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Abstract

Polyelectrolyte films have attracted significant research interest due to their wide range of potential
applications. The fundamental understanding of these films is a vital foundation to improve upon as it
ensures the most favorable terms of success for its applications. This project has aimed to improve the

current knowledge of specific types of film’s swelling responses and their underlying mechanisms.

In this project, polyzwitterionic film’s specific ion-induced swelling has been the focus of an experimental
study. The swelling of polycationic and polyanionic films containing the same charge groups as the
polyzwitterionic film was studied systematically with different ion types and concentrations using
ellipsometry. With the learnings from these films, it was shown that the swelling of polyzwitterionic films
is a result of two mechanisms: The physical crosslinks are broken when the salt concentration is increased
as it then becomes favorable for the positively charged immobile cations to bind to the mobile anions at
a concentration which depends on the specific anion. The cation then counters the positively charged
immobile anions resulting in increased osmotic pressure inside the film. The foundation for a theoretical
model describing the mechanisms in the film was created, but it is needing further work before it can fully
describe the effects that were observed experimentally. The understanding of the mechanisms driving
the swelling in the polyzwitterionic film was applied to significantly more complex multilayer films of weak
polyelectrolytes. These films' buildup and swelling responses were again systematically studied with
various salt types and concentrations under different pH values. From ellipsometry and quartz crystal
microbalance with dissipation measurements, it was shown that the multilayer film’s responses can be
described as a combination of weak polyelectrolyte films and polyzwitterionic films. It was likewise shown
how it is necessary to carefully consider the ion concentration and types when designing multilayer films
with a specific target pH response. As an extension of the study on the multilayer films, the friction
between the films and colloidal probe under different salt and pH conditions was measured with an
atomic force microscope. A significant amount of preparation goes into preparing the microscope for
friction measurements and analyzing the data obtained to show an actual friction force. In this project,
the microscope's cantilever was calibrated with a method that uses the thermal perturbations on the
cantilever. As the sensitivity of the cantilever changes depending on the medium, a geometrical approach
is suggested as a tool to describe how the sensitivity is changing when the cantilever is used in a liquid

instead of air.



Resume

Polyelektrolytte film har modtaget stor videnskabelig interesse grundet deres store potentiale for
anvendelserien bred vifte af omrader. Den fundamentale forstaelse af disse film er vital da denne danner
grundlaget for at kunne sikres filmenes potentielle anvendelser de bedst mulige forudsaetninger for at
lykkes. | dette projekt har fokusset vaeret pa at udvide den nuveerende fundamentale forstaelse af

specifikke typer af polyelektrolytte films respons pa a&ndringer i salt og pH.

Zwitterioniske polymer films reaktioner pa gget salt koncentration og specifikke typer af ioner har veeret
fokusset i et eksperimentel studie. Her var det fundet at filmenes tykkelse blev @gget med
saltkoncentrationen i en grad der afhang af de specifikke anioner i oplgsningen. Ved at lave lignende
malinger pa kationiske og anioniske polymerfilm, blev det muligt at forstd hvordan krydsbindinger i de
polyzwitterioniske film blev brudt af anioner mens effekten af kationer var at agere som modioner og

derved gge det osmotiske tryk. Begge disse effekter er medvirkende til ggningen af filmens tykkelse.

Den ggede forstaelse af mekanismerne for polyzwitterioniske film blev brugt til at forsta responset en
mere kompleks filmtype. Multilagfilm af svage polyelektrolytter er film dannet med vekslende lag af
positive ladet kationiske og negativt ladet anioniske polymerer. Den svage natur af disse polyelektrolytter
betyder at deres ladning er pavirket af bade pH og salt koncentration, hvilket i kombination med deres
vekslende struktur i multilaget ggr denne filmtypes respons vanskelig at forsta. Multilagfilmene var
dannet under varierede forudszetninger og efterfglgende var deres respons til pH malt ved forskellige
saltkoncentrationer og ved forskellige ion typer. Ud fra disse malinger var det muligt at vise at multilag
filmene ved de pH veaerdier hvor de var bygget havde en naesten neutral overordnet ladning og ved hgj pH
havde en overvaegt af negative ladninger. | de tilfelde hvor ladningen var ens kunne forstaelsen af
zwitterioniske film bruges til at beskrive multilags filmens tykkelseseendring ved gget salt koncentration.
Pa samme made kunne filmens tykkelses aendring ved hgj pH beskrives som en kombination af en

traditionel svag polyanionisk film og den polyzwitterioniske film.
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Introduction

In this PhD project, charged polymer films and their structural and mechanical properties have been
studied. The studies performed on these films can be divided into three objectives. 1) Understanding
charged polymer films with both negative and positive charges and their specific ion-dependent swelling
responses, 2) investigating the mechanisms of swelling responses of charged multilayer polymer film to
pH, and 3) studying friction on layered polymer films under varied pH, ion types, and ion concentrations.
The common overall goal was to develop the fundamental understanding of systems with charged
polymer films, to further improve the possibilities of tuning the properties of the films, and thereby

enhance their practical application potential.

The first aim was to improve the fundamental understanding of polymer films with both positive and
negative charges and their response to different types of ions. These films are attracting significant
research interest because of their diverse applications originating from their tunable properties. They

have significant application potential ranging from antifouling of proteinst3

and stimuli-responsive
emulsification®” to lubrication®®. A fundamental understanding of the films will be beneficial for all these
applications. However, to date, these films have not been completely understood due to their complexity.
Previously, our group developed a thorough understanding of polymer films with either positive or
negative charge and improved the understanding of how these films interact with ions. Herein, this
knowledge has been utilized for designing experiments involving a system with higher complexity. Thus,
the current understanding of the different responses of the film to salt changes could be further improved.
Based on the results of this study, a paper has been submitted, and it is included in Appendix A. A
discussion of the findings and their interpretation are presented in section 5.1. In addition to the
experimental aspect of this study, the basis for a theoretical model describing the swelling behavior has

also been created. The features implemented in this model and the corresponding output is described in

section 4.

The second objective focuses on multilayer films of two different and oppositely charged polymers and
the effect of changes in pH and salt concentration on the hydration of the films. These studies were
performed to understand the mechanisms behind the observed trends on a fundamental level. However,
this type of film is significantly more complex than the single component film. The significant interest in
this specific type of film is due to the fact that it has shown promising for different biomedical applications,
such as tissue engineering and drug delivery®>™®. Especially, application in drug delivery, where the tunable

properties of the film are utilized, seems promising; however, a specific swelling response of the film is

1



required for this application at the pH value and ionic composition of the target area in the body!”*8. In
this study, the swelling response has been studied using different techniques. In addition, the drastic
changes in the swelling behavior have been investigated under different pH environments with varying
salt concentration. From these results, it was found that the film can be described from a combination of
the description develop for the previously investigated film and a different well-described film type. This
aspect seems to be overlooked in some studies when the properties of the film are tuned for a specific
purpose. These results have been included in Appendix B, and the results are presented and discussed in

section 5.2.

The third objective involves the same multilayer film as that in the second; however, this objective focuses
on the friction of the film, which corresponds to energy dissipation. The friction was measured at different
pH values and salt concentrations. These measurements could be used together with the findings of the
second objective to improve the understanding of the configuration inside the film. However, as the film
is quite complex and has not been completely understood, it was difficult to draw convincing conclusions
based on these results. These results are presented in section 5.3. Originally, these friction studies were
planned to be a significantly larger part of the project than they ended up becoming. Therefore, a
significant amount of time was spent preparing an atomic force microscope (AFM) for friction
measurements. This required both practical preparations of the components and careful considerations
as to how the AFM should be calibrated for these measurements, along with the calculations necessary

to perform and validate these calibrations. These aspects are discussed in detail in section 3.



1 Background

In this PhD project, the foundation of the studies included investigations of different types of charged
polymer films, both in simple and complex forms. Charged polymer films have been a huge focal point of
research, and the studies in this project therefore further develop on the already existing knowledge in
an attempt to improve the relevant fundamental understanding of these types of systems. In this section,
the fundamental principles of polymers are discussed, along with the common understanding of their
behavior when structured as a film. These discussions of the films are used as the foundation to interpret

the results obtained in this PhD project.

1.1 Polymers at interfaces

The simplest type of a hydrated polymer system is a single uncharged polymer in a solution. This results
in a polymer having a configuration which is an intermediate state between fully stretched and fully
collapsed®?°, The configuration and hydration of such a polymer can be described by its radius of gyration,
Rg, which is the average of the mean square radius of the repeating units with respect to the center of
mass, Cm 2?2 (Illustrated in Figure 1.1A). The radius of gyration increases if the size or the number of
repeating units are increased. The interplay between the polymer and the solvent can significantly affect
the radius of gyration. This was described independently by Flory and Huggins as an interaction
parameter, which today is more commonly referred to as the solvent quality?*?*. A good solvent quality
indicates a good affinity between the polymer and the solvent, resulting in an increased radius of gyration

and a higher degree of hydration compared to those of the same polymer in a solution with poor solvent

quality.

Figure 1.1: lllustration of a free hydrated uncharged polymer in solution and its radius of gyration (A), an uncharged hydrated
polymer film on a substrate with a thickness (B), and uncharged hydrated crosslinked polymer film on a substrate with a decreased
thickness (C).

When the system consists of multiple polymers bound to a surface, it will be more restricted instead of

one free polymer in a solution. Therefore, the polymers would not have the freedom to expand in three
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dimensions and would be significantly restricted. If the polymers on the surface attain a sufficiently high
density, they will interact with the neighboring polymers during expansion. This leads to the polymers
only being able to expand in the dimension away from the surface. Although this system introduces some
restrictions and internal interactions that were not present in the single polymer in solution, the overall
dynamics are similar if the radius of gyration is reformulated as the thickness, T, of the polymer film, as
illustrated in Figure 1.1B%°. An increase in the density of repeated units or the size of the units increases
the thickness of the film, and the solvent quality will either cause swelling or collapse of the film depending

on whether it is good or poor, respectively?.

Crosslinking of the polymers will further increase the complexity. This could result in the formation of
physical or chemical bonds between two random repeating units, increasing the rigidity of the film. As the
degree of crosslinking of the film is increased, the consequent increase in rigidity will reduce the swelling
of the film?’, as illustrated in Figure 1.1C. This structure of polymers bound to a surface and crosslinked
together is the foundation for the films that have been studied in this project. However, instead of neutral
polymers, the polymers used in this study contain charged groups, which makes them more complicated

but also leads to more interesting responses and possible applications.

1.2 Polyelectrolyte Films and charge types

If a polymer has ionizable groups, it can carry a charge caused by dissociation in polar solvents such as
water. This type of polymer is called a polyelectrolyte and it can either be a polycation, polyanion, or
polyampholyte. Polycations and polyanions are polymers where the charges are either exclusively positive
or negative, respectively. A polyampholyte contains both positive and negative charges®. In this project,
the polyampholytes involved are zwitterionic polymers (betaines) which are polymers containing equal
amounts of oppositely charged groups on the same monomer, resulting in overall charge neutrality®®. The
charges in the polycation and polyanion films are always countered by oppositely charged ions that result
in overall charge neutrality of these types of films3. Because the charges of a hydrated polycation or
polyanion film are neutralized by counterions, they do not cause the film to swell due to repulsion3-3,
However, the charges in a zwitterionic polymer will interact when the polymer film is hydrated in water.
In addition, as the film contains both positive and negative charges, they can bind to each other and result
in a lower film thickness compared to that of a neutral polymer film3#3>, The charges in a polyzwitterionic
film can interact either by binding with the opposite charges from the same monomer or with opposite

charges on different monomers; these interactions are referred to as intrachain and interchain bonding,

respectively. Depending on the conditions of hydration, polyzwitterionic films can neutralize their charge



both using counterions and intra-/interchain bonds. The balance between which method is more
favorable depends on the type of charged groups of the polyzwitterion and their spacer length, along with

the salt concentration and ion types in the solution.

1.2.1 Strong and weak polyelectrolytes

Polyelectrolytes are divided into strong or weak, depending on how their charge is affected by pH. Strong
polyelectrolytes are completely dissociated when hydrated and their overall charge is independent of the
pH value at which they are hydrated. On the contrary, weak polyelectrolytes have a dissociation degree
that is dependent on the pH they are hydrated in. Weak polyelectrolytes have a pKa value which
corresponds to the pH at which half of the ionizable groups are dissociated. Consequently, while strong
polycations will have a constant positive charge, weak polycations will have no charge at pH values much
higher than their pKa value and will become completely positively charged at pH values much lower than
their pKa value. Similarly, strong polyanions will have a constant negative charge, whereas weak
polyanions will be completely negatively charged at pH values much higher than their pKa value, and have
no charge at pH values much lower than their pKa value®*., The different charge dependencies of the

polyelectrolytes on pH are illustrated in Figure 1.2.

Strong polycation

@

Charge
o

Strong polyanion Sen

©

- >
Low pH High pH

Figure 1.2: lllustration of the number of charges in different types of strong and weak polyelectrolytes and the effect of pH value.



At a given pH value the dissociation degree is an equilibrium between the charged and uncharged
ionizable groups for the weak polyelectrolytes. The addition of salt, and the specific type of salt, will affect
this equilibrium and shift it toward a more dissociated state as this is favored by the increased screening®2.
Because of their sensitivity to both pH and salt according to their dissociation, the weak polyelectrolytes
are significantly more complicated to understand than the strong; thus, it is more difficult to predict their

behavior.

1.3 Swelling behavior of strong polyelectrolyte films

A part of the significant research interest in strong polyelectrolyte films is due to their wide range of
possible applications. The polycationic and polyanionic films are useful for several applications, such as

43-47

colloidal stabilization, lubrication, and adhesion®™’, whereas the applications of polyzwitterionic films

1-348-50 stimuli-responsive emulsification®®, lubrication®®, and biomedical

include antifouling capabilities
sensors®>?, The charged surfaces of polycationic and polyanionic films usually result in poor
biocompatibility; therefore, bacteria and proteins can attach to the surface and cause biofouling.
However, the inter/intrachain bonds of the polyzwitterionic film have a greatly improved

biocompatibility>>°.

These possible applications are linked with the swelling and charge state of the films, which can be altered
by changing the conditions of the solutions they are hydrated in. In this study, the strong polyelectrolytes
were investigated by forming cationic, anionic, and zwitterionic polymer films and measuring their

swelling under varied salt concentrations and ion types.

While a strong polyelectrolyte film is not affected by pH, the salt concentration it is hydrated in
significantly affects the film. For hydrated strong polycationic and polyanionic films, the dependency of
thickness on the salt concentration of the medium has three different behavioral regimes: the osmotic
regime, salted regime, and quasineutral regime, which are illustrated in Figure 1.3°5% These regimes
primarily arise from the difference in osmotic pressure between the counterions inside the film and the
free ions outside the film. The osmotic regime is observed at low salt concentrations where the free ion
concentration in the medium is much lower than the concentration of counterions inside the film, causing
a higher osmotic pressure inside the film and resulting in a swollen regime. In this regime, the swelling is
determined by a balance between the force from the osmotic pressure causing swelling and the entropic
elasticity of the polymers that favors a more collapsed state. When the salt concentration in the medium
is sufficiently increased, such that it is comparable to that of the counterions inside the film, the salted

regime starts and a decrease in the swelling is observed, with a decrease in the osmotic pressure
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difference between the inside and outside of the film. In this regime, the swelling gradually decreases
until the salt concentration of the medium results in the same osmotic pressure as the counterions inside
the film. When very high salt concentrations are reached, the film enters the quasineutral regime where
screening effects become large, and the film again becomes independent of further increases in the salt
concentration. In this regime, the osmotic pressure difference is lowered, allowing the solvent quality to
have a greater influence on the thickness of the film. The effects of solvent quality depend on the dynamic
between the medium and polymers, and how the properties of the medium are controlled by the salt
concentration and its ion types. In the most common combinations of polymers and monovalent salt for
swelling studies, the solvent quality effects are so small that the swelling stays constant in the quasineutral
regime. However, some ions, e.g., SCN,, have been shown to increase the thickness at high salt

concentration®®®,

Strong polyelectrolyte

Film thickness

Neutral Osmotic Salted Quasi

lonic strength

Figure 1.3: lllustration of swelling behavior of strong and weak polyelectrolyte films in salt solutions of varying concentrations.
The behavior of the films is described by different regimes dependent on the salt concentration. Adapted with permission from 62,

Originally, the ions in the medium hydrating the polyelectrolyte film have been considered as point
charges. Therefore, a range of properties of the ions have been ignored and the choice of the specific type

of monovalent ion has been considered indifferent to the swelling®. However, experiments have



contradicted this, and it has been established that different ion types affect the swelling of polyelectrolyte
films differently®®53%* The trends of swelling with varied types of ions follow the same order as the
Hofmeister series, which is an experimentally determined ordering of the ions related to their specific
abilities to stabilize or precipitate proteins and macromolecules®®®. This series is found to describe the
ordering of specific ion effects for a variety of systems; although it is linked to ion hydration and ion paring,
its origin is still not fully understood®-%. Polyelectrolyte films can be significantly affected by specific ion
effects, and several reasons for this have been discussed and hypothesized over time. The currently
accepted explanation is that the counterions inside the film form ion pairs with the charged groups, which
affect the osmotic pressure®, These pairings decrease the osmotic activity inside the film, causing the film
to collapse®. The formation of these ion pairs depends on their interaction energies, which have been
calculated and found to be proportional to the hydrophilicity of the ions®®°. The effect of anions on the
swelling of a cationic film is illustrated in Figure 1.4 for a particular selection of anions, specifically, the

anions that have been used in the present experiments.

Figure 1.4: The ordering of chosen anions according to the Hofmeister series and illustration of their effect on swelling of a
polycationic film.

In this study, the swelling was found to be significantly affected by changes in the anion, while the cation
only seems to have very small effects. At low ionic strength, theoretical studies have linked the effects of
the ions to their polarizability. The polarizability of the ions influences the swelling because it indicates

how favorable it is for the ions to form ion pairs, and thereby change their osmotic activity’’2,



1.3.1 Swelling behavior of polyzwitterionic films

Instead of being swollen at low salt concentrations because of osmotic pressure difference, similar to that
for cationic and anionic films, the behavior of polyzwitterionic films is determined by their intra-
/interchain bonds. Similarly, the response of polyzwitterionic film to increases in the salt concentration is
completely different from those of the polycationic and polyanionic films. The complexity of
polyzwitterionic films has been documented through a range of studies on different types of systems. The
dependency of the swelling states of a polyzwitterionic film on the salt concentration is not established
for all systems; some types of systems do not depend on the salt concentration and ion types (e.g. for
PMPC (poly(2-(methacryloyloxy)- ethyl phosphorylcholine) films)’375. Other polyzwitterionic systems
(including sulfobetaine which is the system used in this project) show a clear dependency on both salt
concentration and anion type. Experimentally, several studies have reported that with an increase in the
salt concentration, sulfobetaine polyzwitterionic films start to swell’®®°, The trends observed in these
studies indicate that at low salt concentrations there is a regime in which the polyzwitterionic film is
independent of changes in salt concentration and specific ion types. After this regime, the film starts to
swell with an increase in the salt concentration, at a rate that can be affected by the anions present, as
illustrated in Figure 1.5. This is called the “anti-polyelectrolyte” effect, as the polyzwitterionic film
responds opposite to that of a polycationic or polyanionic film when hydrated in salt solutions®®®., In
addition to the ion types, the swelling behavior is also affected by the type of charge groups and the
charge density of the film. However, the mechanisms causing the changes in swelling behavior are still

not properly understood 76:77:80.82,83

It has been consistently observed that the thickness of sulfobetaine polyzwitterionic films increases when
the salt concentration is increased, and the effect of change in ion types follows the same order as that of
the Hofmeister series, where, e.g., SCN™ ions cause larger swelling than that with CI" ions’®848, Most
experimental studies on polyzwitterionic films have focused on the specific anion effects, mainly because
the cation type does not have a significant effect, and therefore, it is difficult to be used for improving the

understanding of the behavior®?,

Although the intra-/interchain bonds exist in salt-free solutions, these bonds are broken as the salt
concentration increases, and instead, the ions are bound to some of the charges’®”’. The reason for this
has not been convincingly elucidated. Nevertheless, a consensus seems to have been formed that this

bond breakage is mostly caused by electrostatic screening’88087-89,
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Figure 1.5: lllustration of typical swelling behavior of a polyzwitterionic sulfobetaine film and the possible effects of variation in
the anions.

This explains the effect of increasing the salt concentration, but not the effects of specific ions. The most
convincing explanation of the specific ion effects can be found in studies using molecular dynamics
simulations. The binding affinity of a range of ions has been investigated for different types of
polyzwitterionic films with these studies. Different types of anions demonstrate significant variations in
the association with sulfobetaine and they are ordered consistently with the Hofmeister series®%3, The
variations in the affinity of different cation types and sulfobetaine were found to be relatively small

compared to those of anions®.

Although these studies on polyzwitterionic systems offer explanations for the mechanisms driving the
swelling trends observed, studies that can provide a convincing and full understanding are still lacking. To
improve the understanding of polyzwitterionic films, systematic experiments were designed such that
they build on the current knowledge of polycationic and polyanionic films. Based on these understandings,
the fundamental understanding of polyzwitterionic films can be discussed more convincingly. These
results form the basis for the paper in Appendix A, and the main points of the paper are discussed in

section 5.1.

1.4 Weak polyelectrolyte multilayer films

In this study, a weak multilayer polyelectrolyte film refers to a coating consisting of two oppositely
charged weak polyelectrolytes in alternate layers on a substrate. These film types have shown promising
possibilities for a variety of applications, leading to an increase in research interest®6, Such films are

typically responsive to the salt concentration, salt type, and pH, and their responsiveness can be tuned
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using the preparation method. As they consist of two different weak polymer components in a tunable
ratio, the internal dynamics of these film types and their responses to stimuli are, on a fundamental level,
significantly more complicated to discuss than that of the monocomponent strong polyelectrolyte film.
Despite the huge research interest, they are still not fully understood®~*°. Their complexity can explain
why some of the research attention on multilayers is focused on adjusting the parameters to further
improve the multilayers for a specific application, instead of enhancing the understanding of underlying
mechanics. In this section, the current understanding of the multilayers will be discussed considering the

importance of the parameters of the building process and the responses to different stimuli.

The multilayer films were deposited using a layer-by-layer technique, where the first layer was chemically
grafted to a substrate. The next layer was then electrostatically bonded to the charges of the first layer,
and this was continued until the desired number of layers was obtained. This electrostatically controlled
adsorption is a stable method for depositing layers of similar thickness that grow fairly uniformly; thus,
films deposited on smooth substrates stay fairly smooth, at least within the number of layers deposited

in this study!0%102,

In this study, the components of the multilayered film include the weak polyelectrolytes chitosan (CHI)
and alginate dialdehyde (ADA), which interact through the positively charged ammonium group of CHI
and the negatively charged carboxylate group of ADA. A multilayer that is only electrostatically bonded
together will disintegrate if the dissociation of one of the polyelectrolytes is changed, which is desired for
some applications (e.g., drug delivery), but not for the investigations in this study. The benefit of CHI and
ADA is that they not only bind electrostatically but also create covalent bonds through a Schiff base
reaction between amine groups of CHI and aldehyde groups of ADA%271%4 The oxidation degree of ADA
determines the degree of crosslinking, which was fixed at 20% in this study. This makes the film stable
such that even if the environment is changed, the film will return to a similar state when the environment

changes back.

1.4.1 Building a multilayer film

The charge configuration of the polyelectrolytes is an important factor in the formation of the film because
it controls the adsorbed mass in each layer.1>%% The first layer will adsorb to the substrate
electrostatically to counter the charges of the substrate. Thus, much more polyelectrolytes will be
required to bind if the polyelectrolyte contains a low amount of charge, compared to the one with a high
amount of charge.9”1% The charges on the outside of this layer will not be neutralized by the underlying

polymers/substrate, but instead by counterions. The next layer will bind to these charges and release the
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counterions with an entropic gain, which drives the adsorption of the next layer®%0, This layer-by-layer

process of depositing the film is illustrated in Figure 1.6
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Figure 1.6: lllustration of the layer-by-layer technique used to create multilayer polyelectrolyte films.

While the effects of the charge density of the polyelectrolytes are complicated to predict, it is well
documented that factors such as the pH and salt concentration of the solution in which the film is
prepared, and the molar weight of the polyelectrolytes, can significantly affect the formation of the film
111116 The deposition conditions of the film can be tuned by changing some of these parameters, which
then changes the responsiveness of the final film. However, the complicated nature of this type of film

117-

makes it difficult to predict the effect of tuning these parameters'’~11°, The effects of changing the pH on
the construction of multilayer films have been the subject of several studies. The overall trend observed
was that at conditions where both polyelectrolytes had a high charge and similar concentration, the

resulting film would be thin compared to the conditions that lead to a large charge density mismatch2%-

122

Figure 1.7: lllustration of typical multilayer film created with an equal charge density of the two polyelectrolyte types (A) and
uneven charge density (B). Reprinted with permission from G. V. Martins, J. F. Mano, and N. M. Alves, Carbohydrate Polymers,
2010 80, 570-573. Copyright 2009 Elsevier Ltd.114
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A film obtained at pH conditions with a mismatch of charge density will typically result in one layer being
thicker to counter the charges, yielding a thicker film, as illustrated in Figure 1.7. These results also show
that by altering the pH, the increase in the thickness of the deposited film thickness can be changed from

linear to exponential with the number of layers.

1.4.2 Response of pH on swelling of multilayer films

The swelling of a multilayer film is affected by changes in the pH, as the multilayer is considered to be
close to its charge equilibrium under the conditions it was created. By changing the pH, a charge imbalance
is introduced due to the change in dissociation degree of the weak polyelectrolytes in the multilayer film.
This broken charge equilibrium introduces unmatched charges which require counterions to enter the

17181237125 Effectively, the change in pH from the

film, and thus restore the overall charge balance
equilibrium condition will result in film swelling. This is caused by the excess charges in the film which
result in counterions entering the film and leading to an increased osmotic pressure!?®-13°, When the pH
is decreased, the charge on ADA will decrease while that on CHI will increase, leading to an overall more
positively charged layer; whereas, increasing the pH will have the opposite effect. Consequently, both
decreasing and increasing the pH from the pH at which the film was built will lead to swelling (not

necessarily at the same rate), which will increase with further increases/decreases in pH.

In some cases, the effect of pH is studied in buffer solutions where the ionic strength is not considered
carefully or where the ionic strength or ion types are not fixed between different pH values.*3% In my
study, it was observed that the salt concentration, and to some degree the ion type at which the pH is

varied, can have a substantial effect on the swelling response between different pH values.

1.4.3 Response of salt on swelling of multilayer films

The salt present with the multilayer film is an important factor affecting the degree of swelling. While
changes in pH cause opposite dissociation changes in the two polyelectrolytes comprising the multilayer
film, an increased salt concentration results in the dissociation of both polyelectrolytes. When the
concentration of salt is increased, the Debye length, which describes the range of the electrostatic
potential, also decreases, indicating a more favorable dissociation!3334, A charge group of one of the
polyelectrolytes competes for either binding to an oppositely charged group of the other polyelectrolyte
or with a counterion. With an increase in the salt concentration, and the consequent increase in screening,

the interaction of the polyelectrolyte with the counterions becomes more favorable. This increases the
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swelling due to the breakage of the interchain bonds of the polyelectrolytes and increased osmotic

pressure, as illustrated in Figure 1.8.12713>

Figure 1.8: lllustration of the effect of salt concentration on the association of multilayer polyelectrolytes.

The typical swelling of a monocomponent weak polyelectrolyte film will be affected by salt, as illustrated
in Figure 1.3.>37:4058,136-138 At |ow salt concentrations (in the neutral regime), the film will have a constant
thickness. When salt concentration is increased, the film enters an osmotic regime where it swells because
of the increased dissociation on account of the salt concentration. After this regime, the film enters first
a salted and then a quasi-neutral regime, where it follows the same swelling trend as that of a strong

polyelectrolyte film.

The multilayer film is a more complex system, and film swelling response to changes in salt concentration
is similarly difficult to understand completely.3%140 |n this study, to describe the response of the film,
it has been considered as a combination of a zwitterionic and a weak monocomponent
polyelectrolyte film. When the multilayer film is at charge equilibrium, the internal structure is similar
to that of a polyzwitterionic film, where the charges of one polyelectrolyte are paired with the opposite
charge of the other polyelectrolyte to form increased crosslinking. If the charge of one of the
polyelectrolytes is completely removed, the film becomes similar to a weak cationic/anionic polymer film
and has similar swelling behavior under changing salt concentrations as in Figure 1.3. The corresponding

results are presented and discussed in section 5.2.
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1.5 Friction in weak multilayer films

Originally the plan for this PhD project was to perform friction measurements on the multilayer system as
a major part. However, as the project evolved, this system was found to be very complex, and it was more
beneficial to spend some more time improving the fundamental understanding with different techniques
before considering friction. The results collected from the friction measurements in this study are poorly
understood. However, as the preparations for performing these measurements constituted a significant
part of this study, these have also been included. The technique chosen to measure the friction requires
calibrations which are not straightforward; they can be performed in several different ways, all of which

141-

have some drawbacks!*™1%, The method used in this study and how it was implemented is included in

section 3 and Appendix C.

Friction is the energy dissipated due to sliding two surfaces against each other and affects everything
containing moving parts'¥:148, Therefore, it is interesting to study the fundamental aspects of friction on
a molecular scale, which is possible using an AFM. The mechanism and operating procedure of AFM are
described in section 2.5. Friction on this scale is important for a range of fields, such as biomedical
applications, where obtaining low friction is an important parameter®!, In this study, friction

measurements have been used in an effort to improve the understanding of multilayer films.

1.5.1 Amontons’ law

The first systematic and significant study on friction was performed by Leonardo da Vinci in the 15%
century®®2, He studied the behavior of two macroscopic objects sliding against each other for different
types of objects of different sizes. Approximately 200 years later Guillaume Amontons’ continued this
work and mathematically formulated the discoveries, into an elegant and simple equation, which is known

as Amontons law*>3:

Ff =ukFy 1.1

In this equation, Fy is the friction force opposite to the sliding direction of the moving object, Fy is the
normal force exerted from the sliding object, and p is the friction coefficient that is only dependent on
the two types of materials in contact. Based on this, the counterintuitive conclusion was that the friction
between two objects was independent of the contact area. This was found to be true for the apparent
contact area on a macroscopic scale. However, when looking at smaller scales, defining the contact area

becomes more complex and Amontons’ law is insufficient to describe friction*%,
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1.5.2 Contact area

At first glance, the contact area between two objects is quite simple to define. On a macroscopic scale,
the apparent contact area of an object is the area hidden by the other object. As most surfaces are not
molecularly flat, and instead consist of small asperities, significant apparent contact areas can potentially
exist that are not part of the real contact area. It has been shown through resistance measurements that
the apparent contact area can be up to 10* times larger than the real contact area®®. This concept is

illustrated in Figure 1.9a.
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Figure 1.9: a) Apparent contact area on a macroscopic scale and real contact area on a microscopic scale with asperities. b) The
dependency of real contact area on applied load according to different models. Reproduced with permission from E. Liamas, S.
D. Connell, S. N. Ramakrishna, and A. Sarkar, Nanoscale, 2020, 12, from the Royal Society of Chemistry from which it is adapted

with permission from J. Y. Park and M. Salmeron, Chem. Rev., 2014, 114, 677-71141 Copyright 2014 American Chemical Society
157,158

When the normal force between two surfaces is increased within the range of elastic deformation, the
real contact area changes, and this can be described in different ways, including JKR (Johnson— Kendall—
Roberts), Hertz, DMT (Derjaguin—Muller-Toporov), and intermediate models. Although these models
differ from each other, each of them show that the real contact area increases when the normal force is
increased, as shown in Figure 1.9b. From the figure, it can also be observed that the models predict a
nonlinear region at the lowest normal forces, and when a sufficiently high force is reached, the contact
area almost increases linearly with the normal force. Applying this knowledge to Amontons’ law, it follows
that friction does depend on the real contact area because the normal force and friction are linearly

proportional®®,

1.5.3 Friction mechanisms

There are several mechanisms that influence friction, and they are often not related in a straightforward
manner. Therefore, it is challenging, and perhaps even impossible, to describe friction at all length and

time scales using a single universal law, as Amontons had attempted. On the nanoscale, parameters such
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as surface roughness'®, deformation?®!, and sliding speed®’” can give rise to differences in the friction
forces between two surfaces. The friction force can roughly be divided into two different types.
Mechanical friction which occurs due to surface roughness and asperities interlocking, and friction
occurring due to the breakage of physical bonds either at the interface between the two surfaces or inside
one of the objects®2, These two types of friction depend on different parameters. However, to understand
to underlying dynamics causing friction, it is preferable to simplify the system such that one of these types

becomes significantly dominant.

An additional contributing factor to the friction between two surfaces is their forces perpendicular to the
surface. If the surfaces have large repulsive forces, a strong normal force is required before they come
into contact with each other. This typically results in low friction, as mechanical friction is not present here
and the formation of bonds between the surfaces is not favorable. Contrastingly, if the surfaces show
adhesion, a non-zero friction force can be obtained at zero normal force, which is not consistent with
Amontons’ law. However, by introducing a constant adhesion force together with the normal force, the
equation can be adapted to fit situations that include adhesion. This results in an offset where zero normal
force does not necessarily result in zero friction>>. The tweaked version of Amontons law, where F; is the

adhesion force, can be written as:

In this study, the friction on multilayer films of ADA and CHI under different swelling conditions was
measured against a CHI coated probe and compared to the swelling results of the film. These results and

their interpretations are presented in section 5.3.
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2 Methods of preparation and analysis

In this section, the procedures for preparing the different films studied in this project and the techniques
used to investigate them are discussed. The list of chemicals used can be found in the two papers in

Appendices A and B.

2.1 Synthesis of monocomponent polymer films

The polymers used in section 5.1 and in the paper in Appendix A were synthesized and applied to the
substrate by a fellow PhD student in our group. Three different types of charged polymer films with varied
crosslinking abilities and otherwise similar properties were created. They were therefore created using
three different monomers, including one charged, one cross-linkable, and one nonionic. The charged
monomer contained 25 mol% of either 2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC),
3-Sulfopropyl methacrylate potassium (SPMAK), or N-(2-methacryloyloxyethyl)-N,N-dimethylammonio
butanesulfonate (PMABS) for cationic, anionic, and zwitterionic films, respectively. The cross-linkable
monomer was either 5, 10, or 15 mol% allyl methacrylate (AMA) depending on the degree of crosslinking
required. Subsequently, the final nonionic polymer was either 70, 65, or 60 mol% butyl methacrylate

(BMA). The chemical structures of the polymers are shown in Figure 2.1.

Cationic polymer Anionic polymer Zwitterionic polymer
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Figure 2.1: Chemical structures of cationic, anionic, and zwitterionic polymers.

Synthesis of polymers: During the synthesis, the charged monomer was polymerized with AMA and BMA
in the targeted molar ratio using 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (CDPA)
and 4,4'-Azobis(4-cyanovaleric acid (ACVA). The cationic and anionic polymers were synthesized in a 4:1
DMF/H,0 solution, whereas the zwitterionic polymers were synthesized in 2,2,2-trifluoroethanol (TFE).
The total monomer concentration was maintained at 2 M, and the solution was degassed by sparging with

nitrogen for 30 min before the temperature was raised to 70 °C, initiating the polymerization. The
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polymerization was performed in a nitrogen atmosphere and monitored using *H nuclear magnetic
resonance spectroscopy (*H-NMR) until nearly complete. Subsequently, the reaction precipitated to yield
cold stirred diethyl ether. After collecting using vacuum filtration, the product was dried overnight at 30

°Cin a vacuum oven and characterized by *H-NMR to obtain the approximate composition of the polymer.

Preparing the substrate: The silicon wafers used as the substrate for the films were functionalized with
silane before the film could be added. The wafers were rinsed twice with water, ethanol, and acetone,
and then with a nitrogen stream. Subsequently, they were plasma cleaned for 180 sec under a 500 mTorr
water vapor atmosphere, before being submerged in a 15 vol.% 3-mercaptopropyl trimethoxysilane
(MPTMS) in toluene solution and stirred. After 3 h, the functionalized wafers were removed from the

solution, dried using a nitrogen gas stream, and placed in a 130 °C vacuum oven to induce silanization.

Coating of the substrate: The polymer solution was spin-coated onto the functionalized wafer and
anchored with thermally initiated crosslinking. First, a 1 wt.% polymer in TFE solution was prepared, along
with tetra-functional thiol Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and radical initiator
ACVA. The PETMP, though tetra-functional, is loaded at a 1:1 molar ratio to that of the -ene- functionality
of the polymer, and the amount of ACVA added is lower at a 1:4 molar ratio to that of the -ene
functionality. After stirring for 30 min the solution was spin-coated onto the previously prepared thiol-

functionalized silicon wafer (2000 rpm for 40 sec).

Crosslinking the film: The substrate was placed in a 90 °C oven for 2 h to induce a thermally initiated
thiol-ene crosslinking reaction. The wafers were then removed from the oven and cooled to 23 °C (room
temperature) before being washed twice with an excess of water, to remove any unattached materials,

and then dried with nitrogen gas.

2.2 Creating multilayer films

The multilayer films used in sections 5.2 and 5.3 and in the paper in Appendix B were prepared using CHI
and ADA. While CHI was used directly without any modification after purchase, ADA was synthesized from
alginate. The films are created using a layer-by-layer technique in either a custom-made flow cell or in the
flow cell of a quartz crystal microbalance with dissipation monitoring (QCM-D). In this section, the steps

to prepare these films are presented.
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2.2.1 Oxidized alginate and chitosan

CHI is a weak cationic linear polysaccharide, which is found naturally in the exoskeleton of some shellfish
and insects'®3, Contrary to most polysaccharides, CHl is cationic, which combined with its other properties,
such as non-toxicity, biocompatibility, and biodegradability makes it a very interesting structure for use in
multilayers'®*1%7, The CHI used was purchased commercially in a purified state, and its chemical structure

is shown in Figure 2.2.

OH OH OH
o) o)
HO NH, o NH  HO NH,
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Figure 2.2: Molecular structure of Chitosan. Adapted with permission from 168,

The negative polymer is oxidized alginate or ADA which was synthesized from alginate. Alginate is a weak
anionic linear polysaccharide that is found naturally (e.g., in brown seaweed). It has properties similar to
that of CHI, making it an interesting material for biological applications, as it is biocompatible,
biodegradable, and non-toxic!®®'’1, The modification of alginate to ADA results in a ring opening that
creates aldehyde groups. The synthesis was performed using a simple and established procedure®172173,
First, 10 g of sodium alginate and 20 mol% sodium periodate (relative to the repeating groups of alginate)
were dissolved in 1 L ultrapure water and stirred in darkness for 24 h. Then, 3.5 mL ethylene glycol was
added and stirred for 30 min to quench the reaction. The ADA was then precipitated by adding 3 g of
sodium chloride and 1 L of ethanol, after which it was filtered. Then, the precipitation process was
repeated first by dissolving the ADA in 500 mL ultrapure water and adding 1 g sodium chloride followed
by the addition of 500 mL ethanol and filtration. The process was repeated with 500 mL ultrapure water,
0.5 g sodium chloride, and 1 L acetone. Finally, ADA was washed with 500 mL ethanol and then freeze-

dried. The chemical structure before and after oxidation is shown in Figure 2.3.

21



ot =
e / O~
HO /0 HO, /7
OH O- HO\C O- oH
ol o ot _ A e

4 /
Lo © Lo ©
OH OH NalO, ]

Alginate Alginate dialdehyde

Figure 2.3: Molecular structure of alginate and alginate dialdehyde (ADA). Adapted with permission from 168,
The 20 mol% of sodium periodate used in the oxidation of alginate determines the oxidation degree,
which indicates the ratio of aldehyde groups created. These aldehyde groups form imine bonds with the
amine groups of CHI through Schiff base reactions, which causes a chemical crosslinking between the
layers formed in the multilayered film. The main effect of the crosslinking is to keep the film stable and
reversible even if all electrostatic bonds are fully screened®9212 Figure 2.4 illustrates how these bonds
can allow a multilayer film to swell and still maintain its structure without the physical crosslinks.
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Figure 2.4: Swelling of a multilayer film with electrostatic and covalent bonds (left) and the same film with only the covalent bonds
to illustrate the maintained stability.

To prepare the multilayer film a CHI and an ADA solution were used. The target concentrations of these
solutions were either 100 mg/L for CHI or 200 mg/L for ADA in 15 mM NaCl solution at a pH value of either
3 or 6 in ultrapure water. At pH 3, the solutions can be prepared by simply mixing the components;
however, at pH 6, CHI cannot be dissolved directly. Instead, a concentrated CHI solution was prepared

using HCI, in which CHI can be dissolved, and then used as a stock solution to obtain the desired
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concentration of 100 mg/L in ultrapure water; subsequently, the pH was adjusted using NaOH, and the

total ionic strength was adjusted to 15 mM NaCl.

2.2.2 Preparation of substrate

The substrates used for the multilayers contain SiO, at the interface with the multilayer film, which
becomes negatively charged when hydrated in water. Although CHI can bind electrostatically to the
substrate, it results in the film detaching in solutions with large screening. To avoid this, the substrates
were modified using 3-glycidoxypropyltrimethoxysilane (GPS), which binds to the substrate and allows

CHI to be grafted covalently'?8174,
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Figure 2.5: Procedure for preparing the substrate for multilayer film. A) Uncoated silicon substrate and GPS. B) Silanized silicon
substrate and CHI. C) Silanized silicon substrate with initial grafted chitosan layer. Adapted with permission from 168,

The substrates were prepared by first rinsing with acetone, ethanol, and ultrapure water, and then plasma
cleaning for 5 min (using a Harrick Plasma PDC-32G plasma cleaner at medium power). Then the substrate
was submerged in a solution of 18 vol.% acetone for 24 h, followed by rinsing with acetone. The substrate
was then submerged in a 1000 mg/L CHI solution with 15 mM NaCl and the desired pH for the multilayer
build. After 1 h and rinsing in ultrapure water with 15 mM NaCl and the pH adjusted to match that of the
CHI and ADA solutions, the substrate was placed in the flow cell and the process of depositing the layers

was started. The change in the chemical structure of the substrate is illustrated in Figure 2.5.

2.2.3 Flow cell

The multilayer film was prepared in two different ways following the same procedure. For QCM-D
measurements, the film was deposited in the flow cell of QCM-D on a QCM-D sensor. For ellipsometry
measurements, the film was deposited on a silicon wafer in a custom-made flow cell that was similar to

the QCM-D flow cell with respect to the internal volume, placement of the inlet and outlet, and coated
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area. The custom flow cell was used to replicate the layer formed in the QCM-D under the same
conditions, while using a silicon wafer substrate, which is better for ellipsometry measurements. This
allowed the substrate to be bigger than the QCM-D sensor, which is necessary for using the liquid cells of
the ellipsometer and AFM (although the coated area was the same to have comparable conditions for the

deposition process).

The setup shown in Figure 2.6 was used to prepare the layers. In this setup, a hydrostatic pump was placed
after the flow cell and a constant flow rate of 250 pL/min was maintained. The build process was then
started with 30 min of rinsing, followed by 40 min of ADA deposition, 30 min of rinsing, and finally 40 min

of CHI deposition. This process was repeated until the desired number of layers were deposited.
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Selector valve
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00000000000000
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Figure 2.6: Schematic of an experimental setup for preparing multilayer films with the layer-by-layer technique.

Solutions of different pH values were used for the ellipsometry and QCM-D measurements. To maintain
an identical and simple ion type across different pH values, they were not prepared in a buffer solution;
however, this posed challenges when dealing with high pH. The solutions at pH values of 3 and 6 were
stable enough during the time when the layers were deposited and measurements were performed;
however, the solution at pH 9 changed during the full length of the measurements and needed to be
adjusted right before each measurement with that pH to maintain it at the correct pH value. This was

especially a challenge during the QCM-D measurements because the flow rate was very low, resulting in
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slow stabilizing when the pH was changed. During ellipsometry, the liquid was exchanged with a flowrate

of approximately 100 mL/min.

2.2.4 Automated selector Valve

The solution at the inlet tube can be changed manually by turning the pump off and moving the tube to a
new beaker. However, especially during QCM-D measurements, this caused perturbations that can be
seen in the data and introduced inaccuracy in the timing. To avoid these concerns, an automated selector
valve (ASV, Vici Valco - C25-3184EUHA) was utilized for building the layers. This ASV is programmable and
can be timed to switch between the different solutions at the inlet without moving the tubes or turning
the pump off. The internal schematic of ASV is illustrated in Figure 2.7, where it is seen that the selector
valve has eight different inlets and one outlet. By rotating the red tube, the active inlet that is connected
to the outlet can be changed. The movement of this tube is possible to program so that it changes

according to a specific pattern with a specific timing.

Figure 2.7: Internal schematic of the automated selector valve.

| have written the software and interface for the ASV in LabVIEW (National Instruments). This ASV had a
huge impact on the number of samples practically possible to create because previously it was a very
tedious process, and required many hours to obtain a single multilayer film. The instrument and its
software have benefited several other group members, both for preparing multilayered films and to
perform other tasks where timed alternation was required in the solutions. The interface of the program

used to prepare the multilayer films is shown in Figure 2.14.
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Figure 2.8: Graphical user interface of the program for controlling the automated selector valve written in LabVIEW.

2.3 Quartz crystal microbalance with dissipation monitoring

The QCM-D is commonly used for measuring the buildup of multilayered films and the response of the
films to changes. The QCM-D is extremely sensitive to changes in the mass of a film and to some
conformational changes, making it the favored technique in a majority of studies on multilayered

films!14121,122,128175-180 A Q-Sense E1 QCM-D equipped with a standard Q-Sense flow module (Biolin

Scientific, Gothenburg, Sweden) was used, as shown in Figure 2.9.
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Figure 2.9: Quartz crystal microbalance with dissipation monitoring. The Q-Sense E1 QCM-D is equipped with a standard Q-Sense
flow module.

The QCM-D performs the measurements using a sensor chip consisting of a thin quartz disc at the core
with an electrode on either side, as shown in Figure 2.10. A voltage applied over the electrodes leads to a
deformation of the core, and an alternating voltage oscillates the core. When the alternating voltage is
tuned to match the resonance frequency of the core, a standing wave is created inside it. The principle

behind this is known as the inverted piezoelectric effect!8182,

The resonance frequency, f;, of an acoustic wave in the quartz core of the sensor chip can be calculated
from the speed of the wave, v, and its wavelength, A. For a standing wave, the product of the half-
wavelength of the wave and an integer, n, should match the thickness of the quartz core, h; this is given

by the relation:

v n 2.1
and fn = i = ﬂ

N >
S|

Therefore, the resonance frequency depends on some constants determined by the properties and
thickness of the quartz core. When a thin film is added to the surface of the sensor chip, the total thickness
changes, leading to a shift in the frequency, Af. This frequency shift is one of the parameters measured

in QCM-D, and for the simple case of a thin rigid film, the following relation is obtained:

nfo 2.2
Af =———=—-CAm
f poh
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Here p, is the density of the quartz crystal and Am is the mass change, and this equation corresponds to
the Sauerbrey model'®1#, This model shows an inverse relationship between the added mass and

frequency, which is illustrated in Figure 2.10.

A C

—
<_

Film side Frequency with no mass

B D
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Electrode side Frequency with increased mass

Figure 2.10: lllustration of QCM-D chip (QSX335) of the side used for film substrate (A) and the electrode side (B). Illustration of
the oscillation frequency of chip without mass (C) and with increased mass causing decreased frequency (D).

By intermittently turning off the alternating voltage over the quartz core, the decay of the oscillations can
be monitored. Based on this, a dissipation or dampening factor, D, is calculated as the energy lost per

oscillation, Ej,;, relative to the total stored energy, Eqiored:

_ Epst 2.3

- 2T Estorea
The dissipation for a rigid film is typically relatively small as the film follows the oscillations with little
deformation. A more flexible film is deformed more, leading to a greater energy dissipation due to the
dampening effects of the liquid'®. This concept is illustrated in Figure 2.11. The dissipation of a film is
dependent on, amongst other factors, the viscoelastic properties of the film. If these properties are
changed, for example by adjusting the number of crosslinks or the degree of swelling of the film, a
dissipation shift will be observed. Therefore, the dissipation shift will provide some information regarding

the configuration of the layer.
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Figure 2.11: Illustration of dissipation shift with a rigid film (A) and with a more swollen film (B).

Unfortunately, when the dissipation shift becomes significant (AD > 107°), the linear relation between
added mass and frequency shift no longer holds, and instead, the Sauerbrey model underestimates the
mass*®®. For the thin multilayered polymer films studied in this project, the dissipation shift is too large
for using the Sauerbrey model to translate the frequency shift into mass. However, even though the model
does not hold linearly, the trends still provide information regarding the changes that happen. Typically,
when a polymer film swells, the frequency decreases, implying an increase in the mass due to the higher
amount of water present inside the film; in addition, the dissipation increases indicating a less restrictive

conformation.

The Voigt model is another popular model used with QCM-D data. This model takes the viscoelasticity of
a film into account and is therefore typically more appropriate for polymer films. This model can be

described using the following relations.

B ) 24

Af=1m< k ) and ADz_Re<nfph
oo

2mpohy

where f, py, and hg are the resonant frequency, density, and thickness of the quartz core, respectively,
and f is a variable that depends on the shear elasticity and shear viscosity of the film*8/~18% By fitting this
model to multiple overtones of the Af and AD data, the thickness and shear elasticity of the polymer films
can be determined, along with either the films density or shear viscosity, if the other is known. Typically,
the density of the polymer film is either determined using another technique or by approximation.
Although this model is much more complex than the Sauerbrey model and has the drawback that the

density of the film should be known, it is more accurate for some types of films.
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Both models assume that the film is homogeneous, which is not the case for the multilayered polymer
films used in this study. Most of the charges within the film match with an opposite charge from the other
polymer, causing attraction and resulting in a dense layer. The last layer at the top of the film contains
unmatched charges, that depending on the counterion concentration, will have some degree of entropic
repulsion. This yields a significantly less dense layer, where the polymer chains stretch into the bulk
solution. Thus, a density gradient of the polymer is created, which affects the frequency shift and
especially the dissipation shift. The conformation of the top layer can therefore have a significant

influence in comparison to the fraction of the film it constitutes mass-wise®3°.

The QCM-D measurements were performed on the multilayers to understand their responses to different
stimuli, and therefore the frequency and dissipation shifts were not translated into physical thickness,
instead, the shifts were investigated relative to each other. This increased the transparency of the

comparisons, as they were not dependent on underlying assumptions from a fitted model.

2.4 Ellipsometry

Ellipsometry is an optical technique that measures the changes in polarization of thin transparent films.
The thickness of a film can be determined by fitting the measurement to a specific model for the film. The
advantage of this technique is that it is non-invasive, making it optimal for repeated measurements at the
same location on a sample under different conditions. Typically, the optical properties of a film depend
significantly on its thickness, and therefore, ellipsometry is sensitive to very small thickness changes. As
this is an indirect technique to determine the thickness, the quality of the thickness measurement
depends significantly on the model the film is fitted to; therefore, if the model represents the film poorly,
the measurement will not be accurate. Ellipsometry is commonly used on polymer films that can be

represented well with the available models®%19?,

Light can be seen as an electromagnetic wave with an electrical field, described by an E vector
perpendicular to the direction of the light. If this vector moves in a chaotic pattern, the light is called
unpolarized, which is the case for most light sources in our daily life, such as, sunrays, typical light bulbs,
and candle lights. However, if the E vector moves in a well-defined pattern, the light is called polarized.
The E vector of polarized light can be described by two harmonic oscillators, perpendicular to each other
along the direction of the light (illustrated as the red and blue plane in Figure 2.12). Although these have
the same frequency, they can have different amplitude and phase. If the E vector is observed along the
direction of propagation of the light, it moves in an elliptical pattern, which will be either left or right

polarized depending on whether it moves anticlockwise or clockwise, respectively. The phase and the
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amplitude determine the shape of this ellipse, which turns into a line if the two oscillators have the same
phase or the amplitude of one of them is zero; furthermore, it turns into a circle if the amplitudes are
equal and the phases are offset by m/2. These are known as linear and circularly polarized lights,
respectively, and the manipulations that can be performed with these types of polarized light are the

foundation for ellipsometry.

Figure 2.12: lllustration of components of polarized light. Reprinted with permission from 192,

In ellipsometry, light is manipulated using two different types of filters. With a linear polarizer, which
polarizes the E vector linearly in one direction, and with a retarder which allows one component of the E
vector to pass through freely and slows the other component passing through, causing a phase shift of
the light. The effects of both these filters depend on their rotation. When the light hits the sample, it is
partly transmitted and partly reflected. The light that is transmitted will continue further, at a different
angle determined by Snell’s law, to the bottom of the layer where some of it will be reflected up again.
This creates interference and the outgoing light is phase shifted to a degree that depends on the optical

properties and the thickness of the film. This phase shift, 3, is calculated as:

_2mdncosb, 2.5
Bl 2

where d is the thickness of the film, n is the real part of the refractive index, 8; is the angle of the light

from the normal of the surface, and 1 is the wavelength of the light.1%
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Figure 2.13 shows the main components of the ellipsometer. First, there is a light source that sends out
light at a specific wavelength. Next, is a linear polarizer which has an angle that determines the direction
in which the light is polarized. Subsequently, the compensator is present which is a retarder fixed at a
specific angle (it /4). Next, the sample is placed followed by the analyzer, which is another linear polarizer.

Finally, the light hits the detector, which measures the intensity.

Sample

Figure 2.13: lllustration of the components present in an ellipsometer

When polarized light interacts with a thin film at an angle, the properties of the film typically result in a
different polarization of the outgoing light. When linearly polarized light interacts with the film, it typically
gets some sort of elliptical polarization. However, if the incoming light has a specific elliptical polarization
in the opposite direction, the outgoing light is linearly polarized. If a linear polarizer is placed after the
sample and rotated /2 to the polarized light, the outgoing beam would be completely canceled. This is
how the ellipsometer works; the polarizer and analyzer are rotated iteratively to determine when the
minimum intensity is obtained at the detector. Then, these angles are used to determine the properties

of the film.

The effect of the different components can be described using Jones calculus where the light is

represented with a vector. In addition, the influence of the components can be described using a matrix

32



that describes the effect and the rotation matrix. The Jones matrices, including the linear polarizer, Ty,

the retarder, Ty, and the sample, Ts, are described by

1 o0 1 0 [ 0] 2.6
TL‘[O 0 TR‘[O Pc] 5=lo
where p; = exp(id¢) causes a phase shift of §; while r;, and 75 are the reflection coefficients given by

Fresnel’s equations. The complete effect on the light is described by:

Ef = TyR(A)TsR(~C)TcR(C — P)TpE; 2.7

where R(x) corresponds to the rotational matrix and x refers to the angle of the component. Based on the

matrix calculations, and setting the light at the detector to zero, the following relation is obtained:

7, . 2.8
ps =L =tan@ed
rs

where ¥ = —A and A = 2(P — t/4). The properties of the film can be estimated by measuring ¥ and A
for a range of wavelengths of light and using them along with equation 2.5. During dry measurements,
this is typically repeated for a range of angles, 6, to collect more data for a better fit. However, if the
sample is hydrated, the measurement can be performed at only one angle with most types of

ellipsometers, including the one used in this study.

To determine the thickness of the polymer films, the refractive index of the film is required during
ellipsometry. As the refractive index of the film is not known and changes depending on the degree of
swelling and ion concentration inside the film, the index is fitted along with the thickness. To specify the
physical significance of the fitting of the refractive index of the polymer film, it is described using the
Cauchy relation:

B C 2.9
n(/l)=A+ﬁ+F

where A is the wavelength, and A, B, and C are constants. Typically, C has a small influence and is set to
zero to limit the number of fitting parameters; A and B are fitted, which is necessary to obtain a meaningful

fit for the thickness.'®

The polymer films studied in this project were prepared on a silicon wafer having an approximately 100-
nm-thick SiO, layer on top and hydrated in ultrapure water containing a salt of a specific type and

concentration. A model for these layers was built in the software of the ellipsometer using the thickness
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and refractive properties of each layer; an intermediate layer of 1 nm thickness was added between these
two layers. In contrast to the polymer layer, the refractive properties of the layers below were known and
fixed throughout the measurements. The ambient conditions include the solution in which the refractive
index is also needed, which depends on the type of salt and its concentration. The process for

characterizing the ambient solution is described later in this section and the model is shown in Figure 2.14.

Si0, layer

Figure 2.14: lllustration of the layers in the ellipsometry model.

This model is quite simple compared to the possible additions to it. Three different variables were fitted,
including the A and B values for the Cauchy relation of the polymer film and the thickness of the polymer
film. Several other additions, such as angle offset of the sample, roughness of the polymer film surface,
and different models describing a gradient of density through the polymer film, can increase the physical
accuracy of the model. However, this will increase the number of fitting parameters and can destabilize
the fit of the thickness'®3, Therefore, it was preferred to keep the layer as simple as possible while
maintaining a good fit for the data obtained. To judge the quality of the fit, the mean squared error (MSE)
of the fit was calculated. Although it is beneficial to have the lowest possible MSE while keeping the fitting

parameters down, in this study, the fit for the films was considered good when the MSE was below 20.

To obtain the refractive index of the salt solutions used to hydrate the polymer films, a blank wafer was
first measured in the air to determine the exact thickness of the SiO; layer. The wafer was then hydrated
in ultrapure water, where the ambient conditions were described with a Cauchy model; A and B were

fitted as the only fitting parameters with a model of the silicon substrate, 1-nm-thick silicone-SiO,
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intermediate layer, and the SiO; layer with a fixed thickness. Subsequently, the concentration of salt in
the solution was increased and the A and B values of the solution were fitted again. This was repeated for
each concentration of all the salts used for the strong polyelectrolyte films and those used on the weak
multilayered films; the results obtained are shown in Figure 2.15. Although the ambient conditions were
described using the Cauchy model during the measurements of the polymer films, the A and B values of
the ambient conditions were fixed according to the determined values. This method is reported in the
literature and yields values of refractive index that fit well with the known values obtained using methods
for determining refractive indices®®®!. As can be seen from the values of A and B in the figure, the salt
concentration and ion types changed very little till approximately 100 mM. At higher salt concentrations
this refractive index becomes very important, and completely different thickness values will be obtained
is the refractive index of water is used instead of correcting for the salt. The exact values of A and B are

provided in tables in the supporting information in Appendix A and B.
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Figure 2.15: Experimentally determined A and B values for the Cauchy model describing the change in refractive index with ionic
strength and ion types of the ambient layer.

In this study, a variable angle spectroscopic ellipsometer (M-2000, J. A. Woollam Co., Inc.) was used, and
the polymer films were analyzed at 25 °C with a wavelength in the range of 250-1000 nm for all salts,
except for KSCN which was measured in the range of 400—1000 nm because SCN" absorbs light at lower
wavelengths. The sample was inserted into the liquid cell of the ellipsometer and hydrated in a 0.01 mM

solution of the chosen salt for 1 h. Subsequently, the solution was changed to a 3000 mM solution of the
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same salt and back again to reconfigure the film to a stable configuration. Then, the ellipsometry
measurement was started at 0.01 mM concentration and set to measure every 10 sec. After the thickness
stabilized (less than 0.5 nm drift in 2 min) the solution was changed by flowing 25 mL of the next salt
solution through the liquid cell (internal volume of 5 mL) and letting it stabilize again with changed
ambient conditions in the model. When the highest salt concentration was reached, it was hydrated in a
100 mM solution of the next salt for 1 h to exchange the ions, and the process was then repeated with

the new salt type.

2.5 Atomic force microscope

The samples were investigated using AFM (NanoWizard 3, JPK Instruments AG, Berlin, Germany) either
with imaging for characterizing the roughness or with force measurements measuring the repulsion and
friction forces. AFM is a scanning probe instrument that can provide three dimensional images of a surface
at a sub-nanometer resolution but cannot be used to measure the thickness of the layer directly. It works
by measuring the interaction between the probe and the sample and indirectly translating that into either

height or force®1%,

PID
Controller

Laser .

Mirror

Cantilever Photodiode

Figure 2.16: Schematic illustration of the components in an atomic force microscope.

An AFM consists of six main components (probe, cantilever, piezo stage, laser, photodiode, and
proportional-integral-derivative (PID) controller) in a setup illustrated in Figure 2.16. The AFM interacts

with the sample via a probe, which for imaging is typically as sharp as possible to minimize the interaction
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area and thereby improve the resolution. This probe is attached to the end of a cantilever with a reflective
back. The cantilevers can have different geometries, but those used in this study were rectangular except
for the outermost part where the width gradually decreased. The cantilever bends depending on the force
between the probe and the sample. Opposite to the probe, the cantilever is mounted to a piezoelectric
motor stage that can move it along the sample (x and y) and normal to the sample (z) very accurately. On
the top of the cantilever, a laser is reflected onto a photodiode via a mirror. The mirror is used to make
rough adjustments to the laser spot when changing between air and liquid mode; therefore, its effect is
not significant. The photodiode consists of four quadrants in which the light intensity is measured
individually. When the cantilever bends, the laser spot’s placement on the photodiode change, and the
signal deflected from the photodiode, Dpy, can be measured as:

_(Ua+1g)—Uc +1Ip)
PR Uy + 1) + U + Ip)

where I, Is, I, and Ip correspond to the intensity of the light measured in the respective quadrants of the
photodiode. Effectively, this means that the photodiode measures the light intensity in the two top
guadrants compared to those in the two bottom quadrants relative to the total intensity. This is known
as the optical lever principle and allows small changes in the bend of the cantilever to be magnified onto
the photodiode. Finally, this deflection signal is passed to the PID controller which then moves the

cantilever in the z direction to adjust the deflection signal to the target value.'®’

2.5.1 Imaging

There are different techniques for scanning a sample with AFM, but in this study, only the contact mode
was used. In this mode, the probe is lowered until the repulsion between the probe and the sample bends
the cantilever up to a certain amount controlled by a chosen set point. This corresponds to pressing the
probe into the sample with a specific force. When an image is scanned, the cantilever is moved along the
line perpendicular to its long axis and then moved to the next line beside the first one until the entire area
is scanned. When the probe moves to a new pixel, the deflection signal is measured and the PID corrects
the height back to the target set point. Therefore, the value obtained from the photodiode is not used
directly for measuring the height in the pixel, instead, the movement of the piezo is used to extract the
height difference. The information from each pixel is then used to create an image of the surface of the

sample!¥’,
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2.5.2 Preparation of colloidal probe

For imaging, it is beneficial to keep the end of the probe as small as possible, as this controls the detail in
which the probe can interact with the asperities on the surface. However, when measuring forces, it is
convenient to have a consistent area of interaction that is easier to define'®®. This was obtained using a
cantilever with a colloidal probe instead of a sharp tip, which was prepared in situ. To prepare the
cantilevers with colloidal probes, tipless cantilevers with the desired properties were bought. Two pieces
of tungsten wire were electrochemically etched in a 1 M KOH solution by dipping one end into the solution
multiple times for short durations at a constant speed. This gradually reduced the thickness and finally,
sharp tips were obtained. A tiny drop of epoxy was added to the cantilever using a micromanipulator and
an optical microscope, and then the colloidal probe was picked up using the other wire via capillary forces
and placed onto the glue. A slow curing epoxy was used with a working time of 1.5 h and a curing time of
one week, to provide sufficient time for the process. The colloidal probes used consisted of SiO, spheres
with a diameter of 7 um. The process of attaching the glue and the colloidal probe is illustrated in Figure

2.17

Pointed wire

Pointed wire
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Colloidal probe

N

Glue

Figure 2.17: lllustration of the process used to prepare the cantilevers with a colloidal probe: A) Tipless cantilever, B) glue droplet
attached with etched tungsten wire, C) colloidal probe attached to the glue with different etched tungsten wire, D) bottom view,
and E) side view of final colloidal probe cantilever.
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2.5.3 Force curve measurements

A more recent application of AFM than imaging is force measurement, where the probe is approached
onto the surface of the sample with increasing force and then retracted again. This method is used to
determine how the probe and the surface interact with regard to attraction and repulsion, and to some
degree the softness of the sample also. An example of such a force curve is shown in Figure 2.18A where
the deflection in voltage (which is proportional to the force) caused by the bending of the cantilever is
plotted as a function of the height along the z direction of the piezo stage. Here, the measurement was
started at the right side of the red line and approached the surface until a specific deflection from the
cantilever was reached. Then it was moved away from the sample following the blue line. The lines almost
perfectly overlap, indicating that the probe and sample are electrostatically repulsive; if they were
attractive, a sudden jump would have been observed, where the deflection would decrease as the probe
jumped to contact with the sample. Three different zones are shown. In zone 3 the separation between
the probe and the sample is so large that there are no interactions, in zone 2 the repulsion between the
cantilever and surface increases when the sample is pressed to a collapsed state, and in zone 1 the
cantilever can no longer compress the surface with an increase in force, which is known as hard-wall
contact. Although this provides a good overview of the interactions between the probe and the sample,
the deflection in voltage vs position of the piezo is not an optimal parameter for understanding the

interactions or comparing them with other systems.
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Figure 2.18: Example of a force curve measured with AFM. Graph A) displays an un-calibrated force curve showing the relation
between the relative height of the cantilever base and the resulting voltage deflection divided into three regions. Graph B) displays
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the calibrated version of the same curve showing the relation between the relative position of the probe and the applied vertical
force.

The relationship between the probe height and the actual force applied to it is an easier way to understand
and compare the force curves. The photodiode and cantilever require some calibration before this
conversion. By assuming a hard wall contact in zone 1 of Figure 2.18A (meaning that the probe is not
moving in the z-direction), the slope in this zone relates the voltage deflection in the photodiode with the
physical change in the angle of the cantilever and is known as the vertical sensitivity. To relate this to a
force, it is necessary to know the vertical spring constant of the cantilever as well. An estimated spring
constant was provided with the purchased cantilever used in this study; however, the values were
provided with an uncertainty of a factor of 10 in either direction, making it extremely imprecise for force
measurements. Several methods are present for obtaining a more accurate value of the spring constant.
Depending on the geometry of the cantilever and the medium, they have different drawbacks!®. A
thermal noise-based method was chosen for this, and it is described in detail in section 3. When these
values are obtained, the force plot can be converted into a plot describing more relevant physical values,

such as the one shown in Figure 2.18B.

2.5.4 Friction

In addition to measuring the forces when the probe is pressed into the sample, the friction force between
the probe and the sample can also be measured. This measurement is performed by sliding the cantilever
perpendicular to its long axis along the surface of the sample at a constant downward force (normal force),
similar to that during imaging?®®2%, Instead of measuring the change in the position of the piezo, the
lateral deflection in the detector is measured, which is caused by the torsional twisting of the cantilever.
This twisting scales with the friction between the probe and the sample, and by measuring the deflection
in both directions on a line, a so-called friction loop is obtained?%*2%, Although the difference between
the twisting is related to the amount of friction, the deflection is again provided in terms of voltage and
needs to be converted into a force before it can be compared with the measurement results obtained

using different techniques.
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Figure 2.19: Schematic illustration of friction measurements using an atomic force microscope. Left: torsional twisting of the
cantilever with colloidal probe and the consequent lateral deflection. Right: friction loop obtained by moving the cantilever forth
and back on a line.

Figure 2.19 illustrates this concept, where the left image shows the twisting mechanism of the cantilever
when moved across a surface and its relationship to a change in lateral deflection in the photodetector;
the right image shows a friction loop. The friction loop has four regions. i) The cantilever is in an untwisted
state and starts moving in the forward direction, increasing the torsional twist. ii) When the force required
to increase the torsional twist becomes more than the friction between the colloidal probe and the
surface, the probe starts sliding across the surface. iii) At the end of the line, the cantilever moves in the
opposite direction causing a buildup of the twist in the opposite direction. iv) The final region is similar to
region ii, but with the twist in the opposite direction. The mean difference between regions ii and iv, AV,
is proportional to the friction and was used to calculate the actual friction force. For each normal force

measured, at least one friction loop should be measured.

To relate the lateral deflection voltage to a force, it is necessary to determine the torsional spring constant
and sensitivity. In this direction, contrary to the vertical direction, no straightforward procedure is present
for obtaining the sensitivity?®2%, A thermal noise-based method, described in section 3, was used for

both sensitivity and spring constant.

The friction loops were measured at specific normal forces which influence the magnitude of the friction.
Depending on the system, friction can increase proportionally to the normal force, according to Amontons
law, but it can also exhibit a more complex relationship. However, for measuring the friction, the normal
force should be in the range of zone 2 shown in Figure 2.18A. If the force is lower, the probe does not

interact with the sample, and for a higher force, the friction is measured for a completely compressed
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film. Therefore, it is important that the friction measurements are performed using the force curves,
where the interactions between the specific probe and surface are measured. A challenge in measuring
forces with an AFM to improve the understanding of a sample is that friction is not just dependent on the
sample, but also on the probe’s interactions with the sample. Therefore, the complete system has to be
considered, as any change, such as changes in the probe from a sharp tip to a colloidal probe or the coating

on the probe, could significantly influence the quantity being measured.

2.5.5 Analysis script for friction data

To measure the friction on a sample, typically, it is necessary to measure multiple friction loops at each
normal force, and then measure the friction loops at a range of normal forces. This yields large amounts
of data that need to be analyzed, and the data needs to be translated from the measured voltage into an
actual force. For obtaining the data presented in this thesis, friction loops were measured at five different
locations with 60 different normal forces under 15 different conditions, yielding 9000 files. Therefore, it
was necessary to automate this analysis process. To do this | have written a Matlab script and a graphical

user interface (GUI), which is shown in Figure 2.20.
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Figure 2.20: Graphical user interface for Matlab program created to automate the analysis of raw friction data.
In this program, the properties of the cantilever and tip were the input parameters along with the raw
friction files from AFM, and the results were obtained by calculating the friction force vs the normal force.

Automating this tedious process saved time and allowed for more accurate measurements, as significantly

more data could be collected and analyzed.
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3 Theory of sensitivity and spring constant calibration

The discussion in this section includes the procedure for determining the spring constant and sensitivity
of the cantilever in both vertical and torsional directions, which is done with a procedure that has
previously been reported to be a convenient method. Besides this proven method, an alternative method
is also presented for relating the vertical and torsional sensitivities in air with each other and with the
sensitivities in liquids. These relationships were obtained by calculating the light path geometrically. The
steps between the equations in this section are further elaborated in Appendix C. In the last part of this

section, the accuracies of this method are compared with the proven method as a reference.

3.1 Vertical spring constant

The spring constant of the cantilever in the vertical direction can be calculated purely from the material

properties and the dimensions of the cantilever. This relationship is described by:

Et3w 3.1

V43
where E is Young's modulus and L, w, and t are the length, width, and thickness of the cantilever,

209

respectively*”, or by:

kv = MechWtwgac,v 3.2

where w4, is the angular resonance frequency in the vertical direction in a vacuum, p, is the density of
the cantilever, and M, is the normalized effective mass; approximately M, = 0.2427 for cantilevers

where L/b > 5%%,

Two main drawbacks are present for these material-oriented methods. First, although the length and
width of the cantilever can be determined easily and relatively accurately using an optical microscope, it
is difficult to determine the thickness. This would typically require a scanning electron microscope or
something similar. Because the thickness of the cantilever is very small compared to the two other
dimensions, an error that is insignificant in the length and width dimensions could be a much larger error
in the thickness dimension. This especially creates a problem in Equation 3.1, where the thickness is
cubed. Second, it is extremely difficult to determine the material properties of the cantilever because the
main substrate is often coated with different materials, including a chromium and gold layer. The

chromium layer increases the adhesion between the substrate and the gold layer, and the gold layer
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increases the reflectivity. The layers are typically not prepared in a way that allows their thickness to be

known, which makes it difficult to accurately determine the material properties of the cantilever?.

Therefore, a different and more convenient method is required. In this study, a method based on the
thermal noise of the cantilever was used as it is a practical method that can be used to determine both
spring constant and sensitivity. If the fluctuations of a cantilever due to thermal noise are measured as

deflection voltages and Fourier transformed, they depend on the frequency, f, as:

4
PDC,va,v 3.3

2f£2
(r2-f2) +L Qf""’
fv

where Qf,, is the quality factor in the vertical direction which describes the relationship between the

S() =

resonance peak energy of the cantilevers and the energy lost per angular movement; thus, for a highly
dampened cantilever Qy ,, will be low®'!. The values of f; ,,, Qf,, and Py, can be determined using these
as fitting parameters®'?. All these values can be determined by the non-contact thermal noise

measurements, and used in an expression for the vertical spring constant derived as:

ky = 0.1906p,Lw?Q; 02, Im (Tee (w7.)) >

This equation can be used to determine the vertical spring constant from the width and length of the
cantilever, the density, and the viscosity of the surrounding fluid, thermal noise deflection measurement,
and the hydrodynamic function for a rectangular beam. Therefore, the unknown material properties of

the cantilever and the calculation of the thickness of the cantilever are avoided.

3.2 Vertical sensitivity

The AFM measures the deflection of the cantilever based on the voltage change in the photodiode.
However, typically, the voltage change need not be related to a deflection distance when imaging using
the AFM. However, when the force is measured, it is necessary to determine the amount of deflection of
the cantilever from the voltage change. The sensitivity of the AFM, v, is typically given in a unit of voltage
change per distance of probe movement (6. in Figure 3.1), which means that the sensitivity of the system
is changed if the length of the cantilever is changed. In the following sections, the sensitivity is redefined
as the relationship between the deflection voltage and the change in the angle of the endpoint of the
cantilever (6. in Figure 3.1). This provides a constant sensitivity for a specific AFM, independent of the

cantilever (for a specific medium). This relation, in the vertical direction, can be determined using the
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cantilever dimensions and the fitting parameters of the fluctuation spectrum, as given by the following

equation:

6k,T 35

¥, = 0.7830
v L2k, fo,0Ppcv Qv

where 0.7830 is an analytically determined correction factor from the literature, kg is Boltzmann’s
constant, T is the temperature, L is the length of the cantilever, k,, is the vertical spring constant, and f; ,,,

Pp¢y, and Qf,, are the fitting parameters determined from the fluctuation spectrum?®3,

A B

Figure 3.1: Schematic illustration of vertical bending of a cantilever due to an applied normal force (A) and torsional twisting of a
cantilever due to applied torque (B). Adapted with permission from Green et al., Review of Scientific Instruments 75, 1988 (2004),
114, 677-71141 Copyright 2004 American Institute of Physics.?14

To change the sensitivity into a parameter independent of the cantilevers length a relation describing the

deflection height of an end-loaded uniform cantilever which is fixed at one end is used:

6, 2L 3.6
6, 3

Where 6. is the angle from the rest position, 8, is the tip’s distance from the rest position?*.

3.3 Torsional spring constant and sensitivity

Similar to the vertical spring constant, the torsional spring constant can be described as:

1 3.7
ke = prWAI'LQf,tw)%,tFit(wf,t)
and the torsional sensitivity can be described as:
2k, T 3.8
Ve =
T[ktfo,tPDC,th,t
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where Qf ¢, wr;, and f are the fitting parameters for the power spectrum in the torsional direction,

and I ; is the hydrodynamic function for a rectangular beam in the torsional direction??®,

For calculating the spring constants and sensitivities in both torsional and vertical directions using this
thermal noise method, the quality factor should be much greater than 1.21* This is can be done in air and
because the spring constants do not change in different mediums, the same value can be applied in
different mediums. However, determining the sensitivity is more complicated, as it varies depending on
whether it is in air or water. In water, the quality factor was found to be approximately 4-8, which has
been shown to result in an overestimation of the sensitivity??’. In an effort to find a different and more
convenient way to determine the sensitivity, the sensitivity in air was described geometrically, and then
it was predicted in water based on this description. The results of this are described in the following

section and the calculations are presented more fully in Appendix C.

3.4 Geometrical sensitivities

The sensitivity depends on the internal components of the AFM and is significantly dependent on the
distance traveled by the light. Figure 3.2A shows a simplified version of the vertical light path in an AFM
when the cantilever is at its rest position, as well as the parameters affecting the path of the light. The
light comes down through the air over the cantilever holder, after which it passes through the cantilever
holder of quartz glass, through the air over the cantilever, and is then reflected. The distances traveled in
these regimes through the top, the glass, and the bottom are given by h;, hg, and h, respectively, and
these are considered constant. The angle of the unbend cantilever, a (10° for this AFM), reflects the light
at an angle after which the light passes through the air/glass and glass/air interfaces again. This affects its
path according to the refractive indices before reaching the photodiode, having moved S; + S, + S5 in
the horizontal direction from its starting point (defined in Figure 3.2A). The same behavior is observed in
Figure 3.2B, except that the cantilever is now bent at an angle, 8, which alters the path of the light after
it crosses the cantilever and shifts its position at the photodiode by 6S from the position at rest. In Figure
3.2C, the system is instead viewed from the torsional direction, where the cantilever is twisted at an angle,
¢, compared to its horizontal rest position. Similar to (B), this moves the laser spot a distance away from
its position at rest. These geometrical descriptions of the system were used to determine the relationship

between the vertical and torsional sensitivities.
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Vertical Direction Torsional Direction

B) 620 C) =0

Figure 3.2: Deflection path of laser interacting with an unbend cantilever (A) and for a cantilever bent at an angle 6 (B) in the
vertical direction and for a cantilever twisted at an angle ¢ in the torsional direction (C).

In the vertical direction, the angle between the incoming and reflected light at the cantilever can be
described by § = 2a + 26 and the position of the laser spot on the photodiode can be expressed by the

lateral movement of the laser spot which at 8 = 0 is given by:
S(6 = 0) = hy tan(2a) + hy tan(a(2a)) + h tan(2a) 3.9
and the distance when 8 # 0 is given by:
S(0) = hytan(B) + hy tan(o(B)) + he tan(B) 3.10

After determining the difference, §S(8) = S(6) — S(@ = 0), and using Snell’s law along with some
trigonometric approximations to simplify the expression, §S(8) can be expressed as

hy + he + hgng/ng 3.11

85(6) = 26 cos~2(2a)

where n, and ng are the refractive indices of the medium (air in this case) and the cantilever holder from
quartz glass, respectively. The change in the dependency of the vertical deflection voltage on the angle
can is described by:

dD,(0) dkéS(6) hy + he + hgng /g 3.12
Yv,a = = =2k =
do do cos™?(2a)
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where k is a proportionality constant relating the change in position of the light spot on the photodiode
with the change in voltage, which is independent of the medium of the cantilever and assumed to be the
same in the vertical and torsional direction. This proportionality constant is determined by the photodiode
and is one of the factors for the varying sensitivities of different AFMs. This is also one of the factors
relating the voltage change to a physical change of the cantilever, indicating that this method alone cannot
be used to determine the sensitivity; it can be used only to relate the sensitivities in different directions

or mediums to each other, because k is not known.

3.5 Torsional sensitivity

The dependency of the torsional sensitivity on the deflection angle can be calculated using an approach

similar to that used for the vertical sensitivity.

As illustrated in Figure 3.2C the torsional deflection can be described by:
8S(p) = 8S1(9) + 8S3(9) + 853(9) = (hy, + hy) tan(2¢) + hg tan(a(2¢)) 3.13

where g can be approximated as:

n
o(20) = 29~ >
ng

due to the angle, ¢, being close to zero. This means that the deflection simplifies to:

6S(p) = 2<p(hb + h; + hgna/ng) 3.15
and the deflection from an angular change is given by:
dD dkéS n 3.16
L d0) ((p)=2k<hb+ht+hg—a>
’ de do ng

which has the same form as that of the vertical deflection, but is differently scaled. The deflections in the

vertical and torsional directions are therefore related as:

Yta = Yva COS_Z(ZCZ) 3.17

which can be used to calculate the torsional sensitivity from the vertical and vice versa, as they are related

by a factor of cos™%(2a) ~ 1.13.
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3.5.1 Sensitivity with the cantilever immersed in a liquid

If the cantilever is immersed in a liquid instead of in air, the liquid is present below the cantilever holder,
and the sensitivity changes based on the refractive index of the liquid. This sensitivity can be calculated
similarly to that for the cantilever in air, but with a glass/air interface at the top of the glass and a
glass/liquid interface at its bottom. The torsional sensitivity with the liquid interface is with a similar

approach found to be described by the following equation:

n n n n 3.18
8S = 2<p<hb + hg—W+ht—W> = Yo = 2k<hb + hg—W+ht—W>
ng a Ny Na

where n,,, ng, and n, are the refractive indices for water, glass, and air, respectively. Therefore, as both

h: and hg are significantly larger than hy, the relationship between the torsional sensitivity in air and in

water is given by:

3.19
y Zk(hb+hgﬁ—‘;’+htﬁ—:) hgﬁ—gmtnw
o = ~ ny
Yta Zk(h +h h+h) hy =+ h
b gng t gng t

Accordingly, for the type of AFM used in this study, the torsional sensitivity in water was determined to

be 1.35 times higher than the torsional sensitivity in the air according to this geometrical approach.

3.6 Verification of spring constant and sensitivity determination technique

The thermal noise technique to determine the spring constant is considered to be fairly accurate. To test
this technique, eight different cantilevers were analyzed (two csc37 Cr-Au tipless (A and B), three csc38
Cr-Au with tip (A, B, and C), and three csc38 Cr-Au without tip (A, B, and C) where A, B, and C corresponds
to the lengths of 250, 300, and 350 um, respectively). The spring constants and sensitivities of these were
measured in air using a normal cantilever holder for air measurements and in air and water using a
cantilever holder for liquid mode measurements (the holders used in the air and liquid modes have heights
of 1.4 and 1.2 cm, respectively). The spring constants measured are shown in Figure 3.3; large differences
are observed in the spring constants of different cantilevers. Considering individual cantilevers, the spring
constants measured in air are very similar and the one measured in water is higher, which is consistent
with the expected trend as the quality factor measured in water is low. The spring constant should not
change from air to liquid; therefore, the spring constant can reliable be determined in air and used in

water.
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Figure 3.3: Vertical (A) and torsional (B) spring constants measured for a range of cantilever types using thermal noise technique
with either a regular cantilever holder in air, a liquid mode cantilever holder in air, or a liquid mode cantilever holder in water.

Based on this, the spring constant was measured for a specific cantilever in air before attaching the

colloidal probe, and this value was used for subsequent experiments in liquid.

It is difficult to accurately measure the sensitivities as they change depending on the medium, and
therefore both vertical and torsional sensitivities were measured using different techniques to compare
their consistency. First, the vertical sensitivity was measured by obtaining a force curve on a hard
substrate in both air and water. Although this is an easy and reliable method to determine the vertical
sensitivity, it can be performed in the vertical direction only. Second, the sensitivities in both directions
were measured with the thermal noise method. The spring constants were determined using the
cantilever holder for air measurements in air and the cantilever holder for liquid mode in both air and in
water. In contrast to the spring constants, the sensitivities are expected to change depending on the
holder and the medium, while being independent of the cantilever type. The results for eight different
cantilevers obtained using the thermal noise method are shown in Figure 3.4. Although some variations
are observed in the values in the figure, the standard deviation is below 200 V/rad when measured in air
and approximately 350 V/rad when measured in water. The average value of vertical sensitivity measured
with the force curves is within the standard deviation of the thermal noise measurements (approximately

100 V/rad lower in air and 200 V/rad lower in water).

A third method to determine both vertical and torsional sensitivities in air was also tested. In this method,
the AFM was set up and approached a sample, which in this case was a reflective silicon wafer. The

cantilever was then removed, and thus the silicon wafer simulated the cantilever as the laser was reflected
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from the silicon wafer. This was done because it allowed moving the AFM head (which is the unit
containing the cantilever holder, the laser, and the photodiode) independent of the simulated cantilever
(silicon wafer), which corresponds to moving the cantilever. The sensitivities were determined by tilting
the AFM head in the vertical and torsional directions and relating the voltage changes to the angles of tilt.
These measurements yielded vertical sensitivities, which on average, were less than 100 V/rad lower than
the ones found with force curves, and torsional sensitivities, which on average, were approximately 200

V/rad lower than those found with the thermal noise method.
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Figure 3.4: Vertical (A) and torsional (B) sensitivities measured for different cantilever types using thermal noise technique with
either a regular cantilever holder in air, a liquid mode cantilever holder in air, or a liquid mode cantilever holder in water.

Based on the geometrical description, the torsional sensitivity was expected to be cos?(20deg) = 1.13
times larger than the vertical. The result obtained using the thermal noise method showed the torsional
sensitivities to be 1.12 times higher than the vertical, which is surprisingly consistent with the geometrical
approach. Similarly, the difference between the torsional sensitivity in air and water was expected to be
approximately 1.35, and the corresponding determined value from the thermal noise method is 1.43.
Especially, as the latter relation is approximated, the low difference of the experimentally determined
constant is surprising, especially as the thermal noise data in water is expected to overestimate the

sensitivity.

Two conclusions can be drawn based on these results. First, the thermal noise technique for determining
the sensitivity seems to be fairly reliable and the average values were used as the sensitivities of the
instrument for subsequent experiments. This method is extremely practical to use, compared to the
method which uses the reflective surface; it can be used to determine the sensitivities in both torsional
and vertical directions, contrary to the force curve technique that only yields the sensitivity in the vertical
direction. Second, at least for this instrument, the approach used to geometrically determine the relation

between the sensitivities is in fair agreement with those determined using other methods. Therefore,
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using this method, it is possible to measure the vertical sensitivity in air with the force curves, and then
use the geometrical relations to calculate the torsional sensitivity in air and the vertical and torsional

sensitivities in a liquid.
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4 Theoretical model

Section 5.1 describes the experimental investigation of the ion-specific swelling of monocomponent
polyelectrolyte films with different ion types to decouple the effects causing the swelling, and
subsequently understand the individual mechanisms better. Similarly, it is interesting to simulate the
mechanisms in a polyelectrolyte film theoretically, as this could provide an easier way to investigate the
importance of individual contributions. This would afford a better understanding of all types of
polyelectrolyte films, and would especially be beneficial for more complicated films, such as zwitterionic
or multilayer polyelectrolyte films, which are still not as well understood as cationic and anionic polymer
films. A theoretical description of the films could potentially make it easier to decouple the different

effects that change the swelling of the film.

In this section, the theoretical description of the polyelectrolyte film is discussed which was developed
during the external stay with associate professor Drew Parsons at the University of Cagliari, Sardinia. It
was expected that the model developed herein will be able to describe the main contributions to the
swelling of the film and the ion dependency, and thereby predict the experimentally observed trends.
However, the model demonstrated some unexpected challenges. Therefore, a model was developed with
some restrictions for the swelling and collapse of the film, and the swelling mechanisms and specific ion
dependency were implemented without considering the main contributions. Thus, the model provides a
platform that can be used to elucidate the polyelectrolyte films at a later stage, and where the film can
potentially be changed between cationic, anionic, and zwitterionic polymer films, or even as a
multilayered polymer film. An already existing model was used as the starting point, and it described the
ion distribution that was implemented to determine the distribution of ions inside and outside a polymer

film.

4.1 Elastic swelling restrain

If the polyelectrolyte film is simplified to an uncharged polymer film bound to a substrate in a solution
without ions, the film will reach some equilibrium thickness. Therefore, something must be present that

prevents it from collapsing at some point and also from stretching infinitely.

The limiting factor preventing the stretching of the film at some thickness is typically described with an

elastic term for a polymer brush:
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where ¢ is the grafting density, a is the length between the repeating units and r is a relative thickness
calculated as r = H/(aN) with H being the actual thickness and N the number of repeating units?'8219,
The polymer brush can be described geometrically in a simpler manner as it has a maximum thickness of
aN, compared to that of a polymer film consisting of a crosslinked network. To fit the expression to a
network, o and N are redefined as the polymers per area and number of monomers per polymer,
respectively. The maximum thickness still depends on the number of monomers and the distance between
them, and it also depends on how tightly the network is cross-linked. Therefore, the maximum thickness

of the network can be described as aN(1 — k), where k is zero for a brush and increases as the

crosslinking increases. Combining this, the elastic energy of a polymer network is described as

H 2 4.2
oHa 3 aN(1—k) 23—r2
E, = > =ara >
NO-K) H 1—-r
aN(1 —k)

wherer = H/(aN (1 — k)). This energy contribution is shown in Figure 4.1 as a function of film thickness

where it is observed to be relatively low until it reaches a specific thickness, after which it increases

rapidly.
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Figure 4.1: Swelling and collapse preventing the energy contributions on an uncharged polymer film. The shape of the elastic
energy preventing swelling (green), a Flory—Huggins-based energy preventing collapse (blue), and the two energies combined
(orange) and their dependency on the thickness of the film.
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4.2 Flory—Huggins collapsing restrain

A thermodynamic term arising from Gibbs free energy of mixing and Flory—Huggins theory of semi-diluted
polymer solutions provides a restraint that prevents the film from collapsing at a specific thickness; this is

given by the following equation:

AGy 4.3

M (1~ g) + (1 -3 ) 02 + x93
where N is the number of monomers per polymer, ¢, is the volume fraction of polymer, and y is a
parameter describing the interaction between the solvent and polymer compared to their self-
interactions??22!, The interaction parameter, y, is maintained constant and independent of the salt
concentration and ion type. This Flory—Huggins based energy contribution’s variation with thickness is
shown in Figure 4.1. This figure also shows the combined energy from these contributions, which creates
a potential well with a relatively flat middle section. Consequently, the thickness of the film settles at the
minimum energy; however, additional energy contributions can skewer the minimum to a different

thickness. However, this is possible only on the flat part as the energy required to counteract the two

peaks at low or high thicknesses is unphysically large.

Both of these outer restrains are independent of the ion concentration and type owing to the way they
are formulated in this model, which is an approximation that is a rough simplification for some ion types.

The next step is to determine the charges in the film and describe their effects.

4.3 lon specific contribution

The specific ion effects typically arise from an ion osmotic pressure difference between the polymer film
and the bulk solution, and although this might be the dominating driving force, it is not the only one. Other
ion-specific contributions to the swelling and collapse are also present, which are typically neglected. The
effects of the ions depend on their distribution, which in this model is determined by treating the ions as
point charges and formulating their distribution using nonlinear Poisson—Boltzmann theory with their
length scales described based on their Debye length. This provides a distribution profile of the ions where
a specific ion density is present inside and outside the film, along with a narrow transition at the interface
of the film. Based on this density difference, an ion entropic energy can be determined which depends

significantly on the ion concentration in the bulk solution???,

The Born self-energy is an ion-specific contribution that is often not considered when discussing the

effects that cause changes in the thickness of a polyelectrolyte film. The Born self-energy describes the
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enthalpy of ion solvation. This includes the cost of the ion being in a certain environment, which in this
study, is the polymer layer or the solvent, compared to that in a vacuum. In the simplified version used in
this study, it is described as the work required to discharge the ion in a vacuum, insert it into the
environment, and finally recharge it again. Therefore, the Born self-energy is highly dependent on the
dielectric constant of the surroundings??3. The difference in these self-energies inside the polymer layer

and the solution is described by:

A = Nyz%e? (1 1 44
Borm ™ 8regro \Ew  Epor

where Ny, z, e, and g, are the Avogadro's number, ion charge, elementary charge, and vacuum
permittivity, respectively. The remaining terms, €, €541, and 7, correspond to the dielectric constants for
the solvent and polymer phases, and the ion radius, respectively??*. The dielectric constant of the hydrated
polymer layer depends on the fraction of polymer and solvent. It is calculated with the Clausius—Mossotti
relation using the dielectric constant of the solvent and the polarizability of the monomers determined
using a quantum chemistry model??®, The ionic radius in the Born energy creates a part of the ion-specific
effects in this term. The radii of the ions used on this film are: K*=0.96 A3, Cs*=1.47 A3, and Li*= 0.38 A3
for the cations and Cl'= 1.69 A3, Br = 1.97 A3, and SCN = 2.18 A3 for the anions?%.

When the Born energy is included, the model struggles in determining the ion distribution with the charge
concentration of the polyelectrolyte film set to a physical level in the model. Therefore, the charge
concentration was lowered by a factor of five in the model compared to that of the sample film used as a
reference. When the charge concentration is increased further, or more energy contributions are added,
the model cannot determine the numerical description of the ion distribution. This problem should be

solved before adding more contributions, as it hinders the addition of more complex factors to the model.
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Figure 4.2: Dependence of ion concentration-dependent energy contributions on the thickness of a polyelectrolyte film. The ion
entropic and Born energy were calculated for KCl at either 1 mM (A), 10 mM (B), or 1200 mM (C) bulk ion strength.
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Figure 4.2 shows an example of the profiles of these ion concentration-dependent terms and the changes
that occur in them. The figure also shows the ion entropic energy and the Born energy, and their
dependency on the thickness of a polyelectrolyte film with the bulk salt concentration of 1, 10, or 1200
mM KCIl. Based on the different profiles for the ion entropic contribution, it is found that at low salt
concentration this energy contribution favors a high thickness; however, with an increase in the salt
concentration, the ion entropic energy first decreases and then increases, but this time a collapsed state
is favored at high salt concentration. Therefore, the ion entropic contribution increases the thickness at
low salt concentration and decreases it at high concentrations. The profiles of the Born energy show that
at low salt concentrations, the Born energy contribution favors an increase in the thickness of the film
whereas at high salt concentrations, it favors an intermediate thickness. The relative magnitude of the
contributions indicates that at low and high salt concentrations, the contribution of the Born energy is
small compared to the ion entropic contribution. At 10 mM, the ion entropic contribution is sufficiently
low, such that the magnitude of the Born energy will be higher. However, compared to the magnitude of
the energies in Figure 4.1, both the Born and ion entropic energies are very small. The ion entropic energy
included here does not have any ion-specific dependency; therefore, the Born energy can still affect the

total energy minimum, even though its magnitude is relatively low.

4.4 Simulated polyelectrolyte film swelling

The swelling of a polycationic film with 5% crosslinking monomer was measured experimentally (see
Figure 2.1 for the chemical structure of the film) in varied salt concentrations of either KCI, KBr, KSCN,
CsCl, or LiCl, and these results are used as references in this section for the modeled data. The total energy
minimum was determined using the model of the film at the same salt concentration with different types
of ions and the physical properties of the film used in the model. The experimentally determined thickness
at the lowest KCl concentration was used to fit the model to the same starting thickness. The data in Figure

4.3 was determined using the model.
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Figure 4.3: Modeled data of polycationic film thickness as a function of salt concentrations with either a constant potassium coion
and varied counterions (A) or constant chloride counterion and varied coions (B).

In Figure 4.3A the modeled thicknesses change with the salt concentration of the polyelectrolyte film
when a constant coion of potassium and varied counterions are present. Figure 4.3B also shows the same
results but with a constant counterion of chloride and varied coions. Although a detailed discussion of the
observed behavior is included in the results section, the goal here is to see how well the model describes
the system. For this, three factors were considered. First, it is seen in plot A, where the counterions are
varied, that the type of ions is significant, contrary to plot B, where the three different coions lead to
almost identical outcomes. The order of the counterions demonstrates that the Br ions cause a more
compressed state than the ClI', and the SCN™ causes a higher compression than the Br ions, indicating that
they affect the film in the order of SCN>Br>CI". Second, a transition is observed between 10 and 100 mM
from a constant thickness to a constantly declining thickness for all ion types. Third, the variation in overall

thickness is within 10 nm.

Figure 4.4 shows the experimental thicknesses of the film on which the modeled data was based. A
comparison of the three parameters obtained from the modeled data provides the following conclusions.
First, the coion variations yield very small changes compared to the counterion variations. The variations
with the counterions are in the same order for the modeled thicknesses, SCN>Br>Cl, but with
significantly larger differences in the experimental data. Second, although the change from constant
thickness at low salt concentration to a different trend is between 10 and 100 mM, in this case, the second
regime does not yield a constant decrease in thickness. Third, the overall change in thickness is much

higher for the experimental data than for the modeled data.
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Figure 4.4: Ellipsometry-based experimental thickness of a polycationic film as a function of salt concentration in the presence of
either potassium salts with various anionic counterions (A) or chloride salts with various cationic coions (B).

Based on this comparison, the modeled results are used to provide a physical meaning and to capture
some of the experimentally observed behavior. The biggest difference is that the modeled thicknesses
show very small differences for the specific ion effects and the overall change in thickness is very small.
This can be attributed to the lower charge concentration in the model compared to the sample. In
addition, this can be partly explained by the weak Born energy which is unable to cause bigger changes;
this is not surprising as these changes are typically ascribed to ion pairing or chemisorption effects which
are not included in the model. These effects would cause the swelling decrease to be more significant.
Based on the modeled data, although the effect of Born energy is confirmed, it is very small and can be
reasonably ignored. The second difference is observed in the behavior with Br- and especially SCN- at high
salt concentrations where the trends change from a constant decrease. This effect can be captured by
including nonelectrostatic effects that are ion concentration dependent. Accordingly, it is reasonable to
use the model as a foundation to describe the film swelling and collapse under different ion environments.
However, the model should be adjusted and expanded before it can capture the swelling of cationic and

anionic polyelectrolyte films.

59



60



5 Experimental results

In this section, selected results obtained during the course of the PhD are discussed; these are divided

into three different projects.

The first project focuses on thin strong polyzwitterionic films, and their swelling responses to hydration in
solutions containing different ion types at varying concentrations. As these films are complex and not
completely understood, polycationic and polyanionic films with the same charged groups have been
studied in the same way so that these could be used to decouple the polyzwitterionic effects and through

this improve the understanding.

The second project focuses on multilayered films of CHI and ADA, and their responses to salt and pH. The
environments in which the layers are formed are investigated to determine the effect of pH on the
adsorption and to obtain different variations of the films for further studies. The formed films are
investigated, with varied ions, salt concentrations, and pH, to highlight how the behavior of these films
can change completely depending on the environment. In addition, QCM-D and ellipsometry results were

compared to emphasize the need for careful analysis and interpretation of the film's responses.

Furthermore, although the third project also focused on the multilayered film of CHI and ADA, the friction
between the films and a CHI coated colloidal probe was studied using AFM, instead of focusing on the
swelling of the film. It was assumed that based on the results of the second project, the understanding of
the films could be further improved by investigating the friction under the same ion and pH environments.
However, the results obtained from these measurements showed that understanding the friction

behavior was more complicated than initially anticipated.

5.1 lon-specific swelling behavior of strong polyzwitterionic film

The project aimed at understanding the swelling mechanisms of polyzwitterionic films is described in the
submitted paper that is attached in Appendix A. In the following sections, the primary contents and
findings reported in the paper are discussed, which means that there will be an overlap between the

figures presented and the information conveyed in this section and in Appendix A.

This project is believed to have improved the current understanding of swelling in a hydrated
polyzwitterionic film. The influence of the mutual interactions between the charged groups of the films
(sulfonate and quaternary ammonium) and those with mobile ions in the bulk solution on a

polyzwitterionic film of PMABS was elucidated. This was done by systematically measuring the swelling
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response of polycationic films of METAC and polyanionic films of SPMAK by varying the type and
concentration of the counterion or coion. Because the polycationic METAC and the polyanionic SPMAK
contain the same charge groups as that in the polyzwitterionic PMABS, the understanding of the
interactions between the polycationic and polyanionic films and the ions can be used to elucidate the

effects seen in the polyzwitterionic film.

The central part of Figure 5.1 shows the chemical structure of the zwitterionic polymer along with an
illustration of its interactions with itself and with cations and anions. The charges of the polymer can
associate with its opposite charges and form intra/interchain bonds, or it can interact with the oppositely
charged ions. The bottom left and right images respectively show the film at low salt concentration, where
the intra/interchain bonds neutralize the charges, and at high salt concentration, where some of these

intra/interchain bonds are broken, allowing the film to swell.
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Figure 5.1: lllustration of how the polyzwitterionic swelling is investigated. The central image shows an illustration of
polyzwitterionic polymer—polymer and polymer—ion interactions and the chemical structure of the polyzwitterionic film. The
bottom left and right images show the swelling of a polyzwitterionic film at low and high salt concentrations, respectively. The
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top left and right images show the polycationic and polyanionic polymers, respectively, along with the roles of the co- and
counterions, and the chemical structures of the polymers. Reprinted from submitted paper with permission from American
Chemical Society.

The chemical structures of the cationic and anionic polymers are shown in Figure 5.1 (top left and right
images, respectively). The role of the cationic coions and anionic counterions of the cationic polymer along
with the role of the cationic counterions and anionic coions of the anionic polymer are also shown.
Random terpolymers were used which consisted of 25% charged monomer (METAC, SPMAK, or PMABS),
70% noncharged monomers (butyl methacrylate), and 5% crosslinking monomers (allyl methacrylate),
except for the experiments where the crosslinking degree of the polycationic films was varied; in these
experiments, the concentration of the crosslinking monomer was increased to 10 or 15% by decreasing

the noncharged monomer correspondingly.

Consequently, five different films were obtained with three different charge types and two extra
polycationic films with varied crosslinking. The dry thickness of these films was measured by ellipsometry,
and the results are shown in Table 5.1; although the thickness of the polyanionic film is significantly large,
they are all in the same order of magnitude. The swelling of the films is later referred to as the swelling

ratio, which is their relative swelling from their individual dry thicknesses.

Film Type Cationic Cationic Cationic Anionic Zwitterionic
CL5% CL 10% CL15% CL5% CL5%
Dry Thickness 96 nm 82 nm 98 nm 130 nm 80 nm

Table 5.1: Ellipsometry data for the dry thickness of the five different film compositions where either the charged monomer or the
amount of cross-linkable (CL) monomer is varied.

The dry surfaces of the three different types of charged films were characterized with AFM, and the films
were found to be reasonably uniform. As the AFM only scans a very small area, images of the surface can
be misleading or result in wrong assumptions as the surface can change significantly depending on the
position of the scan. To avoid this, the scans were performed at multiple positions on the samples so that
the uniformity could also be compared globally. Consequently, a similar roughness was observed at the
different positions, and representative images of the surfaces are shown in Figure 5.2. Although the
roughness of different types of films varies, the roughness was low in all three cases compared to the total

thickness of the film.

63



5nm

O0nm

Figure 5.2: Typical AFM images of dry films of either A) polycationic, B) polyanionic, or C) polyzwitterionic with 5% crosslinking
monomers. The roughness was calculated as the root mean square roughness (R,) after a fitted plane was subtracted from the
height images. Reprinted from submitted paper with permission from American Chemical Society.

5.1.1 Swelling of polycationic films with ion-specific effects

First, the swelling response of a polycationic film to changes in the salt concentration and ion types was
measured. The salt concentrations were varies from 0.01 to 3000 mM in 13 increments spaced out
logarithmically. As a reference salt, KCl was used from which either the cationic coion varied among K*,
Li*, or Cs*, or the anionic counterion varied among CI, Br', or SCN". Therefore, the used salts include KCl,
KBr, KSCN, LiCl, and CsCl. Figure 5.3 illustrates the presence of anionic counterion inside the film to counter
the polymer charges and the typical swelling in the film at a low salt concentration (A) and a more

collapsed state at a high salt concentration (B).

Figure 5.3: Illlustration of a hydrated polycationic film at low salt concentration (A) and less hydrated at high salt concentration
(B). The roles of the cationic coions and the anionic counterions when interacting with the charged quaternary ammonium group
of the polymer and the different types of ions used (C). Reprinted from submitted paper with permission from American Chemical
Society.

The data shown in Figure 5.4 was collected by measuring the swelling at the range of salt concentrations
for different salts with ellipsometry on a polycationic film with 5% crosslinking. Figure 5.4A shows the

swelling for three different anionic counterions with constant cationic coions, whereas Figure 5.4B shows
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the swelling with constant anionic counterions but with three different coions. The left axes show the

swelling ratio compared to the dry state while the right axes show the actual thickness of the film.
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Figure 5.4: Thickness measurements using ellipsometry as a function of salt concentration on a polycationic film with 5%
crosslinking monomer; either with potassium as coion with varied anionic counterion (A) or chloride with varied cationic coion (B).
Reprinted from submitted paper with permission from American Chemical Society.

In the KCl curve shown in Figure 5.4A, a constant thickness region is observed at low salt concentrations,
corresponding to the osmotic regime, whereas at high salt concentrations a constant decline with a
logarithmic increase in salt concentrations is obtained, corresponding to the salted regime. The transition
between these two regimes occurs between 10 and 100 mM KCl concentration. These scaling regimes are
commonly observed for polyelectrolyte systems. The curve for KBr shows a similar trend but with a
decreased thickness in the osmotic regime and most of the salted regime. At the highest salt
concentration, the thickness stabilizes to a constant value. Finally, the curve for KSCN shows a significantly
decreased thickness in the osmotic regime, a transition similar to that in a salted regime; subsequently, a
reswelling is observed at salt concentrations above 800 mM. Therefore, a strong anionic counterion
dependency is observed for the film, where the thickness in the osmotic regime follows the trend of CI" >
Br > SCN'. The different thicknesses in the osmotic regime were linked to the ability of the counterions to
form ion pairs with the quaternary ammonium groups, for which the observed order of the counterion
effects was consistent with those in previous reports??”228, At high salt concentrations, the osmotic
pressure effects decline, and the stabilization with KBr and reswelling with KSCN is attributed to
nonelectrostatic polymer—solvent interactions, which are commonly observed for noncharged polymers

with SCN- ions, also known as the “salting-in” effect?2%-2%3,

Contrary to the distinct anionic counterion effect, Figure 5.4B shows the effect of change in the cationic

coion, and this is found to be very small. The three curves with either K*, Cs*, or Li* coions show that they
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cause a negligible variation in the thicknesses at different salt concentrations. The rate of decrease of
thickness is slightly lower with Li* than those with Cs* and K* at the highest salt concentration. The
counterions have a much larger effect on the swelling of the film in the osmotic regime, as the counterions

are found inside the film at a much higher concentration.

These measurements demonstrated the mechanism for the interaction of the anions with the quaternary
ammonium groups in the polycationic film. As the same quaternary ammonium groups are present in the
polyzwitterionic film, the anions are expected to compete with the sulfonate groups to bind to the

guaternary ammonium groups.

5.1.2 Effect of varied crosslinking on polycationic film swelling

The polycationic film studied in the previous section consisted of 5% crosslinking monomer, which was
chosen because it was stable at high salt concentrations, while also showing significant changes in the
thickness corresponding to the changes in the salt concentration and some of the ion types. The effect of
change in the degree of crosslinking is interesting, partly because it confirms that the specific ion and salt
concentration trends observed are independent of the crosslinking, but mainly because the crosslinking
of the polycationic film by the crosslinking monomer is related to the crosslinking of the polyzwitterionic
film caused by intra-/interchain bonds. In Figure 5.5, the top image illustrates three different degrees of
crosslinking in a film representing 5, 10, and 15% crosslinking monomers for A, B, and C respectively.
Consequently, with an increase in crosslinking, the film is expected to be more restricted, and therefore

the swelling caused by the osmotic pressure is expected to be lower.
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Figure 5.5: lllustration of the effects of crosslinking degree on film swelling for low (A), medium (B), and high (C) crosslinking
degrees. Swelling ratios of polycationic films with either 5, 10, or 15% crosslinking monomers as a function of KCl concentration,
showing the effects of change in the crosslinking degree. Reprinted from submitted paper with permission from American Chemical
Society.

Figure 5.5D presents the swelling of polycationic films at varying concentrations of KCl for a film containing
5, 10, or 15% crosslinking monomers. As the dry thickness varies for the films, the swelling is presented
as the swelling ratio with respect to dry thickness. For all three cases, the same trend is observed with an
increasing salt concentration; first, an osmotic regime is observed followed by a transition between 10
and 100 mM to a salted regime. This confirms that as the crosslinking degree is increased, the overall
thickness of the films decreased. To confirm that the specific ion effects observed previously are
maintained at these different crosslinking degrees, they are measured for all the salts, and the results are

presented in Figure 5.6.
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Figure 5.6: Thickness measurements with ellipsometry as a function of salt concentration on a polycationic film with 10%
crosslinking monomer (A and B) or with 15% crosslinking monomer (C and D). The measurements are performed with either
potassium as coion with varied anionic counterion (left) or chloride with varied cationic coion (right). Reprinted from submitted
paper with permission from American Chemical Society.

Figure 5.6A and B show the polycationic film with 10% crosslinking monomer and the effect of changing
the anionic counterion and the cationic coion, respectively. Similarly, Figure 5.6C and D show the same
trends but with a polycationic film containing 15% crosslinking monomers. Broadly, the overall
observation of these measurements indicates that the trends of each curve in increasing salt
concentrations and the trends of thickness changes resulting from the change in the ions match the trends
observed for the film with 5% crosslinking monomers. Although some differences are observed in the
nonelectrostatic effects at the highest salt concentrations, perhaps caused by the changed chemical

composition of the film, these effects are not considered significant to the purpose of this study.

The observations clearly indicated that the increased crosslinking yielded a less swollen film. The
intra/interchain bonds caused by the association of the immobile charged groups in the polyzwitterionic
film are expected to have a similar effect on its ability to swell, despite the variation in the type of

interactions.

68



5.1.3 Swelling of polyanionic film with ion-specific effects
Similar to that for the polycationic film, the swelling under varying concentrations of the salts was
measured on a polyanionic film with 5% crosslinking monomer. As illustrated in Figure 5.7, for this film

type, the cations act as counterions inside the film, even at low salt concentrations, whereas the anions

act as coions, and are primarily present outside the film.

Figure 5.7: lllustration of a hydrated polycationic film at low salt concentration (A) and less hydrated at high salt concentration
(B). The roles of the cationic counterions and the anionic coions when interacting with the charged sulfonate group of the polymer
and the different types of ions used (C). Reprinted from submitted paper with permission from American Chemical Society.

Figure 5.8 shows the effect of the salts on the swelling of the polyanionic film. The left graph shows the
effect of changing the cationic counterions with constant coions of chloride. Based on this, the specific
cationic counterions are found to affect the swelling of the film very little in the osmotic regime. In the
salted regime, only slight differences are observed, compared to the effect seen from variation in the
anionic counterions with the polycationic film. This indicates that the counterion-induced osmotic

pressure of the polyanionic film is not affected significantly by the cationic counterions used in this study.
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Figure 5.8: Thickness measurements with ellipsometry as a function of salt concentration on a polyanionic film with 5% crosslinking
monomer; either with chloride as coion with varied cationic counterion (A) or potassium with varied anionic coion (B). Reprinted
from submitted paper with permission from American Chemical Society.

Figure 5.8 shows the effect of changing the anionic coion, which has no effect in the osmotic regime and
in the first half of the salted regime. At approximately 400 mM, the curve with SCN" ions starts to collapse
slower. The upturn observed with SCN" for the polycationic film can be attributed to the nonelectrostatic
effects, which is consistent with it being observed for the polyanionic case also, as it is not a counterion
effect. For the polyanionic film, an upturn is however not observed, which could be explained by the
significantly lower concentration of SCN inside the polyanionic film than in the polycationic film due to its

role as coion and counterion, respectively.

Contrary to the observation for the polycationic film, the polyanionic film with different cationic
counterions showed no significant effect of the specific ion type. Therefore, the interactions of the cations
with the sulfonate groups did not change with the cations used here, the reason for which is discussed in

the following section.

5.1.4 lon binding affinity with polyelectrolyte charge groups

The lack of effect of the specific cationic counterions on the osmotic regime of the polyanionic film
suggests, to the same degree or lack thereof, of ion pairing with the sulfonate groups with the three
different ion types. To confirm this, the formation of ion pairs was investigated, which is correlated with
the polarizability of the ions. lons with high polarizability are found to form more ion pairs than ions with

lower polarizability®:71234,

In Figure 5.9, the swelling ratios at 10 mM of the polyanionic and the three differently crosslinked
polycationic films are plotted against the polarizability of the counterions. Accordingly, the polarizability

of the anions was lower compared to that of the cations.
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Figure 5.9: Swelling ratios for each counterion at 10 mM salt concentration of either the polyanionic film with 5% crosslinking
monomer and chloride as coion or polycationic film with 5, 10, and 15% crosslinking monomer with potassium as coion, plotted
against the polarizability of the counterions. The polarizabilities were obtained from’2. Reprinted from submitted paper with
permission from American Chemical Society.

In the case of the anions with the polycationic film, when the polarizability of the anionic counterion is
increased, more ion pairs are formed, which lowers the ion osmotic activity resulting in a less swollen film.
The specific cationic counterions did not affect the polyanionic film even though it was observed that their
polarizability is different from each other. Accordingly, it is suggested that although the polarizability is
different for the cations, it is so low that ion pairs are not formed in either case and therefore the

differences become insignificant.

Based on this, the specific cations used in this study will not form ion pair interactions with the sulfonate

groups in the polyzwitterionic film but instead stay osmotically active.

5.1.5 Swelling of polyzwitterionic film with ion-specific effects

Based on the interactions of the charged groups with the ions in different roles, the polyzwitterionic film
can be investigated in the same way as that for the polycationic and polyanionic films. Figure 5.10 shows
the behavior of the polyzwitterionic film, where it is compressed at a low salt concentration (A) due to its
intra-/interchain bonds and swollen at high salt concentrations (B). The polymer—polymer and polymer—
ion interactions are shown in (C), where both the cationic and anionic ions can act in coionic or
counterionic roles depending on which of the polymer's charges they interact with. Consequently, the
ions compete with the polymer groups of the same charge to interact with the oppositely charged polymer

groups.
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Figure 5.10: Illustration of hydrated polyzwitterionic film at low salt concentration (A) and more swollen at high salt concentration
(B). Schematic of the roles of the cations, anions, and oppositely charged moieties of the polymer when interacting with each
other and the different types of ions used (C). Reprinted from submitted paper with permission from American Chemical Society.

Figure 5.11 shows the polyzwitterionic film with swelling behavior of the 5% crosslinking monomer under

different salt environments. In part A, the cation was fixed as potassium with varying anions, and in part

B, the cation was varied with chloride fixed as the anion.
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Figure 5.11: Thickness measurements with ellipsometry as a function of salt concentration on a polyzwitterionic film with 5%
crosslinking monomer, either for potassium with varied anions (A) or chloride with varied cations (B). Reprinted from submitted
paper with permission from American Chemical Society.

In Figure 5.11A, the KCl yields a small plateau at very low salt concentrations before the initiation of an
increase in thickness. Therefore, in contrast to the polycationic and polyanionic films, the polyzwitterionic
film seems to be in a collapsed state, with a low swelling ratio at low salt concentration, and the thickness
increases with an increase in the salt concentration. When the salt is changed to KBr, a similar trend is
observed but with a more rapid increase in thickness as the salt concentration is increased. Finally, the
swelling rate of the KSCN series becomes higher, followed by a small plateau at approximately 100 mM,
before increasing further. The effect of change in the cation is measured and shown in Figure 5.11B, where

it is found to cause no significant changes in swelling.
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The behavior of the film in salt shows an expected “anti-polyelectrolyte” effect. This effect is commonly
explained by the film being in a collapsed state at low salt concentrations due to intra/interchain bonds.
With an increase in the salt concentration, the electrostatic attraction of these bonds is screened, and
consequently, the thickness of the film increases, similar to when the number of crosslinks was low for
the polycationic film. However, as the effect of changing the anion is clearly observed, this screening effect
alone cannot explain the swelling behavior. This is supported by the literature as well, and the suggested
explanation is that it is caused by the different binding affinities of the ion; however, it has not been
established convincingly. In this study, the results of the cationic and anionic films were used to explain
the specific ion behavior of the polyzwitterionic film. In the case of the polycationic film, the ion pairing
between the anions and the quaternary ammonium groups depends strongly on the ion types, with the
interactions following the order of SCN" > Br > CI; this ordering is the same as that observed for the
polyzwitterionic film. From the polyanionic film, an insignificant effect was observed for the change in the
cations with the sulfonate groups; this can be attributed to the low polarizability of the cations, which

prevents them from forming ion pairs.

Accordingly, the proposed mechanism suggests that the polyelectrolyte film is in a collapsed state at low
salt concentration due to the intra/interchain bonds causing physical crosslinks. When the salt
concentration is increased, the ions enter the film and the screening effect lowers the interaction between
the charged polymer groups. This causes the ions inside the film to compete with the bonds between the
charged polymer groups, which will favor the ions when the salt concentration is increased. The ions with
strong interactions with the oppositely charged moieties, herein the anions, can break the intra/interchain
bonds first, indicating that the anions will follow the order of their interaction strength SCN"> Br" > CI, as
observed in Figure 5.11A. The cations then compensate the sulfonate groups to maintain
electroneutrality, inducing an osmotic pressure. Both the induced osmotic pressure and the lowering of

the crosslinking allow the film to swell.

Thus, the interactions of the ions with the polyzwitterionic film and the resulting swelling behavior
indicate a complicated mechanism that depends not only on the salt concentration but also on the

interactions of the ions interactions with the charged moieties of the film.
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5.2 Swelling of weak polyelectrolyte multilayer films

The second study in this project is related to multilayer films and their swelling responses under varied
conditions. The films studied were prepared using alternating layers of CHl and ADA in solutions with two
different pH conditions. The swelling responses of the films to changes in pH, salt concentration, and ion
types were measured with QCM-D and ellipsometry. There were two overall goals of this study. First and
most important was to enhance the fundamental understanding of the mechanisms of interactions of the
weak polyelectrolytes in the film with each other and with the ions in the solution to improve the ability
to predict the response and design films for specific applications. Second, as the pH-dependent response
of the films depends significantly on the salt conditions, this study establishes the importance of
considering the environment when designing films for specific applications. This is an important point to
emphasize, as it is shown that if the testing conditions vary from the application conditions, completely

wrong conclusions can be drawn about the pH responsiveness.

In the following sections, | will present a condensed version of the paper attached in Appendix B, leaving
the fully detailed discussions in the paper. There will therefore be an overlap between the figures

presented and the information conveyed in this section and in Appendix B.

The films used were prepared using the technique described in section 2.2 and consisted of 15 layers,
starting with a CHI layer on a silanized substrate, resulting in the top layer being a CHI layer (odd-
numbered layers are CHI and even-numbered layers are ADA). Depending on the use, the substrate can

either be a QCM-D chip or a silicon wafer for the QCM-D or ellipsometry studies, respectively.

5.2.1 Layer build-up under different pH conditions
First, the build-up of the film was investigated with QCM-D at different pH values. These measurements
can be used to investigate the effect of pH on the added amount of each type of layer as well as the layer

configurations.

The films were prepared in ultrapure water in which 15 mM NaCl was added and the pH was adjusted to
either 3 or 6 using HCI. Although a buffer solution was not used as it would introduce different types of
ions, the pH of the solution was stable within the time required for preparing the layers in this simple
version. Each layer was obtained by flowing the solution with the polyelectrolytes over the surfaces and
then rinsing before the solution containing the oppositely charged polyelectrolyte was flown over the
surface. The values of the frequency and dissipation shift from the QCM-D data were determined after

they stabilized during the rinsing.
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Figure 5.12A shows the QCM-D frequency and dissipation shift for a film prepared at pH 3. The first layer
measured is layer 2 as layer 1 is the CHI layer created by dip coating outside the liquid cell. The frequency
decreases gradually, in almost identical steps for the two different polyelectrolytes. Although a higher
rate of decrease is observed with the addition of more layers, the increase is not significant. The
dissipation is significantly higher with CHI in the top layer than with ADA. The dissipation is not constant
for the initial layers, but after five layers the dissipation becomes almost constant for CHI and ADA

individually.

The dissipation of the layers is quite different for the two polymer types; the CHI layers are significantly
more dissipative than the ADA layers. This shows that polymers in the CHI layer have a more stretched
confirmation when present in the outer layer which can be attributed to the different charge densities of
the polymer due to their degree of dissociation; it can also be attributed to different hydrophobicity. The
frequency shift shows that the mass added to the film with each layer type is similar. However, as seen
from the dissipation, the outer layer of CHI is more outstretched and therefore contains more water than
the outer ADA layer. Therefore, it can be concluded that the ADA layers contain more mass than the CHI
layers, which fits well with the assumption that CHI has a higher charge density than ADA at low. The small
change in the frequency shifts is likely due to the formation of small aggregates, which although

unavoidable, is insignificant for the QCM-D and ellipsometry measurements of the final film at this level.
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Figure 5.12: Frequency and dissipation shift of layer building in QCM-D for multilayers of CHI and ADA built at pH 3 (A) and pH 6
(B) with 15 mM NaCl. CHI is present in odd-numbered layers and ADA in even-numbered layers.

Figure 5.12B shows the QCM-D results of a film obtained at pH 6 and otherwise under the same conditions

as the film prepared at pH 3. A small increase is observed in the frequency shifts of this film from layer 2
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to layer 3. The total frequency shift is approximately 150 Hz only, whereas at pH 3 it is close to 250 Hz,
showing that the film consists of less mass than the one created at pH 3. At pH 6, a larger dissipation shift

is caused by the ADA layer. This indicates that the CHI/ADA ratio at pH 6 is higher than it was at pH 3.

The film prepared at pH 6 is significantly thinner than that prepared at pH 3, and the ratio of the two
polymers is also changed. At pH 3, more ADA than CHI is needed to counter the charges of the previous
layer as their charge density is different, whereas, at pH 6, the polyelectrolytes are closer to being
attached in an equal ratio. The unmatched charge densities at pH 3 necessitate a need for thicker ADA
layers to compensate, and this leads to the increased thickness of this film. Since the layer-by-layer
process is electrostatically driven, it is expected that the films are close to electrostatically neutral at the

pH at which they are created.

5.2.2 Swelling response to variation of NaCl and pH

After studying the prepared films, their swelling response was analyzed. First, the swelling effect of NaCl
concentration was studied at different pH values using ellipsometry. To measure the film with
ellipsometry, the film was prepared on a silicon wafer instead of a QCM-D chip, while the rest of the

procedure remained unchanged.

Figure 5.13A shows the swelling against the NaCl concentration at pH 3, 6, and 9 for a film created at pH
3, where the points are the measured values and the lines are to guide the eyes of the reader. At pH 3,
the thickness of the film is almost constant from low salt concentration up to approximately 1000 mM.
Further increasing the salt concentration causes a complete change in the behavior of the film as the film
starts to swell significantly with the salt concentration. At pH 6 for the same film a similar behavior is
found, but with an overall lower thickness and a small peak in the thickness at 30-50 mM. The last graph
at pH 9 shows a behavior that is different from those at pH 3 and 6. At low salt concentrations, it is
significantly more swollen than it was at pH 3. As the salt concentration is increased, a constant thickness
regime is observed similar to that in the two other cases, but at an approximate salt concentration of 10—
50 mM, the thickness of the film increases rapidly. Further increases in the salt concentration result in a
constant decrease, but at the highest salt concentration measured, the film is still significantly thicker

than at the same salt concentration at pH 3 and 6.

The charged amine groups of CHI and carboxylic acid groups of ADA can form ionic bonds which will
increase the effective crosslinking of the film and decrease the swelling. If oppositely charged groups are

not matched equally, due to a change in pH, the film can have an overall negative or positive charge, which
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results in counterions entering the film and increases the osmotic pressure. The weak nature of CHI and
ADA means that they can also adjust the excess charge by protonation and deprotonation of the amine
and carboxylic acid groups, which is a process strongly affected by ionic strength. These processes are

used when the swelling behaviors are interpreted.

Because the film is created at pH 3, the polyelectrolytes at the interfaces between each layer are expected
to have a matching number of charges at this pH. When the salt concentration is increased, the swelling
of the film can be explained by the increased salt concentration breaking the physical interchain bonds
between the layers. This results in a higher osmotic pressure inside the film and an effectively lower
crosslinking of the film and consequently causes swelling. This behavior, and the assumptions made about
it, is very similar to the “anti-polyelectrolyte” effect that was seen for the zwitterionic film discussed in

section 5.1.

When the film is hydrated in pH 9 at a low salt concentration, the charges of ADA and CHI are unmatched
because CHI becomes less charged and ADA becomes more charged at this pH. This causes both fewer
interchain bonds and an overall negative charged film. If the charges creating interchain bonds are
ignored, the film can in this case be viewed as a weak monocomponent polyelectrolyte film. As described,
the swelling behavior of a weak polyelectrolyte film as a function of salt concentration is typically divided
into three different regimes. A neutral regime at low ionic strength where the swelling is constant due to
self-regulation of the charges, an osmotic regime where the film swells as the ionic strength is increased,
and then a salted regime where the swelling decreases with an increase in the ionic strength. The
multilayer film shows similar regimes with first a salt-independent regime, an osmotic regime, and finally
a salted regime. The salted regime shows a slower decrease than what is typically expected for weak
polyelectrolyte films, which is expected to be due to the increased salt concentration breaking the
interchain bonds which is a process counteracting the film's thickness decrease. This behavior is therefore
considered a mixture of those seen for weak monocomponent polyelectrolyte films and polyzwitterionic

films but dominated by the weak polyelectrolyte trends.

At pH 6 the polyzwitterion-like behavior is again primarily seen with the small peak at 30-50 mM indicating
a very small weak polyelectrolyte effect with an osmotic and salted regime. The top layer of CHI, which is
expected to be positively charged at pH 3, is assumed to be less charged at pH 6 which could explain why

the overall thickness of the film is lower at pH 6.
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Figure 5.13: Swelling of multilayer films of 15 alternating layers of CHI and ADA at a range of salt concentrations at pH 3, 6, or 9;
either with NaCl as the salt for films created at pH 3 (A) and pH 6 (B) or with NaSCN as the salt for films created at pH 3 (C) and
pH 6 (D).

Figure 5.13B shows the results for the measurement of swelling behavior at the same pH and salt
variations, but this time for a film prepared at pH 6 instead of pH 3. Previously, this film is shown to be
significantly thinner owing to the more similar charge densities, which is confirmed by the ellipsometry
measurements. Furthermore, in this film, the charges at pH 6 are expected to match up and are
neutralized by the formation of interchain bonds. The salt response at the three different pH values has a
similar shape to that observed for the film prepared at pH 3, but with some differences. At pH 6 the film
is in its most collapsed state, which is expected as the charges should match and form interchain bonds,
which will restrict its swelling. A small peak between 30 and 50 mM is however still found indicating a
small charge imbalance causing a weak polyelectrolyte effect. At pH 3, the thickness at low salt
concentration is significantly higher than at pH 6, which corresponds with the expectation of fewer
crosslinks. The swelling behavior resembles that at pH 6, including the small peak. Finally, at pH 9 the film
is again showing a drastically different swelling behavior compared to at pH 3 and 6. The swelling is similar

to that seen for the film created at pH 3, except that in this case, the swelling at the “salted” regime is
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now constant. As this film contains more crosslinks, the effect of breaking these by increasing the salt

concentration could counteract the salted weak polyelectrolyte effects resulting in a constant thickness.

Based on the behavior of the film in Figure 5.13A and B, it is found that the swelling behavior can be
described by a mixture of a zwitterionic film, similar to the one in the previous project, and a weak

polyelectrolyte film, which has been the focus of previous studies in our group.

5.2.3 Swelling response to variation of NaSCN and pH

To better elucidate the factors driving the swelling, the same measurements were performed on the same
films (still prepared in 15 mM NaCl), but with the salt changed from NaCl to NaSCN in the response
measurements. Thus, the specific ion effects on swelling can be studied and the learnings from the
zwitterionic film in the previous project can be applied. The SCN" ion is often used when studying
counterion effects because it has a relatively high binding affinity compared to simpler ions, such as CI,

which indicates that a bigger difference will be observed for ion-specific effects.

Figure 5.13C shows the change in swelling behavior of the film prepared at pH 3 when the salt is changed
from NaCl to NaSCN. At pH 6 and pH 3 the films start to swell at a significantly lower salt concentration
and the swelling is much larger than that with NaCl. This accentuates that the swelling is caused by the
same dynamics that are seen for a polyzwitterionic film as this effect aligns well with what was observed
for the polyzwitterionic film in the previous project: The higher binding affinity of the SCN- ions can break
the interchain bonds of the film at a lower salt concentration than that with CI', which causes swelling by
lowering the number of crosslinks and introducing counterions. At pH 9 the film is expected to be overall
negatively charged, which means that the SCN" ions will not act as counterions when the film is viewed as
a weak monocomponent polyelectrolyte film. The swelling of the film at this pH is similar to what was
seen with NaCl, but this time with a more gradual osmotic regime and a constant thickness at high ionic
strength. This corresponds well with a stronger polyzwitterionic effect that is expected to influence the

film more at increasing ionic strength.

Figure 5.13D shows the film prepared at pH 6 with NaSCN. At pH 3 and 6 trends similar to the film created
at pH 3 are found. This is in agreement with the comparative trends found for the films with NaCl. At pH

9 the effect of NaSCN seems to be that the film's combination of weak polyelectrolyte and polyzwitterion
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behavior is shifted more towards the polyzwitterionic behavior. This is again in line with what was seen

with NaCl for the two films at pH 9.

5.2.4 Response to pH measured with QCM-D

As the QCM-D technique is sensitive enough to study the build-up of the individual layers of a multilayer
film, this technique is often also used to study the responsiveness of the films to changes in the
environment and the stability of the film. In this study, the effect of varying the pH between 3 to 6 and 6
to 9 at three different salt concentrations (1, 50, and 3000 mM) was investigated. This was performed for
the film prepared at pH 3 and 6 with both NaCl and NaSCN. The salt concentrations were chosen to target
the different regimes of the swelling according to the ellipsometry data. The frequency shifts occurring
from the films’ pH responses under the different salt conditions are compared to the ellipsometry data. It
should be noted that ellipsometry and QCM are two different methods that measure different properties
of the film, refractive and viscoelastic responses, respectively. Each technique is dependent on the
method of interpretation to provide the swelling of the film. The main purpose of the QCM-D
measurements is to show how an application requiring a specific response from the film needs to be
tested in similar conditions, as conclusions of the response could otherwise be completely different from

the actual response.

Build at pH 3 Build at pH 3
450 AI T T T T T T ,=~ T P T ,'F? T CI T T T T T T T T T T Ip T
PR e _ . _ g . o T
—400 | ¢ ¢ ° ° ° °4F o 1mMNasCcN , . o
T30l © 1mM Nacl || 50 mM NaSCN ' 1
= 50 mM NacCl e 3000 mM NaSCN , ‘ _
5300+ e 3000 mM NaCl . . . 4k L4 . e
3 4 N AN - . _
5250_ e _ o e L N '’ . ol e L o9 - g -0-9 i
I.IL. [} L J L ] L} L} - }.\ o
200 1T s o na - B e P T
150 L 1 1 Il 1 1 1 1 1 1 1 1 1 e 1 L 1 1 1 1 1 \’ 1 ‘,/ 1 \,
6 3 6 3 6 3 6 9 6 9 6 9 6 6 3 6 3 6 3 6 9 6 9 6 9 6
B PH Build at pH 6 D PH Build at pH 6
350 T T T T T T T T T T T T T T T T T T T T T ' T i ' T r
e 1mM NaSCN 4 & ¢
w3001 . ® e qf e 50mMNaSCN ]
- °-0- -0 -0-g o ¢ . ‘o’ e e 3000 mM NaSCN
250} 1b 4
S e 1 mM NaCl ! ~ 2
3 200} « 50 mM NaCl e /s o e o e e |
g [ « 3000 mM Nacl e e
" 150f lle . s .. _
.. . e ‘.- oL . e
100 U"'l."v" ""Vl‘l.' § ® $ "8 1 1 1 1 1 1 1 1 |. f
6 3 6 3 6 3 6 9 6 9 6 9 6 6 3 6 3 6 3 6 9 6 9 6 9 6
pH pH

Figure 5.14: pH cycles of films with CHI as the top layer for the layer prepared at pH 3 (left) and pH 6 (right) at different
concentrations of NaCl measured with QCM-D.
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In Figure 5.14A and B, the swelling response with NaCl between pH 3 and 6 is shown to be very small,
while between pH 6 and 9 the response is significantly larger. Especially the response between pH 6 and
9 at 50 mM is much larger than the rest. These responses are in good agreement with the ellipsometry

swelling data, where similar responses are seen.

In Figure 5.14C and D, the same film’s swelling responses are shown with NaSCN instead of NaCl. These
responses are showing fewer agreements with the ellipsometry responses. A larger response is again
found when going between pH 6 and 9 at 50 mM, however, at 1 mM the largest response is now between
pH 3 and 6 instead of between pH 6 and 9. A new effect of NaSCN that is found is also that the return to
pH 6 is now dependent on the previous pH, which was not the case with NaCl. This could be due to the

stronger ion pairing affinity of SCN™ and the amine groups of CHI.

The learnings emphasized by these QCM-D measurements are overall that the responses of the film are
very dependent on pH, but also on ionic strength, ion types, and the composition of the film. The
complexity of the films means that a measurement of the pH responsiveness at a single salt concentration

gives very limited insights into the films' behavior.
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5.3 Multilayer friction

In this section, the friction measurements performed on a CHI/ADA multilayer sample are presented,
along with the variation in friction depending on the conditions of the medium. These results were to be
used to enhance the fundamental understanding of multilayer films as a continuation of the previous
discussion. However, these results were more complicated to interpret than first anticipated. The purpose
of this section is therefore mainly to show that the process of setting the AFM microscope up for friction
measurements and performing the measurements was successful and secondary to providing a short

description of the trends observed.

5.3.1 Sample for friction measurements

The friction measurements were performed on a sample with seven layers of CHI and ADA, instead of the
15 layers in the previous section; the layers were prepared at pH 3 with 15 mM NaCl. The number of layers
was reduced because this gives a smoother layer which is beneficial for these measurements. In contrast,
the 15 layers are rougher at the top layer, but also have a larger total thickness and more attached mass,
which is an advantage for ellipsometry and QCM-D studies. The layer was analyzed with a Cr/Au
HQ:CSC37B tipless cantilever having length and width of 350 and 35 um, along with a glass bead of 7-um-
diameter attached as a colloidal probe. This probe was silanized and a layer of CHI was grafted to it

through the same procedure as that used for the first layer of the multilayer film.
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The friction was measured at pH values of 3, 6, and 9 and with NaCl concentrations of 1, 10, 30, 400, and
2200 mM at each pH, which was chosen based on the ellipsometry swelling data determined for the film
prepared under the same conditions but with 15 layers. Figure 5.15 shows this swelling data with
indicators of the conditions at which the friction was measured. At the lowest salt concentration, 1 mM,
the film is at a stable thickness at all three pH values. Then, at 10 mM the film at pH 9 starts to swell and
it swells completely at 30 mM. The two highest concentrations are 400 mM, which is before the film starts

to swell at pH 3 and 6, and 2200 mM which is after their swelling has begun.

5.3.2 Determination of the normal force range

To determine the force range at which it was relevant to measure the friction, vertical force curves were
obtained at the different pH and salt conditions. At each of the conditions, a grid of 50 by 50 points force
curves at a 100 by 100 um area was measured. The curves generally showed that the force between the
sample and the colloidal probe was repulsive and that the range of this force was lowered with an increase
in the salt concentration. This was as expected as the top layer of the film and the coating of the colloidal
probe contain CHI, and the salt causes screening of the charges. However, force curves showing adhesion
between the sample and the probe when retracting the probe from the sample were also observed. This

was quite unsystematic and was therefore not chosen to draw any conclusion on.
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Figure 5.16: Representative force curve on 7 layers CHI/ADA sample with CHI coated colloidal probe taken at pH 3 and 1 mM NaCl.
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The repulsive force curves indicated that at force above 1 nN, hard wall contact was reached and
therefore, normal forces below this are interesting for friction measurements. Figure 5.16 shows an
example of such a force curve for the sample at pH 3 and 1 mM NacCl. To confirm that no unexpected

friction trends were present at higher normal forces, the friction was measured up to approximately 4 nN.

5.3.3 Friction and normal force relation

The friction was measured at 60 different normal forces ranging from 0.05 to 3.75 nN. The friction was
measured in a 10-pum-line with 512 points, first at the lowest normal force, then again at the second lowest
normal force, and this was continued until the highest normal force was reached. This was performed for
five different lines each spaced 20 um away from the previous. After completion, the pH or salt
concentration was changed and the friction measurements were repeated. For each normal force of each
line, the average torsional twist in each direction was measured and used to calculate the friction. Figure
5.17 shows an example of a friction measurement at pH 3 with 2200 mM NaCl. Here, the points
correspond to the average friction plotted against the entire range of normal forces. The error bars
indicate the variations between the five lines. This plot shows that the friction measured is almost not
dependent on changes in the measured position, at least not within the positions investigated. It also
shows a clear increase in friction with the normal force, which is almost linear in this case. There seems
to be a small difference in the slope above and below the normal forces of 1 nN, which was observed only

in some of the conditions.
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Figure 5.17: Friction measurements on 7 layer CHI/ADA sample at pH 3 and 2200 mM at a range of normal forces.
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Figure 5.18 shows the friction against the normal force in the range below hard wall contact for the five
salt concentrations at the three different pH values. Notably, the friction force axes are different to ease
the comparison of the data in the individual plots. The relation between the friction force and the normal
force in this normal force range is close to linear. In Figure 5.18A, at pH 3, a small increase in friction is
observed across the range of normal forces as the salt concentration is increased. However, all curves
except the one measured with 2200 mM NaCl are very similar and the friction is overall low. Figure 5.18B
shows that at pH 6, the friction has changed significantly. Most noticeable are the curves at 1 and 10 mM
NaCl, where higher friction is observed compared to the other curves. With a further increase in the salt
concentration, the friction decreases significantly, but stays at higher values than those at the same salt
concentrations at pH 3, and increases slightly when the salt concentration is increased. Finally, at pH 9, as
shown in Figure 5.18C, the friction becomes very low, which causes the noise in the measurements to
make the data appear messier than the data curves at the other pH values. At pH 9, especially the highest
salt concentration shows increased friction, while the other curves are similar and difficult to distinguish.
In addition to the actual value of the friction force, the slope and intersections of the lines with the friction
force axes can also be used to understand the friction dynamics. Although the slope can be complex to
interpret, the meaning of the friction force at zero normal force is simpler to understand, as this indicates
an attractive force between the film and the probe. At pH 6, a clear indication of an attractive force is
observed, where all curves intersect the friction force axis somewhere above zero; however, especially

the curves for 1 and 30 mM are significantly higher than all other curves.
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Figure 5.18: Friction as a function of the normal force under varying NaCl concentrations for 7 layers CHI/ADA samples at pH 3

(A), pH 6 (B), and pH 9 (C).
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5.3.4 Friction affected by pH and salt concentration

To better quantify the magnitude of the friction force under the variations in the environment, the friction
at 0.3 nN normal force was considered and the variations in it corresponding to the changes in the
environment were analyzed. Although this normal force was chosen based on the relevant part of the
force curves, fair arguments can also be made for choosing a higher or lower normal force. Based on the
results obtained, the specific normal force chosen does not result in significant changes in the relative
friction values compared to most of the other normal forces in this range. To calculate the friction at this
normal force, the median of the five measurements (around 0.3 nN) was considered as the friction, and

the corresponding results are shown in Figure 5.19.
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Figure 5.19: Friction force at 0.3 nN (median of five data points around 0.3 nN) normal force as a function of salt concentration at
different pH values.

The trends shown at pH 3 and pH 9 in Figure 5.19 indicates that the friction is approximately increasing as
the salt concentration is increased. This is also the trend for the three highest salt concentrations at pH 6
while at the two lowest the friction is significantly larger than all other points. At pH 6 the ADA has started
to become more charged than at pH 3, while CHI is still staying more charged than at pH 9. Based on this
it seems reasonable that the friction at pH 6 should be higher than at pH 3 and pH 9, due to the film having
more physical crosslinks to break causing energy dissipation. However, it is also expected that when the
salt concentration is increased, there are fewer crosslinks which then should lead to lower friction, which
is generally not seen. This might be due to the repulsion between the probe and the film, which decreased

with the increased salt concentration, making the interpretation more complex.

The main point of this section is to show that it was possible to measure the friction and to show that
these measurements give some interesting results that are too complex to understand from the current

knowledge of the multilayer systems. | do, however, believe that if an understanding of how these results
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should be interpreted, e.g. by measuring simpler variations of the system, this technique could provide

some new contributions to the understanding of the multilayer films' fundamental behavior.
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Conclusions

The main goal of this project was to improve the current understanding of the fundamental dynamics in
polyelectrolyte films and through this knowledge increase the possibilities of predicting and tuning their

swelling responses.

lon-specific swelling behavior of polyzwitterionic films was the focus of the first study. The current
understanding and experimental measurements were used to describe the specific ion interactions in
coion and counterion roles with polycationic and polyanionic film. It was shown how the high polarizability
of the anions compared to the cations allowed different types of anionic counterions to significantly affect
the swelling of the polycationic film through ion-pairing. Meanwhile, the cationic counterions showed that
these had no specific ion-dependent effects on the polyanionic film. This knowledge was used with
measurements of the polyzwitterionic film, where increased swelling with a rise in ionic strength was
observed in accordance with the “anti-polyelectrolyte” effect. The magnitude of the swelling was found
to be strongly affected by the anion types, while it did not depend on the type of cations. Based on the
results it is proposed that the antipolyelectrolyte effect is a complicated swelling mechanism related to
the electrostatic and nonelectrostatic ion-specific interactions. Dissociation of the intrachain and
interchain bonds was derived via electrostatic screening and enhanced by specific ion-pair interactions, in
cases where ions from the salt could strongly bind to one of the polyzwitterion’s charged groups. When
an ion bind to one of the polyzwitterionic charges, the effect is that the intra-/interchain bond is broken
and the oppositely charged group introduces a counterion to neutralize it, which both leads to increased

swelling.

Multilayer films were the focus of the second study, where a selection of parameters affecting the
multilayer films’ responsiveness was systematically investigated. In this study, it was shown how the pH-
dependent swelling response of the film is very dependent on the salt concentration, the ion types, and
the composition of the layers. The swelling response of the film was found to be affected significantly
different by the pH at increasing salt concentrations. By using the understanding of polyzwitterionic films
from the previous study and the literature description of weak polyelectrolyte films salt dependent
swelling response, it was shown how the films' behavior could be described by a mixture of these. When
the film's two component’s charges balance each other, the film’s swelling behavior was found to be
similar to the antipolyelectrolyte effect observed from the polyzwitterionic film. If one of the components
of the multilayer film was charged significantly more than the other, a swelling behavior with regimes

similar to those of a weak polyelectrolyte film was found. By comparing ellipsometry and QCM-D data for
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swelling responses it was shown how typical QCM-D measurements can lead to misinterpretations of the

pH responsiveness if the ionic strength and ion composition are not carefully considered.

In an attempt to improve the understanding of the multilayer films with a new method, the friction
between the film and a colloidal probe coated identically to the film’s top layer was measured under
different salt and pH conditions with an AFM. These results were too complicated to interpret
meaningfully, but they did show that it was possible to measure the friction with the instrument. The
calibration of the instruments and the cantilever, together with the analysis program created, meant that
it was possible to elevate these friction measurements from relative comparisons of the friction into

measurements of the actual size of the friction force.
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Perspectives

As a part of this project, there have been directions and experiments which | have tested that turned out
to be dead ends. | believe that a part of a PhD project is to test things out and reach the conclusion that
this is a track that should no longer be continued. So even though it has been frustrating in the situation
and time-consuming compared to if | had just done all the “correct” steps throughout the project, | think
they are an essential part. However, if | have had more time to spare, or a longer project, | think that there

are parts of the work | have done that would be both interesting and rewarding to pursue further.

The first part is the theoretical model describing the polyelectrolyte films’ swelling responses to specific
ion types at specific concentrations. As is the case with the studies | have performed, most fundamental
studies for these films are based on experimental measurements with varied parameters. These
measurements can typically not show the internal dynamics in the film, but only the resulting effects.
Therefore, the parameters are varied, and based on the effects, an explanation for the found behavior is
suggested. This is a perfectly valid method that has worked well in many scenarios, but the interpretations
of the results could benefit hugely from an independent theoretical method. Ideally, the theoretical model
in my project should be developed further, so that it could be given the properties of the polyelectrolyte
film and the solution and from that show the same magnitude and trends of the swelling behavior as
observed experimentally. The benefit of a theoretical model is that the different contributions leading to
the swelling behavior can be decoupled, giving a much stronger foundation for explaining the dynamics

in the film.

The second part that could be further pursued is the friction measurements as a tool to improve the
fundamental understanding of the polyelectrolyte films. As the friction measurements with the AFM allow
the friction to be measured at extremely small scales, which could provide results that would be a great
supplement to ellipsometry and QCM-D results. | have in this project tried to use it on the quite complex
multilayer films, which lead to results that were difficult to get a meaningful understanding from. To use
this method on the complex multilayer films, it would be necessary to develop an understanding of how
these friction measurements should be interpreted. This could be done similarly to how the zwitterionic
films were understood, where simpler polycationic and polyanionic films were first studied, before the
knowledge from these films was applied to more complex films. This could lead to a method that could

provide important and unique insides into the multilayer film’s dynamics.
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30 ABSTRACT

In this study, we systematically investigate the interactions between mobile ions generated from
38 added salts and immobile charges within a sulfobetaine-based polyzwitterionic film in the presence
H of five salts (KCl, KBr, KSCN, LiCl, and CsCl). The sulfobetaine groups contain quaternary alkyl
45 ammonium and sulfonate groups, giving the positive and negative charges. The swelling of the
48 zwitterionic film in the presence of different salts is compared with the swelling behavior of a
polycationic or polyanionic film containing the same charged groups. For such a comparative

55 study, we design crosslinked terpolymer films with similar thicknesses, crosslink densities, and
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charge fractions, but with varying charged moieties. While the addition of salt in general leads to

a collapse of both cationic and anionic films, the presence of specific types of mobile anions (Cl-,

Br~, and SCN") considerably influences the swelling behavior of polycationic films. We attribute

this observation to a different degree of ion-pair formations between the different types of anionic

counterions and the immobile cationic quaternary alkyl ammonium groups in the films where

highly polarizable counterions such as SCN™ lead to a high degree of ion pairing and less

polarizable counterions, such as CI7, cause a low degree of ion pairing. Conversely, we do not

observe any substantial effect of varying the type of cationic counterions (K*, Li*, and Cs*), which

we assign to the lack of ion pairing between the weakly polarizable cations and the immobile

anionic sulfonate groups in the films. Further, we observe that the zwitterionic films swell with

increasing ionic strength and the degree of swelling is anion dependent, which is in agreement

with previous reports on the “antipolyelectrolyte” effect. Herein, we explain this ion-specific

swelling behavior with the different cation and anion abilities to form ion pairs with quaternary

alkyl ammonium and sulfonate in the sulfobetaine groups.

Introduction
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Polyzwitterions are polymers containing functional groups, which carry both positive and negative

charges. In their simplest form, as seen for polymers containing, e.g., phosphorylcholine or

sulfobetaine groups, each chain carries an equal number of positive and negative charges and is

therefore overall electrically neutral. This overall electrically neutrality will provide such polymers

with unique hydration and swelling properties compared with uncharged polymers or

polyelectrolytes that carry an overall positive or negative charge. Polyzwitterions also provide

several interesting properties that make them interesting when used in films and coatings, e.g.,

antifouling applications and in aqueous lubricating systems.!~® One of the unique properties of

some polyzwitterionic films is the so-called “antipolyelectrolyte effect,” which refers to the

aqueous swelling behavior of polyzwitterionic films in response to changes in the ionic strength.

As implied by the term, the antipolyelectrolyte effect means that the swelling response is opposite

to the response of the polyanionic or polycationic films. More specifically, polyzwitterionic films

often swell with increasing ionic strength, whereas polyanionic or polycationic films collapse with

increasing ionic strength.”-10

At low ionic strength, owing to the strong dipole—dipole pairing of zwitterionic groups on either

the same polymer chain or on neighboring chains, the polyzwitterionic films are normally found
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in a collapsed state. Therefore, a zwitterionic film comprises a tight bond network with a high

number of interchain and intrachain physical crosslinks, resulting in a low ability of the film to

swell even if the polymers are hydrophilic. However, the dipole—dipole interactions are disrupted

and the film is able to swell when the ionic strength is increased. As discussed by Wang et al., this

disruption can occur either in a symmetric manner, where both internal ions in the zwitterionic ion

pair are similarly affected by the increasing ionic strength (e.g., by electrostatic screening), or in

an asymmetric manner, where the positive and the negative charges in the zwitterionic group are

differently affected by the external salt (e.g., through the chemisorption of mobile ions).!!-13

To further explain the molecular mechanisms of the “antipolyelectrolyte effect,” it is interesting

to mention that the swelling induced by increasing ionic strength has been found to be strongly

dependent on the type of the added salt.'*!> Most experimental studies have focused on varying

the anions of the added salt, 731918 for which parallels have been drawn to the Hofmeister series,

where varying the type of anions has been shown to have a crucial effect on the solution behavior

of both charged and uncharged macromolecules.'*->3 This is, for example, the case for several

studies of polymer films containing sulfobetaine groups, where the exact degree of swelling with

increasing ionic strength has been shown to be strongly dependent on the specific type of anions.
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However, the fact that the swelling behavior is ion type-dependent shows that the electrostatic

screening of the dipole—dipole interactions cannot be the only reason for swelling. Yet, a full

molecular understanding of the “antipolyelectrolyte effect” is still lacking, especially, when it

comes to how specific types of ions affect the swelling behavior. To this end, we believe that

comparing this swelling behavior with the swelling behavior of structurally simpler cationic and

anionic analogs is the key to understanding the complex swelling behavior of polyzwitterionic

films.

For polycationic and polyanionic films, the swelling behavior is caused by a balance between

counterion-induced osmotic pressure, polymer—polymer and polymer—solvent nonelectrostatic

interactions, and chain entropic elasticity.?*>’ The response of the polycationic and polyanionic

films to changes in ionic strength is derived from the variation in the counterion-induced osmotic

pressure. This arises from the excess counterion concentration within the film compared with the

concentration in the bulk solution, which is required to compensate the charges on the

polyelectrolyte chains and causes swelling of the film at low salt concentrations. This swelling

regime is known as the osmotic regime. With increasing ionic strength of the medium, the

difference between the ion concentration inside and outside the film decreases; thus, the osmotic
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pressure decreases and the film collapses accordingly in the so-called salted regime. Finally, when

the salt concentration reaches a high level, the osmotic pressure is supposedly no longer effective

for the swelling of the film and the film enters a regime with a low, ionic strength-independent

thickness, known as the quasineutral regime.?*28-30

The specific ion type can affect the counterion-induced osmotic pressure and polymer—solvent

nonelectrostatic interactions. However, these effects are different depending on whether the ion is

a counterion or a coion. Even when the salt concentration in bulk is low, the counterions inside the

polymer film are always present in a high amount, and are therefore always affecting the film.

According to the Boltzmann distribution caused by the chemical potential difference, the coion

concentration inside the film is considerably lower than that in the bulk.3!

In the present study, we aim to decouple the interactions between mobile ions generated from the

added salt and two immobile charges in the zwitterionic group. This was achieved first by studying

the specific ion and ionic strength—dependent swelling behavior of polycationic films containing

positively charged quaternary alkyl ammonium groups and polyanionic films containing

negatively charged sulfonate groups. These films’ swelling behavior was directly compared with

the swelling behavior of polyzwitterionic films containing sulfobetaine groups that are zwitterionic

ACS Paragon Plus Environment

Page 6 of 35



Page 7 of 35 Langmuir

owing to a combination of quaternary alkyl ammonium and sulfonate groups. Thus, we were able

to study the effects of different counterions and coions on the quaternary alkyl ammonium and the

oNOYTULT D WN =

sulfonate groups, separately, and use this knowledge to predict how different mobile cations and

14 anions would interact with the positive and negative charges in the zwitterionic groups.

18 Experimental Section

Chemicals

27 [2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC, 75 wt.% in H,0), 3-

30 sulfopropyl methacrylate potassium (SPMAK, 98%), 2-(dimethylamino)ethyl methacrylate

(98%), 1,4-butane sultone (BS, 299%), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]

37 pentanoic acid (CDPA, 97%), allyl methacrylate (AMA, 98%), n-butyl methacrylate (n-BMA,

40 99%), 3-mercaptopropyl trimethoxysilane (MPTMS, 95%), 2,2,2-trifluoroethanol (TFE, 299%),

44 pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, 295%), 4,4'-azobis(4-cyanovaleric acid)

47 (ACVA, 298%), potassium chloride (KCIl, 99.5%), potassium thiocyanate (KSCN, 99%),

50 potassium bromide (KBr, 99%), lithium chloride (LiCl, 99%), and cesium chloride (CsCl, 98%)

54 were purchased from Sigma-Aldrich Denmark. N, N-Dimethylformamide (299.9%), diethyl ether
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(299.9), toluene (299.8), and acetonitrile (299.9) were received from VWR Chemicals BDH and

passed through activated basic aluminum oxide (Brockman I, Sigma-Aldrich) before use to remove

any inhibitors. Zwitterionic monomer NMN-(2-methacryloylxyethyl)-NV,N-diemthylammonium

butanesulfonate (MABS) was prepared beforehand using the procedure reported in a previous

study.3? Ultrapure water (Sartorius Arium Pro; 18.2 MQ-cm) was used for preparing aqueous salt

solutions.

Polymer films

Polymer films were produced through a stepwise process: reversible addition—fragmentation

chain-transfer (RAFT) polymerization, surface functionalization of the substrate, and then spin

coating and curing.

First, charged terpolymers were synthesized using RAFT polymerization by incorporating 25

mol.% of charged monomer (METAC, SPMAK, or MABS) and varying amounts of AMA and n-

BMA (corresponding to the targeted AMA composition and eventual film crosslink density).

CDPA and ACVA were added in a 200:1:0.1 molar ratio (monomer:CDPA:ACVA). Cationic and

anionic polyelectrolytes were synthesized using METAC and SPMAK, as the charged monomers,
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in a 2.5-M monomer solution in 4:1 N,N-dimethylformamide/H,O. Accordingly, zwitterionic

polymers were synthesized using MABS and polymerized in TFE (2.5 M with respect to the

monomers). AMA contents were selected as 5, 10, or 15 mol.%, equating to n-BMA contents of

70, 65, or 60 mol.%, respectively, which corresponded to the eventual crosslink density of the

polymer films. Ultimately, the total monomer concentration was 2.5 M, and the solution was

degassed by sparging with N, for 30 min after which the temperature was raised to 70 °C, initiating

polymerization. The polymerization was conducted under N, atmosphere and monitored via 'H-

NMR until completion. Then, the reaction was precipitated in cold-stirred diethyl ether. Once

collected via vacuum filtration, the product was dried overnight at 30 °C in a vacuum oven and

characterized using "H-NMR, which confirmed the approximate composition of the polymer.

Silicon wafers were used as the substrate for the films, which needed to be functionalized before

grafting the film. The wafers were rinsed with water, ethanol, and acetone, then dried under a N,

stream, and cleaned using plasma for 180 s under a 500-mTorr water-vapor atmosphere. Then the

wafers were submerged in a 15-vol.% MPTMS toluene solution and stirred at room temperature

(~23-°C). After 3 h, the functionalized wafers were removed from the solution, dried under an N,

stream, and placed in a 130-°C vacuum oven to induce silanization.
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The polymer solution was spin coated onto the functionalized wafer and anchored via thermally

initiated crosslinking. First, an ~1 wt.% polymer in TFE solution was prepared, and tetrafunctional

thiol PETMP and a radical initiator ACVA was added. PETMP (though tetrafunctional) was

loaded at a 1:1 molar ratio to that of the -ene- functionality of the polymer. After stirring for 30

min, the solution was spin coated onto the previously prepared thiol-functionalized silicon wafer

(2000 rpm for 40 s) before being placed in a 90-°C oven for 2 h to induce a thermally initiated

thiol-ene crosslinking reaction. The wafers were then removed from the oven and cooled to room

temperature. Then they were washed twice with an excess of water to remove any unattached

materials and then dried under N, atmosphere.

Ellipsometry

The thicknesses of the films were measured using an ellipsometer (J. A. Woollam, M-2000)

equipped with a liquid cell. The measurements were conducted with a fixed angle of incidence of

75° and at wavelengths of 250—1000 nm. The measurements were analyzed using the instrument’s

software, CompleteEase, where the sample was described with a model containing multiple layers.

The model was created with Si as the substrate, a 1 nm—thick Si—SiO, transition layer, a 100 nm—

thick SiO, layer, a uniform polymer film without absorption of light, and finally ambient
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conditions matching the refractive index of the solvent. The properties of the polymer film were

described using a Cauchy model with the form n(1) = A + B/A? where n and A are the refractive

index and the wavelength, respectively, and A and B are fitting parameters. The fitting parameters

for the film were A and B from the Cauchy model and the thickness of the polymer film. The

refractive index of the salt solution changed with the concentration and type of the salt, which was

adjusted accordingly in the model. See supporting information Section S1 for details on the

procedure of performing the measurements and the optical model.

Results and Discussion

In this study, we have used random terpolymers comprising three repeating units: a noncharged

unit (z7-butyl methacrylate), a crosslinkable unit (allyl methacrylate), and a charged unit (Figure

1). While the fraction of the charged units was kept constant (25 mol.%) for all polymer films, the

fraction of crosslinkable units was systematically varied between 5, 10, and 15 mol.% to obtain

polymer films with various crosslink densities. Three types of charged units were chosen: either a

positively charged unit (METAC), a negatively charged unit (SPMAK), or a zwitterionic unit

(MABS) (Figure 1). With such molecular designs, we were able to first systematically vary the

crosslink density for the polyelectrolyte systems while keeping the charge fraction constant.
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Second, we were able to compare the swelling behavior of the polycationic, polyanionic, and

polyzwitterionic films, which have the same fraction of charged units, similar crosslink density

(controlled via the fraction of crosslinkable units), and controlled nonelectrostatic interactions

arising from the fraction of noncharged units. Dry-film thicknesses determined using the

ellipsometry and topographical information from AFM images of the prepared polymer films are

provided in Supporting Information Section S2.
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Figure 1. Schematic of the investigated systems and relevant ionic interactions. Three random

terpolymers with cationic, anionic, and zwitterionic groups were used to prepare surface grafted,

crosslinked polymer films. Swelling behavior was investigated as a function of the concentration

of added salts (KCIl, KBr, KSCN, LiCl, and CsCl), corresponding to three different anions and

three different cations. Then, the different cations and anions worked as counterions, coions, or

both, depending on the ionic nature of the polymers.
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Next, we investigated the swelling behavior of the systems: polycationic, polyanionic, and

polyzwitterionic films. For this, we first considered the effect of the ionic strength on the swelling

behavior of the polymer films in the presence of KCI and then determined how this response is

affected by the type of counterions and coions. To later provide a detailed discussion of the

polyzwitterionic films based on these understandings, we studied the polycationic and polyanionic

films to investigate the interactions between the mobile ions and the immobile charged groups in

the films

Effects of ionic strength and crosslink density on polycationic films

For the polycationic films with different crosslink densities, the absolute thicknesses of the

hydrated films and the swelling ratios (relative to the dry-film thickness) are plotted in Figure 2 as

a function of KClI concentration. The overall swelling behavior of the polycationic film follows

the typical behavior of strong polyelectrolyte films with respect to ionic strength.!02333 We

observed that this film exhibited a high and constant thickness at low salt concentrations, from

0.01 to 10 mM, which corresponds to the osmotic regime, where the counterion-induced osmotic

pressure caused considerable swelling of the film.?*3%3* From ~10-30 mM, the salted regime

started, where a decline in swelling was observed because the osmotic pressure difference
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decreased due to the addition of external salts. In addition to the osmotic and salted regimes, a

quasineutral regime is sometimes observed for polyelectrolyte films at very-high salt

concentrations, depending on the films properties.>>3-3 In the current case, this regime is,

however, not manifested below 3 M KCI.
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Figure 2. [llustration of the crosslinking effect for (A) low, (B) intermediate, and (C) high

crosslinking degrees. (D) Swelling ratios of hydrated polycationic films (hydrated-film thickness

compared with dry-film thickness, see Supporting Information S2 for dry-film thicknesses) as a

function of KClI concentration for films with either 5, 10, or 15 mol.% of the crosslinked monomer.
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Films of different degrees of crosslinking but with the same charge density were investigated to

show how the degree of crosslinking can influence the swelling behavior. As shown in Figure 2,

all the three films qualitatively followed the same trends with an osmotic regime in the first part

(constant thickness) and a salted regime in the last part (declining thickness). However, with

increased crosslink density, chain stretching became restricted; thus, the swelling decreased in the

osmotic regime. This observation is not surprising; however, it is important for the interpretation

of the zwitterionic films’ swelling, where it is expected that dipole—dipole intrachain and interchain

bonds will also limit the swelling due to a similar effect (although the effect is caused by a different

type of crosslinking).

Specific ion effects on polycationic films

Five monovalent salts KCI, KBr, KSCN, LiCl, and CsCl were chosen to demonstrate how swelling

of the polycationic film depends on the specific types of ions. Here, it is possible to systematically

vary either the coions or the counterions.
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Figure 3. Illustration of polycationic film swelling when hydrated in (A) low and (B) high salt
34 concentrations. (C) Role of ions when interacting with the charged quaternary alkyl ammonium
37 groups (of polymers) as either cationic coions or anionic counterions. Ellipsometry-based
a1 thickness of the polycationic film as a function of salt concentration in the presence of (D) either

44 potassium salts with various anionic counterions or (E) chloride salts with various cationic coions.

Figure 3D shows the effect of different anions (counterions) on the swelling behavior of the
5o polycationic film with a low crosslink density (5 mol.% of the crosslinker monomer) while keeping

55 the cation (coion) unchanged as K*. Here, where the thickness of the films follows the trend C1~ >
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Br-> SCN~at low salt concentrations, in the osmotic regime, the anionic counterions considerably

affect the swelling of the film. However, the thicknesses converge to an approximately similar

level at high salt concentrations. This difference in the osmotic regime indicates a lower

counterion-induced osmotic pressure in the case of SCN™ compared to other ions. Counterion-

specific behavior has previously been observed in other cationic films, and here, it has been

explained by the effect of specific types of counterions on the counterion-induced osmotic pressure

and the polymer—polymer and polymer—solvent nonelectrostatic interactions.!®23-37-3% Thus, we

have linked the trend of thickness at low ionic strength to the ability of anionic counterions to form

ion pairs with the quaternary alkyl ammonium groups on the polyelectrolyte chains, and thus,

become osmotically passive. To this end, based on our results, it is expected that the degree of ion-

pair formation follows the trend SCN- > Br~ > Cl-, which agrees with previous reports.*%#! Beside

this overall behavior, the film with SCN- as counterions started to swell with increasing salt

concentration, from approximately 800 mM. At such high ionic strength, the counterion-induced

osmotic pressure declined and the swelling was thus attributed to the effect of SCN™ on the

nonelectrostatic polymer—solvent interactions. This effect could thus be similar to the “salting-in”

effect of SCN- observed for many noncharged polymers at high salt concentrations. %4243
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Figure 3E shows the effect of the cations (coions) on the swelling behavior of polycationic films,

while the anion (counterion) was kept as CI". In contrast to the drastic variations observed with

varying anionic counterions, different cationic coions afforded an almost identical swelling

behavior, both with respect to the overall trend (first an osmotic regime and then a salted regime)

and the absolute thicknesses. However, at the highest salt concentrations (>1 M) a weak specific

cationic coion effect was observed, and we assigned this weak effect to the influence of ions on

the polymer—solvent nonelectrostatic interactions (Hofmeister effects).

To investigate the effect of crosslink density on the ion-specific response of the polycationic films,

measurements on polycationic films with 10 and 15 mol.% crosslinking monomers have been

conducted using the same salts specified in Figure 3 (see Supporting Information Section S3). The

thickness of the hydrated films showed a similar trend with the variation of anionic counterions,

as observed for the low-crosslink polycationic film (CI~ > Br~ > SCN~). Similarly, the variation of

cationic coions afforded almost identical swelling behavior for each film with fixed crosslink

density. However, with increasing crosslink density, the overall swelling of the films and their

response to specific anionic counterion effects became less pronounced.
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Most relevantly, while the cationic coions only begin to show small variations at very-high salt

concentrations, these variations in coions and counterions show how the anionic counterions

considerably affect the swelling at very-low salt concentrations. This agrees well with the idea that

the anionic counterions are present inside the film in high concentrations at all times and affect the

ion osmotic pressure. However, the concentration of cationic coions inside the film is lower than

the concentration in bulk; thus, their effect on the film is negligible in this concentration range.

As demonstrated here, anions can interact and form ion pairs with the quaternary alkyl ammonium

groups on the polycationic chain. Therefore, it is expected that in a polyzwitterionic system with

the same cationic groups, these anions (C1~, Br~ and SCN™) will compete with the sulfonate groups

to bind with the quaternary alkyl ammonium groups. Such a competition in ion-pair formation and

the resulting anion-specific behavior of polyzwitterionic systems are discussed later.

Specific ion effects on polyanionic films

Next, we investigated the swelling behavior of polyanionic films that were designed with similar

physical properties (charge density and crosslink density) but with a sulfonate side group to

develop negative charges on the chain. This makes it possible to investigate the effect of the same
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five salts used on the polycationic film, but this time, with the reversed roles of coions and

counterions (Figure 4).
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Figure 4. Illustration of polyanionic film swelling when hydrated in (A) low and (B) high salt

concentrations. (C) Role of ions when interacting with the charged sulfonated groups (of polymers)

as either anionic coions or cationic counterions (C). Ellipsometry-based thickness of the

polyanionic film as a function of salt concentration in the presence of (D) either chloride salts with

various cationic counterions or (E) potassium salts with various anionic coions.
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By comparing Cs*, K*, and Li*, the effect of cations (counterions) on the swelling behavior of the

polyanionic film was investigated (Figure 4D). A typical swelling behavior was observed for all

the cases with an osmotic regime at low salt concentration, up to ~10-30 mM, followed by a salted

regime with a further increase in the salt concentration. However, the variation of the type of

cationic counterions showed an insignificant influence on the swelling behavior of the polyanionic

film in the osmotic regime because the thickness of the films with various cationic counterions

exhibited similar thicknesses at low ionic strength. This indicates that the counterion-induced

osmotic pressure is not affected by the type of cationic counterions. This can be explained by a

similar degree of ion-pair formation (or no ion pairing) between the sulfonate groups in the film

and these mobile cationic counterions. This is in contrast to the observed effect of the anionic

counterions on the polycationic film where we observed various degrees of ion pairs with the

quaternary alkyl ammonium groups in the films. To understand and explain this difference, focus

should be placed on the mechanism through which ion pairs are formed. lon-pair formation has

been suggested to be correlated with the polarizability of the ions in the pair in such a manner that

highly polarizable ions tend to interact stronger with the (also highly polarizable) quaternary

ammonium groups and thus form a larger number of ion pairs compared to weakly polarizable
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ions with sulfonate groups.!%4%47 In our current study, the polarizability of the mobile anions
ranged between 3.5 and 7.0 A3, while the polarizability of the mobile cations was much lower (0—2
A3).48 To this end, we suggest that although the cations used here have different polarizabilities,
they are all so low that the ion-pair formation in those cases is negligible (i.e., no ion pairing).
Thus, the anion-specific swelling on the polycationic film is associated with higher polarizabilities
of some anions, which leads to different degrees of ion-pair formation with the quaternary alkyl
ammonium groups. It is worth mentioning that formation of ion pairs is of course dependent on
the polarizability of both charged moieties. Thus, while in our system containing sulfonate groups
we observed similar counterion-induced osmotic pressure for Cs*, K*, and Li* as the counterion,
the same counterions might result in different counterion-induced osmotic pressure in a
polyanionic film with differently charged moieties (see Supporting Information Section S4 for a

more detailed discussion).

In Figure 4E, the effect of changing the type of anion (coion) is shown to have an insignificant
effect on the swelling of the films at low to medium ionic strength (up to around 400 mM).
However, it is observed that the film with SCN™ as the counterion collapses less than those with

CI” and Br™ as counterions, at higher concentrations of salts. Although the local salt concentrations
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in the films are not identical in the two situations, this observation is in line with the previously

discussed behavior of SCN™ in the polycationic film at high ionic strength.

Here it was demonstrated that various cations have an insignificant ion-pair interaction with the

sulfonate groups, in contrast to the various interactions of anions with quaternary alkyl ammonium

groups. For the sulfobetaine, we can expect an asymmetric ion association for some types of added

salts where mobile anions can form ion pairs with the positively charged quaternary alkyl

ammoniums, while mobile and osmotically active cations balance the negatively charged

sulfonates.

Specific ion effects on polyzwitterionic films

We next turned the focus to the swelling behavior of the sulfobetaine-based polyzwitterionic film,

which contains a quaternary alkyl ammonium and a sulfonate group in each zwitterionic unit. The

thickness of the polyzwitterionic film as a function of the ionic strength of the salts with systematic

variations of cations and anions is shown in Figure 5.
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Figure 5. Illustration of polyzwitterionic film swelling when hydrated in (A) low and (B) high salt
34 concentrations. (C) Role of ions when interacting with the charged groups (of polymers) as either
37 coions or counterions (C). Ellipsometry-based thickness of the polyzwitterionic film as a function
of salt concentration in the presence of (D) either potassium salts with various anions or (E)

44 chloride salts with various cations.

48 Starting with the effect of varying the anions, Figure 5D shows the swelling behavior of the
polyzwitterionic film in the presence of KCl, KBr, and KSCN. For all three cases, the film was

55 found in a collapsed state at a low salt concentration up to around 1 mM followed by an increase
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in thickness with a further increase in salt concentration. Secondly, it was observed that the

swelling behavior of the polyzwitterionic film is strongly anion dependent. The film undergoes the

most pronounced swelling in the presence of SCN™, while in the presence of Br~ swelling occurs

to a lower extent, and the least pronounced swelling is found in the case of CI~. Contrary to this

observed effect of different anions, the swelling behavior of the polyzwitterionic film is shown, in

Figure 5B, to be independent of the type of cation.

The swelling of polyzwitterionic films with the addition of salt is commonly referred to as the

“antipolyelectrolyte” effect and is attributed to the dissociation of intrachain and interchain dipole—

dipole bonds between the zwitterionic groups. The electrostatic interactions between the two

groups are screened upon increasing medium ionic strength, whereby these groups can undergo

dissociation. However, the fact that this behavior depends on the ion type demonstrates that an

electrostatic effect cannot solely explain the behavior. In particular, the specific interactions

between the salt ions and the immobile ions should be considered. We can implement the learnings

from the cationic and anionic systems, to explain this behavior.

In the case of interactions between the mobile anions and the sulfonate group in the anionic film,

we observed no significant influence of anionic coions on the swelling behavior of films except
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for very-high concentrations of SCN~, where a change in nonelectrostatic interactions was

observed (the coion effect in the polyanionic film, Figure 4E). On the other hand, we concluded

that the interactions between the anions and the quaternary alkyl ammonium groups in the cationic

film could be ranked based on their tendency to form ion pairs with the trend SCN~ > Br™ > CI~

(the counterion effect in the polycationic film, Figure 3D). This was also the trend of swelling

observed in the polyzwitterionic film, indicating that the stronger the interaction of the anions with

the quaternary alkyl ammonium groups, the higher degree of dissociation of the intrachain and

interchain bonds, and thus the higher swelling of the film.

Regarding the effect of cations (Figure 5E), we observed, on the other hand, no significant

interaction between the cations and the immobile groups, neither in the case of the polycationic

film where the cations are coions nor in the case of polyanionic films where the cations are

counterions. The cations did not form strong ion pairs with the sulfonate groups, in contrast to the

case of anions in a polycationic film. We, therefore, suggest that this also can explain why the type

of cations does not influence the swelling behavior of the polyzwitterionic systems.

By systematically comparing specific cation and anion effects on quaternary alkyl ammonium

groups and sulfonate groups, we have now demonstrated that the swelling of the polyzwitterionic
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films is enhanced by ions that can strongly interact with one of the charges in the zwitterionic

groups (in our case, anions pairing with the quaternary alkyl ammonium groups). We can also

speculate about how this dissociation induced swelling of the polyzwitterionic film. At low ionic

strength, the polyzwitterionic film was found in a collapsed state due to the formation of intrachain

and interchain dipole—dipole bonds. These bonds between the chains act as physical crosslinks that

limited swelling of the film, similar to the case observed with varying chemical crosslinks (Figure

2 and Supporting Information Section S3). With increasing ionic strength in the medium, more

ions enter the polyzwitterionic film. This phenomenon first screens the electrostatic interactions

between the quaternary alkyl ammonium groups and the sulfonate groups. Second, ions with strong

interactions with one of the charged moieties (e.g., SCN™ and quaternary alkyl ammonium groups)

break the bond between the sulfonate and quaternary alkyl ammonium groups to bind to the

favored site. Because of this dissociation, the film swells due to a combination of two effects. First,

breaking the interchain bonds yields a lower degree of ionic crosslinking, which allows increased

swelling. Second, when SCN™ binds to a quaternary alkyl ammonium group, it is required by

electroneutrality that an oppositely charged ion (for example K*) enters the film to compensate the

charge on the sulfonate group. Because K* is mobile and osmotically active (as demonstrated in
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the case of polyanionic film), it can induce an osmotic pressure, which further increases the

swelling of the film (similar to the case of the polyanionic film).

Conclusions

We have systematically studied the effect of interactions between mobile ions and immobile

charges in polycationic and polyanionic films to understand the swelling behavior of

polyzwitterionic films with similar charged moieties. We observed that the change in the type of

cation did not considerably influence the swelling of the films, neither when acting as coions in

the polycationic film nor when acting as counterions in the polyanionic film. Changing the type of

anion had an insignificant effect on the swelling of the films when the anions acted as coions in

the polyanionic film but exhibited a considerable effect when they acted as counterions in the

polycationic film. The counterion-specific effect in the polycationic films is explained by different

abilities of anions to form ion pairs with the quaternary alkyl ammonium groups.

For the polyzwitterionic film, we observed increased swelling with increasing ionic strength in

accordance with the so-called “antipolyelectrolyte effect,” and the magnitude of the swelling was

found to be to be strongly affected by the anion types following the order SCN~ > Br~ > CI7, while
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it did not depend on the type of cations. By studying all the possible interactions between the

mobile ions and immobile charges on the polyzwitterionic chain, we proposed that the

antipolyelectrolyte effect is a complicated swelling mechanism related to the electrostatic and

nonelectrostatic ion-specific interactions. Dissociation of the intrachain and interchain bonds was

derived via electrostatic screening and enhanced by specific ion-pair interactions, in cases where

ions from the salt could strongly bind to one of the immobile charged groups. In addition, as

another result of dissociation, the osmotic pressure of mobile counterions (which are present to

compensate the charge of the immobile charged groups) increased the swelling of films.
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S1: Ellipsometry technique

To measure the thickness of the polymer films, a spectroscopic ellipsometer from J. A. Woollam

(M-2000) was used. This instrument has a 5 ml liquid cell in which the solvent can be exchanged

without changing the placement of the sample and the alignment of the light. The ability to


mailto:esth@kemi.dtu.dk

exchange the solvent easily and the non-invasive nature of ellipsometry mean that this technique

works well for repeated comparable measurements of the same film in different environments.

The refractive index of the solvent must be known for each measuring point, as it is changing with

the ionic strength and the type of ions. To find the refractive index of a specific solution, a wafer

with a SiO; layer of known thickness is measured with the solution as the medium. Here Si as the

substrate, a 1 nm Si-SiO, transition layer, an approximately 100 nm SiO, layer, and the solution

are described by a Cauchy model. This model is fitted to the data with the A and B values of the

solution as the only fitting parameters. The values found with this method are shown in Table S1.

This method is found to give values of the refractive indices that are in good agreement with values

reported in literature.!?

Table S1: A and B values obtained with the Cauchy model of salt solution for each of the five salts used at varying concentrations.

KCl1 KSCN KBr CsCl LiCl
c/mM] | A B [um?] | A B [um?] | A B [um?] | A B [um?] | A B [um?]

0.01 1.320  0.00331 | 1.320 | 0.00331 | 1.320 0.00331 | 1.320 0.00331 | 1.320 0.00331

0.1 1.320 0.00333 | 1.320  0.00331 | 1.320 0.00333 | 1.320 0.00331 | 1.320 0.00331
/ 1.320  0.00333 | 1.320 | 0.00331 | 1.320 0.00335 | 1.320 0.00331 | 1.320 0.00331
10 1.320 0.00333 | 1.320  0.00332 | 1.320 0.00337 | 1.320 0.00331 | 1.320 0.00331
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The measurements were performed at 25 °C with a wavelength range from 250 nm to 1000 nm for

all salts except for KSCN which is measured from 400 nm to 1000 nm because SCN- is absorbing

light at the lower wavelengths.

The ellipsometry measurement is done by hydrating the sample in a 0.01 mM salt solution inside

the liquid cell for about 1 hour. Hereafter the solution is exchange between a 3 M and a 0.01 mM

salt solution twice, in order to compress and re-swell the film and allow the polymers to



reconfigure into a stable configuration. After this, the sample is kept at 0.01 mM salt until the drift

in thickness is less than 0.5 nm in 2 minutes. Next, the salt concentration is increased by slowly

flowing the next solution into the 5 ml liquid cell until a total of 30 ml liquid has been passed

through the cell. The thickness is then usually stable within a couple of minutes and after the

stabilization period, the thickness is determined as an average of 8 measurements over 2 minutes.

This is repeated until the highest salt concentration is reached and the cell is then rinsed slowly

with 1 L of ultra-pure water. To prepare the sample for measurements with a new salt, the sample

is hydrated in a 100 mM solution of the new salt for 1 hour and then rinsed with 30 mL 0.01 mM

solution of the new salt. This causes an exchange of the ions inside the polymer and the previous

steps can then be repeated.



S2: Film characterizations

To ensure that the surface of the films was uniform in height, they were characterized by AFM.

Figure S1 shows 10x10 um? AFM images of the dry polycationic, polyanionic, and

polyzwitterionic films (with 5 % crosslinks), which confirms that the produced surfaces are flat

and only contain minor defects.

5nm

Onm

Figure S1: Representative AFM images of dry polycationic film (A), polyanionic film (B), and polyzwitterionic film (5) all with 5

% crosslinks. Root mean square roughness (Rg) is reported in the figures for each case.

To compare the swelling of the different films shown in this study, the thickness is converted to a

swelling ratio which is defined by the thickness of the hydrated film divided by its dry thickness.

The dry thicknesses obtained with ellipsometry are shown in Table S2.

Table S2: Dry thickness measured with ellipsometry of the polycationic films with varying degrees of crosslinks and for the

polyanionic and polyzwitterionic films with 5 % crosslinks.



FilmType Cat-5% Cat-10% Cat-15% An-5% Zwitter - 5 %

Dry 96 nm 82 nm 98 nm 130 nm 80 nm
Thickness




S3: Specific ion effects on polycationic films with 10 % and 15 % crosslinks

The ion-specific swelling behavior of polycationic films with 10 % and 15 % crosslinks have also
been measured as a function of the ionic strength. These are relevant control experiments in order
to see if the observed ion-specific effects are depending on the crosslink density or if the trends
reported in the main manuscript are more universal. However, the effect of the crosslink density
on the swelling behavior is also of interest because it can improve the understanding of the ion-

induced swelling of the polyzwitterionic film where intrachain and interchain crosslinking occur

as well.
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Figure S2: Ellipsometry-based thickness swelling data for a polycationic film with 10 % crosslinks as a function of salt

concentration in the presence of either potassium salts with various anionic counterions (A) or chloride salts with various cationic

coions (B).



Figure S2A shows the swelling behavior of a polycation film with 10 % crosslinks with K* as the
coion but with varying counterions and Figure S2B shows the swelling behavior of the same film
with Cl- as the counterion and varying coions. Comparing this to the results from the polycationic
film with 5 % crosslinks in Figure 3 in the main manuscript, it is seen that the degree of swelling
decreases with increasing crosslink density at all ionic strengths. However, the trends for the

different salts are almost identical.
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Figure S3: Ellipsometry-based thickness swelling data for a polycationic film with 15 % crosslinks as a function of salt

concentration in the presence of either potassium salts with various anionic counterions (A) or chloride salts with various cationic

coions (B).

Similar Figure S3A shows the swelling behavior of a polycation film with 15 % crosslinks with
K* as the coion but with varying counterions and Figure S3B shows the swelling behavior of the

same film with CI- as the counterion but with varying coions. Again, it is seen that increasing the



crosslink density is leading to less swelling and that the trends for the specific ion effects do not

change significantly.



S4: Specific Ion Properties

For the films in our study, the ion osmotic effect is dominating at low ionic strength while

nonelectrostatic hydration effects start to play a role at the highest salt concentrations. In the

osmotic regime the concept of ion pairing between mobile counterions and immobile charges in

the film is extremely important for the swelling behavior of the films. Here, an ion’s ability to form

ion pairs with the polyelectrolyte chains has previously been reported to depend on the ion

polarizability.>
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Figure S4: Swelling ratio at 10 mM salt concentration vs polarizability with either K+ or CL- as coion of polycationic/polyanionic

films with either 5, 10, or 15 % crosslinks. Polarizability data are obtained from Marcus.’

In Figure S4, the swelling ratio for the three polycationic films with different degrees of crosslinks

and the polyanionic film with 5 % crosslinks at an ionic strength of 10 mM (osmotic regime), are

10



plotted against the polarizabilities of the counterions. The coions are either CI- or K+ for all the

films. For the polycationic films, this shows that the swelling ratio scales with the polarizability of

counterion but with a different dependency for the different crosslink densities. This observation

is interpreted as if a higher polarizability of the counterion leads to a higher degree of ion pairing

and thus a lower degree of ion osmotically driven swelling. This means that the polarizability of

the ions can be used to predict the relative swelling in the osmotic regime. Since increased

crosslinking restricts the ability of a film to swell, it is rational that the relative effect of influencing

the ion osmotic pressure becomes smaller when the degree of crosslinking is increased. For the

polyanionic film, it was oppositely found that the swelling in the osmotic regime is independent

of the type of the cationic counterions despite a significant variations in the polarizabilities of the

different counterions. Relative to the anions, the cations used as counterions for the polyanionic

film have significantly lower polarizabilities. As this is linked to its ion paring ability, we suggest

that the lower polarizabilities does not results in any significant ion pair formation why the

osmotically driven swelling will be large and independent of the type of counterion.

At higher salt concentrations the relative thicknesses across counterions cannot be explained solely

from the polarizabilities. The competing effects become more complicated to describe, but they

11



can possibly be partially captured by the partition coefficient for the polymer systems as shown in

different studies.®’
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Influence of ionic strength and specific ion effects on the pH
responsiveness of weak polyelectrolyte multilayer films

Frederik Hegaard and Esben Thormann*
Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark.

ABSTRACT

Layer-by-layer assembled multilayer films have shown great potential for applications due to
their responsive behavior. In this study, we are systematically investigating how pH responses of
covalently crosslinked chitosan and alginate dialdehyde multilayer films are affected by their
composition, the salt concentration, and ion specificity. With ellipsometry, the changes in film
swelling are measured from low (0.01mM) to high salt concentrations (3 M) of either NaCl or
NaSCN at three different pH values. The trends in the swelling responses to increased ionic
strength are, to different degree depending on multilayer composition, pH, and ion specificity,
found to match the swelling responses seen for polyzwitterionic and weak monocomponent
polyelectrolyte films. Finally, we have used the knowledge obtained from ellipsometry
measurements to demonstrate how the pH responsiveness of such multilayer films measured by
guartz crystal microbalance with dissipation monitoring (QCM-D) strongly depends on the ionic
condition in which the responses are measured. This work thus shows that wrong conclusions
about the pH responsiveness of polyelectrolyte multilayer films easily can be obtained if the ionic
environment of the application area does not closely resemble the ionic condition under which

the pH responsiveness is tested.



1. Introduction

Layer-by-layer (LbL) assembly of polyelectrolyte multilayer films is a versatile and widespread
method for creating coatings with tunable and responsive properties.!™ Most often, the LbL
process is driven by electrostatic interaction, and multilayer films are constructed by alternate
adsorption of two oppositely charged polyelectrolytes to a substrate. 7 In this study, we focus
on films consisting of two oppositely charged weak polyelectrolytes, alginate dialdehyde (ADA)
and chitosan (CHI), with covalent crosslinks formed between the layers. Multilayer films of
chitosan and alginate have attracted much interest due to their physiochemical properties, the
abundance of the two biopolymers, and their biocompatibility, which have made such films
attractive for diverse applications, ranging from antifouling of proteins®° and stimuli-responsive
emulsification'¥*2 to lubrication31> and targeted drug delivery'®22, By using the ADA instead of
untreated alginate, we can without further effort obtain pH-responsive and crosslinked CHI-ADA
multilayer films that allow for systematic studies of pH and ion-induced multilayer swelling

without having irreversible disintegration of the films.?3-2¢

The composition of a multilayer film and thus its responsiveness to specific parameters can be
tuned by the conditions under which the films are prepared.?””?8 As the assembly method is
driven by stepwise partly electrostatic neutralization it is typically assumed that the films are
approximately charge-neutral at the conditions (pH and salt) of the assembly process.?’
Subsequent changes in pH or ionic environment will however shift the dissociation degree of the
polyelectrolytes and introduce excess charges which will require counterions to enter the film to

restore the overall charge balance.332 These counterions will lead to increased osmotic pressure



and swelling of the film.33-3> However, the composition of a multilayer film makes the response
to external stimuli significantly more complicated to describe than for e.g. monocomponent
polyelectrolyte film. Despite the huge amount of fundamental research on multilayer films and
the widespread interest in their application the complex interplay between different mechanisms

responsible for their responsiveness is still not fully understood.36-38

It is well-recognized that the swelling of multilayer films can be affected by changes in pH after
completion of the LBL process. 3% It was e.g. shown by Itano et al. how multilayer films
containing poly(allylamine hydrochloride) showed dramatic pH responsiveness when prepared
at high pH while showing almost no pH responsiveness when prepared at lower pH. This is
important because a high degree of pH responsiveness of LbL-assembled films is advantageous
in some applications. This has been exploited by creating microcapsules containing different drug
molecules , which was stable at high pH and then released the drug once the pH was decreased
sufficiently.****7 Studies of the ADA-CHI films have shown the effect of salt concentration on the
swelling to be complex and dependent on both the top layer, the preparation conditions, and the
ion types.?32848-51 Joana et al. have studied the very similar chitosan-alginate multilayers and the
pH effect on their swelling. It was found that a film created at pH 5.5 was collapsing when at pH
3-4 and swelling again at pH 2.°2 This was partly explained as being due to a complex dissociation
of the polyelectrolytes affected by both the solution pH and the simultaneous presence of
opposite charges. The salt concentration during the layers buildup is likewise found to be
significant, e.g. by Guzman et al. which has shown how an increased salt concentration can
increase the adsorbed mass and can shift the buildup from being linear to exponential with the

number of layers. >3



Our group has previously shown how the salt response of CHI-ADA films can be insignificant at
low salt concentrations (<100 mM) for pH 3 and 6 while causing significant swelling in the same
salt range at pH 9 due to a shifted charge balance.”® Likewise we studied the pH responsiveness
of the formed multilayer ADA-CHI film and found it to be strongly influenceable by the ionic

strength and the composition of the top layer. >°

However, despite the many good and well conducted studies, we see still three challenges with
respect to the pH responsiveness of multilayer films composed of weak polyelectrolytes: (1)
There exists a complex interplay between different mechanisms driving the pH responsiveness
of multilayer films; (2) a full understanding of how the pH responsiveness is affected by ionic
strength is lacking, and (3) specific ion effect can interfere with the fundamental swelling
mechanisms of multilayer films. Thus, in this study, we want to improve the current
understanding of the swelling behavior of multilayer films in response to pH, ionic strength, and
ion specificity. To do this we have prepared CHI-ADA multilayer films with two different CHI/ADA
ratios by changing the pH at which they are assembled. Subsequently, we have then used
ellipsometry to systematically measure their swelling responses to changes in the above-
mentioned parameters. Finally, QCM-D has been used to study the pH responsiveness of the CHI-
ADA multilayer films in presence of NaCl and NaSCN at three specific concentrations which, based

on ellipsometry measurements, were predicted to provide different responses.



2. Experimental method

2.1 Materials

Sodium alginate (NaALG, viscosity 220 Pa for 2% solution in water at 25 °C), hydrochloric acid
(HCl, 37%), sodium hydroxide (NaOH, 297%), sodium chloride (NaCl, 299%), sodium thiocyanate
(NaSCN, 298%), sodium periodate (NalOs, 299.5%), ethylene glycol (99.8%), 3-
glycidoxypropyltrimethoxysilane (GPS, 298%) all from Sigma-Aldrich. Chitosan (CHI,
deacetylation degree of 80%, viscosity 100 mPa for 1% solution in acetic acid at 20 °C) from HMC.
Ethanol (>96%), and acetone (299.8%) from VWR. Aquarius solutions were made with ultrapure

water (Milli-Q plus 185 system with a 0.2 um Millipak filter) with a resistivity of 18.2 MQ cm.

2.2 ADA preparation

Alginate dialdehyde (ADA) is prepared from sodium alginate (NaALG) following a previously
described procedure.>*>® Briefly, 10 g NaALG and 20 molar % NalO4 (relative to the repeating
groups of alginate) are dissolved in 1 | ultrapure water and stirred in darkness for 24 hr. Then 3.5
ml ethylene glycol was added and stirred for 30 min. to quench the reaction. The ADA was then
precipitated by adding 3 g of sodium chloride and 1 | of ethanol after which it was filtered. The
precipitation process was then repeated first by dissolving the ADA in 500 ml ultrapure water and
adding 1 m sodium chloride followed by 500 ml ethanol and filtration and then repeating a final
time with 500 ml ultrapure water, 0.5 g sodium chloride, and 1 | acetone. Finally, ADA was washed

in 500 ml ethanol and then freeze-dried.



2.3 QCM-D based multilayer film build-up and pH response

For the multilayer film build-up, solutions of CHI (100 mg/l) and ADA (200 mg/I) containing 15
mM NaCl in ultrapure water with the pH adjusted to either 3 or 6 were used. Here, the
preparation of the solutions at pH 3 was straightforward while at pH 6, the CHI cannot be directly
dissolved. In this case, CHI was first dissolved in pure water at low pH, whereafter the pH and

ionic strength were adjusted using NaOH and NacCl.

The multilayer film is built in two different ways that follow the same procedure. For QCM-D
(quartz crystal microbalance with dissipation monitoring) measurements the film is built in the
QCM-D’s flow cell on a QCM-D silicone sensor. The sensor is prepared by first rinsing it in acetone,
ethanol, and ultrapure water and then plasma cleaning for 5 minutes (in a Harrick Plasma PDC-
32G plasma cleaner at medium power). After this, the substrate is submerged in a solution of 18
vol. % GPS in acetone for 24 hours and hereafter rinsed with acetone and submerged, in a 1000
mg/l CHI solution with 15 mM NaCl and the pH desired for the multilayer film built up. After 1
hour and a rinse in ultrapure water with 15 mM NaCl and pH adjusted to match that of the CHI
and ADA solutions, the substrate is inserted into the flow cell and the process of building the

layers is started.

The QCM-d measurements were performed with a Q-Sense E1 from Biolin using their WSX 335
silica sputtered sensors. The rinse step of the multilayer film build was started together with the
QCM-d and once a stable frequency and dissipation were obtained the built-up was started. As
the first layer is grafted to the sensor before the sensor is entered into the flow cell, this layer is

not measured.



To build the layers a hydrostatic pump is placed after the flow cell and kept at a constant flowrate
of 250 pl/min. The build process is then started with 30 minutes of rinsing, then 40 minutes of
ADA followed by 30 minutes of rinsing, and then 40 minutes of CHI. This process is repeated until
the desired number of layers is reached. The solution at the inlet tube is changed automatically
using an automated selector valve (Vici Valco - C25-3184EUHA). This automated selector valve is
programmable and can be timed to switch between the different solutions at the inlet without
moving the tubes or turning the pump off, which results in a less perturbed system and better

timing compared to manually switching between the solutions.

The film's response to changes in pH and salt concentration was measured in QCM-D by changing
the solution flown over the sensor. These solutions are not buffer solutions, instead, they are
only containing the specific salt and either HCl or NaOH to adjust the pH, to control the ion types
and keep them identical across pH. The solutions at low and intermediate pH are stable during
the timescale that the built-up and measurements last, but at high pH, the solution's pH value is
found to change fast enough that it is necessary to adjust the pH before each measurement to

keep the correct pH value.

2.4 Multilayer film build-up on Silicon wafers

For ellipsometry measurements, multilayer films are built on silicon wafers in a custom-made
flow cell that is constructed to mimic the QCM-D flow cell with respect to cell dimensions and
flow conditions. The purpose of the custom flow cell is to replicate the films made on the QCM-

D while having a substrate that is more suitable for use in our ellipsometry liquid cell.



2.5 Ellipsometry measurements

The ellipsometry measurements are performed with a J. A. Woollam, M-2000 ellipsometry with
a liquid cell. This technique gives the thickness of the film in a non-invasive way and allows for
hydration and exchange of medium without moving the sample and thereby the measured area.
The ellipsometry model of the film is created with Si as the substrate, a 1 nm Si-SiO; transition
layer, a SiO; layer, a uniform polymer film, and ambient conditions matching the refractive index
of the solvent. The polymer film is fitted to a Cauchy model (n = A + B/A?), where n and A are
the refractive index and the wavelength, respectively, and A and B are fitting parameters, using
the instrument’s software (CompleteEase). There are 3 fitting parameters for the film which are
A and B for the film’s Cauchy model and then the 8thickness of the film. The refractive indices of
the solutions are measured with the ellipsometer beforehand and the method for this is

described in Supporting Information, section S1.



3. Results

3.1 Multilayer film build-up

In order to prepare CHI-ADA multilayer films with two different CHI/ADA rations, the layer-by-

layer assembly process was conducted at pH 3 and 6, respectively and in the presence of 15 mM

NaCl.

Figure 1A displays the frequency and dissipation changes for the layer assembled at pH 3. Here,

an almost linear decrease in frequency is observed as a function of the layer deposition number

indicating a continuous growth of the multilayer film. The dissipation does in contrast not change

much during the multilayer film build-up. However, a clear oscillatory behavior with an increase

in dissipation each time CHI is introduced and a decrease each time ADA is introduced is

observed.
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Figure 1: Frequency and dissipation shift of layer building in QCM-D for multilayer films of CHI and ADA built at pH 3 (A) and pH 6
(B) with 15 mM NaCl. CHI is odd-numbered layers and ADA is even-numbered layers. The first layer measured is layer 2, as layer 1
is the CHI layer created with dip coating outside the liquid cell.
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Similarly, Figure 1B displays the frequency and dissipation changes for the layer assembled at pH
6. Here, an apparent continuous growth of the multilayer film is also observed as an
approximately linear decrease in frequency with layer deposition number. However, compared
to the case of the multilayer film prepared at pH 3, the overall decrease in frequency is here much
lower, which indicates that the LbL process is less effective at pH 6. As for the build-up at pH 3
the dissipation data does also oscillate between deposition numbers at pH 6. However, in this
case, the dissipation value oppositely increases when ADA is introduced and decreases when CHI

is introduced.

Overall, the two multilayer films prepared at pH 3 and 6 are expected to possess some different
characteristics and properties. At pH 3 and 6, CHI and ADA will have different charge densities so
a different amount of the two polymers are required for balancing the charges of each other
during the deposition of each layer.>”>8 Therefore, it is expected that the multilayer film prepared
at pH 3 (where more ADA is needed to compensate for the charges on CHI) will have a relatively
lower CHI/ADA ratio while the multilayer film prepared at pH 6 (where less ADA is needed to
compensate the charges on CHI) will have a higher CHI/ADA ratio. Additionally, because the LbL
process is driven by charge compensation we expect the multilayer film to be electrostatically
neutral (or weakly positively charged, since CHI is the concluding layer) at the pH value where it
is prepared. Specifically, we thus expect the multilayer film prepared at pH 3 to be close to neutral

at pH 3 and the multilayer film prepared at pH 6 to be close to neutral at pH 6.
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3.2 lonic strength and pH dependent swelling with NaCl

After designing multilayer films with two different compositions, their swelling behavior in
response to pH, ionic strength and specific ion effects can now be studied by ellipsometry. Here,
we have first studied how the swelling is changing with increasing NaCl concentration at three

different pH values.

3.2.1 Multilayer film formed at pH 3 — relatively lower CHI/ADA ratio

Figure 2A shows the swelling behavior at pH 3, 6, and 9 for the multilayer film prepared at pH 3
as functions of the NaCl concentration. Here, it is seen that the swelling behavior is both pH and
ionic strength-dependent. At pH 3 the multilayer film is found in a relatively collapsed
conformation from low ionic strength all the way up to approximately 1 M whereafter the
swelling starts to increase by increasing ionic strength. At pH 6, a very similar behavior is observed
although the multilayer film appears to be slightly less swollen and an indication of a “bump” in
the swelling is seen at around 30-50 mM NaCl. The most extreme response to the change in ionic
strength is however seen at pH 9. Firstly, the film is more swollen at low ionic strength compared
to at pH 3 and 6. Next, the swelling at low ionic strength is seen to be independent of the ionic
strength up to around 30 mM where the film is starting to swell extensively by increasing ionic

strength. This continues up to approximately 50 mM NaCl where the film again starts to collapse.

The interpretation of these observations is far from straightforward due to the complexity of the
system. A multilayer film consisting of CHI and ADA contains amine and carboxylic acid groups,
which can be either charged or uncharged depending on pH and ionic strength. Herein positive

(amine) and negative (carboxylic acid) groups will form ionic bonds, which will keep the CHI and

11



ADA chains together and reduce the swelling. Depending on the pH, the multilayer film can
further carry a net negative charge, a net positive charge, or be overall charge neutral. In case of
a net negative or positive charge of the multilayer film, this charge needs to be balanced by
oppositely charged counterions, which will induce an osmotic swelling of the film. However, due
to the weak nature of the charged groups, the net charge will also be self-regulated by
protonation and deprotonation of the acid and basic groups — processes that are strongly
dependent on ionic strength. With these concepts in mind, we will here provide some

interpretations of the observations in Figure 2A.

When the pH is increased to 9, for the multilayer film formed at pH 3, the film will carry both
positively and negatively charged groups but possess a net negative charge due to a full
deprotonation of the carboxylic acid on ADA and partly deprotonation of the amine groups on
CHL. Thus, the positive charges will be neutralized by parts of the negative charges and form ionic
bonds between CHI and ADA, while the remaining negative charges will be either self-regulated
or balanced by sodium counterions. To some extent, we can thus expect the multilayer film at
pH 9 to behave similarly to a weak monocomponent polyelectrolyte film containing only one
charged moiety (in this case a basic group). Such films have a rather well-understood and
documented swelling behavior with the presence of different swelling regimes dependent on the
ionic strength.>®®2 At low ionic strength a “neutral regime” with a relative collapsed film and an
ionic strength independent swelling is expected. At intermediate ionic strength, an “osmotic
regime” where the degree of swelling increases with increasing ionic strength is expected. Finally,
at higher ionic strength a “salted regime” where the film collapses with increasing ionic strength

is expected. These expectations for the swelling behavior of a weak monocomponent
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polyelectrolyte film are in good qualitative agreement with the swelling behavior observed for
the CHI-ADA multilayer film at pH 9 in Figure 2A. However, compared to the simpler weak
monocomponent polyelectrolyte film some differences compared to the multilayer film should
be highlighted. Firstly, in the “neutral regime” at low ionic strength, we do only expect the excess
negative charges to be self-regulated while the charges involved in the ionic crosslinking between
CHI and ADA are expected to remain. Secondly, in the “salted regime” starting at around 50 mM
NaCl, we note that the decrease in swelling with increasing ionic strength is weaker than
expected for a weak monocomponent polyelectrolyte film®36* We, therefore, here suggest that
the salt-induced collapse of the multilayer film is partly counteracted by another mechanism,
which is leading to increased swelling of the multilayer film. This mechanism could be breaking

of the ionic crosslinked due to increased electrostatic screening.

If the pH is instead kept at 3 for this film formed at pH 3, the film is expected to contain both
negative and positive charges but to be overall charge neutral (or weakly positively charged due
to the conclusive layer being CHI). Thus, again we expect the positive and negative charges to
neutralize each other by forming ionic crosslinks between CHI and ADA. However, in this case,
there will be no (significant) excess of either positive or negative charges and no mobile
counterions need to be associated with the multilayer film. Therefore, at this pH value, the
swelling behavior should not be compared to the swelling behavior of a weak monocomponent
polyelectrolyte film but rather to the swelling behavior of a polyzwitterionic film. At low ionic
strength, polyzwitterionic films are typically found in a rather collapsed confirmation due to
65-67 |

strong dipole-dipole intra- and interchain crosslinks between the polyzwitterionic groups.

the present case of the CHI-ADA multilayer film, we can likewise imagine that the ionic bonds
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have a similar effect. This is the same situation as at pH 9 at low ionic strength (where the excess
charge has self-regulated) but we expect a larger number of ionic crosslinks and thus a more
collapsed multilayer film at pH 3 due to better charge matching at the pH conditions where the
multilayer film is formed. This expectation agrees with the observations in Figure 2A. Asthe ionic
strength is increased, polyzwitterionic films can undergo a swelling process known as the “anti-
polyelectrolyte effect” due to electrostatic screening for the polyzwitterionic dipole-dipole
bonds.®®% It is obvious to believe that the increased swelling observed at high ionic strength in

our multilayer film is similarly due to the screening of the ionic crosslinks.

For the film at pH 6, the swelling behavior closely resembles the behavior at pH 3, except for the
“bump” at 30-50 mM NaCl which appears as a light version of the “osmotic” and “salted” regimes
observed at pH 9. We, therefore, suggest that the multilayer film at pH 6 has a behavior with
elements of both a polyzwitterionic film and a weak monocomponent polyelectrolyte film.
Finally, we also note that the multilayer film at pH 6 appears to be slightly less swollen than the
multilayer film at pH 3 across all values of ionic strength. If the film is assumed to carry a low net
negative charge at pH 6 it could be expected to be more swollen than at pH 3. This is however
not the case, and an explanation could be that the outer layer of the multilayer film, which has

the most unrestricted swelling, is CHI, which will be less swollen at pH 6 compared to at pH 3.%7°
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Figure 2: Swelling of multilayer films of 15 layers alternating CHI and ADA at a range of salt concentrations at pH 3, 6, or 9. Either
with NaCl as the salt for films created in pH 3 (A) or pH 6 (B) or with NaSCN as the salt for films created in pH 3 (C) or pH 6 (D)

3.2.1 Multilayer film formed at pH 6 — relatively higher CHI/ADA ratio

Figure 2B shows the swelling behavior at pH 3, 6, and 9 for the multilayer film prepared at pH 6
as functions of the NaCl concentration. Here, it is firstly seen that the multilayer film is generally
thinner than the multilayer film prepared at pH 3. This observation is consistent with
observations from the multilayer build-up studied with QCM-D as discussed in relation to Figure
1. Secondly, it is seen that the multilayer film prepared at pH 6, like the multilayer film prepared
at pH 3, shows strong pH and ionic strength-dependent swelling — and while there are some
similarities in the trends, there are also some differences.
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At pH 6, the multilayer film is expected to be overall charge neutral (or weakly positively charged).
Therefore, we expect the swelling behavior to mainly resembles the swelling behavior of a
polyzwitterionic film with a relatively collapsed conformation at low ionic strength due to a high
degree of ionic crosslinks between CHI and ADA and an increased swelling at high ionic strength
where these crosslinks are electrostatically screened. This is also exactly what is seen in Figure
2B, although a weak “bump” in the swelling behavior around 30-50 mM also indicates a moderate

monocomponent polyelectrolyte-like element for the film.

Changing the pH to 3 for this multilayer film prepared at pH 6 leads to a decrease in negative
charges (protonation of carboxylic groups on ADA) and potential an increase in positive charges
(protonation of amine groups on CHI) and thus a potential net positive charge which will depend
on the ionic strength. While the change in charge balance manifests itself in a higher degree of
swelling, likely due to fewer ionic crosslinks, the overall swelling behavior as a function of ionic
strength closely resembles the swelling behavior of a polyzwitterionic film. However again with

a small “bump” around 30-50 mM as a weak sign of osmotic behavior.

At pH 9, we again observe an effect of changing the ionic strength which qualitatively differs from
the swelling behaviors observed at pH 3 and 6. As for the case of the multilayer film prepared at
pH 3, a sharp increase in thickness is seen around 30 mM which in this case is followed by a
plateau in thickness when further increasing the ionic strength. At pH 9, we expect a net negative
charge, and we thus assign the sharp increase in thickness to osmotic swelling due to an increased
number of counterions needed to balance the negative charges as the ionic strength is increased.
The lack of a clear “salted” regime at higher ionic strength, we, like for the multilayer film

prepared at pH 3, assign to screening of ionic crosslinks which counteracts the else expected

16



collapse in a “salted regime”. This effect should be stronger for the film prepared at pH 6 where
the CHI/ADA ratio in the multilayer film is higher and a relatively higher number of ionic crosslinks

thus are expected.

3.3 lon-specific swelling behavior — NaCl versus NaSCN

So far, we have discussed the swelling behavior of CHI-ADA multilayer films when the ionic
strength is controlled by NaCl. In the following, we will compare this, to a case where the ionic
strength is controlled by NaSCN. This comparison is inspired by a recent study where we have
shown how the swelling behavior of polyzwitterionic films is significantly influenced by the type
of salt used to control the ionic strength. Specifically, we have shown that “soft” and polarizable
ions like SCN™ can form ion pairs with quaternary ammonium groups in the polyzwitterionic units
of a sulfobetaine-based polyzwitterionic film. Compared to NaCl which can only rupture the
polyzwitterionic dipole-dipole interaction through electrostatic screening, NaSCN can thus
rupture these bonds by preferential binding to the positively charged moieties which leads to a

new charge imbalance and an osmotically driven swelling of the films.

Figure 2C shows the swelling behavior, of the CHI-ADA multilayer film prepared at pH 3, in
response to an increasing concentration of NaSCN. When comparing the swelling behavior at pH
3 and 6 to the situation when the ionic strength was controlled by NaCl, it is seen that the swelling
with NaSCN starts at a much lower ionic strength and is significantly more pronounced. This result
is well aligned with our previous observations for polyzwitterionic films and therefore further
confirms that the multilayer film can be treated as a polyzwitterionic film when the pH value is

not much higher than the value at which the multilayer film is formed. At pH 9, the swelling
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behavior in presence of NaSCN is more similar to the case with NaCl. This makes sense since the
multilayer film at pH 9 has fewer positive charges and an excess of negatively charged groups
which are not involved in any ion-specific interactions with SCN". Anyhow, it should be noted that
the increase in swelling starts at a lower ionic strength and are more gradual compared to the
case with NaCl. This indicates that the zwitterionic-like behavior has started to mix more with the
weak monocomponent polyelectrolyte-like behavior also in the osmotic regime. Additionally, the
decrease in thickness in the “salted regime” is less pronounced in the presence of NaSCN
compared to the case with NaCl. This again suggests that SCN more effectively ruptures the ionic

crosslinks compared to CI.

Finally, Figure 2D shows the swelling behavior in presence of NaSCN for the multilayer film
formed at pH 6. At pH 3 and 6 qualitatively similar behaviors are observed as for the multilayer
film prepared at pH 3. However, at pH 9 the swelling behavior of the multilayer film seems to
have shifted even further towards a zwitterionic-like behavior compared to the weak
monocomponent polyelectrolyte-like behavior seen for the other. That is in line with the
observation for the NaCl case where the apparent rupture of the ionic crosslinks also appears to
become more pronounced for the multilayer film prepared at pH 6 where the CHI/ADA ratio is

higher.
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QCM-D based pH responsiveness

As the responsiveness and in particular, the pH responsiveness of polyelectrolyte multilayer films
is important for many applications such as controlled drug delivery, it is of course of high
importance to demonstrate such behavior in-situ. Besides, being a popular tool for showing the
multilayer film build-up process, QCM-D is also an often used tool for demonstrating the pH
responsiveness.”®”> Here, we will therefore complement our ellipsometry studies of the effect
of ionic strength, ion specificity, and layer composition on the swelling behavior of multilayer
films with QCM-D studies. We will do that by reporting the changes in QCM frequency for the
two multilayer films prepared at pH 3 and 6 (with relatively lower and higher CHI/ADA ratios,
respectively), at three selected ionic strengths (1 mM, 50 mM, and 3 M) and with the ionic
strength controlled by either NaCl or NaSCN, respectively (dissipation measurements is
presented in Supporting Information section S2). When comparing QCM frequencies with
ellipsometry thicknesses it is however important to be aware that the two method measures
fundamentally different things. While the QCM frequency often is considered as a synonym to
the wet mass of the film and the ellipsometry thickness as the absolute height of the hydrated
film, the methods are based on different measuring principles (viscoelastic response versus
optical response) and different models are used to interpret the measured responses. A full
discussion of that is beyond the scope of this paper but we will here only note that ellipsometry
measurements are mostly sensitive to the densest part of the film where the difference in
refractive index between the hydrated film and the solvent is largest (i.e. in the inner part of the
multilayer film) while the QCM frequency also is highly responsive the regions in the film with

very high water content (i.e. in the outer layer of the multilayer film where swelling is less
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restricted).”®7® Finally, it should also be noted that the multilayer films studied with ellipsometry
and QCM are similar but not identical as they are built on two different substrates, i.e. oxidized

silicon wafers and silica-coated QCM sensors, respectively.

Figure 3A and 3B show the swelling behavior of the two multilayer films prepared at pH 3 and 6,
respectively, when the ionic strength is controlled by NaCl. Across both multilayer films and for
all three ionic strengths, we only observe weak responses when changing the pH between 3 and
6 which is mostly in agreement with the observation obtained with ellipsometry (Figures 2A and
B). Oppositely, strong responses are observed when changing the pH between 6 and 9. Here the
significantly strongest response is obtained in presence of 50 mM NaCl compared to at low ionic
strength (1 mM) and high ionic strength (3 M). This observation is also in agreement with the
ellipsometry data and can be explained by the strong osmotically driven swelling found at pH 9
at around 30-50 mM NaCl. Also, in agreement with the ellipsometry data the magnitude of the
response when changing the pH from 6 to 9, is largest for the multilayer film with the lower

CHI/ADA ratio (Figures 2A and 3A).
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Figure 3: pH cycles showing the frequency shift of multilayer films of 15 layers alternating CHI and ADA at 1, 50, or 3000 mM salt
at pH 3, 6, or 9. Either with NaCl as the salt for films created in pH 3 (A) or pH 6 (B) or with NaSCN as the salt for films created in
pH 3 (C) or pH 6 (D)

Figure 3C and 3D show, in agreement with the ellipsometry data, that the pH responsiveness of
the multilayer films becomes greatly different when the ionic strength is controlled by NaSCN. At
50 mM NaSCN, we again see a larger response when the pH is changed between 6 and 9 than
between 3 and 6. At 1 mM NaSCN, we however see a larger response when changing the pH from
3 to 6 than when changing the pH from 6 to 9. At 3 M NaSCN the film prepared at pH 3, on the
other hand, has the largest response when changing the pH from 6 to 9 while that is not the case
for the film prepared at pH 6. These trends observed at 1 mM and 3 M NaSCN with QCM are not

clear from the ellipsometry data. Finally, some degree of irreversible swelling appears after the
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film has been exposed to pH 9 in presence of NaSCN. We believe that the rupture of more ionic
crosslinks at pH 9 allows for more ion pairing between SCN™ and amine groups on CHI and that
the balance is not immediately reversed when the pH is returned to 6. This observation also
reminds us that a multilayer film is not an equilibrium configuration but a system that is a result

of a dynamic build-up under certain environmental conditions.

Overall the results presented in Figure 3 have demonstrated that the pH response of multilayer
films can be very dependent on ionic strength, specific ions, and multilayer composition. For the
same film, very different conclusions about pH responsiveness can be reached depending on the

conditions.

Conclusion

In this work, we have used ellipsometry to study the swelling behavior of multilayer films
consisting of oppositely charged weak polyelectrolytes, i.e. CHI and ADA, at three different pH

values as a function of ionic strength controlled by addition or either NaCl or NaSCN.

For these systems, we have observed that the ion strength-dependent swelling behavior shows
characteristics of both the swelling behavior of weak monocomponent polyelectrolyte films (with
distinct swelling regimes) and polyzwitterionic films with an “anti-polyelectrolyte”-like swelling
behavior. However, whether the multilayer film behaves more like one or the other is strongly
pH-dependent. Additionally, we have shown that the pH and ionic strength-dependent swelling
behavior are also strongly ion-dependent. We have compared the effect of the “hard” chloride

ion with the “soft” thiocyanate ion and found that the ion pairing effect, similar to what has been
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previously reported for polyzwitterionic films, is of significant importance for the swelling

behavior.

With the understanding obtained through analysis of our ellipsometry data, we have further
demonstrated that pH responsiveness illustrated through typical QCM-D experiments can lead
to distinctively different conclusions depending on the multilayer composition, ionic strength,

and the types of ions that are used to control the ionic strength.

The conclusion from this work should thus both be considered as an inspiration for how to design
responsive multilayer films with the desired functionality at certain environmental conditions,
but the work should also stand as a warning for potential misinterpretation of the pH
responsiveness of multilayer films if the testing condition does not exactly match the conditions
for the application. Specifically, if one test the responsiveness at ionic conditions which do not

resemble the environment of the application, wrong conclusions might be drawn.
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Supporting information

Influence of ionic strength and specific ion effects on the pH
responsiveness of weak polyelectrolyte multilayer films

Frederik Hegaard and Esben Thormann*

Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark.

S1: Ellipsometry Technique

The refractive index of the solvent has to be known for each measuring point, as it is changing
with the ionic strength and the type of ions. To find the refractive index of a specific solution, a
wafer with a SiO; layer of known thickness (approximately 100 nm) is measured in the
ellipsometry liquid cell with the different salt solutions present. With a slab model of Si as the
substrate, a 1 nm intermediate Si-SiO; layer, a SiO; layer, and salt solutions described by a Cauchy
model, the model is fitted to the data with the A and B values of the solutions. The obtained

values used are shown in

Table S1 and this method is found to give values of refractive index that are in good agreement

with values obtained with other methods.12



The measurements were performed at 25 °C with a wavelength range from 250 nm to 1000 nm
for NaCl and from 400 nm to 1000 nm for NaSCN because SCN" is absorbing light at the lower

wavelengths.

Table S1: A and B values obtained with the Cauchy model for NaCl and NaSCN solution at varying concentrations.

NaCl NaSCN
c A B[um?] | A B [um?]
[mM]
0,01 |1.321 0.00331 | 1.320 0.00331
0.1 1.321 0.00331 | 1.320 0.00331

0.3 1.321 0.00331 | 1.320 0.00331

1 1.321 0.00332 | 1.320 0.00331
3 1.321 0.00332 | 1.320 0.00331
10 1.321 0.00332 | 1.320 0.00331
15 1.321 0.00332 | 1.320 0.00331
30 1.321 0.00333 | 1.320 0.00331
50 1.321 0.00333 | 1.320 0.00331

100 1.321 0.00334 | 1.320 0.00341

200 1.322 0.00337 | 1.320 0.00362

400 1.323 0.00343 | 1.322 0.00385

800 1.327 0.00353 | 1.327 0.00409

1200 |1.330 0.00363 | 1.333 0.00437



1600

2200

3000

1.333 0.00373

1.337 0.00388

1.343 0.00406

1.338 0.00461

1.345 0.00494

1.355 0.00536

S2: Dissipation shift from pH responsiveness measurements

In addition to the QCM-D frequencies associated with the pH responsiveness studies presented

in the main manuscript, we are here presenting the corresponding dissipation values. Comparing

the dissipation values in Figure S1 to the frequencies in Figure 3 in the main manuscript, very

similar trends are observed. More specifically, any increase in frequency is associated with a

similar increase in dissipation. The dissipation data thus support the interpretations provided in

the main manuscript but does not at such add additional information.
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Figure S1: pH cycles showing the dissipation shift of multilayer films of 15 layers alternating CHI and ADA at 1, 50, or 3000 mM
salt at pH 3, 6, or 9. Either with NaCl as the salt for films created in pH 3 (A) or pH 6 (B) or with NaSCN as the salt for films created

in pH 3 (C) or pH 6 (D)
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Appendix C: Calibration of the cantilever

This appendix will expand on parts of section 3 concerning the methods of calibrating the cantilever for
friction measurements with the AFM. It will mainly focus on unfolding the considerations and

intermediate calculations related to the geometrical approach of relating the sensitivities.

Calibration with thermal noise method

In this part, the implementation of the thermal noise method in the project is explained. Since this is not
a method | have worked on improving, this will describe the origin of the method and my implementation

of it.

In equation 3.4 it was shown that the vertical spring constant is found using the hydrodynamic function
for a rectangular beam. This function is introduced because the foundation for equation 3.4 is the

following equation:

— 2
ky, = MepcLwtwigcy .1

where w44, is the angular resonance frequency in the vertical direction in a vacuum, p, is the density of
the cantilever and M, is the normalized effective mass. The angular frequency in a vacuum, w4, €an
be determined very exact, but for practical reasons, it is more convenient to use the resonance frequency
determined in a fluid, e.g. air. The relation between the frequency in a vacuum, w4 ,,, and the frequency

in the fluid, wy,, can be described by:

c2

2
wvac,v _ T[hW
(2] 1o et (o)

where p; and p. are the densities of the fluid and the cantilever respectively, t is the thickness of the

cantilever and Real (Fﬁ’ect(wf,v)) is the real part of the hydrodynamic function for a rectangular beam in

the vertical direction?®®. There is no exact analytical expression for the hydrodynamic function of a

rectangular beam, but a circular beam's hydrodynamic function is described by:

4iK, (—iViRe) ¢3
ViReK,(—iViRe)

ngrc(wf,v) =1 +

where K, and K;are the modified Bessel functions of the third kind and Re = pfwf,vwz/(4nf) with n¢

being the viscosity of the fluid and w representing the dominant length of the cross-section, which for a
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circular beam is the diameter and for a rectangular beam is the width?>. The circular hydrodynamic

function can be related to the rectangular by a correction factor:
Frvect(wf,v) = Q(wf,v)rgirc(wf,v) c4
where Q(wf,v) is a numerical approximation that has a real and an imaginary part of the form:

Q, cs

_ 091324 — 04827471 + 0.468427% — 0.1288673 + 0.0440557* — 0.00351177> + 0.000690857°
a 1 —0.569647 + 0.486907% — 0.1344473 + 0.0451557% — 0.00358627> + 0.000690857°

and

Q; c6

_ —0.024134 — 0.0292567 + 0.01629472 — 0.0001096173 + 0.0000645777* — 0.0000445107°
B 1—0.597027 + 0.5518272% — 0.1835773 + 0.0791567* — 0.01436975 + 0.00283617°

with T = log(Re). This means that if the resonance frequency of the cantilever in the air is known, it is

possible to calculate the real part of the hydrodynamic function for the rectangular beam,
Real (Fr”eecrtt (a)f)).
The term p.t in equation C.2 can be described by:

pct = n,(inw [Qfﬂ,lmag (Fﬁect(wf,y)) — Real (Fﬁect(wf,v))] 7

where Q. ,, is the quality factor in the vertical direction®'*. The fluctuations of the cantilever due to thermal

noise is measured as deflection voltage, Fourier transformed and the following equation is fitted to the

data:

4
PDC,va,v ca

2f£2
(fz - fOz,v)Z + fQJZCO’U
fv

where f;,,, Qf and Pp¢,, are found by using these as fitting parameters®'? This leads to a non-contact

S(H) =

expression for the vertical spring constant that is derived as the following:

TpFw Cc.9

p
ky = MepcLwt <1 + 4p,t Re (Fﬁect(wf,V))) wfz,v

TPFW c.10

k, = M,Lw (pct +

Re (F;;ect (wf,v))> w?r”

190



C.11
Kyere = 0.1906pLw?Qp p? ,Im (Tace (wr,y) )

This equation allows the vertical spring constant to be determined from the cantilever's width and length,

the density and viscosity of the surrounding fluid, and a thermal noise deflection measurement.

Geometrical sensitivities

Vertical Sensitivity in air
An illustration of how the optical lever principle works in the vertical direction is shown in Figure C.1 for a

cantilever in air.

otodi

L

L +Ls hy

ntilever Holder
Glass

2a

Figure C.1: lllustration of the deflection path of laser interacting with an unbend cantilever, the cantilever holder, the mirror, and
the photodiode in the vertical direction.

The sensitivity is among other things dependent on the vertical distance the light travels, h¢, hy and hy,
the angle of the unbend cantilever, a, and the relative refractive indices of the mediums the light travels
between. To express the significance of these parameters analytically, the set-up is illustrated in Figure
C.2A where the mirror is removed and the photodiode is moved so that the cantilever bending gives the

same deflection distance.

When the distance between the cantilever holder and the cantilever, hy, is changed, it affects only the
position of the laser spot in the photodiode in the vertical direction and not in the torsional. Figure C.2B
illustrates the effect of a height change dh; in the vertical direction. When looking at the lateral
displacement it is seen that the displacement occurring from the height change is conserved in all three

interfaces, S, = 65, = 853, which can be calculated as:
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6S3 = 8hy tan(2a) c12

because §S; = 0 when §h;, = 0. If the photodiode is aligned so the deflection is zero at §h;, = 0 and it s
assumed that the photodiode response is linearly depending on the laser spot placement, then the
deflection can be scaled by a constant, k, which relates the deflection voltage to the deflection length.

The vertical deflections dependency on the height change can then be expressed by the following:

dD,(h) 13
Thb = ktan(2a)

Vertical Direction
A) =0 B) 8=0 C) 80
otodiod otodiod

Ss

Figure C.2: Simplified illustration of deflection path of laser interacting with an unbend cantilever (A), an unbend cantilever at a
shifted height (B), and a cantilever bend with an angle, 0, (C) in the vertical direction.

The vertical deflection dependency on the deflection angle is illustrated in Figure C.2C. The cantilever
angle can be described by § = 2a + 26 and the position of the laser spot on the photodiode at 8 = 0
can be expressed by the lateral movement of the laser spot. The lateral movement of the laser spot at

6 =0is:
S(6 = 0) = hy tan(2a) + hy tan(o(2a)) + h tan(2a) c14

and the distance in the case where 6 # 0 is:
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S(0) = hytan(B) + hy tan(c(B)) + h tan(B) C.15
This means that the deflection can be expressed as:
65(0) =S()—S6 =0) c.16

= (hp + hp)[tan(B) — tan(2a)] + hy [tan(a(ﬁ)) — tan(a(Za))]

where o can be calculated from the refractive indices of the materials in the interface and the incoming

angle by using Snell's law:

n c17
ngsin(2a) = ny sin(o(Za)) = 0(2a) = asin <n_a sin(2a))
g

where n, and n, are the refractive indices of air and glass respectively. Because the angles to the

interfaces normal are fairly small, the following approximation is made:

tan(a(ﬁ)) = tan [a sin <n—asin(ﬁ)>] ~ sin [a sin <n—atan([)’)>] = &tan(ﬂ) c18
ng n ng

g

which is a fairly rough approximation, but for typical AFM values, this gives an error of less than 2 % to

the change in lateral deflection. The deflection can then be expressed as:

ng c19
65(0) = | hy + he + hy — [tan(B) — tan(2a)]
g
which can be simplified by using trigonometric identities and small angle approximations for 6.
sin(2a + 20) sin(2a) c.20
t —tan(2a) = -
an(p) — tan(2a) cos(2a + 260) cos(2a)
_sin(2a) cos(20) + cos(2a) sin(26)  sin(2a)
"~ cos(2a) cos(20) — sin(2a) sin(20)  cos(2a)
tan(B) — tan(2a) C21

_ cos(2a) sin(2a) + 26 cos?(2a) cos(2a) sin(2a) — 26 sin®(2a)
" cos2(2a) — 260 cos(2a) sin(2a)  cos2(2a) — 26 cos(2a) sin(2a)
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26(cos?*(2a) + sin®(2a)) 20 26 c22
cos2(2a) — Osin(4a)  cos2(2a) — Osin(4a)  cos?(2a)

tan(B) — tan(2a) =

Where in the last step it is assumed that cos?(2a) > 6 sin(4a). Using this the deflection simplifies to:

hy + he + hgng/ng €23

65(6) = 20— o

and the change in vertical deflection voltage is described by:

_dD,(0) dkéS(8) ok hy + hy + hgng /1y C24
Wwa="430" = "a8 cos™2(2a)
Torsional Sensitivity in air

The light path in the torsional direction is illustrated in Figure C.3. As the angle in this case only is the small

angle o, it is significantly simpler to relate the deflection distance and the torsional angle change.

Torsional Direction

Figure C.3: Simplified illustration of the deflection path of laser interacting with a cantilever bend with an angle, @, in the
torsional direction.

The deflection is described by:
8S(p) = 8S1(9) + 8S3(9) + 853(9) = (hy, + hy) tan(2¢) + hg tan(o(2¢)) €25

where sigma can be approximated as:

194



n
c(2p) = 29-* e
Ng
due to the angle, @, being close to zero. This means that the deflection simplifies to:
6S(p) = Z(p(hb + h; + hgna/ng) c27
and the deflection from an angular change is:
dD.(p)  dkésS(e) Ng .28
t,a ng ng b + t + g ng

which is of the same form as the vertical deflection but differently scaled. The deflection in the vertical

and torsional direction is therefore related as:
Ye.a (9) = Vu,a(@) cos™>(2a) €.29
which can be used to compare the found sensitivities.

Torsional sensitivity in liquid
If the cantilever is immersed in a liquid instead of in air, the part below the cantilever holder is now this
liguid and the torsional sensitivity is changed based on the liquid's refractive index as illustrated in Figure

C.A4.

This sensitivity is calculated the same way as the one where the cantilever is in air, but this time with a
glass-air interface at the glass’s top and a glass-liquid interface at the glass’s bottom. In this system, the

deflection is calculated as
8S = h, tan(2¢) + hy tan(a(Z(p)) + h; tan(9(2q))) c.30

which using Snell's law and small angle approximation can be simplified as

n n C.31
6S=2¢(h, +h, =2+ h,—=
(p<b+ gng+ tna>

where n,,, ng and n, are the refractive indices for water, glass, and air respectively.
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Torsional Direction

Figure C.4: Simplified illustration of the deflection path of laser interacting in a fluid with a cantilever bend with an angle, ¢, in
the torsional direction.
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