-
icon oxide surface from organic contaminants, but it also leaves the surface
terminated with a large amount of reactive silanol groups. Therefore, it is
often used as a first step in coating procedures. In another variant, known as
RCA01, 27% ammonium hydroxide is used instead of sulphuric acid in the
mixture. Another mixture of hydrogen peroxide and concentrated hydro-
chloric acid, referred to as RCA02, is used to remove metallic contaminants.
Note, that all described mixtures are composed of violent chemicals, which
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have extremely high oxidizing or corrosive potential and should be handled
with great care. Using them without appropriate training and protective
equipment may lead to serious injuries.

There are also alternatives to the wet methods described above. Cleaning
in oxygen plasma is one of them. It has a similar effect as the piranha mixture,
leaving the surface free of organic contaminants by using extremely reactive
oxygen plasma. It is also significantly faster and safer than using a piranha
solution or other wet methods. However, it requires specialized equipment,
which is expensive. Moreover, personally I found it slightly less reproducible
than piranha cleaning, which may be a result of sample positioning in the
oxygen plasma chamber. If the sample is meant for measurements in UHV
(Ultra High Vacuum), sputtering with argon plasma combined with annealing
is often used in cycles.

Fortunately, hydrophobic and super-hydrophobic substrates, for instance
coated silicon samples often used during this project, do not have to undergo
such a rigorous cleaning. Since they do not have reactive or even polar groups
on their surface the contaminants do not strongly bind to them by covalent
or hydrogen bonds. During work described in this thesis acetone or ethanol
(also mixed with water) was most often used to clean hydrophobic samples
before every experiment. Using an ultrasonic bath for a couple of minutes
improves the cleaning results. It is important to rinse samples thoroughly
with water after each cleaning step to remove remains of the cleaning liquid
with dissolved contaminants.

2.4.3 Silicon coating procedure

The silicon surface is chemically active, which enables relatively easy coating
of the substrates with various molecules. This may be utilized, for instance to
change the wetting properties of a surface.35,36 Here, a procedure, which was
used for coating silicon samples with a hydrophobic coating will be described
in detail. However, this method can be applied to many coating chemicals
having similar molecular structure (possibly with small adjustments), due to
the specific chemistry of silicon surface.
Most of the silicon coating procedures aim to attach coating molecules

to the surface by forming strong siloxane bonds (-Si-O-Si-). This is usually
achieved by the reaction of silanol groups (-Si-OH), present both on the
surface and in the coating molecule.35–37 Obtaining silanol groups on a silicon
surface is rather easy and can be realized by treatment with piranha solution
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or oxygen plasma as described in the previous section. However, silanol
groups cannot be present on a coating molecule before the reaction, because
the molecules would react with each other. Therefore, they have to be created
via the hydrolysis reaction with water during the coating procedure.37–39
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Figure 2.7: Chemical structure of a PFDTS molecule is shown in the left top corner. The
hydrophobic chain of the molecule is highlighted by the green oval and the part responsible
for binding to a silicon substrate is highlighted by the red oval. In the bottom a schematic
representation of the chemical reaction occurring during the coating procedure is presented.
The last image indicates a hypothetical structure of the coating after the reaction is finished.
Note that molecules are not only covalently bound to the substrate, but also with each
other making the coating resistant to damage. However, due to the possibility of reactions
between the PFDTS molecules, defects can also form in the coating layer. In the top right
corner an image of a water droplet on a silicon substrate coated with PFDTS is shown.
Note the high contact angle of the droplet.

PFDTS(1H,1H,2H,2H-perfluorodecyltrichlorosilane) is the most commonly
used molecule for the experiments described in this thesis, a type of hydro-
phobic molecule with fluorinated aliphatic chain. The structure of PFDTS is
sketched in Figure 2.7. In a first step of the coating procedure, silicon pieces
(I frequently used 2 × 2cm2) are cleaned with piranha mixture for approx-
imately 15min at 60◦C. In the meantime, 100µl of PFDTS is transferred to
a small vial in a nitrogen atmosphere in a glovebox. Working in nitrogen
atmosphere is necessary to ensure that PFDTS does not come into contact
with water vapour, which would start a chemical reaction and cause PFDTS
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molecules to react with each other. Subsequently, silicon pieces are removed
from the piranha solution, rinsed thoroughly with Milli-Q water and dried in
a nitrogen flow. Subsequently, the silicon pieces and PFDTS are placed in
a glass desiccator connected to a vacuum pump. Then, very quickly a vial
with PFDTS is opened in the desiccator, which has to be closed immediately
and then vacuum pump is started. Due to the low pressure in the desic-
cator PFDTS will start to evaporate. When PFDTS molecules land on the
silicon substrates they react with water adsorbed on the hydrophilic silicon
oxide surface (or present in the vapour phase) resulting in the formation of
silanol terminations on the PFDTS molecules .37–39 They can subsequently
react with silanol groups present on the surface, releasing water molecules
as an additional product, helping the reaction to continue. A schematic of
the coating chemical reaction is shown in Figure 2.7. Note that during the
reaction, PFDTS molecules will not only bind to the surface, but they also
react with each other, forming siloxane bonds and resulting in a resistant
coating layer. The same mechanism however, can lead to the formation of
defects, when too many molecules react with each other and form larger ag-
gregates.37 Silicon pieces are kept in a desiccator for approximately 12 hours
to make sure that all possible chemical reactions are terminated. After be-
ing removed from the desiccator, the silicon pieces are annealed in an oven
at 100◦C for an hour. This step is meant to improve diffusion and enhance
the reaction rate of the silanization, to maximize the fraction of covalently
bound silanes. In a last step, the silicon pieces are placed in chloroform in an
ultrasonic bath for 15min to remove any silanes that could be still present on
the surface while not being covalently bound to it. As a result we typically
obtain a hydrophobic coating with a thickness of 1− 2nm (as determined by
ellipsometry) and water contact angles of 110−115◦ (see image of a droplet in
Figure 2.7). The surface is also smooth, with an RMS roughness of approxim-
ately 0.3nm; occasionally small aggregates of cross-linked coating molecules
with the height of a few nanometers and the size of maximally few tens of
nanometers are present.

The vapour coating method described above works for PFDTS and OTS
(octadecyltrichlorosilane), which are popular silicon coating reagents. How-
ever, it may not be possible to evaporate all of the molecules available for
silicon coating using a small vacuum pump and desiccator, due to the fact
that many of them have long aliphatic chains. It is also possible to use a
solution method, where silicon pieces are submerged in a very low concentra-
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tion solution containing coating agent.40 The choice of appropriate solvent
and reagent concentration for the solution method depends on the substance
used and requires optimization.
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Chapter 3 Evaporation of SDS solutions on a hydrophobic substrate

3.1 Introduction

Surfactants constitute an enormous group of chemicals which are typically
used to reduce the surface tension of liquids. Surfactants usually consist
of one or more hydrophobic tails and a polar, hydrophilic head. They are
commonly used in numerous industries such as food processing,1 agricul-
ture,2 pharmaceutical3 and inkjet printing.4 In many of these applications
surfactant laden droplets are deposited on a substrate where they are sub-
sequently left to evaporate.2,4,5 There is a vast amount of literature on the
evaporation and dissolution of single and multi-component sessile droplets.6,7
Furthermore, the influence of surface roughness8–12 and its wettability13,14

on the evaporation process have been extensively investigated in both ex-
perimental and theoretical studies. Although the basic physical principles
describing droplet evaporation for model cases have been established, many
relevant areas remain relatively unexplored, one of which is the influence of
surfactants on the evaporation process.
When a soluble surfactant is added to a liquid, its surface tension decreases

with increasing surfactant concentration until a threshold value is reached,
i.e. the critical micelle concentration (CMC), beyond which the surface ten-
sion is not affected any further.15 The decrease in surface tension caused
by surfactants typically results in a lower contact angle. The lower contact
angle results in a larger droplet perimeter and thus, in a longer contact line.
The evaporation rate is maximal at the contact line singularity and there-
fore the addition of surfactants may lead to an increased evaporation rate.16
At the same time, insoluble surfactants can significantly reduce the evapor-
ation rate by forming a resistive barrier against liquid molecule diffusion.17
Furthermore, a non-uniform surface concentration of surfactants leads to a
surface tension gradient, which induces Marangoni flow, in turn resulting in
enhanced mixing inside an evaporating droplet.18 Surfactant induced flows
can also greatly alter the evaporation process of droplets loaded with colloidal
particles.19

Next to surfactant behavior in the liquid bulk,20 at the liquid-gas17,18 and
liquid-liquid21 interfaces, the evaporation process is potentially further com-
plicated by surfactant adsorption at the solid substrate, which can lead to
dramatic changes in substrate wettability and therewith to phenomena, such
as superspreading22,23 or auto-phobing.24,25 The surfactant adsorption pro-
cess, the conformation of the adsorbed molecules, and their effect on droplet
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evaporation are still poorly understood since they proved to be challenging
to study. The main difficulty arises from the fact that the adsorbing sur-
factant layers are usually only a few nanometers in thickness and the ad-
sorption process occurs in a liquid, which limits the available experimental
techniques.26–28 Furthermore, surfactant adsorption is highly specific for the
surfactant-substrate combination and their chemical and physical properties
resulting in a huge parameter space. Dynamically changing conditions and a
moving contact line, present in the case of an evaporating droplet are com-
plicating the problem even further.

For the extensively studied surfactant sodium dodecyl sulfate (SDS), an
anionic surfactant commonly used in industry and research, adsorption at the
solid-liquid interface was studied only for static conditions where the whole
solid surface was submerged in the surfactant dispersion.27–29 It has been
shown that the layer of SDS molecules adsorbed to a hydrophobic surface has
a maximum thickness for an SDS concentration of approximately 7 mM, thus,
at a concentration below the CMC (8.2 mM).27,29 Furthermore, not only the
thickness of the surfactant layer changes with varying SDS concentration,
but also its structure, i.e. from amorphous to micelle-like agglomerates.27
Even though the evaporation of SDS laden droplets has been studied in the
past, the influence of surfactant adsorption at the solid-water interface on
the evaporation process has not been investigated in full detail.30

Here, we studied the evaporation of aqueous SDS laden sessile droplets
from a hydrophobic substrate at SDS concentrations ranging from 0.025 to
1 CMC. We aimed to investigate the potential effect of SDS adsorption and
layer formation at the solid-liquid interface on the evaporation process.

3.2 Experimental Details

3.2.1 SDS solution preparation

Sodium dodecyl sulfate (SDS) with a purity of > 99% was purchased from
Sigma-Aldrich and used without further purification. Water from a Milli-Q
system (resistivity = 18.2 MΩ · cm) was used for solution preparation. Based
on literature, the critical micelle concentration (CMC) for an aqueous SDS
solution of 8.2 mM was used.31,32 The dependence of the surface tension of
SDS solutions on the surfactant concentration has been reported previously.32
All solutions were prepared in glass containers that were first cleaned with
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acetone, then with ethanol and finally rinsed with Milli-Q water. The solu-
tions were used within 24 hours from their preparation. In the present work,
the SDS concentrations are given relative to the CMC. The SDS concentra-
tions mentioned in the description of the evaporation process refer to the
initial SDS bulk concentration. The preparation accuracy of the surfactant
solutions is estimated to be within 0.002 CMC.

3.2.2 Substrate preparation

Single side polished Si(100) wafers (Okmetic) were diced into 1.5x1.5 cm2

pieces and cleaned in an ultrasonic bath. First in acetone, and subsequently in
ethanol, both for 10 minutes. Afterwards, the silicon substrates were dipped
in a freshly prepared piranha solution (3:1 v/v mixture of sulfuric acid (96%,
Merck) and hydrogen peroxide (30%, Merck)) for approximately 15 minutes
and rinsed thoroughly with Milli-Q water thereafter. Subsequently, the sub-
strates were transferred to a glass vacuum chamber where chemical vapour de-
position (CVD) of PFDTS (1H,1H,2H,2H-perfluorodecyltrichlorosilane, 97%,
Abcr GmbH) was performed to hydrophobize the surface. CVD was realized
by placing 100 µl of PFDTS in a vacuum chamber, which was evacuated
and PFDTS was left to evaporate for approximately 12 hours. This small
amount of PFDTS was evaporating within a few minutes. Long reaction
times ensured that all the chemical reactions were fully terminated. Later,
the substrates were annealed in an oven at 100oC for 1 hour to enhance dif-
fusion and the silanization process, to ultimately obtain a higher fraction
of covalently bound silanes. After cooling down to room temperature, the
substrates were submerged in chloroform and put in an ultrasonic bath for
15 minutes to remove excess PFDTS that was not chemically attached to
the surface. As a result of this procedure we obtained smooth, hydrophobic
surfaces with typical RMS roughness values of only 140 pm, as determined
with an AFM (see Figure 3.1).
Prior to every experiment, the substrates were cleaned in an ultrasonic

bath, first in acetone for 10 minutes, and subsequently in a 50/50 (v/v)
mixture of water and ethanol for another 10 minutes. After each cleaning
step, the substrates were rinsed thoroughly with Milli-Q water and dried
under a stream of nitrogen gas.
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Figure 3.1: A) Typical AFM topographical image (500x500 nm2) of PFDTS coated silicon
surfaces as used in our experiments. The RMS roughness calculated from this image is
140 pm. B) The height profile exported from the AFM image is shown in panel A). The
exact place where the profile was taken is marked with the white dashed line.

3.2.3 Measurement set-up

Droplet volumes smaller than 1 µl were used to avoid the impact of gravit-
ational forces on the shape of the droplets. Depending on the droplet size,
two different deposition methods were used. For the 0.5 µl droplets, a glass
syringe (Hamilton, volume-100 µl) with a cannula needle was used in combin-
ation with an automatic dispensing system of a contact angle measurement
set-up (OCA15+, DataPhysics Instruments GmbH). The same deposition
method was used for the receding contact angle measurements. To achieve
droplet volumes smaller than 0.5 µl, a single nozzle printhead (AD-K-501,
Microdrop Technologies GmbH) with a nozzle diameter of 70 µm was used.
Droplets of approximately 0.5 nl could be jetted at frequencies up to 100 Hz.
By jetting several droplets onto each other, the droplet volume could be con-
trolled over a range smaller than that achievable with the needle deposition
method. The droplet volumes studied in this work were varied over two or-
ders of magnitude ranging from 3.0 nl to 0.5 µl. For both the needle and the
printhead deposited droplets, the evaporation times were approximately two
orders of magnitude longer than the time required to deposit the droplets.
Both the needle and the pipette were thoroughly rinsed with Milli-Q water
before and after the SDS solutions were introduced.
After droplet deposition, the evaporation process was recorded using a

CCD camera (pco.pixelfly, PCO AG) and a lens with adjustable magnifica-
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tion (Navitar). The optical resolution of the images varied between 1 and 4
µm/pixel depending on the droplet size. The humidity in the measurement
chamber was controlled using a home-made humidity control setup. The
setup consisted of a mixing chamber where dry nitrogen gas can enter either
directly (to lower the humidity) or through the water column (to increase the
humidity). From the mixing chamber, gas was pumped at a low rate (5 l/h)
to the measurement chamber in such a way that it did not flow directly onto
the evaporating droplet. The humidity was measured by a sensor placed in
the measurement chamber close to the evaporating droplet and it was used
to control the relative humidity at 44 ± 2%, if not stated otherwise. The
temperature in the measurement chamber was fixed at 21± 1oC.

3.2.4 Image processing

The recorded images were processed using custom made Matlab (2017b ver-
sion, The MathWorks, Inc.) scripts. In the analysis, the droplets were as-
sumed to be axi-symmetric. All droplets were smaller than the capillary
length, which allowed us to use the spherical cap approximation to determ-
ine the contact angle of the droplets by fitting a circle to the droplet’s contour
that was extracted by the script. The droplet volume was obtained by divid-
ing the droplet into disks exactly one pixel in height and by summing up their
volumes. The bulk SDS concentration inside the evaporating droplets was
calculated based on the known value of the initial surfactant concentration,
the initial droplet volume, and the droplet volume in each time frame extrac-
ted from the images. In some cases the evaporation time t was normalized
to the total evaporation time T to aid data comparison, i.e. t̃ = t/T . The
measurements on the influence of the SDS concentration, the humidity, and
the droplet size on the evaporation process were repeated at least four times
of which the contact angle and radius evolutions were averaged.

3.3 Results and discussion

Figure 3.2 shows a comparison between the evaporation process of a pure
water droplet and that of a SDS laden droplet with an initial bulk concentra-
tion of 0.1 CMC. The time is non-dimentionalized by the time T it takes to
evaporate the whole droplet, t̃ = t/T . Note that the water droplet (dashed
lines in Figure 3.2A) evaporates in the constant radius mode (CR) during
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Figure 3.2: A) Contact angle (black lines) and normalized radius (red lines) of an evaporat-
ing 0.5 µl pure water droplet (dashed lines) and of an evaporating 0.5 µl SDS laden droplet
(0.1 CMC, solid line) as a function of the normalized time. B) Snapshots of the evaporating
SDS laden droplet (top) and of the pure water droplet (bottom) at the different moments
in time marked in panel A). The droplet contours, as found by the image processing script,
are marked by the green line for the SDS laden droplet and in blue for the water droplet.
Note that the apparent contour at the bottom edge of the images, which is not fitted, is
part of the mirror image, i.e., an optical artefact.

approximately the first 5% of the total evaporation time. Subsequently, it
evaporates in the constant contact angle mode (CCA) throughout 90% of the
total evaporation process, switching to the mixed mode only during the last
5% of its lifetime. For the various evaporation modes, we refer to refs.33–35
and the review articles.36,37 The SDS laden droplet (solid lines in Figure 3.2A)
also evaporates in the CR mode during the first 5% of the total evaporation
time. However, after this initial stage, it switches to a complex mixed mode
rather than to the CCA mode as in the case of a pure water droplet. Un-
til approximately half of the total evaporation time, both the contact angle
and the radius were observed to slowly decrease. Approximately halfway the
evaporation process, the contact angle drops rapidly to reach its minimum
value of θM = 72◦ (point 3 in Figure 3.2A and B). Subsequently, the droplet
radius starts to decrease rapidly and the contact angle increases to reach a
local maximum at θ = 75◦ (point 4 in Figure 3.2A). Thus, in contrast to a
pure water droplet, the contact angle curve of the SDS laden droplet has a
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Figure 3.3: A) Contact angle averaged over 4 measurements of evaporating 0.5µl SDS laden
droplets with different initial SDS concentrations as a function of normalized time. B) Con-
tact angle at the local minimum θM versus the initial SDS concentration. C) Contact angle
averaged over 4 measurements versus SDS bulk concentration during the evaporation of
0.5µl SDS laden droplets. D) Bulk SDS concentration at θT versus initial SDS concentra-
tion. The error bars show standard errors of the mean.

The dependence of the local contact angle minimum on the SDS concentra-
tion is investigated in Figure 3.3A, i.e. it shows the contact angle evolution
of evaporating droplets with initial SDS concentrations ci ranging from 0.025
CMC up to 1 CMC. A local contact angle minimum can be observed for
every initial concentration, except for 1 CMC. Furthermore, several interest-
ing trends can be observed with varying initial SDS concentration. First, as
expected, the initial contact angle of the droplets decreased with increasing
SDS concentration due to a decrease in surface tension. Second, it is observed
that the lower the initial SDS concentration, the lower the contact angle at
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the local minimum θM (Figure 3.3B). Especially for ci < 0.1 CMC, the θ
decreases to values as much as 35◦ below those observed during the evapora-
tion of a droplet with ci = 1 CMC. Finally, it is observed that the lower the
initial SDS concentration, the later the local contact angle minimum occurs
during the evaporation process, see Figure 3.3A.

When the contact angle of the droplet would only be governed by its liquid-
air interfacial tension, one would expect a minimal contact angle for sessile
droplets with ci > 1 CMC, or, for droplets of which the bulk concentration
reaches 1 CMC during evaporation. Thus, the observed local minima cannot
be explained from the liquid-air interfacial tension alone. It may be expec-
ted that the occurrence of the local contact angle minimum is correlated
to the instantaneous SDS concentration c(t) in the evaporating droplet, see
Figure 3.3C. Note that the bulk concentration at which θM occurs decreases
with a decrease in initial concentration to values as much as 20-50% below the
CMC, see also Figure 3.3D. Also note that the local contact angle minimum
always occurs at a bulk concentration below 1 CMC. Thus, the local contact
angle minimum cannot be explained by micelle formation in the liquid bulk
and its onset cannot be correlated to a given SDS bulk concentration.
To investigate whether the occurrence of the local contact angle minimum

is dependent only on the bulk surfactant concentration inside the evapor-
ating droplet, the initial droplet volume and relative humidity were varied.
Figure 3.4A shows the contact angle of evaporating 0.05 CMC droplets with
different initial volumes (RH=44%). The initial droplet volume Vi was var-
ied using the single nozzle printhead. Surprisingly, despite the fact that the
initial volume was varied over two orders of magnitude (inset in Figure 3.4A)
no significant differences or trends can be observed. The minor variations in
the results can be attributed to small differences in the substrate condition
or temperature fluctuations in the room. Furthermore, the total evapora-
tion duration scales linearly with V

2/3
i which is typical for diffusion driven

evaporation.33

The evaporation rate was varied through the relative humidity, see Fig-
ure 3.4B. Droplets with ci = 0.05 CMC and with a constant volume of 50 nL
were used. Note that, varying the relative humidity in the measurement
chamber did not influence the evaporation process, even though the total
evaporation time T varied by a factor of 5 (inset in Figure 3.4B).

Figure 3.4A and B demonstrate the robustness of the local contact angle
minimum during the evaporation of dilute SDS laden droplets, i.e. the phe-
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Figure 3.4: A) Contact angle averaged over 4 measurements versus normalized evaporating
time for 0.05 CMC droplets of which the initial volume was varied. The relative humidity
was 44 ± 2%. The inset in panel A shows the dependence of the total evaporation time
T on the initial volume of the droplet Vi. Note that T scales as V 2/3

i . B) Contact angle
curves averaged over 4 measurements as a function of the normalized evaporation time for
50 nL 0.05 CMC droplets for varying relative humidity (RH). The inset in panel B shows
that the total evaporation time was varied from approx. 100 to 500 s through the RH.

nomenon is independent of the droplet volume and the total evaporation
time. This universality suggests that stochastic contact line pinning due
to e.g. contaminant particles as the mechanism behind the local contact
angle minimum can be excluded. Furthermore, it can be concluded that
the timescale of the mechanism responsible for the local contact angle min-
imum is much faster than the time scale of evaporation, since no changes
to the droplet evaporation behaviour were observed after varying the total
evaporation time by almost two orders of magnitude.
The change in contact angle with the bulk SDS concentration is now in-

vestigated in more detail. Figure 3.5 shows the derivative of the contact angle
dθ/dt (left axis) and the bulk SDS concentration (right axis) as a function
of time for 0.025 CMC and 0.05 CMC droplets. Note that for both cases the
contact angle starts to decrease markedly faster when the bulk concentration
amounts to approximately 0.15 CMC. This strongly suggests that the mech-
anism responsible for the local contact angle local minimum sets in at bulk
SDS concentrations as low as 0.15 CMC.
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Figure 3.5: Rate of change of the contact angle with respect to time dθ/dt (blue lines) and
SDS bulk concentration (black lines) as a function of time for evaporating 0.025 CMC A)
and 0.05 CMC B) droplets. The dashed red lines show the average rate at which dθ/dt
changes during the first part of the evaporation process. The dashed gray lines mark the
bulk SDS concentration at which the rate of change of dθ/dt starts to deviate from that
during the first part of the evaporation process.

To investigate whether SDS concentrations around 0.15 CMC result in
the observed contact line pinning, receding contact angle measurements were
performed using aqueous SDS solutions with concentrations of 0.05, 0.2, 0.5
and 1 CMC. Droplets were deposited on the hydrophobic substrate using the
cannula needle and a syringe pump, as before. After deposition, the contact
line was moved by first increasing the droplet volume to 2 µl. Second, by
decreasing the volume by 0.8 µl at a flow-rate of 0.1 µl/s and third, by
increasing the droplet volume again by 0.8 µl also at a flow-rate of 0.1 µl/s.
The droplets were imaged during their volume changes in order to measure
the contact angle. The measurement procedure was repeated after 3, 6 and
10 minutes, in order to identify time dependent substrate wettability changes.
The humidity inside the measurement chamber was set to 80± 2%. At a RH
of 80± 2%, the evaporation was rather small so that the SDS concentration
within the droplet can be considered constant.

Figure 3.6A shows the four receding contact angle measurements of the
0.05 CMC solution. The four images overlaid in Figure 3.6B correspond to
the moments in time indicated by the numbers in Figure 3.6A. Note that,
independent of the time after droplet deposition, the contact line retracted
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Figure 3.6: A), C), E), F) Receding contact angle measurements for the SDS solutions
with concentration of 0.05, 0.2, 0.5 and 1 CMC. Measurements were performed instantly
after droplet deposition and later after 3, 6 and 10 minutes of waiting time. Contact line
pinning, growing with time, visible as rapidly increasing contact angle, can be observed
for 0.2 CMC solution. B) and D) snapshots of droplet during the measurement (after 10
minutes of waiting time) for 0.05 and 0.2 CMC solutions in different time points marked
on panels A) and C). Inset on panel C) clearly shows droplet jump caused by the contact
line pinning which is not present on inset in panel A).
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smoothly. The contact line was also smoothly retracting during the initial re-
ceding contact angle measurement of the 0.2 CMC solution, see Figure 3.6C.
However, contact angle jumps are clearly observed for the 0.2 CMC meas-
urements repeated at 3, 6, and 10 minutes where the jumps become more
apparent with the time after the first measurement. Also note, by comparing
the droplet-air interface indicated by (3) and (4) in Figure 3.6D, that the
droplet height increased after the sudden increase in contact angle. The ob-
served contact angle jumps and corresponding changes in droplet height are
a direct proof of contact line pinning. Figure 3.6E and F show that the con-
tact lines of the 0.5 CMC and the 1.0 CMC solution, respectively, are again
smoothly retracting. Thus Figure 3.6 demonstrates that, indeed, at SDS
bulk concentrations of approx. 0.2 CMC, the wettability of the PFDTS-
coated surface is modified such that it results in contact line pinning of the
SDS laden droplet.

3.3.1 SDS concentration dependent adsorption

The presented experimental results suggest that the local contact angle min-
imum is induced by a modification of the surface wettability due to adsorbed
surfactant molecules. It has been shown that ionic surfactants with long
aliphatic carbon chains like CTAB or SDS adsorb to an amorphous hydro-
phobic substrate such as PFDTS coated silicon.26 Experiments have been
performed for static conditions by dipping the substrate in the surfactant
solution. The structure of the adsorbed molecules has been shown to strongly
depend on the surfactant concentration, see Figure 3.7A. At concentrations
below 0.12 CMC, surfactant molecules adsorb on the surface to form an
amorphous layer, with the hydrophobic tail pointing towards the molecules
coating the surface. At concentrations exceeding 0.12 CMC, ordered struc-
tures were found to form starting with the sparse formation of dome-shaped
half-micelles that were found to fully cover the surface at concentrations
above approximately 0.7 CMC, see Figure 3.7A. The formation of surface
aggregates at concentrations below the CMC, i.e. at concentrations below
the threshold for bulk aggregate formation, results from the hydrophobic
surface that provides a nucleation site for aggregate formation.
Based on the introduced literature,26 a potential mechanism for the ob-

served contact line pinning is discussed. For an evaporating sessile droplet
with ci < 0.1 CMC, at first, the SDS molecules will form an amorphous layer
on the substrate below the droplet. Later, as the surfactant concentration
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Figure 3.7: A) Schematic representation of concentration dependent SDS adsorption based
on the work of Duan et al.27 B) Illustration of disordered SDS aggregate formation during
the evaporation of SDS laden sessile droplets with initial concentrations below 0.1 CMC
and C) that for initial concentrations between 0.1 and 0.7 CMC.

increases through evaporation, the threshold concentration for surface ag-
gregate formation is reached. However, it is expected that the pre-adsorbed
amorphous surfactant layer hampers the ordered formation of dome shaped
micelles since energy is required to desorb the surfactant monolayer at the
location of such a dome shaped micelle. Therefore, it is speculated that in
the case of a dynamically changing surfactant concentration such as that
found in an evaporating droplet, disordered surface aggregates are formed,
see Figure 3.7B. A disordered layer of adsorbed surfactant aggregates will
have non-uniform wetting properties through which it can induce contact
line pinning. As the evaporation process continues, the surfactant concentra-
tion further increases resulting in a potential reorganization of the disordered
surfactant layer into a homogeneous layer with corresponding homogeneous
surface wetting properties. The homogenous wetting properties will result in
a smoothly retracting contact line at a higher contact angle and an absence of
contact line pinning, exactly as observed in Figure 1-3 after the appearance
of the contact angle minimum. For the sessile droplets with a higher initial
surfactant concentrations, i.e. with 0.1 < ci < 0.7 CMC, the surface will
be only partly covered with an amorphous layer in the first moments of the
evaporation, Figure 3.7C. Therefore, it is expected that 0.1 < ci < 0.7 CMC
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result in a more homogeneous surface wettability. Indeed, this is in perfect
agreement with the results shown in Figure 3.3B, i.e. the contact angle at
the local minimum grows with increasing initial concentration of the SDS
solution. In an attempt to image the shape of the surfactant structures in
the range of low (cSDS < 0.5 CMC) SDS concentrations, we used AFM ima-
ging in liquid. Unfortunately, scans appeared blurry, probably due to the
fact that the AFM tip disturbs and interacts with loosely packed surfactant
molecules. A similar effect was reported previously.38,39

The receding contact angle measurements showed that contact line pinning
increases with waiting time (Figure 3.6) which suggests that that disordered
adsorption of surfactant molecules is enhanced at a stationary contact line.
For the evaporating sessile droplets, no dependence of the local contact angle
minimum on the total evaporation time (Figure 3.4) was observed. This
discrepancy is most likely a result of the non-stationary contact line of the
evaporating SDS laden droplets in contrast to the stationary contact line
during the receding contact angle measurements.

3.4 Conclusions

It has been found that the contact angle of an SDS laden droplet with a con-
centration below 0.5 CMC first decreases, then increases, and finally decreases
resulting in a local contact angle minimum. The minimum contact angle was
found to be substantially lower than the static receding contact angle and it
decreased with decreasing initial SDS concentration. Furthermore, the bulk
SDS concentration at the local contact angle minimum was found to decrease
with a decrease in the initial SDS concentration. The location of the observed
contact angle minimum relative to the normalized evaporation time and its
minimum value proved to be independent of both the relative humidity and
the droplet volume. The observed contact angle minimum has been attrib-
uted to contact line pinning induced by surfactant concentration dependent
aggregate formation on the substrate below the droplet. The present work
highlights the complexity of the evaporation sessile liquid-surfactant droplets
and the influence of surfactant-substrate interactions on the evaporation pro-
cess.
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Chapter 4 Adsorption of surfactant structures on a hydrophobic substrate

4.1 Introduction

Surfactants can be found in almost every industrial process or practical ap-
plication, which involves the use of liquid mixtures.1–14 Inkjet printing,1–4
agriculture5–7 and lithography8–10 are only a few examples. Despite the fact
that surfactants have been used to control spreading of liquids already for a
long time,15,16 their surface activity holds a few unanswered questions. Be-
ing surface active molecules, surfactants tend to accumulate on both liquid-
vapour and liquid-solid interfaces.17 Interactions at the liquid-solid interface
are markedly more difficult to investigate, since there is no direct method
available that can probe the liquid-solid surface tension, unlike the pendant
droplet or Wilhelmy plate methods, which allow measuring the surface ten-
sion at the liquid-vapour interface. Nonetheless, the interactions at the liquid-
solid interface can lead to fascinating effects such as: superspreading - a
dramatic decrease of the contact angle on hydrophobic surfaces caused by
a certain class of surfactant,18–21 autophobing - an increase of the contact
angle on hydrophilic surfaces induced by surfactant adsorption22–25 or con-
tact line pinning during evaporation.26 Even though these effects have been
demonstrated experimentally, there is limited knowledge about the struc-
tures that surfactants form at the liquid-solid interfaces, mostly due to the
challenging measurement environment and the enormous amount of possible
solvent-surfactant-solid combinations. However, this knowledge is of funda-
mental importance for understanding phenomena related to surfactant ad-
sorption. Information about surfactant structures can be used to predict
or simulate the surfactant adsorption for any given mixture and substrate,
which is the ultimate goal for practical applications.
Already two decades ago, attempts were made to determine the structure

of surfactant aggregates adsorbed at the liquid-solid interface, mainly for con-
centrations exceeding the critical micelle concentration (CMC). AFM studies
focused on ionic surfactants,27–32 which are more likely to form ordered struc-
tures on a surface owing to the strong electrostatic interactions, but non-ionic
surfactants were also studied.33 Furthermore, the research concerned mainly
flat surfaces with crystallographic orientation, such as mica or HOPG (highly
oriented pyrolytic graphite). For hydrophobic HOPG it was shown that both
anionic surfactants, such as SDS (sodium dodecyl sulfate) or cationic such
as TTAB (tetradecyltrimethylammonium bromide), form long half-micelle
shaped structures, which are aligned along symmetry directions of the un-
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derlying substrate.27–30 Later it was revealed that the long-chain trimethyl-
ammonium bromides, like TTAB, create a templating layer on HOPG, on
which subsequently the long half-micellar structures form.34 Even though
the formation of templating layer does not occur for SDS, the top-most layer
of adsorbed structures for both surfactant on HOPG was shown to be the
same. On hydrophilic mica TTAB was shown to form micelle-shaped, cyl-
indrical structures.27 The adsorbed surfactant structures ordered along the
high symmetry directions of the substrate were relatively easy to image with
the AFM, while it was much less trivial for amorphous surfaces. Measure-
ments on the amorphous silica (hydrophylic) and coated silica (hydrophobic)
revealed only randomly distributed globular aggregates with a relatively well-
defined average distance of a few nanometers .27,32

The aforementioned results can hardly be treated as a description of gen-
eric behaviour for the adsorption of ionic surfactants. First, the results were
obtained almost exclusively the concentrations exceeding the CMC. At the
same time, our recent experimental results show that the adsorption of sur-
factants even below the CMC may influence the evaporation process of sessile
droplets,26 which stresses that knowledge about the surfactant adsorption at
the such concentrations is of key importance. Furthermore, earlier measure-
ments were performed using the soft-contact mode, which refers to the AFM
scanning method were the force applied by the tip is lower than the repulsive
force generated between the surfactant molecules adsorbed on the tip and on
the surface. In case of the crystalline substrates the alignment of surfactant
structures made them resistant enough not to be distorted by the tip. How-
ever, this is different for amorphous surfaces where the interactions tend to
be weaker. Any low density surfactant structures present on the amorphous
surface below the CMC will most likely be swept away during scanning in the
soft contact mode. Recently, an AFM study utilized force spectroscopy (FS)
mapping to image the TTAB adsorption below the CMC on both hydrophilic
and hydrophobic amorphous surfaces and found large patches of growing sur-
factant aggregates.35 However, the FS mapping has limited resolution and
thus resolving the structure of surfactant aggregates was not possible. An-
other study revealed that the amount of adsorbed SDS on an amorphous hy-
drophobic substrate is higher below the CMC (CSDS ≈ 0.7CMC) than when
the surfactant concentration exceeds the CMC, which cannot be explained by
the formation of half-micellar structures.36 This lack of a clear picture on the
adsorption of SDS below the CMC on amorphous hydrophobic surfaces, to-
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gether with the impact of this process on the evaporation of sessile droplets,26
motivated us to perform an in-depth investigation into SDS adsorption with
a specific focus on structures formed on amorphous substrates.

4.2 Experimental Details

4.2.1 SDS solution preparation

The surfactant solution was prepared using ultra pure water from a Milli-Q
system with a resistivity of 18.2 MΩ · cm. The surfactant, sodium dodecyl
sulfate (SDS), was acquired from Sigma-Aldrich with a purity of > 99% and
was used without any further purification. The molecular structure of SDS
is shown in Figure 4.1A. Note that the surfactant is composed of a hydro-
philic tail and a negatively charged, hydrophilic head. The critical micelle
concentration (CMC) of 8.2 mM was used for the solution preparation.37 The
surface tension of SDS solutions with various concentrations was measured
using the pendant droplet method;38 results are shown in Figure 4.1B. The
data does not display a dip in the surface tension around the CMC, which
suggests that the surfactant solution is free of impurities.39 Fresh solutions
were prepared for each measurement, no longer than 24 hours before the
measurement. The concentration of surfactant solutions in this paper will be
given in terms of the CMC value.
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Figure 4.1: A) Molecular structure of sodium dodecyl sulfate (SDS). B) Surface tension of
SDS solutions with various concentrations measured with the pendant droplet method. 10
droplets were measured for each data point. The error bars show the standard deviation
of the measurements. Note that there is no dip of the surface tension present around the
CMC, which can be associate with the presence of impurities in the system.
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4.2.2 Substrate preparation

Si(100), single side polished wafers (Okmetic) with a native oxide layer, were
cut into 2 × 2cm2 pieces. They were cleaned in an ultrasonic bath in acet-
one and subsequently in 50/50 (vol %) mixture of ethanol and water, for
10 minutes each. Subsequently, substrates were rinsed with Milli-Q wa-
ter and placed in a freshly prepared piranha solution (3:1 v/v mixture of
sulphuric acid (96%, Merck) and hydrogen peroxide (30%, Merck)) for 15
minutes. Afterwards, they were rinsed thoroughly with Milli-Q water and
immediately transferred to a glass vacuum chamber where hydrophobization
of the surface was performed via chemical vapour deposition (CVD) of PF-
DTS (1H,1H,2H,2H-perfluorodecyltrichlorosilane, 97%, Abcr GmbH). After
the CVD was completed, substrates were annealed in an oven for 1 hour at
100oC. The goal of the annealing procedure is to enhance diffusion and the
silanization process, which leads to a coating with a high fraction of molecules
covalently bound to the surface. After annealing, samples were placed in chlo-
roform in an ultrasonic bath for 15 minutes to remove any excess PFDTS
molecules or clusters, which were not bound to the surface. Surfaces coated
with PFDTS in this way display a static water contact angle of ≈ 110o,

To remove any possible dust and airborne contaminants, the samples were
cleaned before every experiment in an ultrasonic bath for 10 minutes in acet-
one and a 50/50 (vol %) mixture of water and ethanol. Each cleaning step
was followed by rinsing the sample with Milli-Q water and drying in a stream
of dry nitrogen.

4.2.3 AFM measurements

The atomic force microscopy (AFM) measurements were performed with a
Dimension Icon AFM (Bruker). PeakForce tapping mode was used for the
measurements in order to precisely control the force applied during scanning.
In this mode, the tip is performing a movement typical for a force spectro-
scopy measurements for each point with a defined force setpoint at which
the retraction of a tip starts. The main difference between this mode and
the traditional force spectroscopy measurements is that the tip oscillates at
a very high frequency of approximately 1kHz. Therefore, the features of the
force distance curve are not that precisely resolved. Nonetheless, the Peak-
Force tapping mode enables a precise control of the force applied by the tip
and resolving mechanical properties of the surface such as adhesion, stiffness
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or indentation while scanning with a reasonable speed. Later we will demon-
strate that using the precise control over the force applied during scanning
is an absolute necessity to enable imaging of SDS structures adsorbing on
the surface. The obtained AFM topographical images were processed using
Gwyddion software (2.55 version).40 Image processing involved only plane
levelling and adjusting contrast of the images.
Apart from the images obtained via the PeakForce tapping mode, tradi-

tional force spectroscopy measurements were also performed, since they allow
a more in-depth analysis of the approach-retract cycle of a tip as compared
to the force spectroscopy data obtained from the PeakForce tapping. During
the measurements the total movement of a cantilever during a cycle and its
speed and the force setpoint were kept constant to allow a proper comparison
between the measurements. It is important to note that to achieve the best
possible results, different probes were used to perform topographical meas-
urements in the PeakForce tapping mode and force-spectroscopy measure-
ments. HQ:NSC36 probes (Mikromasch) with a typical tip radius 8nm and
spring constant 1−2N/m were used for topographical measurements. Larger
and more flexible Scanasyst-Fluid probes (Bruker) with a tip radius 20nm
and spring constant 0.7N/m were chosen for the force-spectroscopy meas-
urements, because their larger contact area results in a better average of the
signal and reproducibility. Force spectroscopy measurements were performed

AFM scanner

Aluminium
foil

Coated samplePetri dish

Automatic 
pipette

Concentrated
SDS solution

Figure 4.2: Schematic drawing of the AFM measurement setup. The concentrated surfact-
ant solution used for the experiments had a concentration of 20CMC.
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in a grid of 12x12 points on a 0.5×0.5 µm2 area and with a frequency of 1Hz.
The obtained data were processed using custom written Matlab scripts. In
the plots only 32 randomly chosen measurements are presented to keep the
plots clear. However, medians and adhesion values were calculated using a
full set of data comprising 144 measurements.

A schematic drawing of the AFM measurement setup is shown in Fig-
ure 4.2. Each AFM experiment was started by placing a freshly cleaned
substrate in a glass Petri dish filled with 20ml Milli-Q water. The Petri dish
was covered with an aluminium foil, without touching the AFM scanner, to
limit water evaporation. Afterwards, the tip approach procedure was per-
formed and the cantilever spring constant was calibrated using the thermal
tuning procedure. Subsequently, the clean surface was scanned to stabil-
ize scanning and obtain the reference images and force spectroscopy results.
Subsequently, aqueous SDS solution with a concentration of 20CMC was ad-
ded in portions via an opening in the aluminium foil to reach the desired
concentration of surfactant in the dish.

4.2.4 Ellipsometry measurements

Ellipsometry experiments were performed with a VB-400-VASE (J.A. Wool-
lam Co.) ellipsometer; results were analysed using WVASE32 (J.A. Woollam
Co.) software. A liquid cell was used for the measurements in order to cre-
ate the same environment as in the AFM experiments. Measurements were
performed under 63o incidence angle; the energy of the light beam amounted
to 3.5 eV. First, the sample was measured in ambient in order to determ-
ine the thickness of the PFDTS coating layer. The thickness of the PFDTS
layer was extracted by using a model composed of a silicon substrate with a
native silicon oxide layer (1.8 nm thickness as determined earlier on a clean
substrate by ellipsometry) and a Cauchy layer that represented the PFDTS
coating. The Cauchy layer is an empirical model describing a dielectric layer
of which the refractive index n is defined as

n(λ) = A+B/λ2 + C/λ4 + ... (4.1)

where n is the refractive index, λ is the wavelength of the light and A, B,
C are empirical coefficients.41 In our model we used A = 1.45 and B = 0.1;
higher order coefficients were set to 0. In a next step the measurement
chamber was filled with Milli-Q water and the measurement was started.
During this measurement after a 10 minutes delay in order to obtain the
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base line, a portion of SDS solution (20CMC) was added approximately every
30 minutes via a small opening in the cover. After increasing the surfactant
concentration the signal varied for approximately 5-10 minutes and eventually
stabilized. Data was collected by averaging measurements obtained after
stabilization of the signal for approximately 15min. The observed change in
the ∆ signal was recalculated to an increase of the adsorbed layer thickness
by using a model of another Cauchy layer placed on top of the previously
measured PFDTS coating, using the same Cauchy parameters and water
set as the ambient environment. The same coefficients were used for the
SDS layer as for PFDTS layers because the values of coefficients are typical
for a dielectric layer and precise values of the coefficients are not known.
The absolute value of the SDS layer thickness determined by ellipsometry
is not precise due to the low atomic density of the layer as compared to a
solid substrate. Nevertheless, it illustrates the variations occurring in the
layer thickness with changing surfactant concentration. Considering the low
thickness values, we did not correct for any roughness of the layers.

4.3 Results

4.3.1 Ellipsometry

Figure 4.3 shows the results of two separate ellipsometry experiments per-
formed on different days. Although there are variations between the absolute
layer thickness, both measurements display the same trend. Above a surfact-
ant concentration of approximately 0.2CMC the layer thickness, which is
initially very small, starts to increase steadily and reaches a maximum at a
concentration around 1CMC. After the SDS concentration passes the value
of 1CMC, the thickness of the layer drops significantly and remains constant
when the concentration is further increased. The decrease of surfactant layer
thickness when the concentration increases beyond 1CMC seems counter in-
tuitive, as it can be expected that the thickness of the adsorbed layer grows
when the SDS concentration is increased. Nonetheless, the same trend was
found in another study of SDS on a hydrophobic surface,36 where dual polar-
ization interferometry was used to measure the adsorption. Unfortunately,
the authors did not provide an explanation for their results. Furthermore,
using the currently accepted model of half-cylindrical surfactant structures
(resembling half-micelles), which was shown to be true for both SDS28 and
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TTAB27) on HOPG surface, it is difficult to imagine higher-order structures,
which could result in a thicker surfactant layer below the CMC than above
it.

4.3.2 AFM imaging

To get a better insight into the surfactant structures forming on a hydro-
phobic substrate, we used the atomic force microscopy. An AFM image of
a PFDTS coated surface measured in pure Milli-Q water is shown in Fig-
ure 4.4A. The RMS value of the image in Figure 4.4A is only 0.3nm. The
surface was prepared using the same method, which was previously described
in Chapter 3. Due to the possibility of cross-linking between PFDTS mo-
lecules during the coating procedure, small aggregates made of cross-linked
coating molecules are commonly found on the surface (i.e. Figure 4.4C).
However, they are not larger than 50nm in diameter and a few nanometers
in height.
When the concentration of surfactant is increased to 0.1CMC we always ob-

serve the same surface topography as in pure water, independent of the force
setpoint (see Figure 4.4B). Occasionally, we observe some blurriness during
scanning immediately after adding the surfactant; however, scanning stabil-
izes quickly . As we keep increasing the concentration of SDS to 0.3CMC
structures typical for PFDTS coated surfaces are generally still visible, as
shown in Figure 4.4C where the surface was imaged with a force setpoint of
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Figure 4.3: Two separate ellipsometry measurements of layer thickness as a function of SDS
concentration. The surfactant concentration was increased by adding a 20CMC SDS solu-
tion in time intervals of approximately 30min. Error bars indicate the standard deviation
of the measured surfactant layer thickness for a given concentration.

73



Chapter 4 Adsorption of surfactant structures on a hydrophobic substrate

A)

200 nm

0 CMC

200 nm

A)

200 nm

B)

E)

400 nm 400 nm

Setpoint
0.5 nN

Setpoint
0.1 nN

0.1 CMC

C) D)
0.3 CMC

1050 15 20 25
Separation [nm]

Breakthrough 
Peak

-1

-0.5

0

0.5

1

1.5

2

Fo
rc

e 
[n

N
]

0 0.2 0.4 0.6 0.8 1
X [mm]

-1

0

1

2

3

4
H

 [n
m

]

Figure 4.4: A)-B) 0.5× 0.5 µm2 topographical images of a PFDTS coated Si surface meas-
ured in pure water A) and in 0.1CMC aqueous SDS solution. The height scale of both
images is 3nm. C)-D) 1 × 1 µm2 topographical images of the same area imaged in the
0.3CMC surfactant solution. Image C) was obtained with force setpoint of 0.5nN and
image D) with 0.1nN. The height scale of image C) is 2.5nm and D) is 10nm. E) Force
spectroscopy measurements performed in the 0.3CMC solution of SDS in water in between
topographical measurements. Thin lines show 32 force-separation curves out of the 144
obtained during a single measurement. Thick lines are the median of those measurements
(all 144). Blue lines represent the approach and red line the retraction movement of the
cantilever. The black arrow indicates the breakthrough peak present in the approach curve.

0.5nN. However, when the same area is scanned with a very low setpoint of
only 0.1nN, the image starts to appear noisy and disrupted (Figure 4.4D).
Normally, we would attribute the instabilities to the low force setpoint value.
However, we note that these instabilities seem to form two flat levels, sep-
arated by approximately 3nm (inset in Figure 4.4). We also performed the
FS measurement at the SDS concentration of 0.3CMC, with the same probe
that was used for the topography measurements (see Figure 4.4E). This meas-
urement displays a breakthrough peak with a value of approximately 0.1nN,
which corresponds with the force setpoints values for which we found different
results of surface topography (Figure 4.4C and D).
The origin of the instabilities during scanning becomes more obvious when
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the concentration of the surfactant is increased to 0.5CMC. After a couple
of minutes to allow for stabilization of scanning and choosing the right para-
meters (low setpoint - 0.3nN) we observed surfactant structures emerging
on the surface. Figure 4.5A-D show a series of images of developing sur-
factant layers. We quantified the area covered by the emerging layers with
a height threshold method, while neglecting islands smaller than 20 pixels.
The results of this analysis are displayed in Figure 4.5E. The images shown
in Figure 4.5A-D correspond to the first four points in Figure 4.5E. It is clear
that the area coverage of the layers increases for consecutive images, starting
at less than 10% coverage and stabilizing at approximately 20 − 25% after
20min.
A zoom of the surfactant structures (Figure 4.6A-D) reveals that they are

flat on top and can be composed of multiple levels. We measured struc-
tures made of up to three separate levels (indicated by the blue arrow in
Figure 4.6A). Cross-sections (Figure 4.6E) and the height distribution pro-
file (Figure 4.6F) reveal that all levels have the same height of approximately
3−3.2nm. The layer height of approximately 3nm is in line with our previous
observations of two levels showing up during scanning at the concentration
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Figure 4.5: A)-D) A sequence of 0.5× 0.5 µm2 topographical images of SDS layers growing
in the surfactant solution with a concentration of 0.5CMC. The height scale of the images
is 6nm. Images were taken in a PeakForce tapping mode with a force setpoint of 0.3nN. E)
Surface coverage of the layers versus the time. The moment of t = 0 is set when the first
scan is finished. Images shown in panels A)-D) refer to the first four points in the plot.
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Chapter 4 Adsorption of surfactant structures on a hydrophobic substrate

of 0.3CMC (Figure 4.4D), strongly suggesting that already at this stage we
observed the formation of surfactant layers. However, most often the layers
were too weak to withstand the contact with the AFM tip. This is further
supported by force spectroscopy measurement taken at a concentration of
0.3CMC, which shows a breakthrough peak with a value of approximately
0.1nN (Figure 4.4E). Furthermore, it is evident from the Figure 4.6 that
the layers are mobile, are able to change their shapes and merge together.
The ad-levels also dissolve and reform again. This suggests that the flat lay-
ers are only weakly bound to the underlying substrate and to each other.
Furthermore, the forming and dissolving of SDS structures suggests that the
surfactant adsorbed on the surface is in dynamic equilibrium with the surfact-
ant dissolved in solution. This is an expected outcome, since the surfactant
molecules cannot form chemical bonds with the fluorine-coated substrate.
The surfactant islands are still observed when the concentration is further
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Figure 4.6: A)-D) A series of 0.2× 0.2 µm2 topographical AFM images of multi-level SDS
layers adsorbed on a hydrophobic surface. The concentration of surfactant was 0.5CMC.
The height scale of all images is 10nm and they were taken with force setpoint of 0.3nN. The
images were taken at time intervals of approximately 5min. E) Height profiles extracted
from images in panels A) and C) and from locations indicated by coloured dashed lines.
F) Semi logarithmic height distribution plot of an image shown in panel C).
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increased. However, they seem to get more resistant to the force applied by
the tip. For instance, when scanning is performed with a force setpoint of
0.8nN at a concentration of 0.7CMC (Figure 4.7A) SDS structures are still
intact. Previously shown images, measured at the concentration of 0.5CMC
with a force setpoint of 0.3nN still appeared slightly blurry. Nevertheless,
when we apply a higher force, even at a concentration of 0.7CMC, surfactant
structures can be removed by the tip. Figures 4.7B and C show two images
taken directly after the image shown in panel A. However, they were recorded
with an increasing setpoint of 1.5nN and 2nN for panels B and C, respectively.
It is evident from the images in Figure 4.7B that already at a force setpoint
of 1.5nN most of the surfactant layers are removed from the surface. Using a
higher force setpoint of 2nN will entirely remove them from the surface and
structures typical for PFDTS coated silicon surface reappear (Figure 4.7C).
This example provides us with another proof that surfactant structures are
weakly bound to the substrate and that they are not able to withstand high
mechanical forces.
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Figure 4.7: A)-C) A series of 0.2 × 0.2 µm2 topographical AFM images of SDS layers
adsorbed on hydrophobic surface at surfactant concentration of 0.7CMC. Images were
taken with increasing force setpoints of 0.8, 1.5 and 2nN, respectively. The height scale of
images A) and B) is 5nm and 2nm for image C).

A surprising development occurs when the surfactant concentration reaches
a value of 1CMC. At this concentrations we no longer observe flat surfactant
aggregates. When we use low force setpoints of approximately 0.5nN we
record blurry images, which sometimes contain some irregular aggregates, an
example of which is shown in Figure 4.8A. When the setpoint is increased
to 1nN or higher, we could no longer observe the blurriness on the images
(see Figure 4.8B). Instead, the scanning reveals structures which are typical
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Chapter 4 Adsorption of surfactant structures on a hydrophobic substrate

for PFDTS coating. It can be easily compared with the image shown in
Figure 4.4A. We also tried to image the surfactant layers at the CSDS ≥
1CMC using more traditional tapping mode operating in the non-contact
regime. Nonetheless, we did not observe any structures different than a
slightly wavy pattern, which is very common for PFDTS coating. Note that
the traditional tapping mode offers much lower control over the forces applied
than the PeakForce tapping mode used for the other measurements. Because
both topographical images and ellipsometry measurements reveal intriguing
adsorption behaviour of SDS on a hydrophobic surface we performed force
spectroscopy measurements in the same surfactant concentrations to get more
insight in the adsorption process.

200 nm 200 nm

A) B)Setpoint - 0.5nN Setpoint - 1nN 

Figure 4.8: 0.5 × 0.5 µm2 topographical AFM images of PFDTS coated silicon surface
submerged in a SDS solution with concentration of 1CMC. Images were taken with force
setpoints of 0.5nN in image A) and 1nN in image B). The height scale of image A) is 3nm
and image B) is 2.5nm.

4.3.3 Force spectroscopy

Before diving into the results of the force spectroscopy measurements a few
experimental details relevant for the interpretation of the data need to be
explained. First, in order to observe all the interactions between tip and the
surface, as well as achieve good signal resolution, we use relatively high force
setpoints (here we took 5nN). As shown in the previous section, the surfact-
ant layers are vulnerable to mechanical damage caused by the tip, already
at forces well below 5nN. Therefore, we assume that in every measurement
cycle the layers are distorted to some degree. Thus, the signal cannot be
directly compared to the layers observed in the topographical images, but
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it rather has to be understood as a signal coming from whatever surfactant
structures were able to assemble during a measurement cycle. Furthermore,
it makes any localized information from force spectroscopy maps uncertain.
As a result we decided to use larger probes than for the topographical meas-
urements (R ≈ 20nm, compared to R ≈ 8nm), which provides us with a
better signal quality and enhanced reproducibility of the measurements.
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Figure 4.9: Force spectroscopy measurements performed in water (panel A) and aqueous
SDS solutions with increasing surfactant concentrations from 0.1CMC up to 1CMC (panels
B-F). Thin lines show 32 force-separation curves out of the 144 obtained during a single
measurement. Thick lines are the median of those measurements (all 144). Blue lines
represent the approach and red line the retraction movement of the cantilever. All presented
measurements were done with the same tip during the same series of measurements. G)
Adhesion measured by force spectroscopy as a function of SDS concentration; the error
bars represent the standard deviation.

Figure 4.9 shows the force spectroscopy measurements performed at dif-
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Chapter 4 Adsorption of surfactant structures on a hydrophobic substrate

ferent surfactant concentrations, starting from pure water and up to 1CMC.
For pure water we observe a clear snap-in effect during the approach and
large adhesion during the retraction of a tip. This is a footprint of large
attractive forces between the tip and the surface. Similar behaviour is visible
at a concentration of 0.1CMC, however there is a step visible both in the
approach and retraction curves. Furthermore, the tip has to be retracted a
few nanometers further before it losses contact with the surface. Significant
changes are visible when the concentration is increased to 0.3CMC, and ad-
hesion is greatly reduced and the snap-in behaviour is much less pronounced.
Moreover, before the tip approaches the surface, repulsive interactions are ob-
served (indicated with an arrow in Figure 4.9C). The same trend continues
for the concentration of 0.5CMC, at which adhesion is reduced even further
and a peak of repulsive interactions during the approach motion is even more
apparent. At 0.7CMC there is almost no adhesion and the tip experiences
only repulsive interactions during the entire cycle. The same holds for the
concentration of 1CMC with the only difference being a more pronounced
peak during the approach of the tip. The overall trend clearly shows that
with increasing SDS concentration the tip experiences more repulsive forces
and, as a result, adhesion decreases reaching practically 0nN at a concentra-
tion of 0.7CMC. The dependence of adhesion on the surfactant concentration
is summarized in Figure 4.9G.

4.4 Discussion

In this section we will attempt to combine observations from all the afore-
mented experimental techniques and elucidate the mechanism of SDS layer
formation on hydrophobic substrates. The analysis will be structured into
three subsections depending on the surfactant concentration: low (CSDS <
0.2CMC), middle (0.2CMC ≤ CSDS < 0.7CMC) and high (CSDS ≥ 0.7CMC).
A simple cartoon picturing the surfactant layer formation for increasing SDS
concentration is provided in Figure 4.10.

4.4.1 Low concentrations

For low SDS concentrations the layer thickness measured with ellipsometry is
small, only approximately 0.2nm (see Figure 4.3). This result is also reflected
in the AFM topographical measurements, where only the topography of clean
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PFDTS coating is observed for CSDS = 0.1CMC (see Figure 4.4). A slight
signature of surfactant adsorption is visible for this concentration in force
spectroscopy, where a step-like movement is present during both approach
and retraction of the tip, as shown in Figure 4.9B. However, the adhesion
between the tip and the surface is identical to that in pure water indicating
that there are no significant repulsive forces between tip and sample. This
strongly suggests that at low concentrations the surface is covered with a thin
discorded layer of surfactant molecules, which is illustrated in Figure 4.10B.

4.4.2 Medium concentrations

In the medium concentration regime (0.2CMC ≤ CSDS < 0.7CMC) ellipso-
metry shows that the layer thickness increases with surfactant concentration,
suggesting accelerated surfactant adsorption (Figure 4.3). The AFM meas-
urements provide more details on the structure of surfactant layers. Already
at CSDS = 0.3CMC, we noticed signs of formation of flat layers with heights
of approximately 3nm. At these concentrations the layers are generally too
weak to withstand the contact with the tip (see Figure 4.4D), indicating their
low molecular density. When the SDS concentration is increased to 0.5CMC
we can reliably image the surfactant layers, indicating that their molecular
density is much higher. Furthermore, we clearly observe that SDS molecules
can form multi-level structures with quantized steps 3 − 3.2nm in height.
This value is approximately twice as large as the length of single SDS mo-
lecule, strongly suggesting that the observed flat layers for both 0.3CMC and
0.5CMC constitute of double layers of SDS molecules. Force spectroscopy
measurements for these concentrations (Figure 4.9C-D) clearly show an in-
crease of repulsive interactions between the tip and the surface combined
with a decrease in adhesion. This can be explained only by the simultaneous
presence of negatively charged SDS heads on the tip and the surface. There-
fore, we conclude that in the observed surfactant layers the SDS molecules
exhibit a conformation with the hydrophilic heads pointing outwards and
tails to the inside, as sketched in Figure 4.10C-D.

4.4.3 High concentrations

When the surfactant concentration reaches values close to 1CMC or higher,
we observe intriguing results with all experimental techniques. First, ellipso-
metry reveals that the surfactant layer thickness increases until the concen-
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tration reaches 1CMC and then it suddenly drops (see Figure 4.3). Further
increasing the concentration to 2CMC does not have a significant effect on
the layer thickness. The AFM measurements at CSDS = 0.7CMC still detect
flat surfactant islands (see Figure 4.10E). However, when the concentration
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Figure 4.10: Schematic illustration of SDS layer formation on PFDTS coated substrates for
increasing surfactant concentration in the solution, depicting the mechanism derived from
our experimental observations .
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is increased to 1CMC they are no longer observed. Instead, we resolve blurry
images with small aggregates for a force setpoint of ≈ 0.5nN and the to-
pography closely resembles clean PFDTS for higher setpoints. At the same
time, force spectroscopy shows strong repulsive interactions and almost no
adhesion for both 0.7CMC and 1CMC, proving that at both concentrations
the entire surface is covered by the surfactant molecules.

The only explanation, which is in-line with the observations from all ex-
periments for the CSDS = 1CMC, is that the surface is uniformly covered
with only one double layer of SDS molecules (see Figure 4.10F). This implies
that higher levels of multi-layer structures (i.e. Figure 4.6) desorb from the
surface, resulting in a smaller layer thickness as observed with ellipsometry.
The fact that the desorption process seems to happen exactly at the con-
centration at which the formation of micelles in the bulk solution becomes
favourable strongly suggests that these processes are linked together. The
higher levels of the multi-layer structures are weakly bound to the underly-
ing levels, which reduces the energy barrier for the desorption. Furthermore,
these higher levels will have their sides with the hydrophobic tails exposed.
Once the CMC is reached, the formation of SDS micelles becomes more fa-
vourable, where only hydrophilic heads face the bulk of solution.

The question remains why we observe flat bi-layer of SDS molecules, while
long half-micellar structures were reported on HOPG28 for concentrations
higher than the CMC. The answer lies in the amorphous and rough nature of
our substrate. The lack of high-symmetry direction hinders the formation of
elongated structures. At the same time bi-layers of SDS molecules can eas-
ily follow the substrate corrugation, resulting in a topography which closely
matches the clean PFDTS substrate. This makes it difficult to judge from the
AFM images whether the surfactant is present on the surface at lower concen-
trations. For instance, in the images of Figure 4.6 (0.5CMC) and Figure 4.7A
(0.7CMC), one can discern areas that are not covered with surfactant islands.
The force spectroscopy measurements show that at CSDS = 0.5CMC adhe-
sion and attractive interactions are still present, while they are not present
at CSDS = 0.7CMC. Hence, in Figure 4.6 (0.5CMC) the lowest level in the
image is most likely a PFDTS layer not covered with SDS and in Figure 4.7A
(0.7CMC) the complete area is already covered by a single surfactant layer
and the observed islands are in fact the second level (see Figure 4.10D and
E).
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4.4.4 Possible influence of the surface active impurities

It has been known for a long time that surfactants from sulfate families, such
as SDS, or trimethylammonium bromides like TTAB or CTAB may contain
contaminants originating from their chemical synthesis, such as long chain
alkanes or alcohols, which are notoriously difficult to remove. These impur-
ities may be highly surface active even at low concentrations, and as a result
have an influence on the surfactant adsorption process. Our measurement of
the surface tension for various SDS concentrations using the pendant droplet
method38 revealed no dip of the surface tension around the CMC (Figure
S1 in SI), which suggests that the SDS solution does not contain impurities.
Nonetheless, it was shown that a dip in the surface tension is not the only
hallmark of surface active impurities and obtaining entirely pure surfactant
solution requires several complex purification steps.39
However, the experimental data provides us with strong evidence that the

observed adsorbed structures consist of SDS molecules. First, the force spec-
troscopy measurements (Figure 4.9) clearly shows that with increasing SDS
concentration the adhesion sharply decreases, reaching almost 0nN at a con-
centration of 0.5CMC. Moreover, the repulsive interactions are measured in
the approach curves for concentrations higher than 0.3CMC. These obser-
vations can only be explained by repulsive interactions between the tip and
the surface, originating from repulsion between negatively charged SDS mo-
lecules. Furthermore, in the AFM topographical images shown in Figures 4.5
and 4.6 we observe the same type of layers forming on the surface. If the
impurities would constitute a significant amount of adsorbed species on the
surface, we expect a variation in the types and dimensions of layers present
on the surface. However, we see no signs of layers with different shapes.
Additionally, multi-level structures can only form in ordered systems, which
further supports the fact that even if some surface active impurities take part
in the adsorption process then they are present in an amount small enough,
that it does not disturb the ordering of SDS molecules in the multi-layered
structures.

4.5 Conclusions

Using a combination of ellipsometry, AFM topographical measurements and
force spectroscopy, we havedemonstrated that ionic surfactants can form
flat multi-layered structures on an amorphous hydrophobic substrate. This
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deviates from a previously described model of long half-micellar cylinders
found on HOPG substrates.28 We observed the first evidence of flat layers
already at surfactant concentration of 0.3CMC, and multi-layers formed at
CSDS = 0.5CMC. The flat layers are composed of bi-layers with a height
of approximately 3 − 3.2nm consisting of SDS molecules with their heads
oriented outwards. When the surfactant concentration reaches 1CMC only
the first surfactant bi-layer stays on the surface and covers it as a blanket.
This layer is able to follow the natural roughness of the PFDTS coating. The
ad-layers desorb from the surface to form micelles in the solution, which res-
ults in a decrease of the layer thickness as measured with ellipsometry above
CSDS = 1CMC.
Our results are of high relevance for practical applications, such as inkjet

printing1–3 or agriculture5–7 for which modelling the surfactant adsorption
onto the hydrophobic substrates is essential. Knowledge on the structures
that surfactants form during adsorption contributes to predicting wetting
and spreading behaviour of surfactant mixtures. Furthermore, the surface
of multi-layered surfactant structures is not covered uniformly by the hy-
drophilic surfactant heads and have the hydrophobic chains partly exposed.
Therefore, they these structures can display non-uniform wetting properties,
resulting in contact line pinning of evaporating droplets, as demonstrated in
earlier work.26 Our work highlights that the adsorption of surfactant and the
resulting changes in the wetting behaviour should be taken into the account
in simulating spreading and evaporation.
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Chapter 5 Marangoni contraction versus autophobing

5.1 Introduction

Many industrial processes require a fundamental understanding of the wet-
ting properties of liquids on solid surfaces.1 Examples are inkjet printing,2
oil recovery,3 and lithography.4 A key concept in the description of wetting
is the contact angle θ, as defined in Figure 5.1. Properties of the liquid to-
gether with the surface chemistry of the solid determine the value of θ.5,6
The wetting properties and contact angles of single-component liquids have
been extensively studied.7,8 However, a large number of industrial applica-
tions require mixtures of liquids9 or the addition of surfactant to enhance
the spreading properties of a liquid.10 For complex drops consisting of two
or more components, the wetting properties are far from understood. The
components may phase separate,11,12 selectively evaporate,13 emulsify,14 ad-
sorb at interfaces,15 and even gravity can play a role,16,17 leading to intricate
wetting properties on solid surfaces.
Here, we study the contact angle θ of multi-component drops, where the

less volatile component acts as a surfactant on OH-terminated substrates
that are fully wetted by water. Figure 5.1A shows the contact angle of drops
consisting of water–1,2-hexanediol (1,2-HD) mixtures on a piranha solution-
cleaned hydrophilic glass substrate (microscope coverslips, Menzel-Gläser)
with minimal pinning. The reported angle is attained within seconds after
deposition of the drop (see Figure 5.1B). The key result of Figure 5.1A is that
θ continually increases with the 1,2-HD mass fraction φ. This is surprising for
two reasons. First, 1,2-HD has been shown to exhibit surfactant-like proper-
ties when mixed with water due to its amphiphilic molecular structure.18–21
Increasing the mass fraction φ of 1,2-HD lowers the surface tension γLV (see
the inset of Figure 5.1A), which normally would lead to enhanced spread-
ing (and perfect wetting with θ = 0◦ at φ = 1). However, the opposite
trend is found: θ increases with φ. A second surprise is that this increase
continues above the critical micelle concentration (CMC) φCMC ≈ 0.1, even
though γLV is constant in this range.22 Here we show that these unexpected
features are the result of two mechanisms of different origins – one of hydro-
dynamic nature: Marangoni contraction, and the other of molecular nature:
autophobing. This resolves the relation between two controversial models
for Marangoni contraction23–25 and, for the first time, describes quantitat-
ive limitations of the contracted state and its sensitivity to the molecular
structure of the surface active component.

92



5.2 Experimental methods

A)

B)

Figure 5.1: A) Contact angle (θ) of water–1,2-hexanediol (1,2-HD) mixtures as a function
of the mass fraction (φ) of 1,2-HD, for various relative humidities (RH). The vertical dotted
line indicates the critical micelle concentration (φCMC ≈ 0.1). The filled areas indicate
the measurement error. Schematic: Definition of θ. The mass fraction of 1,2-HD (yellow)
is higher near the contact line due to selective evaporation. Inset: Surface tension (γLV)
of water–1,2-HD mixtures, measured using the pendent drop method. B) Evolution of the
contact angle (θ) over time (t) for φ = 0.08 (bottom three lines) and φ = 1 (top three
lines) for RH = 30% (green lines), RH = 60% (blue lines) and RH = 90% (red lines). The
drops are gently placed at t = 0, after which a rapid decrease of θ to a quasi-steady value
is observed. The horizontal black dashed lines and large markers (at t = 20 s) indicate
averages of all values in the quasi-steady regions (from approximately t = 10 s onwards)
and correspond to the datapoints shown in the panel A).

5.2 Experimental methods

5.2.1 Contact angle measurements

The contact angle θ was determined from side-view images (obtained using
a Ximea XiQ MQ013MG-ON camera with Zeiss Makro-Planar 1:2.8 f=60
mm lens with Olympus ILP-2 light source). We determined θ by fitting a
circle to the drop interface and a straight line to the substrate. The height H
and base radius R of the drop are extracted from the circle fit, and used to
calculate the contact angle using θ = 2 tan−1(H/R). The relative humidity
RH was controlled using a home-built apparatus (for details see Ref.26), and
was constantly monitored along with temperature T during the measurement
using a sensor (Honeywell HIH6130) in the setup. Example measurements of
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the time evolution of θ for φ = 0.08 and φ = 1 are shown in Figure 5.1B.

5.2.2 Surface tension measurements

The surface tension measurements were performed using the pendant-drop
method.27 For each aqueous solution of 1,2-hexanediol, the surface tension
of ten drops of 2.5 µL was measured (T = 20 ◦C, RH = 45%), with ten
images collected for each drop over a period of 1 s. The surface tensions γLV
reported in the inset of Figure 5.1 are an average of these measurements (i.e.
100 images per datapoint), with a measurement error of 0.57 mN/m.

5.2.3 Micro-particle image velocimetry measurements

The flow velocities within evaporating binary drops of 1,2-hexanediol and
water were quantified by micro-particle image velocimetry (µPIV). We used
fluorescent polystyrene microspheres (Thermo Fisher Scientific F8809, 0.2 µm
diameter, stock solution concentration 2% w/v) as tracers, with a mass frac-
tion of 7.8 · 10−5 of the particle stock solution in the final mixture. The
particles within the drops were visualized with an inverted epifluorescence
microscope (Nikon Eclipse Ti2), equipped with a water immersion objective
(Nikon CFI APO LWD 20× WI) with a numerical aperture of 0.95. Thin
correlation depths (i.e., high plane selectivity) require diffraction-limited ima-
ging. To achieve this not only close to the substrate but also in the bulk fluid,
the refractive index of the immersion medium has to be close to that of the
working medium, for which water immersion objectives are ideally suited.
The focal plane was parallel to the substrate and moved in vertical direction
with the closed-loop focusing stage of the microscope. The time required to
switch between planes was less than 100 ms. For each z-plane, a sequence of
approximately 500 frames was recorded with a high speed camera (Phantom
VEO 4K 990L, imaging speed at 900 to 1000 fps). Thus, the time required
for a full z-scan was on the order of approximately 10 s, much shorter than
the time scale on which the flow velocities change for a quasi-stationary drop.
This was checked by comparing data from successive upward and downward
scans. To evaluate the flow velocities, the images were analysed with an
in-house developed cross-correlation based algorithm with adaptive interrog-
ation window sizes and correlation averaging over approximately 100 frames.
The analysis was implemented through the Python API of Tensor Flow, to
enable fast computation on graphics processing units. Example velocity fields
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in the z-plane are shown in Figure 5.2. The velocities presented in Figure 5.4
were obtained by azimuthally averaging over approximately 100 µm. Ad-
ditionally, simultaneous shadowgraphy of the drop contour was performed
to record the contact angle with a second camera (Point Grey Grasshop-
per2, imaging speed at 27 fps) through a macro lens (Thorlabs Bi-Telecentric
lens, 1.0×, working distance 62.2 mm). Experiments where conducted in a
humidity-controlled chamber mounted on top of the microscope. As sub-
strates we used piranha-cleaned microscope coverslips (Menzel Gläser).

Figure 5.2: Example velocity fields in the z-plane for (A) φ = 0.08, RH = 71% and (B)
φ = 0.22, RH = 40%. The thick grey line denotes the three-phase contact line at the
substrate (z = 0). The dashed line indicates the interface of the drop at z = 11 µm.

5.2.4 Ellipsometry measurements

The ellipsometry measurements (J. A. Woolam Co. VB-400-VASE ellip-
someter with WVASE32 software) were performed on 2 × 2 cm2 piranha
solution-cleaned silicon (100) substrates (Okmetic) in ambient conditions
(T = 21 ◦C, RH = 40 ± 5%). The thickness d of the layer of adsorbed
molecules was obtained by fitting the obtained ellipsometric spectrum to a
model of a surface composed of a silicon substrate with a native oxide layer
and the Cauchy layer on top. The thickness of the native oxide layer (typic-
ally 1.8 nm for these substrates) was determined for each substrate separately
before performing the adsorption experiments. The Cauchy layer is an em-
pirical model for the dependence of the refractive index on the wavelength of
a dielectric layer:

n(λ) = A+B/λ2 + C/λ4 + ..., (5.1)
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where n is the refractive index, λ is the wavelength of the light that is used,
and A, B, C are the material-dependent empirical coefficients.28 Here, we
used the values A = 1.45, B = 0.1, C = 0, and all other higher order terms
were set to zero.
During the measurement, the substrate is vertically placed above a Teflon

container, a sketch of this configuration is shown in Figure 5.3A. A dynamic
scan (3.5 eV, 75◦) is used to resolve the adsorption of molecules over time.
The measurement spot is located at a distance ∆x = 1 mm from the liquid
interface, and has a diameter of approximately 1 mm. The obtained thickness
is an average over the area of the measurement spot. To obtain the thick-
ness of the adsorbed layer, we perform a measurement of the ellipsometric
spectrum (1.2 - 4.5 eV, 75◦), once the dynamic measurement indicates that
the adsorption has reached equilibrium. The normalized adsorption density
Γ/Γ∞ is calculated from the thickness using Γ/Γ∞ = d/dsat. The value of
dsat, the thickness of the adsorbed film under saturated vapor conditions, is
measured in a separate experiment in a closed chamber.
The substrate on which the adsorption is measured is never in direct con-

tact with the liquid. A similar technique was used by Novotny et al.29 This

Teflon 
holder

1,2-hexanediol
light beam

adsorbed molecules

silicon substrate

Figure 5.3: A) Ellipsometry setup. The substrate is mounted vertically, and is not in direct
contact with the liquid (here: 1,2-hexanediol). The adsorption of molecules is measured at a
small distance from the liquid’s interface. B) Adsorption close to pure 1,2-hexanediol drops.
A ‘gap’ means that the substrate on which the ellipsometry measurement is performed is
not in direct contact with the liquid (as sketched in Figure 5.3A). Conversely, ‘no gap’
means that there is direct contact between the liquid and the substrate.
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means that all measurements only take into account the molecules that are
transported across the vapor phase separating the substrate and liquid. We
compare a measurement with gap (i.e. the case where no direct contact
between the substrate and the liquid exists) to one without gap (i.e. the case
where direct contact between the substrate and liquid exists; the drop was
placed directly on the substrate) in the Figure 5.3B. Within the error margin
there is no significant difference between the two measurement, indicating
that the bulk of molecules adsorbed on the solid are transported across the
vapor, and not, for instance, by fluid flow in a precursor film on the substrate.

5.3 Results and discussion

5.3.1 Marangoni contraction

We first turn to the hydrodynamic mechanism, which is known as ‘Marangoni
contraction’.24 Some multi-component drops (for example water - 1,2 - propa-
nediol mixtures) can form non-zero contact angles on high-energy surfaces,
even though the individual liquids themselves perfectly wet the surface at
equilibrium (i.e. θ = 0◦).9,23–25,30 There are two requirements that need
to be satisfied for Marangoni contraction to occur: i) one of the two liquids
must be significantly more volatile than the other, and ii) the least volatile
liquid should have the lowest surface tension of the two liquids. Selective
evaporation at the contact line (where the evaporative flux is highest31) of
the volatile component (typically water), then leads to a composition gradi-
ent in the drop and a surface tension gradient across the drop’s interface.
This in turn drives a Marangoni flow towards the center of the drop, which
opposes the spreading of the drop, such that the drop is ‘contracted’. The
presence of Marangoni contraction invalidates Young’s law, which only holds
at equilibrium, i.e. in the absence of flow,5,7 and its effect is opposite to
Marangoni spreading.32

Water–1,2-HD mixtures are expected to contract, since 1,2-HD is consid-
erably less volatile than water,12 and has a surface tension lower than that
of water (see the inset of Figure 5.1). Figure 5.4A shows the flow field in-
side a φ = 0.08 drop, as measured using high resolution micro-particle image
velocimetry. The blue line indicates the outer surface of the drop, and the
contact line is located at y = 0. A strong inward flow exists near the surface
of the drop, while an outward flow towards the contact line is observed in the
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Figure 5.4: Horizontal velocity component in the drops measured using high resolution
micro-particle image velocimetry. The blue line indicates the outer surface of the drop.
The horizontal lines indicate the velocity, where the direction is indicated by the location
with respect to the vertical dashed line. A) Velocity field for φ = 0.08 and RH = 71%
(θ = 9◦). B) Velocity field for φ = 0.22 and RH = 40% (θ = 14◦), which is significantly
weaker than that in A).

bulk of the drop. This flow field is typical for Marangoni contracted drops.24
To further test the hypothesis that the increase of θ is due to Marangoni
contraction, we varied the relative humidity (RH). A low RH enhances the
evaporation that drives the flow inside the drop.33 If the increase of θ is
induced by Marangoni contraction it should follow the scaling law (Eq. 1
from24):

θ(φ) ∝ (RHeq(φ)−RH)1/3 (5.2)

where RHeq is the humidity at which a droplet spreads completely (θ = 0◦) as
determined by the model equation (Eq. 7 from24). Indeed, Figure 5.1 shows
that with a lower RH the raise of θ is significantly enhanced, and for small
φ our data follows the Marangoni contraction scaling law, where we observe
a perfect collapse of data points (see Figure 5.5A). Therefore, we conclude
that Marangoni contraction is responsible for the enhanced contact angle of
water-1,2-HD drops at small φ.
Marangoni contraction alone, however, cannot explain the full range of

data in Figure 5.1. The θ is expected to decrease for φ & 0.6, as is the case
for 1,2-propanediol which has been shown to contract, due to smaller surface
tension gradients and weaker internal flow.24,25 Instead, at φ = 1 all surface
tension gradients are removed, but nevertheless a large (non-zero) θ is ob-
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C)B)A)

Figure 5.5: (A) Marangoni contraction scaling law (Eq. 1 from24) applied to the data from
Figure 5.1A. Note the excellent collapse for small φ. B) The relative humidity at which the
drop spreads completely (RHeq) as a function of mass fraction as determined by the model
(Eq. 7 from24). C) Difference between RHeq and RH as a function of mass fraction. Any
data point below the red line should spread completely (θ = 0◦), but autophobing prevents
this.

served. The RHeq values calculated for various φ are shown in Figure 5.5B. If
θ is determined by Marangoni contraction alone, the droplets should spread
completely when RHeq(φ)−RH < 0 (indicated by the red dashed line in Fig-
ure 5.5C), which should be the case for large φ. Instead, an aforementioned
increase of θ with φ is observed. Furthermore, Figure 5.4B shows that the
velocity field in a drop at φ = 0.22 is almost one order of magnitude smaller
than the velocity in the φ = 0.08 drop. Such weak internal flow cannot
sustain a contracted drop.

5.3.2 Autophobing

Another mechanism must be responsible for the large θ measured for large φ.
We recall the surfactant-like nature of 1,2-HD molecules. Some surfactant-
containing liquids are known to autophobe on selected substrates, a phe-
nomenon where θ increases due to modification of the solid surface energy by
a precursor of ordered adsorbed surfactant molecules of which the thickness
is typically no more than a few molecular lengths.34–39 The surface energy
of a precursor depends on RH, the composition of the drop, and the molecu-
lar nature of the adsorbing molecules.10,40,41 To the best of our knowledge,
autophobing and Marangoni contraction have never been reported to com-
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pete in a single multi-component system. Importantly, the apparent shapes
of the drops is indistinguishable between the two states, but their dynamic
behavior, especially their mobility and internal flows, are very different.25

To induce autophobing, surfactant molecules have to adsorb on the solid-
liquid interface (inside the drop) or on the solid-vapor interface (the precursor
outside the drop), resulting in an overall decrease of γSV − γSL, where γSV is
the surface tension of the solid-vapor interface, and γSL is the surface tension
of the solid-liquid interface. In Figure 5.6A we report the adsorption prop-
erties of water–1,2-HD mixtures on the solid-vapor interface under ambient
conditions, measured using ellipsometry.29 Here, Γ is the number density of
adsorbed 1,2-HD molecules, which we normalize by Γ∞, the number dens-
ity of adsorbed molecules corresponding to saturated coverage (measured in
a closed chamber with saturated 1,2-HD vapor). All values of Γ/Γ∞ were
obtained after equilibrium was reached, as determined by measuring the tem-
poral evolution of the adsorbed layer (Figure 5.6B), typically within a few
minutes after deposition of the liquid. Complete desorption of the precursor
upon removal of the drop typically takes an order of magnitude longer than
the time it takes for the precursor to form (see Figure 5.6C).
Figure 5.6A shows clear evidence of the adsorption of 1,2-HD molecules

on the substrate. Additionally, it shows that Γ/Γ∞ decreases both with the
distance to the contact line ∆x and with φ. This indicates that the concen-
tration of 1,2-HD in the vapor surrounding the drop is of key importance to
the equilibrium surface concentration of molecules adsorbed on the substrate.
As we increase ∆x or decrease φ, the concentration of 1,2-HD molecules in
the vapor decreases. Hence, a lower amount of 1,2-HD molecules is available
in the vapor to adsorb on the substrate, while water becomes more abund-
ant. Therefore, water coverage increases with increasing ∆x and decreasing
φ, resulting in a lower Γ/Γ∞.
This indeed offers a direct explanation of the result in Figure 5.1, even when

φ > φCMC, where θ increases with φ and decreases with RH. An increase in
RH leads to a lower Γ/Γ∞, due to the increased water coverage. Conversely,
the 1,2-HD coverage increases by increasing φ. Adsorbed molecules change
the surface energy of the substrate, making it more hydrophobic.42 This
offers clear and direct evidence that the contact angles of autophobed drops
depend on the RH of the close surrounding of the contact line. We remind
that the internal flow is very weak at large φ (Figure 5.4B), for which we thus
expect to recover the true equilibrium contact angle. In Young’s law, which
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Figure 5.6: A) Normalized adsorption density (Γ/Γ∞) as a function of distance to the
contact line (∆x) for several water–1,2-HD mixtures. B) Temporal adsorption dynamics of
pure 1,2-HD at ∆x ≈ 5 mm. The liquid is deposited at t = 0. C) Temporal desorption
dynamics of pure 1,2-HD at ∆x = 5 mm. The container with liquid is removed at t = 0,
after which an immediate change in Γ/Γ∞ is visible. Complete desorption of the adsorbed
molecules takes an approximately an order of magnitude longer than adsorption.

remains valid at equilibrium in the presence of surfactants,39 the increased
hydrophobicity of the substrate is reflected in the γSV − γSL term, which
becomes smaller with increasing Γ/Γ∞. Consequently, θ must increase, even
though γLV remains constant above the CMC. This mechanism is reminiscent
of the “modified Young’s law” modeling approach used for multi-component
drops in.23,25 Molecules may also adsorb on the solid-liquid interface, which
we are unable to measure using our experimental setup.43 Such adsorption,
if dominant, would lower γSL, increase γSV − γSL, and lead to a decrease in
θ. The increase of θ and strong dependence of θ on RH (Figure 5.1) indicate
that adsorption on the solid-vapor interface is dominant over adsorption on
the solid-liquid interface, leading to a decrease in γSV − γSL and an increase
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in θ at large φ.
Contrary to many previous works on autophobing,42–48 we do not see an

initial spreading phase followed by a retraction to the quasi-steady θ (see
Figure 5.1). This is likely due to the relatively high diffusion coefficient of
1,2-HD, which is a result of its small molecular size in comparison to other
more common surfactants.49 The region of the substrate that is sampled by
the liquid in determining the stationary θ is no larger than 10 µm.50 The
timescale associated with forming the equilibrium adsorption layer within
this region is smaller than the spreading timescale,51 which is relatively long
due to the high viscosity of 1,2-HD (η ≈ 82 mPa·s52).

5.3.3 Effect of the molecular structure

Our experiments show that water–1,2-HD mixtures exhibit a competition
between Marangoni contraction and autophobing. How generic is the ob-
served competition between Marangoni contraction and authophobing and
what is the influence of the surface activity dγLV/dφ? Here, we address these
questions by considering three shorter vicinal alkane diols: 1,2-propanediol
(1,2-PrD), 1,2-butanediol (1,2-BD), and 1,2-pentanediol (1,2-PeD), which
have three, four, and five carbon atoms in their chain, respectively. These
diols are non-volatile and have a low γLV.53 The surfactant-like behavior
(i.e. the surface activity dγLV/dφ) depends on the length of the aliphatic
chain. Short chain alkane diols show weaker surfactant-like behavior (smal-
ler dγLV/dφ) due to the decreased hydrophobicity of the molecule.53,54
We study the properties of these diols using the same procedure as we used

for 1,2-HD. Figure 5.7A shows θ as a function of φ at RH ≈ 60%. Starting
at small φ, we see that all diols follow a universal curve. This is perfectly
consistent with Marangoni contraction, since this hydrodynamic mechanism
is expected to be insensitive to molecular details. By contrast, the curves
start to diverge and the length of the aliphatic chain matters for larger φ –
consistent with autophobing. The longest diol studied here, 1,2-HD, exhibits
strong autophobing behavior. As we move to short chain diols, the auto-
phobing strength becomes smaller, indicated by smaller values of θ at φ = 1.
Additionally, Figure 5.7A shows that Marangoni contraction is the dominant
mechanism up to a larger φ for shorter diols. While for 1,2-HD, autophobing
is dominant starting from φ ≈ 0.3, for 1,2-PrD, by contrast, the full range
of φ is consistent with Marangoni contraction – there is no autophobing at
all. Hence, a higher surface activity does not necessarily lead to stronger
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Figure 5.7: A) Contact angle (θ) as a function of mass fraction (φ) for several mixtures of
water and vicinal alkane diols (RH = 60%). The schematics show the structure of adsorbed
1,2-propanediol molecules and 1,2-hexanediol molecules. B) Normalized adsorption density
(Γ/Γ∞) as a function of distance to the contact line (∆x). C) Thickness of the saturated
film (dsat) for several vicinal alkane diols.

Marangoni contraction. In fact, the surface activity of the molecules may
inhibit contraction, leading to autophobed drops. For example, at large φ,
1,2-HD (highest dγLV/dφ) shows the strongest autophobing, whereas 1,2-PrD
(lowest dγLV/dφ) drops are contracted. Thus, our results show that, in addi-
tion to the two requirements listed above, there is a third requirement that
needs to be satisfied for drops to contract: the contact angle achievable by
Marangoni contraction needs to be larger than the microscopic contact angle
as governed by molecular forces. However, the microscopic angle may be
larger than zero.

All four molecules adsorb on the substrate, as seen from the ellipsometry
measurements presented in Figure 5.7B. The reduced autophobing strength
of the shorter diols is caused by the shorter hydrophobic chain in these mo-
lecules. The distance between the hydrophilic and hydrophobic parts of the
molecule is smaller in shorter chain molecules, meaning that the polar nature
of the hydroxyl groups becomes more relevant for the surface energy of an
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adsorbed layer of a short chain molecule such as 1,2-PrD. The result is a
more hydrophilic surface and therefore a smaller θ. Figure 5.7B shows that
all diols studied here adsorb onto the substrate with similar Γ/Γ∞. However,
as shown in Figure 5.7C, not all adsorb in the same way as 1,2-HD. Des-
pite their smaller size, the saturated thickness dsat of 1,2-PrD and 1,2-BD is
larger than that of 1,2-PeD, and only slightly smaller than that of 1,2-HD,
indicating that they do not form monolayers. The estimation of the size of
each molecule is given in Table 5.1 and it was obtained using equation:

l =
(
M

ρNA

) 1
3

(5.3)

where M and ρ are the molar mass and density of the molecule, and NA is
the Avogadro constant. Most probably the hydroxyl groups of 1,2-PrD and
1,2-BD molecules remain partially exposed, allowing them to form disordered
multi-layered structures (see the schematic in Figure 5.7A) similar to layers
of adsorbed water molecules,55 hence they do not strongly affect the surface
energy. By contrast, 1,2-PeD and 1,2-HD adsorb in a monolayer structure
(see the schematic in Figure 5.7A), indicated by the increasing dsat between
1,2-PeD and 1,2-HD in Figure 5.7C, and the decrease in dsat between 1,2-PrD
and 1,2-PeD. This means that their long aliphatic chains are exposed, in-
creasing the hydrophobicity of the surface. Therefore, autophobing occurs at
large φ for molecules with a long aliphatic chain, due to the strong effect of
the adsorbed molecules on the surface energy of the solid. By contrast, ad-
sorbed molecules with a short aliphatic chain have little effect on the surface
energy of the solid and Marangoni contraction dominates over the full range
of φ. One can thus tune θ over a large range by selecting the correct diol and
a particular combination of φ and RH.

molecule M [g/mol] ρ [kg/m3] l [Å]
1,2-propanediol 76.09 1036 4.96
1,2-butanediol 90.12 1006 5.30
1,2-pentanediol 104.15 971 5.63
1,2-hexanediol 118.17 951 5.91

Table 5.1: Properties of several alkane diols and the resulting estimated molecule lengths
obtained using Eq. 5.3.
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5.4 Conclusion

Our results reveal that Marangoni contraction and autophobing both provide
valid descriptions for the wetting of two-component drops, albeit in differ-
ent regimes. A minute change in one of the control parameters is sufficient
to change the dominant wetting mechanism. While the visual appearance
of drops in either of the two wetting states is indistinguishable, Figure 5.4
demonstrates a strong difference in their internal flows. We have shown
(Figure 5.1 and 5.7A) that Marangoni contraction is possible only if the mi-
croscopic contact angle, as governed by molecular forces, is smaller than the
angle achievable by contraction. Additionally, we show (Figure 5.4) that the
internal flows should be used to determine the state of a drop rather than the
contact angle or apparent drop shape. By systematically changing the mo-
lecular structure of the volatile liquid, we show that a higher surface activity
dγLV/dφ does not necessarily lead to stronger Marangoni contraction. In fact,
excessive surface activity may inhibit contraction, and lead to drops whose
contact angle is governed by molecular forces. Hence, the chemical structure
of the liquid needs to be taken into account when designing multi-component
drop systems with specific properties. Importantly, these mechanisms are
generic and expected to be present in most mixtures containing (volatile)
surfactant-like liquids.

Marangoni contracted drops are attractive for technological applications
due to their high mobility,23,25,56 which is suppressed for drops in the auto-
phobing or partial wetting states. Our result may also be of interest to ap-
plications that require high contact angles of drops consisting of low surface
tension liquids, such as inkjet printing57 or semiconductor processing.9
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Chapter 6 HSP as a route to predict siloxane surfactant adsorption

6.1 Introduction

The quality of inkjet printing is closely related to the wettability character-
istics of the printhead and the surface tension of the ink. The former has a
significant effect on the velocity and shape of the jetted droplets,1 whereas
the latter plays a key role in the imbibition and spreading of the ink on the
porous substrate.2,3 This is why surfactants are often added the ink solu-
tions in order to reduce the surface tension and improve the spreading of
the ink droplet.4 However, surfactants containing siloxane groups (-Si-O-Si-)
can adsorb on the nozzle plate, usually made out of silicon, and alter its
wettability. This in turn can lead to non-zero jetting angles (i.e., the liquid
jet direction is not normal to the nozzle-plate), which may deteriorate the
quality of the printed image (see Figure 6.1). Another consequence of the
dewetting of the silicon oxide is the risk of air bubble entrainment inside the
nozzle, which can completely block the jetting process.1 We anticipate that
a more detailed understanding of the underlying molecular interactions that
govern the surfactant-substrate adsorption would facilitate the formulation
of optimal ink solutions that do not alter the wettability of the nozzle plate.
Siloxane-based surfactants are surface active in both aqueous and non-

q

a

Liquid
Liquid with
surfactant

Nozzle

Silicon 
nozzle-plate

Figure 6.1: Schematic of the deposition of EHTS surfactant on the silicon oxide surface of
the printhead. The hydrophobic tail of the surfactant changes the wetting properties of
the printhead nozzle-plate. Note that, after EHTS adsorption, ink creates sessile droplets
on a printhead instead of a continuous film. This may lead to jetting angles α 6= 0 if the
droplets are close to a nozzle.
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aqueous media, with a widespread use owing to their low surface tension,
low toxicity and synthetically versatile structure.5 This class of surfactants is
commonly used in ink formulations, and in various other applications such as
paint, textile, and agriculture.6,7 In this study, because of its simple molecular
structure, we have chosen 3-ethylhepta-methyltrisiloxane (EHTS) as a model
for a surfactant containing siloxane groups.

In general, the adsorption of a molecule from bulk solution to the inter-
face is controlled by the molecular structure of the adsorbate as well as the
properties of the solvent and the adsorbing surface. Surfactants adsorption
on silica has been studied through experiments8–10 and Molecular Dynamics
(MD) simulations.11–13 Using MD, Zhou et al.13 showed that the wetting
properties of hydroxylated silica are affected by the surfactant alignment in
the adsorption layer. Tiberg et al.8 and later Tummala et al.11 emphasized on
the importance of hydrogen-bonding between oxygen atoms in the surfactant
headgroups and surface hydroxyl groups in the adsorption of nonionic sur-
factants. Similarly, Levresse et al.14 and Cohen-Addad et al.15 argued that
hydrogen-bonding with Si-OH groups is the driving force for the adsorption of
siloxane-based molecules. Alternatively, other studies showed that depending
on the adsorbate molecular structure, the adsorption process can be highly
affected by the polarity of the solvents10,16,17 or by the dispersive van der
Waals interactions between the adsorbate and the silicon surface.18,19 There-
fore, knowing a priori the specific molecular interactions, namely the polar,
dispersive and hydrogen-bonding interactions, that control the adsorption be-
haviour of the surfactant20 is required in order to gain a more comprehensive
understanding of the adsorption processes, and will help in better select-
ing and designing surfactants and solvents for specific applications. From
this standpoint, the concept of Hansen Solubility Parameters (HSP)21 (i.e.,
square root of the Cohesive Energy Density, CED) can be used to quantify
these interactions at the molecular level. For the calculation of the solubility
parameter, predictive group contribution models have been proposed by sev-
eral authors.22–24 However, these semi-empirical models are not reliable for
complex structures, such as surfactants and branched polymers25–27 or com-
plex molecules with long-range electrostatic interactions.28,29 This is because
these models are based on the notion of additivity of property values of the
chemical groups (e.g., -CH3 and -OH) of which the molecule is composed,
and therefore, they do not account for molecular conformations, and change
in molecular structure due variation of temperature. This means that group

113



Chapter 6 HSP as a route to predict siloxane surfactant adsorption

contributions models cannot distinguish between polymers consisting of the
same functional groups, but different molecular structures, and cannot prop-
erly account for highly directional interactions, such as hydrogen-bonding
and electrostatic interactions that may be affected by the temperature or
pressure. It has also been shown that group contribution methods overes-
timate the hydrogen bonding contribution component of the solubility para-
meter.27 As such, molecular dynamics simulation techniques have emerged
as a complementary and convenient tool for the prediction of the solubility
parameter.30–34

The solubility parameter has played a critical role in the screening of
solvents35–38 and the estimation of interactions and incompatibilities between
materials.39,40 Other studies showed that the HSP method can be used for
preliminary screening of optimum solvents for aerogels,41 additives in crystal-
lization processes,42 and crude oils for asphalt precipitation,42 thus minim-
izing time and resource investment. The solubility parameter has also been
correlated to a variety of properties such as the surface tension, viscosity,
work of adhesion and tensile strength.32,35,37,43,44 However, the application
of HSP’s derived from MD to the area of surfactants adsorption onto solid
surfaces remains unexplored.

In this chapter, we investigate the effect of solvents with various molecular
structures and polarities on the amount of EHTS adsorbed on a silicon oxide
substrate. We propose an approach for the prediction of this adsorption from
the surface-surfactant and solvent-surfactant intermolecular interactions, ex-
plaining the subsequent effect it has on the wetting properties of the silicon
surface. A combination of experimental and numerical methods were used
and compared. On the experimental side, the deposition of the surfactant
was studied using contact angle goniometry, ellipsometry and atomic force
microscopy. On the numerical side, Hansen solubility parameter values were
calculated using MD simulations, where a simplified atomistic model of the
silicon surface was used to compute its solubility parameter. These were
complemented by MD simulations of solvent-surfactant mixtures to extract
the order parameter describing their mixing degree.
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6.2 Materials and methods

6.2.1 Materials and sample preparation

Methyl benzoate and 2-n-butoxyethyl acetate (BEA) with 99% and 98% pur-
ity were obtained from ABCR GmbH. 3-ethylheptamethyltrisiloxane (EHTS)
with a purity of 97% was acquired from Fluorochem. The molecular struc-
ture of EHTS is shown in Figure 6.2. All other chemicals were purchased
from Sigma Aldrich with a purity of 99% or higher. A schematic of their
molecular structure is shown in Figure 6.2. All chemicals were used without
any further purification.

Silicon(100) wafers (Okmetic), diced into 1.5 × 1.5cm2 pieces, were used
for sample preparation. First, they were cleaned with a piranha solution
(3:1 (v/v - volume fraction) of sulfuric acid (Merck, 96%) and hydrogen
peroxide (Merch, 30%)) for 15 minutes. Afterwards, they were rinsed thor-
oughly with Milli-Q water (resistivity = 18.2 MΩ · cm) and dried in a ni-
trogen stream. The piranha cleaning step was performed to remove organic
contaminants from the silicon oxide surface, and also to activate the sur-
face chemically by creating silanol (-Si-O-H) and siloxane groups (-Si-O-Si-).
Cleaned silicon substrate samples were immediately transferred into a 5ml of
a previously prepared solution of choice (various EHTS-solvents mixtures).
All EHTS solutions contained 1% weight fraction of the EHTS. Samples were
kept in a solution for at least 48 hours in order to simulate long time adsorp-
tion behaviour that can be encountered in industrial applications.
After being removed from the EHTS solution, samples were rinsed with

acetone in order to remove remnants of the reactive solution. Subsequently,
they were placed in a beaker filled with acetone and cleaned in an ultrasonic
cleaner for 5 minutes. Later, samples were rinsed with Milli-Q water and
dried in a nitrogen stream. Lastly, the ultrasonic cleaning step was repeated
with Milli-Q water.

6.2.2 Experimental methods

Contact angle Advancing (ACA) and receding contact angles (RCA) were
obtained by placing a 1 µL droplet of Milli-Q water on a substrate using a
glass syringe (Hamilton) and an automatic dispensing system of a contact
angle measurement set-up (OCA15+, DataPhysics Instruments GmbH). Af-
terwards, the droplet was inflated slowly (0.1 µL/s) to a volume of 2 µL, which
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3-ethylheptamethyltrisiloxane (EHTS)

Solvents used:

Figure 6.2: Molecular structure of 3-ethylheptamethyltrisiloxane (EHTS) - top part, and
of the employed solvents used in this study - bottom part.

was recorded using a CCD camera (pco.pixelfly, PCO AG). Subsequently,
1 µL of liquid was retracted with the same speed and the process was recor-
ded again. The contact angle was obtained from the recordings by fitting a
sphere only to the bottom part of a droplet (in order to neglect the deform-
ation caused by the needle) using an in-house Matlab script (2017b version,
The MathWorks, Inc.). The ACA was defined as the highest CA observed
during droplet inflation and the RCA as the lowest CA during retraction.45 If
the observed ACA for a specific sample was lower than 10 o, we assumed that
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its contact angle is too low to be measured by this method, and complete
spreading is considered.

Ellipsometry A VB-400-VASE (J.A. Woollam Co.) ellipsometer was used
for layer thickness measurements. The obtained data was analyzed with
WVASE32 (J.A. Woollam Co.) software.46 All samples were measured with
light energies 0.8 − 4.5 eV and 65, 70, 75◦ incident angles. Deposited layer
thickness was obtained by creating a model consisting of a Cauchy material
on top of a native silicon oxide layer.47 Native silicon oxide thickness was ob-
tained by measuring a reference sample which was only cleaned with piranha
solution and using silicon oxide optical properties from the work of Hirzinger
et al.48 Cauchy parameters of: A=1.45, B=0.1, C=0, were used for layer
thickness fitting.

Atomic force microscopy AFM measurements were performed with a Di-
mension Icon AFM (Bruker). The obtained force-distance data was pro-
cessed using in-house Matlab scripts. NSC35 probes (Mikromasch) with a
typical tip radius of 8 nm and a spring constant of approximately 6 N/m
were used for the measurements. The spring constant of a specific cantilever
was determined using the thermal tuning procedure prior to the experiments.
Topographical maps were obtained using the PeakForce tapping mode.

Cleaning experiments Additional cleaning experiments were performed in
order to investigate the possibility of removing the adsorbed layer by using
commonly available cleaning chemicals (see Figure 6.6 B and C). The clean-
ing procedure involves the sonication in an ultrasonic bath for 5 minutes at
room temperature with various cleaning chemicals. After each sonication
step, the samples were rinsed with Milli-Q water and then dried in nitrogen
stream. Afterwards, the cleaned silicon substrate sample was analyzed with
ellipsometry and CA goniometry followed by a next cleaning step of the same
sample. Alkaline solutions such as NaOH or KOH were not used because they
etch the silicon oxide surface effectively destroying the sample.49 Alconox is
an anionic detergent used for laboratory glass cleaning. Alconox solution was
prepared by dissolving 12 g of powder (purchased from Sigma Aldrich) in 1 L
of demi-water.
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XPS XPS measurements were performed on the piranha cleaned silicon
sample, and samples treated with pure EHTS and 1% (w/w) solution of
EHTS in hexane. Sample preparation and cleaning steps were the same as for
all other samples used in this work. Wide range (survey) spectra, were taken
under the incidence angle of 45◦. High resolution spectra of Si-2p and C-1s
peaks were measured under the incidence angle of 5◦ in order to decrease the
probing depth, therefore increasing the sensitivity to the materials present
on the surface. High resolution spectrum was measured in at least three
locations for each sample.

6.2.3 Hansen Solubility Parameter (HSP) theory

Figure 6.3: Schematic representation of the 3D Hansen solubility parameters space. Here
Ra(A−B1) > Ra(A−B2), indicating that material A has stronger interactions with material
B1 than with B2.

The solubility parameter describes the intermolecular interactions of a pure
substance. It is a measure of the total cohesive forces holding the molecules
together in a given liquid or amorphous solid. The solubility parameter of a
compound is equal to the square root of its cohesive energy density, CED,
which is defined as the ratio of the energy of vaporization, ∆Uvap to the molar
volume, Vm,50,51

δ =
√
CED =

√
∆Uvap
Vm

=
√

∆Hvap −RT
Vm

, (6.1)
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where ∆Hvap is the molar enthalpy of vaporization, R is the gas constant
(8.31 J ·mol−1 ·K−1), and T the temperature. This Hildebrand definition
of the solubility parameter was initially intended for non-polar and non-
associating systems. To overcome this limitation, Crowley et al.52 and later
Hansen36 proposed to split this parameter into three components,

δ =
√
δ2

d + δ2
p + δ2

h, (6.2)

where δd is the dispersive component, δp is the polar component, and δh rep-
resents the hydrogen-bonding component of the solubility parameter. The
dispersive interactions are related to the non-covalent London forces resulting
from the instantaneous fluctuations of electrons. The polar interactions ori-
ginate from the permanent dipoles in the molecules. Molecules which have
an asymmetrical distribution of charges among its atoms will have a high
solubility parameter polar component. The hydrogen bonding component of
the solubility parameter describes the highly directional attraction occurring
between a specific hydrogen atom from one molecule and another acceptor
atom from a second molecule. Based on this division of the solubility para-
meter, Hansen developed the Hansen Solubility Parameter (HSP) 3D space
(see Figure 6.3), in which every material is represented by a single point
corresponding to the geometric sum of the Hansen solubility parameter com-
ponents. Two substances, A and B, having close positions in this 3D space
are likely to have high interactions and should be miscible when mixed. Sim-
ilarly, dissolution is favored when the solubility parameters of the solvent
match those of the solute in the Hansen 3D space. The solubility parameter
distance, Ra(A−B), between the positions of two substances in the 3D-HSP
diagram was defined by Hansen36 as:

Ra(A−B) =
√

4(δd,A − δd,B)2 + (δp,A − δp,B)2 + (δh,A − δh,B)2. (6.3)

Here, the scaling factor “4” was suggested by Hansen based on empir-
ical testing because it correctly represented the solubility data as an affinity
sphere encompassing the good solvents.36 This sphere contains the liquids
which exhibit high miscibility (or solubility) with a particular solute. The
center of the sphere represents the solute coordinates (i.e., the three sol-
ubility parameter components of the solute), and the radius of the sphere
corresponds to the largest Ra distance of the set of liquids miscible (or have
high affinity) with the solute. In this work, Ra(A−B) will give information on
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Chapter 6 HSP as a route to predict siloxane surfactant adsorption

the solvents-surfactant and solvents-silicon interactions, i.e., Ra and Rss, will
henceforth refer, respectively, to the distances between the solvents and the
surfactant and between the solvent and the silicon substrate in the Hansen
space.

6.2.4 Molecular dynamics simulations

Hydroxilated silicon dioxide model

Hydroxilated silicon dioxide is a solid material composed of a non-interacting
bulk silicon layer and SiOH interface (i.e., the reactive siloxane surface), mak-
ing the determination of the solubility parameter by conventional CED calcu-
lation or group contribution methods not possible.53,54 Another issue is that
the interaction with the solvent or the surfactant occurs at a well-defined

Figure 6.4: A) Schematic transformation of hydroxilated silicon dioxide surface structure
into a polymer-like model used for the calculation of the solubility parameter. Molecular
models of silicon dioxide of B) Fully hydroxylated silicon dioxide, C) Silcon dioxide with
a balanced amount of sioxane and silanol groups, and D) Silicon dioxide with maximal
amount of siloxane end groups.
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interface and not at the bulk silicon layer of the substrate. A typical experi-
mental approach for deriving the solubility parameter of solid surfaces is by
measuring the solubility parameter of solvents with close molecular properties
to the solid interface.53–58 But still, this does not provide the actual solubil-
ity parameter value of the surface of the material. In this work, rather than
looking for similar compounds that match the surface energy of the interface,
we designed a simplified model molecule with similar atomistic structure as
the hydroxilated silicon surface. Then, its solubility parameter was computed
using MD as the debundling energy of one of its interfacial fragments, where
each fragment represents a simplified polymer-like model consisting of a finite
number of repeating units of silane and siloxane groups (Si-OH) as shown in
Figure 6.4A. The fragment model contains all the interacting atoms at the
interface of the hydroxilated silicon dioxide substrate, which ensure compar-
able intermolecular interactions. A similar molecular model that reproduces
the main characteristics of a hydroxylated silicon dioxide surface was also
proposed by Tielens et al.59 and Perez-Beltran et al.60 Although, 8 repeat-
ing units with 4 fragments in the simulation box are sufficient to compute the
solubility parameter,39,61,62 our simulation was performed with an ensemble
consisting of 20 fragments, where each fragment contains 8 repetitions units,
and each unit has 4 siloxane groups. Other simplified models of silicon di-
oxide with different terminal groups, namely dehydrated silicon surface and
amorphous silicon oxide, were also tested (see Figure 6.4B-D), however, we
found that a hydroxilated silicon dioxide model gives the best results.

Computation of the solubility parameter

For the computation of the solubility parameter, molecular dynamics simula-
tions were performed using LAMMPS.63 We chose to use the DERIDING64

forcefield since it describes explicitly the hydrogen-bonding interactions. Mo-
lecules were first packed in 3-D simulation cell with periodic boundary condi-
tions. DERIDING64 forcefield was applied to the periodic model and energy
minimization was performed. Then, simulations were run for 200 ps with a
time step of 1 fs. The temperature was set at T = 298 K and controlled by a
Nose-Hoover thermostat. Long range electrostatics were described using the
charge equilibration (Qeq) method of Rappé and Goddard.65 A cutoff dis-
tance of 10 Å smoothed at 11 Å was used for van der Waals and Couloumb
interactions. Ewald summation with an accuracy of 0.001 kcal/mol was used
to calculate the Coulombic interactions. Since the hydrogen-bonding term is
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short-ranged, it was truncated at 3.5 Å and smoothly shifted to 0 kcal/mol at
4.5 Å, along with an angle cutoff of 120◦ to limit the scope of the DERIDING
hydrogen bonding potential.
The cohesive energy density is the total amount of internal energy per

mole per unit volume of a substance arising from all of the intermolecular
interactions that hold the molecules together (i.e., the energy required to
separate all molecules in a unit volume of liquid). This energy was computed
by averaging the intermolecular non-bonded energy over the last 20 ps of the
resulting molecular trajectories:

δk =
√
−〈
∑n

i=1EInter,k,i〉
NavV

, (6.4)

with n the number of molecules in the simulation cell, Nav the Avogadro
number, k runs over the total energy, van der Waals energy, and Coulomb
energy, respectively. "〈 〉" denotes a time average over the duration of the
simulation, V the simulation box volume, the index i refers to the energy of
the molecule i, and the index c represents the total energy of the molecules
in the simulation box. The hydrogen-bonding component of the solubility
parameter was then obtained using equation (2).

Figure 6.5: MD simulation of EHTS-acetonitrile mixing (left) and corresponding concen-
tration field of the binary fluid (right).
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Surfactant-solvent mixing

Molecular dynamic simulations of surfactant-solvents mixing were also car-
ried out to complement the solubility parameter results. Molecules of solvents
and surfactants (50-50% v/v - volume fraction) were packed into a tetra-
gonal simulations box, where periodic boundary conditions were applied in
all three directions. Following the energy minimization step, MD simulations
were conducted using the DERIDING forcefield for 5 ns in the canonical
thermodynamic NVT ensemble at T = 298 K, with 1 fs time-step, where
the experimental density of the mixtures was used to generate a simulation
cell dimensions of 6x6x2.5 nm3. For a better visualization of the surfactant-
solvent phase separation, the concentration field was interpolated from the
positions of the atoms that compose each molecule in the fluid mixtures66,67
(see Figure 6.5) using a Gaussian data interpolation of radius 5 Å.
The order parameter, P , which has many equivalent definitions,68,69 is a

quantitative measure of the degree of mixing. In our simulations, it was
averaged from the resulting MD simulations concentration fields over the
last 500 ps. The order parameter of the surfactant Psurfactant is defined as
the volume average of the difference between the local and the overall volume
fraction squared of the surfactant in the mixture:68

Psurfactant = 1
V

∫ V

(η2
surfactant(r)− η2

surfactant)dr, (6.5)

where ηsurfactant is the volume fraction of the surfactants (i.e., dimensionless
local concentration) and V the volume of the simulation box. High values of
the order parameter indicate phase separation, while small values are indic-
ative of mixing between the surfactant and the solvent.

6.3 Results and discussion

EHTS solution in hexane (1% w/w) was prepared in order to mimic ink
containing surfactant with siloxane groups. Figure 6.6A displays the change
in wetting properties with time of the piranha-cleaned silicon substrate which
was placed in an EHTS solution. Water, which initially (t = 0) wets the
untreated silicon substrate, starts to display a finite contact angle and contact
angle hysteresis after a sample was placed in the EHTS solution for only 15
minutes. After approximately 4 hours, the wetting properties of the sample
stabilize. We did not measure any increase in the water contact angle even

123



Chapter 6 HSP as a route to predict siloxane surfactant adsorption

0.5

0.0

1.5

1.0

La
ye

r t
hi

ck
ne

ss
 [n

m
]

Water

Ace
to

ne

Iso
pro

panol

Mech
anica

l

Alco
nox

Water

afte
r A

lco
nox

Form
ic 

acid

0.1M H
Cl

Water

Ace
to

ne

Iso
pro

panol

Mech
anica

l

Alco
nox

Water

afte
r A

lco
nox

Form
ic 

acid

0.1M H
Cl

0

20

40

60

80

100

Co
nt

ac
t a

ng
le

 [ 
 ]o

B)A)

C)

Advancing
Receding

Time [hrs]

0
0 10 20 30 40 50

20

40

60

80

100

Co
nt

ac
t a

ng
le

 [ 
 ]o

Advancing
Receding

Figure 6.6: A) Advancing and receding contact angles of water versus time spent by the
silicon substrate in a 1%(w/w) EHTS-hexane solution. Note that after the first few hours
the wetting properties of the sample remain stable. B) Advancing and receding contact
angles of pure water and, C) layer thickness measured with ellipsometry on the sample
stored for 48 hours in EHTS solution in hexane after various cleaning steps. Cleaning steps
are shown in a chronological order from left to right. Error bars on the plots display a
standard deviation.

after two weeks. This change in wettability of the silicon substrate may affect
the jetting of the ink from the nozzle as shown in Figure 6.1.
In an attempt to restore the original wetting properties of the silicon oxide

surface treated with EHTS solution, we tried using various organic and inor-
ganic solvents and cleaning chemicals (see Figure 6.6B and C). The chosen
cleaning procedures are meant to mimic the cleaning that could be easily
applied to the operating machine parts (such as an inkjet printhead) in order
to restore the wetting properties similar to those of clean silicon oxide. We
would like to recall that altered wetting properties of the silicon surface may
disrupt the jetting process in case of inkjet printing (see Figure 6.1).
We could observe a slight decrease in advancing and receding contact angles

of water after treating the surface with Alconox solution as well as formic
and hydrochloric acids. In general however, the applied cleaning steps did
not significantly impact the wetting properties of the silicon substrate. Fur-
thermore, the thickness of the deposited layer measured with ellipsometry
remains constant within the error bars. Only after mechanical cleaning we
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noted a modest increase in the measured layer thickness, which we attribute
to the additional unwanted remnants that might have been transferred onto
the surface during the wiping process. These experimental observations show
that the wetting properties of a silicon surface can be swiftly and significantly
altered by a solution containing siloxane-based chemicals. Furthermore, the
surface cannot be restored to its original state by using conventional and com-
monly available chemical cleaning procedures, suggesting that EHTS adsorbs
to the surface by chemical bonding rather than physisorption.

In order to verify the mechanism of adsorption, the silicon oxide surface
topography was characterized with an AFM in a clean state and after EHTS
adsorption. Topographical scans of both surfaces show flat surfaces with
RMS roughnesses of 247 pm and 250 pm for clean and EHTS-modified sur-
face, respectively (see Figure 6.7A and B). However, force-spectroscopy meas-
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Figure 6.7: 1x1 µm2 topographical maps of clean silicon oxide surface A) and the surface
treated with EHTS B). C) and D) show 40 force spectroscopy measurements (thin lines)
and the median of those measurements (thick lines), taken on the same samples as images
shown in panels A) and B), respectively. E) Sketch of the chemical reaction leading to
the chemisorption of molecules containig trisiloxane group to the silicon oxide surface. For
the EHTS molecule the end group R is (-CH2-CH3). The dotted lines indicate hydrogen
bonds.
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urements (Figure 6.7C and D) reveal significant differences between these
surfaces. Clean silicon oxide surfaces display large adhesion forces between
the tip and the surface, as well as a short range of interactions. Surface modi-
fication with EHTS resulted in a substantial decrease of adhesion forces and
large increase in interaction distance during retraction, which we attribute
to adsorbed EHTS molecules. Therefore, we conclude that the silicon oxide
surface, after the reaction with EHTS, is covered with a very thin, molecular
layer, which does not affect the surface roughness. This result is further sup-
ported by the small layer thickness obtained by ellipsometry measurements
(Figure 6.6C) and is typical for chemisorption. Additionally, XPS survey
spectra showed that no unexpected elements than C, Si and O were present
on the surface (see Figure 6.8A-C). Furthermore, samples treated with pure
EHTS and its solution in hexane displayed an additional Silicon Si-2p peak
with a binding energy of approximately 102 eV, typically associated with
silane bonds (-Si-O-Si-),16 which we attribute to the EHTS adsorption on a
surface (see Figure 6.8D-F). Analysis of the C-1s peaks (i.e., carbon atoms)
also showed that compared to the amount of Si, significantly more carbon
atoms are present on the surface treated with EHTS (see Figure 6.8G).

A schematic representation of the chemical reaction of molecules containing
a trisiloxane group (such as EHTS) with the silicon oxide surface is shown in
Figure 6.7C, based on studies done previously for poly(dimethyl-siloxanes).70
Note that, as sketched in Figure 6.7E, the reaction is facilitated by the pres-
ence of water. However, it should be mentioned that the reaction was also
found to occur between fully dehydrated silicon oxide substrates and silox-
ane compound solutions, although with lower rates.70 Nevertheless, in Ref.70
the authors calcinated silicon oxide substrate at very high temperatures and
provided reaction solutions through a complicated dehydration procedure in
order to make sure that they are entirely dry. Because such measures were
not taken in our samples preparation procedure and because it is necessary
to heat silicon oxide to high temperatures in order to dehydrate it,71,72 we
can safely assume that a small amount of water will always be present on
the hydrophilic, piranha cleaned substrate. Therefore, in our experimental
conditions we anticipate that the chemisorption reaction will occur with the
participation of water.
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Figure 6.8: Wide range XPS spectra of the piranha cleaned silicon A) and samples treated
with pure EHTS B) and 1% (w/w) solution of EHTS in hexane C). Spectra were taken
under the incidence angle of 45◦. Note that no other elements than Si, O and C were
detected. High resolution XPS spectra of Si-2p peak of the piranha cleaned silicon D) and
samples treated with pure EHTS E) and 1% (w/w) solution of EHTS in hexane F). The
tables give information about the position and are taken by each fitted band. Note that
only two doublets were enough to perfectly fit peak for clean silicon sample and three were
needed to fit signal from samples treated with EHTS. G) High resolution XPS spectra of C-
1p peak of the piranha cleaned silicon and samples treated with pure EHTS and 1% (w/w)
solution of EHTS in hexane. The table gives information about the atomic concentration
of carbon on a surface compared to the silicon. High resolution spectra were taken under
the incidence angle of 5◦.
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6.3.1 Influence of surfactant-solvent interactions

One way to prevent changes of the wetting properties by the host fluid,
observed in Figure 6.6, is by changing the solvent in which the surfactant
is dissolved. Figure 6.9A displays how water droplets behave on silicon
samples treated with 1% w/w EHTS solutions created with three organic
solvents with vastly different chemical structures and properties, namely:
furan, acetone, and hexane. When the surface is treated with hexane-EHTS
solution, water forms a sessile droplet indicating partial wetting, as opposed
to a full spreading obtained for a clean silicon oxide as it was already shown
in Fig 6.6A. However, the contact angle observed when the surface is treated
with acetone-EHTS solution is much smaller, and full spreading of water hap-
pens when it is treated with EHTS-furan solution, indicating that the silicon
surface was hardly affected by these solutions. In order to study this phenom-
ena, we prepared samples with EHTS solutions in various organic solvents.
ACA and RCA of silicon surfaces affected by those solutions as well as pure
solvents for comparison are presented in Figure 6.9B. In order to investigate
solvent-surfactant interactions systematically, solvents were ordered accord-
ing to their solubility distance relative to the surfactant (Ra) in the Hansen
parameter space. The larger Ra, the higher the intermolecular interactions
between the solvent and the surfactant. The solubility parameters used here
were calculated using molecular dynamics simulations and are presented in
Table 6.1. ACA and RCA plotted against numerical values ofRa can be found
in Figure 6.9C. The high hydrogen bonding components of the hydroxilated
silicon substrate as shown in Table 6.1 suggests that hydrogen-bonds between
EHTS’s hydrogen atoms and the siloxane groups of the surface may contrib-
ute to EHTS adsorption. This is inline with previous studies11,15,73 reporting
on the importance of hydrogen-bonding in the adsorption of molecules con-
taining oxygen atoms on silicon oxide surface.
It is clear from Figure 6.9B that non-polar solvents such as decane or hex-

ane, with the smallest Ra to EHTS, result in the most substantial change
of the wetting properties of a silicon substrate. Furthermore, for the same
non-polar solvents, the thickest layer was measured by ellipsometry (Fig-
ure 6.9D and E). However, the surfactant solutions in many other solvents
have little effect on the wetting properties of the silicon dioxide (like acetone
or acetonitrile for instance), or they did not affect them at all (e.g., furan
or triacetin). Note that in case of some solvents, like acetone or chloroform,
treating a substrate with pure solvents already increased water contact angles
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Figure 6.9: A) Snapshots of water droplets on a substrate treated with 1% (w/w) EHTS
solutions in furan, acetone and hexane. Note the droplets display significantly different
contact angles. B) and C) ACA and RCA of water on a silicon surface treated with EHTS
solutions (1% w/w) in different solvents (red marks). In the panel B) solvents were ordered
based on their Ra relative to EHTS in Hansen parameter space. In the panel C) solvents
are plotted as a function of a numerical value of Ra. Blue symbols show the ACA and RCA
of water measured on substrates submerged in pure solvent for reference. Green symbols
display ACA and RCA measured for a substrate treated with pure EHTS. D) and E) Layer
thickness obtained using ellipsometry measurements on a silicon substrate after treating
them with EHTS solutions using the same sorting as in (B). Red dashed line marks the
layer thickness measured for a substrate submerged in pure EHTS. In the panel D) solvents
are ordered based on their Ra and in E) are plotted as a function of Ra.

(blue symbols in Figure 6.9B), which can be attributed to physisorption of
those solvents on highly polar silicon oxide surface. Nonetheless, all solvents
formed transparent and stable solutions with EHTS. This is also reflected by
the values of Ra which are all below 15 (see Figure 6.9C), indicating that
all the solutions prepared are well mixed. Mixing is a necessary condition to
prevent surfactant adsorption, otherwise, phase separation occurs and pushes
the surfactant molecules to the interface. To confirm this, we performed MD
simulations of the mixing of EHTS-solvent (50-50% v/v) solutions and we
computed the order parameter. The latter represents a quantitative measure
of the degree of surfactant-solvent mixing and is shown in Figure 6.10A. Large
order parameter translates into phase separation and low surfactant-solvent
affinity. Water is used here as a reference solvent to illustrate a complete
phase separation case.
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Compound δTotal δd δp δh

Acetone 20.16 16.19 11.99 0.74
Acetonephenone 22.65 20.47 9.65 0.94
Acetonitrile 22.23 15.44 15.99 0.31
BEA 20.47 17.99 9.76 0.35
Chloroform 21.73 18.73 11.01 0.4
Cyclohexane 17.87 17.836 1.09 0.16
Decane 17.01 16.96 1.27 0.29
Diethylether 17.04 15.41 7.24 0.69
EHTSa 17.00 16.9 1.40 0.40
Furan 20.53 18.26 9.37 0.51
Heptane 16.14 16.10 1.088 0.33
Hexane 15.58 15.51 1.20 0.86
MethylBenzoate 22.63 20.20 10.19 0.49
MIBK 20.02 16.54 11.28 0.00
Triacetin 22.72 18.35 13.39 0.43
Hydroxilated 37.54 19.80 27.26 16.56
silicon oxideb

BEA: Methyl benzoate, EHTS: 3-ethylheptamethyltrisiloxane, MIBK: Methyl isobutyl
ketone.
a Surfactant.
b Oxidized printhead plate surface.

Table 6.1: Solubility parameter components in (J/cm3)0.5 for EHTS surfactant, hydroxil-
ated silicon oxide, and the various solvents used in this study.

The evolution of the order parameter of the mixing of EHTS surfactant
with water and with cyclohexane are shown in Figure 6.10A along with the
MD simulations snapshots at 0, 500 and 5000 ps. Red and blue areas cor-
respond to EHTS and solvents, respectively. When using water as a solvent,
which is a highly polar molecule that can exhibit strong hydrogen-bonding
interactions, demixing is observed. This leads to a complete phase separa-
tion. In contrast, as the simulation progresses, the order parameter of EHTS
when mixed with cyclohexane remains low compared to the EHTS-water
solution, indicating a mixed system. This is reflected by the average or-
der parameter values shown in Figure 6.10B, with a low PEHTS = 0.11 for
EHTS-cyclohexane and a high PEHTS = 0.82 for EHTS-water solution. All
the other solvents used in this study show low values of the order parameter,
below 0.2, which confirms that all the EHTS-solvent solutions perfectly mix.
However, still, the influence of solvents does not fully explain the observed
sharp transition in the layer thickness and contact angle with the increase of

130



6.3 Results and discussion

Figure 6.10: MD simulation of EHTS-solvents mixing. A) Order parameter as a function
of simulation time of the mixing of EHTS-water and EHTS-cyclohexane (50-50%(v/v)).
Simulation snapshots were taken at 0, 500 and 5000 ps. B) Order parameter of the various
EHTS-solvent mixtures, and water is used as a reference liquid to illustrate an unmixed
system.

Ra (see Figure 6.9). For this reason and because the solvent should not only
dissolve the surfactant, but also prevent its interaction with the surface, it
is necessary to consider the surface-solvent interactions to correctly predict
surfactant adsorption.

6.3.2 Influence of surface-solvent interactions

Historically, HSP were designed as a tool to systematically investigate the
miscibility and solubility of chemical entities. However, the adsorption of
a surfactant from a solution is influenced not only by its interactions with
the solvent, but also by its interactions with the surface of the substrate.
In order to quantify surface-liquid interactions, the HSP parameters of the
silicon surface were calculated using molecular dynamics simulations as de-
scribed in subsection 2.4. MD simulations give a total solubility parameter of
hydroxilated silicon dioxide equal to 37.54 (J/cm3)0.5 which is interestingly
close to that of silicon dioxide (35.3 (J/cm3)0.5) obtained from experimental
liquid-solid chromatography data by Row.56
The ACA and RCA values of water on silicon surface, ordered based on the

increasing solvent-surface distance (Rss) in the HSP space, are presented in
Figure 6.11A and sorted based on the numerical values of Rss in Figure 6.11B.
Because the piranha cleaning procedure, followed by rinsing with Milli-Q
water leaves the majority of the surface terminated with hydroxyl (-OH)
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groups, the solubility parameters calculated for the maximally hydroxylated
silicon oxide model were used in Figure 6.11A. Rss values were calculated
using equation (3), where component "A" is the surface of the substrate and
component "B" is the solvent.
Note that, the solvent order in Figure 6.11A has changed and, in contrast

to the previous Ra solvent-surfactant based sorting (Figure 6.9), the non-
polar solvents are now in the right part of the plot. This is intuitive since
piranha cleaning leaves silicon oxide surface terminated mostly with polar hy-
droxyl groups which will attract polar solvents, like acetone, resulting in high
solvent-surface affinity. However, this is not the case for non-polar solvents,
like hexane, which do not have any polar groups in their molecular struc-
ture. This could indicate that polar solvents which are strongly attracted
to the silicon oxide surface might shield it from the EHTS. Surprisingly, the
EHTS-surface HSP distance plotted with black dashed line in Figure 6.11A
falls exactly where the sharp transition between the presence and the lack
of surfactant adsorption occurs. This implies that if the EHTS has higher
affinity towards the surface than the solvent, it will react with the termin-
ation groups present on silicon oxide surface, forming a coating layer and
permanently alter the wetting properties of the surface. These predictions
results also indicates that polar solvents, such as furan and triacetin, which
have high molecular cohesive interactions and high affinity to the surface, can
effectively prevent the formation of hydrogen-bonds between the surfactant
and the silicon substrate. Formation of hydrogen-bonds is a major factor af-
fecting non-ionic surfactant adsorption, as shown by several studies.8,11,14,15
This infers that the hydrogen bonds formed between the polar solvents and
the silanol groups on the surface effectively prevents the chemisorption of
EHTS.
In this study, two other silicon dioxide simplified models were tested (see

Figure 6.4). One contained equal number of silanol and siloxane terminations
and other the maximal amount of siloxane (Si-O-Si) end groups. The ACA
and RCA values ordered based on Rss values of these alternative surface
models are shown in Figure 6.11 B-F. Only the maximally hydroxilated silicon
oxide model, whose structure is expected to be the closest to the silicon
dioxide substrate obtained from our sample preparation method, resulted
in perfect matching with experiments. The deviations observed for the two
other surface terminations highlight the importance of precise knowledge of
surface chemistry for a proper use of this predictive method.
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Figure 6.11: A)-C) ACA and RCA of water on a silicon surface treated with EHTS solutions
(1% w/w) in different solvents (red marks). Solvents were ordered based on their distance
from the surface in HSP space. A model of the surface with maximal number of silanol
termination, equal number of silanol and siloxane terminations, and maximal number of
siloxane termination was used for ordering in panels A)-C), respectively. Black dashed line
shows the distance between surfactant and the surface in HSP. Blue marks show the ACA
and RCA of water measured on a substrates submerged in pure solvent for a reference.
Green marks display ACA and RCA measured for a substrate treated with pure EHTS.
D)-F) ACA and RCA of water on a silicon surface treated with EHTS solutions (1% w/w)
in different solvents (red marks) as a function of a distance between solvent and surface
in HSP space. A model of the surface with maximal number of silanol termination, equal
number of silanol and siloxane terminations, and maximal number of siloxane termination
was used for distance calculations, for panels D)-F), respectively.
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6.4 Conclusions

We successfully utilized a novel method based on Hansen Solubility Para-
meters (HSP) to characterize the interactions between surfactant solutions
and a silicon oxide (SiO2) surface, and predict the adsorption of a siloxane-
based surfactant (EHTS). The calculation of the solubility parameters of the
silicon oxide surface, which is not possible by traditional group contribution
methods,22–24,54 was done by computing the cohesive energy of a model frag-
ment of SiO2 using molecular dynamics simulations. The method’s predic-
tions were confirmed by ellipsometry and wetting experiments, and showed
that siloxane-based surfactant adsorption can be reduced by a proper selec-
tion of solvents, depending on the surface-surfactant molecular interactions.
Solvents with a HSP distance relative to the surface lower than that of the
surfactant are likely to prevent surfactant adsorption.
The main advantage of this approach relies on its simplicity, as it is based

on the molecular structure of the molecules, and does not require experi-
mental inputs or fitted data. Compared to conventional experimental tools
for measuring surfactant adsorption on solid surfaces,74–77 the proposed ap-
proach is cost-efficient, fast and provides complementary insights into the
adsorption mechanism in terms of the intermolecular interactions of the ma-
terials involved. This can significantly reduce the tedious and time-consuming
trial-and-error type experiments, when searching for adequate solvents and
surfactants with respect to their adsorption on a given surface,16–18 facilitat-
ing for instance the development of better inks.1 Furthermore, the predictive
approach is not limited to surfactants, but can also be applied to the adsorp-
tion of other chemicals, relevant for many industrial applications, including
pharmaceutics,78 oil production18,79 and agriculture.80,81 However, the HSP
approach cannot unveil all the subtleties of the surfactants adsorption pro-
cess, as it gives predictions based on the intermolecular interactions of pure
substances, and only accounts for the direct contact energies between them.
Consequently, it does not provide information on the surfactant arrangement
on the interface and cannot capture effects associated with the formation of
hydrogen-bonds over time. It would therefore be interesting to perform MD
simulations to illustrate the behavior of siloxane surfactant-solvent mixtures
on the vicinity of silicon oxide surface in order to obtain additional insights
into the adsorption process.
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Chapter 7 Robustness of surfactant-laden latex films

7.1 Introduction

Recently, latex inks established themselves in the inkjet printing industry
as a popular alternative to UV-curable and hot-melt inks. Latex inks are
more environmentally friendly and cheaper, owing to their high water con-
tent (up to 70%) and use of non- or mildly toxic co-solvents.1 Unlike hot-melt
inks, which solidify upon cooling on a medium,2 or UV-curable inks, which
polymerize after irradiating with UV-light,3 latex film formation is based
on the coalescence of polymeric latex particles.4–7 Even the simplest latex
ink mixture consists of water, co-solvents, surfactants, pigments and latex
particles, which are polymeric spheres suspended in the liquid with a dia-
meter of approximately 100nm. Upon landing on the substrate, water starts
to evaporate and non-volatile liquids are partly absorbed by the medium (i.e.
paper). While liquids are removed from the ink, latex particles are getting
tightly squeezed together by capillary forces until they form closely packed
structure (stage 1 - Figure 7.1).4–7 In order to achieve proper film forma-
tion it is required to increase the temperature of the printed layer. This
enhances the mobility of the polymeric chains, resulting in softening of the
latex particles and formation of a dodecahedral structure (3D-honeycomb).
The temperature at which the film obtains this dodecahedral structure is re-
ferred to as the minimum film formation temperature (MFFT) (see stage 2 -
Figure 7.1).4–7 If latex is heated further beyond its glass transition temperat-
ure Tg, the particles can fully interdiffuse and coalesce into a homogenous film
(stage 3 - Figure 7.1).4–7 Note that non-volatile liquids and other substances
present in the ink mixture, which might not be fully removed from the latex
film, can significantly alter the film formation process. For instance, sub-
stances referred to as coalescence agents can diffuse into the latex particles,
increasing the mobility of the polymeric chains and promoting coalescence.8,9
On the other hand, large amounts of non-volatile substances present on the
latex particles surface during the fixation process, can preventing them from
getting into contact and effectively hinder the coalescence.
In the context of inkjet printing, proper film formation is essential for the

appearance of the final print and its mechanical resistance (often referred
to as robustness), which allows it to withstand handling and transporta-
tion. Hence, testing film formation and the mechanical properties of the
latex films is an essential part of the ink development process and optim-
ization of the printing process. Unfortunately, the small thickness of the
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Figure 7.1: Consecutive steps of the latex film formation process. Stage 0 - colloidal sus-
pension of latex particles. Stage 1 - Closely packed latex particles, squeezed by capillary
forces. Stage 2 - Particles deformed into a dodecahedral (3D honeycomb) structure. This
stage is reached when T > MFFT . Stage 3 - Homogenous film, where particles are merged
together into a uniform film. This stage occurs when T > Tg.4

latex films and their complex microstructure, which originates from numer-
ous additions to the ink mixtures, makes examination challenging. Scanning
electron microscopy (SEM) allows imaging of the surface or cross-sections
of the films.10,11 However, it does not provide direct information about the
mechanical properties. Additionally, images obtained with SEMmight be dif-
ficult to analyse due to the large amount of small features originating from
the numerous additions present in the latex ink mixtures. A similar situ-
ation holds for topographical images obtained with atomic force microscopy
(AFM).12,13 However, AFM can also be utilized as a force probe capable of
measuring mechanical properties with a high spatial resolution.14,15 On the
other hand AFM suffers from a small field of view and a low scanning speed,
when compared with SEM. Mechanical properties of the latex film can also
be measured by nano-indentation,16,17 but, this requires significantly thicker
films than those usually encountered in inkjet printing. Moreover, the results
are substantially dependent on the surface corrugation due to the size of the
probes.17

All mentioned scientific methods have their respective drawbacks, and all
of them are relatively expensive and time-consuming. Therefore, often in the
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ink development process simple empirical tests are used to examine the latex
film robustness instead. These tests effectively mimic situations encountered
by printed surfaces during handling and transportation. An example of such
a test is the abrasion test, during which a piece of paper is mounted on
a weight, and is rubbed over the printed latex film. Similar tests can be
designed to asses film robustness to other types of mechanical damage, for
instance: bending, scratching or adhesion to other surfaces (f.e. in a stack
of printed paper sheets). The main drawback of these methods is that they
do not allow investigating the microstructure of the latex films and their
performance. Furthermore, there is very little work in the literature linking
the mechanical performance of thin latex films with their microstructure,
especially for the complex multi-component systems.18

To bridge this gap, we performed simple abrasion test on the latex films
samples. Subsequently, we measured the same samples with AFM in an
attempt to correlate the results obtained with both methods. In order to
examine the influence of at least one type of addition present in the latex inks,
we added a non-ionic surfactant to the latex mixtures. Our work revealed that
the mechanical resistance for abrasion, even for this simple three component
latex mixture, is not trivial and depends not only on the fixation temperature,
but also on the surfactant concentration.
This chapter is organized as follows: first, sample preparation and exper-

imental methods will be discussed in detail. Next, the experimental results
are presented starting with the abrasion test and then subsequently the AFM
measurements obtained with different measurement modes. In the final part
we will attempt to quantitatively connect data from AFM to the abrasion
test. We will try to disentangle in what way the fixation parameters and the
surfactant concentration influence mechanical properties of the latex films
and their performance in the abrasion test.

7.2 Sample preparation and experimental methods

7.2.1 Sample preparation

NeoCryl A-639 (DSM N.V.) acrylic styrene latex was used for the preparation
of all films. A-639 has a MFFT of 67◦C as specified by the manufacturer.
The original latex solution has 45% solid content. Solutions used for film pre-
paration contained 10% solid content and varying concentration of surfactant
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- Dynol 607 (0%; 0.4%; 0.6%; 0.8%; 1% or 1.2% weight). Dynol 607 (Evonik
Industries AG) is a branched, non-ionic surfactant; its chemical structure is
shown in Figure 7.2A. At room temperature it is a viscous liquid, which is
soluble in water.

The latex films were prepared by the rod-coating method. In this method,
a small amount of liquid is placed on a substrate and is spread over it using a
special rod with tiny grooves having a fixed size (K Hand Coater, RK Print-
Coat Instruments Ltd). This results in the formation of a thin uniform film,
which in our case is approximately 10µm thick in the liquid state, according
to the rod specification. After spreading the latex solution on the substrate,
it is immediately transferred to the heating plate, which is equipped with
small holes enabling vacuum suction and ensuring a good contact between
the plate and the substrate. The heating plate was pre-heated to the desired
fixation temperature (60◦C; 75◦C or 90◦C) and the latex film was fixated for
times varying between 5s and 30s. A transparent polymeric printing medium
- Overhead (Canon) was used as a substrate for the latex film preparation.
A polymeric substrate was chosen instead of a paper to avoid absorption and
swelling effects.
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Figure 7.2: A) Molecular structure of Dynol 607. B) Schematic overview of the device
used for the abrasion test. (1) Rail on which the holder (2) for the counter-weight (3) is
supported. Because the holder is supported on the rail, it is possible to slide the holder on
the rail without exerting any additional force on the counter-weight. The counter-weight
is ended with a rubber part (black) and has a piece of paper (4) attached to its end. (5) is
the latex film prepared on the substrate (6). The substrate is placed on a metal base (8)
and is held in place by additional metal clamps with an opening (7).
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7.2.2 Abrasion test

The abrasion test was performed with a special device, which schematic is
shown in Figure 7.2B. It contains a metal base, and a metal plate with an
opening, which clamps the substrate from the top and prevents the sample
from moving during a measurement. Above is the rail, on which the holder
for the counter-weight is mounted. The counter-weight is made of metal
and is ended with a piece of rubber facing the tested surface. The mass of
the counter-weight amounts to approximately 460g. Because the holder is
mounted on the rail, it is possible to slide the counter-weight over the surface
without exerting additional pressure on the tested surface. In the beginning
of a measurement, a clean piece of paper (Canon black label 80g/m2) is
attached to the working end of the counter-weight to act as an abrasive
material. Afterwards, the counter-weight is placed in the holder and slid 10
times over the film (back and forth) with a constant velocity. Subsequently,
the latex film is inspected by an optical microscope (Leica M420 with a
Leica APo Zoom 1.6 lens). The optical images shown in this chapter have
dimensions of approximately 2.4× 3.2mm2.

Data analysis

The images obtained by optical microscopy are processed using a home-
written Matlab script. First, the original RGB images are converted to grey-
scale and a plane is subtracted from the greyscale images to remove shadow
effects. In some cases, only the green channel of the RGB image is used in-
stead of the full greyscale image, as it provides better contrast. Afterwards,
the threshold value is adjusted based on the histogram of the greyscale image,
and pixels below this threshold are counted as damaged area. It should be
stressed that the latex films used in this work are very thin (≈ 1− 2µm) and
are almost completely transparent. Hence, optical contrast between them
and the surrounding substrate is not very pronounced, as shown Figure 7.3.
Additionally, we noticed that the medium is covered with an additional coat-
ing that is often stripped away during the abrasion test together with the
latex film (see Figure 7.3C). As a result, a simple threshold analysis is not
very precise, but it is sufficient to compare the results between the samples
when measured in the same way. To improve the analysis, three separate
spots from each sample are examined.
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A) B) C) 1
Clean substrate Undamaged �lm Border area
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Figure 7.3: Optical microscopy images of A) a clean substrate, B) an undamaged latex film,
and C) the border region between substrate and the latex film damaged by the abrasion
test. In panel C) parts of 1) the undamaged latex film and 2) the undamaged substrate
are visible, as well as 3) the damaged latex film and 4) the damaged substrate.

7.2.3 Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed with a Di-
mension Icon AFM (Bruker). For surface imaging, the PeakForce tapping
(PFT) mode was used. In this mode the tip performs approach and retrac-
tion motion typical for the force spectroscopy measurements at each point
with a high frequency (typically 2kHz).19–21 It enables precise control over the
force exerted on the substrate and allows to obtain maps of mechanical prop-
erties simultaneous with topographical maps. Even though absolute values
of mechanical properties are usually not as precise as in the case of standard,
but much slower, force spectroscopy measurements, they allow identification
of surface areas with varying properties. All PFT measurements were per-
formed using NSC35 probes (Mikromasch) with a typical tip radius of 8nm
and spring constants in the range 5 − 20N/m, depending on the cantilever.
All AFM measurements were performed on flat areas of the films, which did
not display significant corrugation.

Roughness calculations

Topographical maps with dimensions of 5 × 5µm2 and containing 256 ×
256pixels2 were used for the roughness analysis, which was performed with
a home-written Matlab script. In a first step, each line of the image was
corrected by subtracting a linear fit to exclude height differences originating
from the sample slope, such that the averaged height is zero. Subsequently,
the height-height correlation function was calculated using equation:22–24
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g(r) =< [h(x)− h(x− r)]2 > (7.1)

where h is the height of a point on the topographical map, x is the position
of a point and r is the separation between points. Using Eq. 7.1 we obtain
an average squared height difference between points g(r) depending on the
separation between them. We calculate g(r) for r < L/2, where L is the size
of the image. The acquired data is fitted with the empirical equation:23,24

g(r) = 2σ2
[
1− e−

(
r
ξ

)2α]
(7.2)

where σ is the surface roughness, ξ is the correlation length parallel to the
surface and α is the roughness exponent, also referred to as the Hurst para-
meter. It describes the relative change of height between points on small
length scales.25 Typically, g(r) swiftly increases with growing r followed by
a saturation. The correlation length ξ indicates the value of r, at which g(r)
starts to saturate. Therefore, it can be considered as the maximum length
at which the correlations have spread out. Hence, for r > ξ height differ-
ences between points will no longer strongly depend on r. The long-range
g(r) saturation value corresponds to approximately 2σ2. An example of the
height-height correlations obtained for rough and smooth samples along with
a fit to Eq. 7.2 are shown in Figure 7.4.
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Figure 7.4: Height-height correlations obtained from 5× 5µm2 AFM topographical images
of samples containing 1.2% in weight of Dynol 607, fixated for 30s and at temperatures of
A) 60◦C and B) 90◦C. Note that the sample fixated at 60◦C displays much higher average
height differences between points g and that g saturates for much smaller distances between
points r, than for the sample fixated at 90◦C.
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Force spectroscopy

In order to obtain more precise data about the mechanical properties of the
latex films, force spectroscopy (FS) measurements were also performed.14
They were taken in a grid of 8 × 8 measurements on a 20 × 20µm2 area.
In order to achieve better averaging and measure the mechanical properties
of a film rather than these of a single particle, a colloidal AFM probe with
a radius of approximately 3.5µm was used (CP-NCH-SiO-B-5, NanoAnd-
More GmbH), which is much larger than the size of a typical latex particle
(≈ 100nm). Cantilevers of these probes have a typical spring constant of
30− 60N/m. The spring constant was established using the thermal tuning
method before each round of measurements and the deflection constant was
calibrated on a sapphire crystal. At least three different locations were meas-
ured for each sample. We used a force setpoint of 1µN for all measurements
and kept the cantilever velocity constant. The acquired data was processed
using a Matlab script, which extracted values of adhesion, stiffness and de-
formation for each measurement (see Figure 7.5). The adhesion is defined
as the minimal negative force recorded during the retraction motion of the
cantilever. The stiffness was measured by performing a linear fit to the lin-
ear part (top 80% of data for the positive forces) of the receding motion of
the cantilever. The adhesion and stiffness values are comparable for different
measurements, since the colloidal probes are large enough to ensure that the

Separation

Force setpoint

Adhesion

Deformation

- Approach
- Retraction

0

Fo
rc

e

Sti�ness

Figure 7.5: Example of a typical force spectroscopy measurement, indicating how adhesion,
stiffness and deformation values are extracted from the curves. The blue line represents
the approach and red line corresponds to retracting motion of the cantilever.
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contact area for different probes is the same leading to reproducible results.
Deformation is defined as the difference between position of the cantilever
in the z-axis in the beginning of pressing (during the approach motion when
F = 0) and when the pressing is finished (during the retraction motion when
F = 0).

7.3 Experimental results

7.3.1 Abrasion test

Figure 7.6 shows the damage of the latex film samples caused by the abrasion
test. It is clear that the fixation temperature Tf of the latex films has a
pronounced influence on the abrasion robustness. While all samples fixated
at Tf = 60◦C have more than 40% of their surface scratched away, almost
all samples with Tf = 90◦C are damaged by less than 20%. Simultaneously,
the fixation time tf has only a minor influence on the performance of the
films in the abrasion test. The effect of fixation time is only more significant
for a few special cases, especially films fixated at Tf = 75◦C and with high
surfactant concentration.
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Figure 7.6: Results of an optical analysis of the latex film areas that are damaged during
the abrasion test as a function of surfactant concentration. Samples fixated for 5s, 10s and
30s are marked with squares, diamonds and circles, respectively. Dashed and dotted lines
serve as a guide to the eye. Error bars represent the standard deviation of results obtained
at the three examined areas.

Dynol itself has a complex impact on the resistance to abrasion. For
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samples with Tf = 60◦C there is almost no influence until the surfactant
concentration csurf reaches 1− 1.2% at which samples with fixation times of
5s and 10s show a decrease in robustness. On the other hand for samples
with tf = 30s the resistance to abrasion increases in the same csurf range.
Films fixated at Tf = 75◦C also display a complex dependence on the sur-
factant concentration. For tf = 5s the abrasion resistance does not change
significantly, while for tf = 10s it strongly increases when the Dynol concen-
tration exceeds 0.6%. Films with tf = 30s show an improved performance in
the abrasion test for csurf > 0.4% compared with the sample containing no
surfactant. Surprisingly, samples fixated at the highest temperature 90◦C,
display exactly the opposite trend with all films showing a decrease of the
resistance to abrasion with increasing csurf.

Clearly the resistance to abrasion displays an intricate dependence on all
three examined parameters (Tf , tf and csurf ). All three of these parameters
can have a strong impact on the latex particles coalescence process, which
may explain the results shown in Figure 7.6. In the next section AFM to-
pographical maps will be used to assess the coalescence of the latex film
samples.

7.3.2 Surface topography and roughness

In Figure 7.7 AFM topographical images of three different latex films are
shown. All films contain 0.4% weight fraction of Dynol 607 and were fixated
for 5s, but at different temperatures. In the image of the film fixated at
Tf = 60◦C (Figure 7.7A), single latex particles are clearly distinguishable
with spaces between them. Already at Tf = 75◦C particles seem to be more
clustered, but there are still large gaps present in the film. At Tf = 90◦C
it is more difficult to distinguish individual particles and the film appears
more coalesced. That is also apparent from the smaller range of the height
scale-bar in Figure 7.7C.
We can interpret those results as a signature of the progressing latex

particles coalescence with increasing fixation temperature, which is expec-
ted from the theory of the latex film formation process. The MFFT of A639
latex is 67◦C, and therefore a transition between the configuration resem-
bling stage 1 in Figure 7.1, observed for Tf = 60◦C and close to stage 2 for
Tf = 90◦C is within our experimental temperature range. For all examined
samples, the borders between the particles were distinguishable, even if they
were significantly faded for some samples with Tf = 90◦C. Hence, we can
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Figure 7.7: 5× 5µm2 topographical AFM images of the latex films fixated for 30s at tem-
peratures of 60◦C, 75◦C and 90◦C. Samples contain 0.4% weight fraction of Dynol 607.
Note that images have different height scale bars.

conclude that stage 3 of latex film formation - a homogenous film (Figure 7.1)
was never achieved. However, the data sheet of A639 latex mentions that in
order to achieve homogenous film formation it requires the addition of extra
coalescent agents or plasticizers such as butyl glycol or dibutyl phthalate,
which were not present in our mixture.
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Figure 7.8: A) Roughness factor σ and B) correlation length ξ extracted from 5 × 5µm2

topographical AFM images on latex films for various fixation parameters and surfactant
concentrations. Error bars indicate standard deviations and the lines between points serve
as a guide to the eye.

It is clear that the coalesced films exhibit smaller gaps between the particles
and better ordering. Therefore, in an attempt to quantify the latex film co-
alescence, we performed a roughness analysis of the topographical images
obtained with AFM. We utilized the height-height correlation (Eq. 7.1) and
extracted the roughness factor σ and the correlation length ξ using Eq. 7.2
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(see also Figure 7.4). As shown in Figure 7.8 all samples with Tf = 60◦C have
almost the same roughness and correlation length, indicating that those films
are not coalesced. On the contrary, samples fixated at 90◦C all display much
lower σ and higher ξ indicating increased film coalescence. Furthermore, in-
creasing the concentration of the surfactant seems to improve the coalescence
of the films. The σ and ξ parameters of samples with Tf = 75◦C start from
values observed for the non-coalesced films for csurf 6 0.4% and then start to
move closer to values observed for the coalesced films (with Tf = 90◦C) as
more Dynol is added. This provides more experimental evidence that Dynol
607 improves the coalescence of latex films. As mentioned previously, we did
not observe the formation of a homogenous film for any sample (stage 3 -
Figure 7.1). Hence, we will refer to samples for which significant deformation
and squeezing has occurred (such as for Tf = 90◦C) as coalesced. Samples for
which the process of particle deformation started, but was not fully finished
will be referred to as partially coalesced (such as Tf = 75◦C, tf = 10s and
csurf = 0.8%).
Despite the observed improvement in the coalescence, the abrasion resist-

ance of samples with Tf = 90◦C clearly decreased with increasing surfactant
concentration. To explain how enhanced coalescence can lead to the worsened
abrasion robustness we turn our attention to the mechanical properties maps
obtained using the AFM PFT-mode.

7.3.3 Adhesion of latex surface

Typical large scale topographical maps of films fixated at Tf = 90◦C for 30s
do not show significant differences between samples containing 1.2% of Dynol
and no surfactant at all (see Figure 7.9A and C). It is only noticeable that
the borders of latex particles are more faded in the image of the samples with
addition of surfactant, which is in line with the results of the height-height
correlation (Figure 7.8). However, corresponding adhesion maps obtained
using the PFT-mode reveal striking differences between surfaces of the two
films (see Figure 7.9B and D). While adhesion of films containing no sur-
factant displays almost no contrast, on the surface of samples with Dynol we
observe islands with significantly lower adhesion than the surrounding sur-
face. Smaller scale images (see Figure 7.9E and F) reveal that small islands
with lower adhesion are also commonly present in the nodes of the borders
between the particles. Even though these small islands are noticeable in the
topographical image, even the large ones are impossible to spot, as indicated
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Figure 7.9: A), C) 5 × 5µm2 AFM topographical images of the latex film fixated with
Tf = 90◦C, tf = 30s, no surfactant addition A) and csurf = 1.2% C). B) and D) are
adhesion maps corresponding to the topographical images shown in panels A) and C). E)
and F) are 2 × 2µm2 topographical and adhesion maps, respectively, taken at the place
marked with white dotted line in panels C) and D). Dashed lines in panels E) and F)
indicate the location of islands exhibiting a lower adhesion than the surrounding surface.
G) Cross-sections obtained at exactly the same location for images shown in panels E) and
F), where they are marked with blue and red dashed lines, respectively.

by the dotted lines in Figure 7.9E and F and the cross-sections extracted for
both images shown in Figure 7.9G.
Figure 7.10 shows representative examples of adhesion maps obtained for

various samples. The latex films, which were found to be non-coalesced (ac-
cording to data from Figure 7.8), display notably different type of adhesion
maps than the coalesced ones. For instance for all films with Tf = 60◦C
we observe significantly larger adhesion at the edges of the latex particles
than at the centers. We attribute this contrast to the greater contact area
between the tip and the latex particles, when the tip penetrates in the gaps
between the particles. As coalescence progresses with increasing Tf and csurf,
contrast between the edges and the centers starts to fade for samples with
Tf = 75◦C and csurf = 0.4− 0.8%, and completely disappears for higher csurf
and Tf = 90◦C. Non-coalesced films were marked by a red, and films with
progressing coalescence by a pink background in Figure 7.10. As already
introduced in Figure 7.9, samples containing Dynol exhibit areas with sig-
nificantly lower adhesion than the surrounding latex particles. We observe
these islands for all samples containing the surfactant and where coalescence
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Figure 7.10: Representative examples of 5 × 5µm2 adhesion maps obtained for latex film
fixated using different fixation parameters and surfactant concentrations. Following the
data from Figure 7.8, a red background was added to the maps for samples which did not
coalesce at all and a pink background to films, which were only partly coalesced.

took place. Hence, we assume that the islands are composed of Dynol and are
formed by pushing the surfactant out from the gaps in the latex film as the
coalescence progresses. We attribute the low adhesion of surfactant stains
to the low surface energy of the surfactant, which decreases the interactions
between the AFM tip and the surface.

For all samples, we calculated the surface area of the islands (stains) with a
low adhesion; results are summarized in Figure 7.11. It is clear that the total
area of islands grows with increasing Dynol concentration, which provides
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Figure 7.11: The area covered by the surfactant stains with low adhesion as a function of
Dynol concentration for samples with various fixation parameters. Only data for coalesced
or partly coalesced films is shown, as only in these cases we observe the formation of
surfactant stains. Three different locations were examined for each sample. Error bars
indicate standard deviations and the lines between points serve as a guide to the eye.

more experimental evidence that the islands are thin surfactant remanents
(stains) present on the surface. All films having the same fixation parameters,
but different csurf display similar areas covered by surfactant stains, except
films with Tf = 75◦C and Tf = 90◦C for csurf = 0.8− 1%. However, in that
case films with Tf = 75◦C are only partly coalesced, which means that Dynol
is not be fully pushed towards the surface. Another noticeable feature is that
the samples with a high Dynol concentrations exhibit large variation of the
stained surface areas, we found locations which are almost completely covered
with Dynol, but also places which are nearly Dynol-free. This suggests that
when Dynol is pushed towards the surface it is relatively mobile and can
agglomerate in certain spots.

7.3.4 Mechanical properties of the latex film on the microscale

The abrasion test has demonstrated that the resistance to abrasion of the
latex films decreases with the addition of Dynol, despite the fact that the
surfactant seems to improve film coalescence. At the same time we found
that in the case of coalesced films, stains of surfactant appear on its surface.
The are covered by Dynol islands increases for larger csurf. However, it re-
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Figure 7.12: A) 2 × 2µm2 topographical map of the latex film fixated at Tf = 90◦C for
tf = 30s and containing csurf = 1.2%. B-D) Adhesion, indentation and stiffness maps
obtained with the PFT-mode at the same location as topographical images shown in panel
A). Dashed white lines indicate the shape of Dynol stains present on the surface.

mains unclear whether the decrease in the abrasion resistance is caused by
the Dynol stains. In order to examine this we used the PFT-mode, which
provides us not only with information about the adhesion of the surface, but
also other properties, such as indentation or stiffness. In Figure 7.12 we can
clearly observe that in the area where the surfactant stain (with the lower
adhesion) is present, a higher indentation and a lower stiffness are measured.
We observed the same results for any location where large Dynol stains are
present. This indicates that the areas covered with Dynol are significantly
softer and more deformable than the surroundings. Nonetheless, data ob-
tained with the PFT-mode is only local, since the tip is much smaller than
the size of a single latex particle (R ≈ 8nm). Furthermore, in order to re-
duce tip damage as much as possible we used low force setpoints (typically
15 − 30nN), which results in probing depths in range of a few nanometers.
This makes it difficult to correctly extract quantitative values for the mech-
anical properties. This is also the reason why unrealistic values of stiffness
are presented in Figure 7.12D. Furthermore, this data is not representative
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for the mechanical performance of the whole film.
Force spectroscopy measurements with large colloidal probes (R ≈ 3.5µm)

were utilized to measure the collective behaviour of the latex film, rather than
the local properties. There are several interesting trends that we observe in
our results (see Figure 7.13). First, the adhesion of the films clearly grows
with increasing surfactant concentration. The adhesion is low for films that
do not contain the surfactant or are not coalesced and therefore do not display
surfactant stains (such as films fixated at Tf = 75◦C with csurf < 0.8%). As
such, there seems to be a direct relation between the presence and amount
of Dynol stains on the surface and the adhesion of the latex film. This comes
as a slight surprise since, when measured with the small probe, in the PFT-
mode, the areas covered by the surfactant stains displayed a lower and not
a higher adhesion than the surroundings. We attribute this difference to the
huge difference in the sizes of the AFM probes. A small probe measures
mainly atomic forces, due to the small contact area, low force setpoint and
high measurement frequency. In case of a colloidal probe, the contact time
and area are significantly larger, which possibly leads to the formation of
capillary bridges between the viscous surfactant layer and the AFM tip. The
formation of a capillary bridge makes it much harder for a tip to loose contact
with the surface and leads to an increase of the adhesion.
Deformation can be considered as a measure of how much a surface can

be indented during a measurement cycle. However, it does not imply that
the measured deformation is always fully plastic. A measurement cycle takes
a limited amount of time (≈ 1s) and hence it is possible that the measured
deformation will still partly recover on a longer time scale. In Figure 7.13B
we see that the deformation is very small for all films fixated at Tf = 90◦C.
The deformation is significantly higher for samples fixated at Tf = 75◦C, and
drops only for the films, which have a high surfactant content. Therefore,
the deformation closely matches the coalescence of the latex films, being
consistently low for all coalesced films, and higher for non- or partly-coalesced
films. It is very likely that when non-coalesced films are pressed with a large
probe, some particles move substantially with respect to each other and do
not go back to their original position, even when the load is released. This
does not occur for coalesced films, where the latex particles are densely packed
together and thus act as a continuous elastic layer.
Stiffness, which is a measure of resistance of a surface to an applied force,

displays probably the most intricate behaviour of all mechanical properties
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Figure 7.13: A-C) Adhesion, deformation and stiffness values, respectively, obtained by
the force spectroscopy, using large colloidal probes (R ≈ 3.5µm). Measurements were
performed in a grid of 8× 8 points on an area of 20× 20µm2. Three separate places were
measured for each sample.

(see Figure 7.13C). The stiffness is rather low and comparable for all samples
with csurf 6 0.4%, but for higher surfactant concentrations the latex films
exhibits maxima in the stiffness for certain csurf values. These peaks occur
for medium surfactant concentrations 0.6% 6 csurf 6 1% for films fixated at
90◦C for tf = 10s and 30s and for films with Tf = 75◦C and tf = 30s. The
other films have a peak for csurf = 1.2%. Hence, the peak seems to occur
for medium csurf and higher Tf and longer tf . It is difficult to determine
why the peak in stiffness is present. Nonetheless, it is important to keep in
mind that the maximal indentation recorded with a force setpoint of 1µN
was only 20−30nm, even for the softest films. Therefore, the stiffness shown
in Figure 7.13C, should be interpreted as the property of only the top part of
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the film. Still the probing depth of these measurements is much larger than
in case of the PFT-mode. The fact that the stiffness peaks occur only for
samples with medium surfactant concentrations strongly suggest that they
are linked to the presence of a surfactant in the film. It is probable that
the differences in the stiffness are the result of variation in the surfactant
distribution in the bulk of the film, which would explain the dependence
on both Tf and tf . It was demonstrated in the literature that during the
particles coalescence process, the hydrophilic species get distributed in the
latex film in a form of oblate spheroidal clusters or spheres, which can be tens
of nanometers in size.26 Unfortunately we are not able to obtain information
about the distribution of Dynol in the bulk of the film with experimental
data presented here.

7.4 Can AFM explain the results of the abrasion
tests?

In this section we will asses whether the AFM measurements can explain
the performance of the latex film samples in the abrasion test. The abrasion
resistance of the latex film samples was mainly dependent on the proper film
coalescence (see Figure 7.6). For simple systems like ours coalescence can be
easily determined by using even basic AFM topographical images, as shown in
Figure 7.7. However, in more complex systems the assessment might be more
difficult. We have demonstrated that both the roughness analysis (Figure 7.8)
and the AFM force spectroscopy utilizing colloidal probes (Figure 7.13B)
provide a way to monitor the coalescence of latex particles.
Latex film coalescence was not the only parameter that affects the abra-

sion resistance of the latex films. For the films fixated at the Tf = 90◦C
we observed that the abrasion resistance decreases with increasing surfactant
concentration. This comes as a surprise, since Dynol promotes the coalesce of
latex particles. This promotion occurred for all coalesced latex films contain-
ing surfactant. On the surface of these films surfactant stains were observed.
The area covered by these stains increases with increasing csurf. These areas
exhibit lower adhesion than the surroundings as well as higher indentation
and lower stiffness (Figure 7.12), indicating that the surfaces of the films with
Dynol stains have non-uniform mechanical properties. However, we found no
significant variation of deformation of the films with Tf = 90◦C. Also the
stiffness measured with the colloidal probe display peaks for a certain csurf,
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rather than a steadily monotonic behaviour. Unexpectedly, when measured
with a large colloidal probe in the force spectroscopy mode, we found that
adhesion between the films and the tip increases with increasing csurf. We
attribute this to the formation of capillary bridges between the tip and the
viscous surfactant layer. This is also a mechanism, which may explain the
reduced abrasion resistance. When in contact with an abrasive material (pa-
per in this case), Dynol stains, which are present on the surface, may stick
stronger to the abrasive material. This results in a higher pulling force that
the abrasive material can exert on the film.
However, that is not the only possible explanation for the decreasing per-

formance in the abrasion test for increasing csurf (for samples with Tf =
90◦C). We identify three other mechanisms, which may influence the abra-
sion resistance and cannot be ruled out by the available experimental data:
i) The non-uniform mechanical properties of the surface caused by the pres-
ence of the surfactant stains may create weak spots, which can decrease the
performance in the abrasion test (Figure 7.12). A similar mechanism was re-
cently found to be responsible for the degradation of razor blades, although
in this case the grains of metal having different crystallographic orientation
were responsible.27 Unfortunately, this cannot be reliably tested with the
AFM force spectroscopy mode, which operates in a pressing mode and not in
a scratching mode. Although in principle performing a scratching test with
the AFM is possible, it would require a well-optimized measurement pro-
tocol, ensuring that the probe is not contaminated or damaged in between
the experiments.
ii) Similar to the surfactant stains that we measured on top of the latex film
surface (Figure 7.10), Dynol may be pushed not only to the top, but also to
the bottom of coalescing latex film. This could create a layer that reduces
the adhesion between the film and the substrate, rendering the film more
vulnerable to abrasion. Unfortunately, the extremely small thickness of the
surfactant layer makes it very difficult to check the formation of layer at the
bottom of the film by any experimental method.
iii) We noticed that films containing Dynol (csurf > 0.4%) are not macro-
scopically flat. There are droplet-like spots occurring on their surface. These
spots occur partly in a square grid, matching the location of holes in the heat-
ing plate that provide vacuum suction. However, the spots are found also at
other locations (see Figure 7.14). In the places where holes in the heating
plate are located the evaporation of water will be slower, hence the surfactant
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Figure 7.14: Optical images of the undamaged latex films fixated at Tf = 60◦C and Tf =
90◦C for tf = 30s. The films have various surfactant content, or no Dynol at all.

concentration will be lower than in the surroundings. As a result, a surface
tension gradient will be generated, which may induce Marangoni flows trying
to move the liquid away from the spots. These liquid flows may lead to the
formation of other uneven spots, in between holes, with non-uniform shapes.
The high viscosity of the liquid and the short time scale of the film formation
process (it lasts less than 5s) will result in freezing of the blobs and a mac-
roscopically corrugated surface. Certainly, these corrugations may influence
the abrasion test, especially that the amount of blobs will increases with the
csurf. However, for samples fixated at Tf = 60◦C we see that the abrasion
resistance is constant until csurf reaches 1%, even though the corrugation
appears already at csurf = 0.4%. Hence, the formation of droplet-like spots
seem not to have a massive effect on the performance in the abrasion test,
but its influence cannot be entirely excluded.

7.5 Conclusions

We demonstrated that in three-component latex mixtures (much simpler than
real inks), abrasion resistance depends not only on the coalescence rate of the
latex film, but also on the surfactant concentration. Dynol has twofold influ-
ence on the abrasion resistance (i) positive for a fixation temperature slightly
higher than the MFFT of the latex, as it promotes film coalescence and (ii)
negative for high fixation temperatures, when the films coalesced without
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aid of the surfactant. AFM proved to be a useful tool to measure the de-
gree of latex film coalescence either by performing a height-height correlation
analysis of the topographical images or by measuring the deformation with
colloidal probes in the force spectroscopy mode. Using AFM we identified
two mechanisms, which might be responsible for the negative influence of
surfactants on the abrasion resistance. We showed that Dynol forms thin
layers on the coalesced films. These thin layers grow in size with increasing
surfactant concentration. The areas covered by these surfactant stains have
different mechanical properties than the surrounding area, and hence can act
as weak spots during the abrasion test. Force spectroscopy measurements
also revealed that the adhesion of samples with a large amount of Dynol
stains was higher, which leads to stronger sticking to the abrasive material
and higher pulling force during the abrasion test. Nonetheless, we could not
exclude that the reduced abrasion robustness is the result of the formation
of a surfactant layer at the bottom of the latex film making it easier to re-
move from the substrate. Furthermore, we cannot rule out the influence of
macroscopic corrugation of the film induced by the surfactant.

To summarize, AFM proved to be the ideal tool in examining the latex
film structure as well as its mechanical properties. However, this technique
is limited to probing only the topmost part of the film surface, which may
be insufficient to identify all aspects of the mechanical performance on the
macro-scale. Furthermore, various additions present in the ink mixtures can
induce unique features influencing the robustness of a print (f.e. surfactant
stains). These features can influence the abrasion robustness in several differ-
ent ways, for instance by affecting the coalescence process, introducing parts
with non-uniform mechanical properties or areas covered with adhesive sub-
stance. Hence, we have not been able to identify one single parameter with
AFM that can be used to assess the abrasion resistance of the latex films.
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8
Summary

Control over the wetting properties of solid surfaces is of great importance
for numerous practical applications, for instance inkjet printing, agriculture
or spray-coating, to name a few. Although the wetting of solid surfaces
by single-component liquids is relatively well understood, in practice more
complex systems are often encountered. Most of the industrially used liquid
mixtures are composed of multiple solvents and additions, which can sub-
stantially complicate interactions at the liquid-solid interface. Surfactants,
which are commonly added to liquid mixtures, stand out as the group of sub-
stances having an enormous impact on the interaction at liquid interfaces.
Depending on the chemical characteristics of a liquid, a solid surface and
type of surfactant, multiple effects can occur, such as enhanced spreading,
autophobing or contact line pinning. Changes in the wetting properties of
solid surfaces result from molecular interactions at the solid-liquid interface,
which makes it challenging to probe the interface with experimental meth-
ods. There are also numerous liquid/surface/surfactant combinations used in
applications. Together, it leads to the poor understanding and predictability
of the effects that surfactants may have on the wetting properties of solid
surfaces. This thesis aims to broaden the knowledge about the molecular in-
teractions at the solid-liquid interface, focusing on systems related to inkjet
printing applications.

After a general introduction in Chapter 1 and a description of experi-
mental techniques used in this thesis, it is demonstrated in Chapter 3 that
the ionic surfactant - sodium dodecyl sulphate (SDS) in aqueous solution can
induce contact line pinning in droplets evaporating on a hydrophobic surface
(fluoro-coated silicon), even for surfactant concentrations significantly below
the critical micelle concentration (CMC). This effect was confirmed to oc-
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cur for droplets with sizes varying over two orders of magnitude and for a
wide range of relative humidities. We attributed the contact line pinning to
the formation of disordered SDS structures on the hydrophobic surface at
concentrations below the CMC. The disorder of these surfactant structures
leads to non-uniform wetting properties of the surface and induces contact
line pinning. The structures formed by surfactants on the solid surface have
rarely been studied for concentrations lower than the CMC, due to their low
molecular density and instability. Therefore, it was not clear what type of
surfactant structures induced the observed contact line pinning.

Chapter 4 describes an attempt to image the structures formed by SDS on
a hydrophobic substrate at concentrations below the CMC in order to better
explain the observations from Chapter 3. In contrast to the half-micellar
structures reported in the literature for SDS on highly ordered pyrolytic
graphite (HOPG), we found SDS to form flat islands on an amorphous hy-
drophobic surface. Furthermore, these islands were composed of multiple
levels with a height of 3 − 3.2nm each. This height corresponds to approx-
imately twice the length of the SDS molecule. Most likely the flat surfactant
structures are composed of two layers of SDS molecules stacked on top of
each other with the hydrophilic surfactant heads pointing outwards and the
hydrophobic tails inwards. For surfactant concentrations significantly below
the CMC (0.3 − 0.5 CMC), these layers only partly cover the surface. At
0.7 CMC the surface will be completely covered. When the SDS concentra-
tion exceeds the CMC, only a single double-layer of SDS molecules remains
on the surface and higher levels desorb from the surface to form micelles in
the solution. The remaining layer is able to follow the natural corrugation
of a hydrophobic surface. The surfactant layers can explain the contact line
pinning observed at low SDS concentrations in Chapter 3, due to the varying
wetting properties of the sides and tops of the flat surfactant layers.

In Chapter 5 the attention is focussed on the hydrophilic silicon oxide
surface. The behaviour of aqueous solutions of 1,2-hexanediol and other al-
kanediols was investigated for various concentrations. These type of solvents
are commonly used in latex inks. For low 1,2-hexanediol mass fraction (φ)
we found that the contact angle of the droplets swiftly increases with increas-
ing φ due to the Marangoni contraction effect. This effect is a result of the
internal flow in the droplet induced by the selective evaporation of water.
However, the contact angle of the droplets is still increasing for large φ, for
which Marangoni contraction cannot take place due to the lack of significant
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surface tension gradients. Using ellipsometry it was demonstrated that 1,2-
hexanediol adsorbs on the hydrophilic silicon oxide surface, forming a thin
molecular layer, which renders the surface more hydrophobic. This effect is
known as autophobing and explains the increase of the contact angle for large
mass fractions of 1,2-hexanediol. We also investigated other 1,2-alkanediols
with shorter aliphatic chains and discovered that the autophobing effect starts
to occur only when the aliphatic chain consists of 5 or more carbon atoms.
Most likely, alkanediols with shorter chains adsorb at the silicon oxide surface
in a manner similar to water with their hydroxyl groups (-OH) facing both the
solid surface and the outside. Longer alkanediols adsorb in a more ordered
manner with their hydroxyl groups facing only the substrate and aliphatic
chains pointing outwards, which makes the surface more hydrophobic.

The wetting properties of a solid surface may change not only due to the
physical adsorption of species (as shown in Chapter 5), but also through
chemical reaction of the surfactant with the surface. The latter is sometimes
the case for siloxane surfactants, which can react with the hydroxyl groups
present on the silicon oxide surface. This type of surfactants is commonly
found in UV-curable inks, which also come into contact with the silicon nozzle
plate. This system is investigated in Chapter 6. First, it is demonstrated,
using contact angle measurements and ellipsometry, that these surfactants
react with the surface only when dissolved in non-polar solvents like hexane
or decane. Afterwards, Hansen solubility parameters (HSP) of the surfact-
ant, all solvents and the silicon oxide surface are calculated using molecular
dynamics (MD) simulations. Traditionally, HSP are used to predict the mis-
cibility of liquids by characterizing the mutual molecular interactions and
following the rule that "similar mixes with the similar". This method is util-
ized to predict whether there is a higher affinity between the surface and the
solvent or between the surface and the surfactant. Only in the latter case
the reactive groups of the siloxane surfactant can come close to the active
hydroxyl groups on the silicon oxide surface and the chemical reaction of sur-
factant adsorption can take occur. In the former case, the solvent will shield
the silicon oxide surface and prevent the chemical reaction from taking place.
The widespread use of HSP in the practical applications makes this approach
potentially applicable to many other systems as well. However, it is limited
by the necessity of calculating HSP for the surface, which may be difficult for
systems that are ill-defined as compared to the silicon oxide (f.e. amorphous
materials or biological systems).
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Chapter 8 Summary

Finally in Chapter 7 the influence of surfactant on the abrasion robustness
of the latex films is studied. Non-ionic surfactant (Dynol-607), commonly
found in latex inks, is used in this study. It is demonstrated using the abrasion
test, atomic force microscopy and spectroscopy, that the surfactant can have
both a positive and a negative influence on the abrasion resistance of the
film. On the one hand, it improves the coalescence of the latex particles.
This significantly enhances the robustness of films fixated at temperatures
below the minimal film formation temperature (MFFT). On the other hand,
at fixation temperatures above the MFFT, Dynol had a negative impact
on the abrasion resistance. We identified that Dynol forms thin stains on
the surface of the film, which can increase the adhesion between the film
and abrasive material during the test and contribute to increased damage
of the film. These stained areas also have different mechanical properties as
compared to the surroundings, and hence can act as weak spots in the film.
However, it is possible that the surfactant agglomerates not only at the top,
but also at the interface between substrate and film, leading to a reduction
of the adhesion between them. Furthermore, the use of a surfactant results
in a solutal Marangoni flow in the evaporating latex mixture, which leads
to millimetre-scale surface corrugation in the fixated film. Unfortunately we
cannot quantify or exclude the influence of the surface corrugation on the
abrasion robustness of the film. AFM has proven to be a very useful tool
to analyse the mechanical properties of the latex films. However, it was not
possible to determine a single parameter with AFM, which could be used to
quantitatively evaluate the abrasion robustness.
To summarize, it was demonstrated that surfactants can have a significant

influence on the wetting properties of solid surfaces by inducing contact line
pinning, autophobing effects or chemically adsorbing to the surface. These
effects are notoriously hard to predict and control due to their molecular
nature and the amount of liquid/surface/surfactant combinations. Chapter
6 describes an effort to create a predictive tool for chemical adsorption of
the siloxane surfactants using HSP system commonly used in industry. Fi-
nally, the surfactant has a major influence on the abrasion robustness of the
latex film. The results presented in this thesis highlight that the molecular
interactions at the liquid-solid interface are still relatively poorly understood
even though they are commonly encountered in numerous applications and
can have a major impact.
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Samenvatting

De controle over de bevochtigingseigenschappen van oppervlakken is van
groot belang voor veel toepassingen, waaronder bijvoorbeeld het printen van
inkt, de besproeiing van gewassen en spuitcoating. Alhoewel de bevochtiging
van oppervlakken door vloeistoffen die uit één component bestaan goed be-
grepen is, geldt dat in veel mindere mate voor vloeistoffen die bestaan uit
meerdere componenten. De meeste vloeistoffen die gebruikt worden in de
industrie bestaan uit meerdere componenten, zoals oplosmiddelen en toevoe-
gingen, die een sterke invloed kunnen hebben op de interactie tussen vloeistof
en vaste stof. Surfactants zijn toevoegingen die de meeste invloed hebben
op de eerdergenoemde (chemische) interactie. Afhankelijk van de precieze
chemische samenstelling van de vloeistof, surfactant en vaste stof kunnen er
verschillende soorten effecten optreden, waaronder een versterkte spreiding
van de vloeistof, autophobing of het pinnen van de contactlijn tussen vloeis-
tof en vaste stof. De veranderingen van de bevochtigingseigenschappen van
een oppervlak hebben alles te maken met de chemische interactie aan de
grenslaag tussen de vaste stof en vloeistof en zijn derhalve niet eenvoudig
experimenteel toegankelijk. Mede doordat er veel verschillende vloeistoffen
in de industrie worden gebruikt, maakt dat het begrip en de voorspelbaar-
heid van de bevochtigingseigenschappen van oppervlakken nog steeds in de
kinderschoenen staat. In dit proefschrift is gepoogd om de kennis en het be-
grip van één specifieke toepassing met betrekking tot bevochtiging, namelijk
het printen van inkt, beter te begrijpen.

In hoofdstuk 1 van het proefschrift dat nu voor u ligt, vindt u een alge-
mene inleiding. In hoofdstuk 2 wordt ingegaan op de experimentele tech-
nieken waar in dit onderzoek gebruik van wordt gemaakt. De processen die
optreden tijdens de verdamping van vloeistoffen die sodium dodecyl sulphate
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(SDS), een ionaire surfactant, bevatten zijn het centrale thema van hoofd-
stuk 3. Het gaat hierbij om processen, zoals bijvoorbeeld het pinnen van de
contactlijn tussen vloeistof en het hydrofiele oppervlak van silicium bedekt
met een fluorcoating. Zelfs voor concentraties lager dan de kritische micel
concentratie (CMC) treedt al pinning van de contactlijn op. Dit proces is
bestudeerd als functie van de grootte van de vloeistofdruppels en de lucht-
vochtigheid. Het pinnen van de contactlijn blijkt voor deze lage concentraties
van de SDS surfactant verklaard te kunnen worden door de vorming van wan-
ordelijke structuren op het oppervlak.

In hoofdstuk 4 is een poging gedaan om de in hoofdstuk 3 genoemde wan-
ordelijke structuren van de SDS laag op een hydrofoob oppervlak in beeld
te brengen. In tegenstelling tot de in de literatuur genoemde structuur be-
staande uit halve micellen, vonden wij op een amorf oppervlak vlakke eil-
anden bestaande uit SDS moleculen. De hoogte van deze SDS eilanden ver-
toon stappen van 3-3,2 nm, hetgeen precies tweemaal de lengte van een SDS
molecuul is. De vlakke SDS eilanden bestaan zeer waarschijnlijk dus uit
dubbellagen van SDS moleculen. De hydrofiele eindgroep wijst van het op-
pervlak af, terwijl de hydrofobe staart richting het oppervlak wijst. Voor
lage concentraties van de SDS moleculen (0,3-0,5 CMC) bedekken deze lagen
slechts gedeeltelijk het oppervlak, maar bij een concentratie van 0,7 CMC is
het oppervlak volledig bedekt. Indien de concentratie hoger is dan 0,7 CMC
vormen zich micellen in de oplossing.

In hoofdstuk 5 bestuderen we de interactie tussen een oplossing bestaande
uit alkaandiolen en het hydrofiele siliciumoxide oppervlak. Deze alkaandi-
olen worden vaak toegevoegd aan latex inkten. Voor lage 1,2-hexaandiol
concentraties vonden we dat de contacthoek snel toeneemt met toenemende
concentratie van de 1,2-hexaandiolen ten gevolge van Marangoni contractie.
Dit effect is het gevolg van een interne stroming in de druppel welke ontstaat
door de verdamping van water. Bij een verdere toename van de concentratie
van 1,2-hexaandiolen blijft de contacthoek toenemen, hetgeen niet verk-
laard kan worden door het eerder genoemde Marangoni contractie effect van-
wege de afwezigheid van een significante gradiënt in de oppervlaktespanning.
Met ellipsometrie konden we aantonen dat het geadsorbeerde 1,2-hexaandiol
een hydrofobe moleculaire laag vormt op het hydrofiele siliciumoxide opper-
vlak. Dit effect wordt autophobing genoemd en verklaart de toename van
de contacthoek voor hoge concentraties 1,2-hexaandiol. We hebben ook 1,2-
alkaandiolen met andere koolstofstaartlengtes bestudeerd en vonden dat het
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autophobing effect pas optreedt voor koolstofstaarten langer dan vijf koolsto-
fatomen. 1,2-alkaandiolen met een korte koolstofketen adsorberen met een
OH-groep gericht naar het oppervlak en een OH-groep die van het oppervlak
af is gericht. Voor langere koolstofketens zijn beide OH-groepen gericht naar
het oppervlak, hetgeen resulteert in een hydrofoob oppervlak.

In hoofdstuk 6 wordt de invloed van de chemische reactie tussen surfactant
en oppervlak op de bevochtigingseigenschappen onder de loep genomen. Zo
kunnen siloxane surfactants bijvoorbeeld reageren met de OH-groepen die
aanwezig zijn op het siliciumoxide oppervlak. We laten zien, door gebruik te
maken van ellipsometrie en contacthoekmetingen, dat siloxane surfactants re-
ageren met niet-polaire vloeistoffen, zoals bijvoorbeeld hexaan en decaan. De
Hansen oplosbaarheidsparameters (HSP) van de surfactants, oplosmiddelen
en het siliciumoxide-oppervlak hebben we bepaald door gebruik te maken
van moleculaire dynamicasimulaties (MD). Deze Hansen parameters geven
informatie over de oplosbaarheid van de eerdergenoemde componenten in de
vloeistof. De HSP methode kan worden toegepast om te voorspellen of de
affiniteit tussen oppervlak en oplosmiddel groter of kleiner is dan tussen op-
pervlak en surfactant. Alleen in het laatste geval kan een chemische reactie
tussen oppervlak en surfactant plaatsvinden. Het succes van de HSP meth-
ode gaat of staat natuurlijk met de beschikbaarheid van betrouwbare waarden
voor de HSP parameters, inclusief die van het oppervlak. Met name voor de
slecht gedefinieerde oppervlakken (bv. amorfe of biologische oppervlakken)
maakt dit de HSP methode soms onbetrouwbaar.

In hoofdstuk 7 hebben we de invloed van surfactants op de robuustheid
van latex inktlagen bestudeerd. We hebben gekozen voor de niet-ionogene
surfactant Dynol-607, welke vaak aan latex inkt wordt toegevoegd. Door
gebruik te maken van atomaire krachtsmicroscopie en -spectroscopie tonen
we aan dat de surfactant zowel positieve als negatieve effecten op de robuus-
theid tegen schuren van de film kan hebben. De surfactant heeft een positief
effect op het samenklonteren van de latex deeltjes, hetgeen de robuustheid
van de film sterk verbetert voor fixatietemperaturen lager dan de minimale
film formatie temperatuur (MFFT). Voor temperaturen hoger dan de MFFT
temperatuur vormt Dynol eilanden op het oppervlak van de inktfilm. Deze
Dynol eilanden verhogen de adhesie en hebben derhalve een negatief effect
op de robuustheid van de film tegen schuren. De mechanische eigenschappen
van de Dynol eilanden zijn beduidend anders dan van de omgeving en geven
aanleiding tot zwakke gebieden in de inktlaag. Het is ook goed mogelijk dat
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de surfactant agglomeraten vormt aan de grenslaag tussen het substraat en de
inktfilm. Door het gebruik van surfactants kunnen ook Marangoni stromin-
gen in latex films ontstaan die aanleiding geven tot een oppervlakteruwheid
op mm-schaal. Helaas hebben we de invloed van deze oppervlakteruwheid
op de robuustheid van de film niet precies kunnen bepalen. Ondanks het feit
dat atomaire krachtsmicroscopie een zeer waardevolle techniek is gebleken
om de mechanische eigenschappen van inktlagen te bepalen, is het niet mo-
gelijk gebleken om één sleutelparameter te vinden die de robuustheid van de
film bepaalt.
We hebben in dit proefschrift laten zien dat surfactants een significante

invloed hebben op de bevochtigingseigenschappen van oppervlakken. Het be-
treft hier zaken als pinning van de contactlijn, autophobing en de chemische
reactie tussen surfactant en oppervlak. Vanwege de moleculaire structuur
en de veelheid aan vloeistof/oppervlak/surfactants combinaties is het bijzon-
der moeilijk om de bevochtigingseigenschappen precies te voorspellen. In
hoofdstuk 6 doen we een poging door gebruik te maken van de Hansen oplos-
baarheidsparameters. Tot slot laten we zien dat surfactants ook een grote
invloed hebben op de robuustheid van latex films. Het onderzoek in dit proef-
schrift laat zien dat de moleculaire interacties in de grenslaag tussen vloeistof
en vaste stof nog steeds niet echt goed begrepen worden, ondanks het grote
technologische belang.
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