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Abstract

PNIPAM-Coated Brushy Beads and How They Collapse

by David VAN DUINEN

Stimuli-responsive polymers are a group of powerful switchable materials
with a broad range of applications. Induced by a stimulus, the properties
of such polymers can change dramatically. One popular polymer is poly( N-
isopropylacryamide) (PNIPAM). PNIPAM is interesting for a number of ap-
plications, including in technologies as sensors, actuators, micro uidics, and
mineral retrieval, but also in biology, and in medicine. One powerful place to
use them is in colloids. By themselves, colloids are a center point of interest,
owing to the fact that their properties depend on their surfaces rather than
on their bulk. Adding to this fact a stimuli-responsiveness will open up new
possibilities for applications. What is missing to make full use of PNIPAM is

a thorough understanding of its properties and how they respond to stimuli.

Understanding PNIPAM requires understanding its response to stimuli. To
this end, | investigated two of PNIPAM's main stimuli: temperature and
solvent. With temperature, PNIPAM mostly displays a simple collapse while
above a certain temperature, the lower critical solution temperature (LCST).
In some cases, however, PNIPAM has been reported to show a rather complex,
not fully understood, two-stage collapse. With solvent, PNIPAM exhibits the
co-non-solvency effect. PNIPAM swells well in either water or in alcohols,
yet it collapses in intermediate mixtures. The exact cause of the co-non-
solvency effect is still debated, however. The study of the effects of these two
stimuli on PNIPAM-based colloids is not straightforward: many techniques
are technologically quite involved, average over a multitude of colloids, or are
invasive and change the response of the sampled colloids to stimuli. Hence, a
better understanding of these two stimuli would be greatly bene ted by the
ability to study them in a simple, non-invasive manner.

In this thesis, | present a new method to observe responses of PNIPAM-based
colloids to stimuli. The method is optical, and is based on interference and
microscopy. Speci cally, | studied colloidal glass beads that were coated with
an end-grafted PNIPAM brush ( 51 3 nm thick) near a glass surface. The
Brownian motion of such beads is dominated by the brush layer's viscoelastic
properties, which change as a response to stimuli. As a result, monitoring the



Brownian motion through interference allows observing viscoelastic changes
of the PNIPAM brush in a simple and non-invasive manner. Consequently,
this method allowed me to study how various stimuli affected the PNIPAM
brush coating.

Taking temperature as a stimulus, | observed a two-stage collapse of the
PNIPAM brush-coated beads. Upon increasing the temperature, | rst ob-
served a change at36 C. This change was attributed to the LCST volume
collapse of PNIPAM, which induced an increase of polymer brush density
and subsequent increase of viscosity of the brush layer. Then, increasing
temperature above 46 C induced a second transition. | attributed this second
transition to the complete collapse of the brush layer. Upon this complete
collapse, the brush layer became stiffer throughout, which made the Brow-
nian motion more elastic. These results indicate that PNIPAM undergoes a
type ll-phase transition. The better understanding will play a role towards
proper application of PNIPAM brush coatings.

Furthermore, | investigated the co-non-solvency effect using the same method.
For this effect, there exist a few hypotheses regarding the underlying cause.
One leading hypothesis is based on the preferential binding of alcohol to
PNIPAM, rather than water to PNIPAM. Through monitoring the viscoelastic
changes in my experiments, | provide support for the theory of preferential
binding.

These viscoelastic responses to stimuli provide us with a better insight into

responsive thin coatings. Being non-invasive, simple, exible, repeatable, yet
measuring single coated colloids in-situ, the optical method that | developed

and described proved to be a useful tool. This method can be integrated into
the standard set of techniques to investigate changes in stimuli-responsive
colloids.



For the non-scientists

Stimuli-responsive polymers are a group of powerful switchable materials
with a broad range of applications. One popular responsive polymer is
PNIPAM, or poly( N-isopropylacryamide) in full. It is interesting for a range of
applications as a technology in sensors, actuators, micro uidics or for mineral
retrieval but also as an in-body medicine carrier. What makes PNIPAM so
interesting is that it responds to stimuli: changes of its environment. For
example, changing the temperature can dramatically change the properties of
PNIPAM. However, exactly why and how PNIPAM responds is not completely
known. Therefore, before we can fully use its potential, we rst need to
understand PNIPAM better.

There are several forms and shapes of polymers and of PNIPAM. | looked at
PNIPAM brushes. Such brushes are basically like the brush of a broom, but
very short; only about a hundred nanometer thick — a thousand times thinner
than printer paper. Such brushes can be coatings. What is nice in the case of a
PNIPAM brush coating, is that the coated surface becomes stimuli-responsive.
| investigated such PNIPAM brush-coatings on small glass beads. To look at
the response of these PNIPAM brush-coated beads, | exposed them to different
temperatures. Through a special microscope set-up that | developed, | was
able to study the response of the PNIPAM brush coating.

The response of PNIPAM to temperature showed an interesting result. Most
of the time, PNIPAM responds at a single temperature. In my experiments, |
found that there are two distinct transitions, at two distinct temperatures. |
could explain these results by looking at the thin layer of the PNIPAM brush
and how it changed its thickness and stiffness. In a further study, | also
looked at the in uence of another stimulus: solvent, and these experiments
support for one of the possible theories. All in all, we now understand thin
responsive coatings a little bit better, which was made possible because of the
new experimental optical method that | developed.



Zusammenfassung

Viscoelastische Anderungen in Responsive Polymerbiirste
von David VAN DUINEN

'Stimuli-responsive’ Polymere sind eine Gruppe leistungsstarker schaltbarer
Materialien mit einem breiten Anwendungsspektrum. Induziert durch einen
Stimulus kdnnen sich die Eigenschaften solcher Polymere dramatisch veran-
dern. Ein populares Polymer ist Poly( N-isopropylacryamid) (PNIPAM). PNI-
PAM ist fur eine Reihe von Anwendungen interessant, u.a. in Technologien
wie Sensoren, Aktoren, Mikro uidik und Mineraliengewinnung, aber auch in
der Biologie oder in der Medizin. Ein wirkungsvoller Ort fir ihre Verwendung
sind Kolloide. Die Kolloide selbst stehen im Mittelpunkt des Interesses, da
ihre Eigenschaften von ihrer Ober ache statt von inrem Volumen abhangen.
Wenn man zu dieser Tatsache noch eine 'Stimuli-responsiveness' hinzufiigt,
eroffnen sich neue Anwendungsmoglichkeiten. Was fehlt, um PNIPAM in
vollem Umfang nutzen zu kénnen, ist ein grindliches Verstandnis von den
Eigenschaften und der Art und Weise, wie PNIPAM auf Stimuli reagiert.

Um PNIPAM zu verstehen, muss man die Reaktion auf Stimuli verstehen. Zu
diesem Zweck untersuchte ich zwei der wichtigsten Stimuli von PNIPAM:
Temperatur und Losungsmittel. Bei der Temperatur zeigt PNIPAM meist
einen einfachen Kollaps, wahrend oberhalb einer bestimmten Temperatur,
der unteren kritischen Losungstemperatur (Englisch: ‘lower critical solution
temperature’, LCST), ein Kollaps statt ndet. In einigen Féllen wurde jedoch
berichtet, dass PNIPAM einen ziemlich komplexen, nicht vollstandig ver-
standenen, zweistu gen Kollaps zeigt. Mit Losungsmittel zeigt PNIPAM den
‘co-non-solvency'-effekt. PNIPAM quellt in Wasser oder in Alkoholen gut auf,
kollabiert jedoch in Zwischenmischungen. Die genaue Ursache des 'co-non-
solvency'-effekts wird jedoch immer noch diskutiert. Die Untersuchung der
Auswirkungen dieser beiden Stimuli auf PNIPAM-basierte Kolloide ist nicht
einfach: Viele Techniken sind technologisch aufwendig, tiber eine Vielzahl
von Kolloiden gemittelt, oder sie sind invasiv und veréndern die Reaktion
der untersuchten Kolloide auf Stimuli. Daher ware ein besseres Verstandnis
dieser beiden Stimuli durch die Mdglichkeit, sie auf einfache, nicht-invasive
Weise zu untersuchen, von grof3em Vorteil.

In dieser Arbeit stelle ich eine neue Methode zur Beobachtung der Reaktionen
von PNIPAM-basierten Kolloiden auf Stimuli vor. Die Methode ist optisch
und basiert auf Interferenz und Mikroskopie. Insbesondere untersuchte ich



kolloidale Glasmurmeln, die in der Nahe einer Glasober ache mit einer 'end-
grafted' PNIPAM-Birste ( 51 3 nm dick) beschichtet wurden. Die Brownsche
Bewegung solcher Murmeln wird durch die viskoelastischen Eigenschaften
der Burstenschicht dominiert, die sich als Reaktion auf Stimuli verandern.
Infolgedessen ermdglicht die Uberwachung der Brownschen Bewegung durch
Interferenz die Beobachtung viskoelastischer Veranderungen der PNIPAM-
Burste auf einfache und nicht-invasive Weise. Folglich konnte ich mit dieser
Methode untersuchen, wie sich verschiedene Stimuli auf die Beschichtung
der PNIPAM-BJUrste auswirkten.

Bei der Verwendung der Temperatur als Stimulus beobachtete ich einen
zweistu gen Kollaps der PNIPAM-Murmeln mit Birstenbeschichtung. Beim
Erhdéhen der Temperatur beobachtete ich zuné&chst eine Veranderung bei
36 C. Diese Anderung wurde dem LCST-Volumenkollaps von PNIPAM
zugeschrieben, der einen Anstieg der Polymer-Burstendichte und eine an-
schlieBende Erhdhung der Viskositat der Burstenschicht bewirkte. Dann
induzierte ein Temperaturanstieg tiber 46 C einen zweiten Ubergang. Ich
fuhrte diesen zweiten Ubergang auf den vollstandigen Zusammenbruch der
Burstenschicht zurtick. Nach diesem vollstandigen Zusammenbruch wurde
die Burstenschicht durchgehend steifer, wodurch die Brownsche Bewegung
elastischer wurde. Diese Ergebnisse weisen darauf hin, dass PNIPAM einen
Typ-ll-Phaseniuibergang durchlauft. Das bessere Verstandnis wird eine Rolle
bei der korrekten Anwendung von PNIPAM-BUrstenbeschichtungen spielen.

AuRerdem untersuchte ich mit der gleichen Methode den 'co-non-solvency'-
Effekt. Fur diesen Effekt gibt es einige Hypothesen bezlglich der zugrunde
liegenden Ursache. Eine fihrende Hypothese basiert auf der préaferenziellen
Bindung von Alkohol an PNIPAM anstelle von Wasser an PNIPAM. Indem
ich die viskoelastischen Veranderungen in meinen Experimenten beobachte,
unterstiutze ich die Theorie der praferenziellen Bindung.

Diese viskoelastischen Reaktionen auf Stimuli geben uns einen besseren Ein-
blick in 'Stimuli-responsive' dinne Polymerschichten. Da die von mir en-
twickelte und beschriebene optische Methode nicht invasiv, einfach, exibel
und wiederholbar ist und dennoch einzelne beschichtete Kolloide in-situ
misst, erwies sie sich als nutzliches Werkzeug. Diese Methode kann in den
Standardsatz von Techniken integriert werden, um Veranderungen bei auf
'Stimuli-responsive’ Kolloiden zu untersuchen.

Der englische Text wurde mit Hilfe von DeepL (Link) ins Deutsche Ubersetzt. An-
schlieRend habe ich die Ubersetzung tiberpriift.






Chapter 1

Introduction

1.1 The role of responsive polymers

Today's world keeps evolving thanks to the many scienti ¢ and technological
innovations. Such innovations have allowed us to do things that we could not
do before, and do them better and faster. Recently, as systems and machines
become more and more complex and interlinked, sensors start playing an
increasingly big role in connecting everything. Sensors can help us observe
the world and act accordingly. The use of sensors has been promoted by
polymeric materials: the easy production and the typical low cost of polymers
allows applying sensors commonly. One novelty in sensors is based on a
special type of polymeric materials. There exist materials that are responsive:
a small change in surroundings can lead to a drastic change of the material's
properties. Subsequently, such materials provide a way of interacting with or
sensing of the environment.

One popular responsive polymer is poly( N-isopropylacrylamide), or PNIPAM.
Stimuli such as temperature or solvent cause the properties of PNIPAM to
change. This response is what makes PNIPAM interesting, and it has many
uses. PNIPAM is used to an academic end to help understand the denaturation
of proteins, since the collapse of PNIPAM is similar and the PNIPAM molecule

Is much less complex than a protein is [Stu+10]. More practically, PNIPAM
coatings have also been used as an enabling technology. Types of sensors,
actuators, or smart surfaces rely on the responsiveness of PNIPAM [Bra+09;
Chr+16; Zha+11; Sch+10]. Thus, PNIPAM is a very useful responsive polymer.

PNIPAM as a responsive polymer also plays a role in colloidal science and
technology. Colloidal dispersions are governed by their surfaces [BGKO03].
Therefore, having the surfaces of colloids be responsive can bring about great
changes in the whole colloidal dispersion. As a result, PNIPAM-based colloids
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have been envisioned or used in responsive dispersions of many kinds. Below,
| provide a few examples of applications of PNIPAM-based colloids.

In mineral processing, precious materials need to be collected from low grade
ore. Often, the ore is crushed and then dispersed in water. Two viable meth-
ods to separate the minerals from the dispersion are through otation, or
sedimentation. In otation, mineral particles attach to air bubbles, which
subsequently causes the mineral to rise towards the water's surface where it
can be collected. To make otation work, a key step is to attach the minerals
to the bubbles. However, minerals are often hydrophilic, while air bubbles
are hydrophobic. PNIPAM can play a role in otation. Burdukova et al. inves-
tigated the interactions of adsorbed PNIPAM surfaces [Bur+10]. The PNIPAM
can physisorb to hydrophilic surfaces at low temperatures, thus coating the
mineral particles. Then, as temperature is a stimulus for PNIPAM, raising
the temperature above a certain value renders PNIPAM more hydrophobic.
Consequently, at high temperature, the mineral particles become hydropho-
bic, and will stick to the air bubbles. The collection method that is based on
sedimentation also relies on hydrophobicity of PNIPAM at high temperatures.
Here, two hydrophobic surfaces attract, causing mineral particles to aggregate.
As the minerals aggregate, they sediment, which allows them to be collected.
Thus, PNIPAM can play an important role in mineral collection.

A way to introduce responsiveness to colloids was investigated by Puebla et al.
The issue they worked on was sensing of dilute analytes in solution. Their
method was to use PNIPAM-coated gold nanoparticles to optically sense the
analytes. The optical response of just the analytes was not strong enough to
detect. The gold nanoparticles enhance the optical eld close to the particle.
Therefore, for the enhanced eld to be effective, the analytes needed to be close
to the nanoparticles, which they achieved using the responsive PNIPAM layer.
Consequently, the response of PNIPAM to temperature allowed the successful
sensing of the analytes [Pue+09]. In a similar fashion, Shamim et al. used
magnetic nanoparticles to sense a biological molecule [Sha+07], illustrating
that PNIPAM layers can also be applied to magnetic nanoparticles. For both
the optically and magnetically active particles, the PNIPAM layer added
a responsiveness. Thus, adding a PNIPAM layer can add new responsive
functionalities to colloids.

Another potential use of PNIPAM is in medicine. One challenge for medicine
is targeting. In many cases, only a very speci ¢ part of the body requires the
medicine. Hence, it is important to get the medicine to that part of the body
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FIGURE 1.1: Cartoon of the brush coating on the bead at A low temperature
(swollen), and B high temperature (collapsed). The light blue background
indicates water, while the blue of the bead and the substrate indicates glass. C
The inter-phase that exists between the bead and the substrate, which contains
the polymer brush and water. The motion of the bead is in uenced by the
inter-phase and its state. Reproduced in part with permission from Langmuir
2019, 35, 48, 15776-15783. Copyright 2019 American Chemical Society.

where the medicine is required. Such targeting can be achieved with PNIPAM.
Here, micron-sized hydrogels, called microgels, of cross-linked PNIPAM can
be loaded with a medicine [Gil+00; Oh+08; Bv18]. In the collapsed state, the
medicine is contained within the microgel. In contrast, in the swollen state the
medicine can diffuse out of the microgel into the body. Thus, through knowl-
edge and control of the stimulus for PNIPAM, a medicine can be administered
to a speci c part of the body.

In many cases, including the examples above, the function of a colloid depends
on how it interacts with neighbouring colloids and its surroundings, which

is dominated by viscoelastic surface properties. To this end, | investigated
small colloidal beads that were coated with a PNIPAM brush at a surface
(Fig. 1.1). In the case of PNIPAM, it is easy to imagine that the colloids
viscoelastic properties will change when one of its stimuli is triggered, e.g. by
an increase of temperature. Speci cally, my experiments depended greatly
on the small volume between the bead and the substrate that contained the
PNIPAM brush, the inter-phase (Fig. 1.1C). Consequently, understanding
the viscoelastic response of these coated beads requires understanding the
inter-phase.

1.2 PNIPAM inter-phases in literature

How the inter-phase in uences the function of the colloid depends on what
it consists of. In my experiments, this inter-phase consists of the PNIPAM
brush and water. The properties of PNIPAM have been widely studied, and
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PNIPAM is most well known for its phase transition that occurs with increas-
ing temperatures. At room temperature, PNIPAM in water is swollen: the
water is a good solvent for PNIPAM. However, as the temperature increases
above a certain value, PNIPAM collapses: at high temperatures water is a poor
solvent. The temperature at which this transition happens is about 32 C, the
lower critical solution temperature (LCST) [HG68; Zhu+91]. This transition
at the LCST drastically changes PNIPAM's properties, such as its volume,
mechanical properties, optical transmittance, contact angle, or the internal
solvent diffusion [HHT87; Sch+98; ZPD95; Sch92; Stu+10; Bal+03; Sui+11].

Besides temperature, another stimulus that stands in the spotlight is the
solvent. For example, both pure water and pure ethanol are good solvents,
causing PNIPAM to be swollen. However, mixtures of these solvents result
in the collapse of PNIPAM [Sch92]. This effect was named co-non-solvency.
As with the LCST collapse, solvent mixtures reduce the volume of PNIPAM
[Chr+16; Koo+12; Yu+15; Yu+16; Yon+19]. Note, however, that the collapse
through solvent is different from the LCST collapse. For example, the response
in mechanical properties of PNIPAM differs for different stimuli [Bv18]. Itis
clear that PNIPAM's response to a stimulus will affect the inter-phase. Since
the inter-phase determines the functionality of the colloidal beads, knowing
the response to the various stimuli is important.

However, the response of PNIPAM is not fully understood, and sometimes
occurs differently. For the temperature collapse, PNIPAM typically collapses
as the temperature is increased, yet not always. Zhu and Napper noted
that the collapse happened over a surprisingly broad temperature range,
and later Shan et al. and other groups observed that PNIPAM collapsed in
two stages [ZN94; Sha+04; Wu+07; TZW14]. In these studies, the two-stage
collapse was attributed to heterogeneities of the PNIPAM, such as differences
in PNIPAM densities. Most of the time, PNIPAM has a single LCST collapse.
For applications of PNIPAM, however, the full response to temperature needs
to be known, be it a one-stage or a two-stage collapse. Besides the temperature
collapse, also the co-non-solvency effect of PNIPAM is not without controversy.
Though there is a leading hypothesis for this effect's cause, the response of
PNIPAM is not yet completely understood [Kyr+16; Bac+17a; Yon+20]. Hence,
to apply responsive PNIPAM coatings to colloids effectively, an investigation

of coated beads and their inter-phase and their viscoelastic response to stimuli
is needed.
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1.3 Techniques to investigate PNIPAM

Investigating responsive polymers can be done with various techniques. One
technique that is extensively used is the quartz crystal microbalance (QCM),
which can determine changes of viscoelastic properties of thin layers. In QCM,
a planar sample layer is attached to a quartz crystal. Viscoelastic properties are
determined through monitoring the resonances and dissipations of the crystal.
This was be done under various stimuli, e.g. temperature or solvent [IBO7;
IB10; Hum+16; Mur+16]. Furthermore, scanning probe microscopy (SPM,
often called AFM or atomic force microscopy) can be applied to characterise
responsive layers, monitoring e.g. elastic properties of the layer. In this
technique, a cantilever is used to probe the properties of a surface. In SPM,
the force and distance between the cantilever and the surface are measured
with great accuracy. From these force-distance data, the elastic modulus of the
coating layer can be determined [Che+05; JBJ10; Hel+16]. Often, a sharp tip is
attached at the end of the cantilever that allows a high lateral resolution. In
this way, also non-isotropic coatings can be measured, for example surfaces
coated with PNIPAM microgels. Through SPM, a map of the elastic modulus
was thus obtained of PNIPAM microgels [Fer+10; Sch+10].

Measuring coated colloids requires a different approach. An alternative mode
of SPM is to attach a colloid to the cantilever instead of a sharp tip. Often,
attaching a particle is done with epoxy glue, which can potentially alter the
particle. Instead, Humphreys et al. attached an uncoated particle rst, and
subsequently grew a brush [HWW18]. Hence, they could investigate the
actual contact of a coated bead. However, regarding sample preparation, SPM
Is quite involved, and comparing multiple beads in quick succession in the
same circumstances can prove to be a lot of work. Alternatively, spectroscopic
or scattering techniques are non-invasive and can characterise both multi-
tudes of coated colloids in dispersion or planar layers. Spectroscopy uses
electromagnetic radiation that interacts with the PNIPAM. As the interaction

is different for the swollen or collapsed state, the signal will vary. Examples
are light or X-ray absorption spectroscopy. Besides spectroscopy, scattering
techniques are also applied regularly. Here, X-rays or neutrons interact with
the PNIPAM. Because of the PNIPAM layer, the direction of the incident beam
is changed slightly. From this, one can distill the thickness and density of the
layer. Yet, when measuring multitudes of coated beads, details are potentially
obscured, which can only be seen when measuring single beads [WBO05]. To
measure single particles, one can apply video microscopy. The motion of
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particles depends on their properties, e.g. coating thickness or adhesive prop-
erties. Tracking of the position of the particle provides information about such
properties [WB05; MDTO06; Bon+17]. The sampling rate of video microscopy
is limited to about a kilohertz [KM15]. Therefore, video microscopy can only
be applied to investigate effects or motions that occur at slower rates. This
rate can be the limiting factor to measure Brownian motion. Alternatively to
video microscopy are a laser-based techniques, which can sample at up to
megahertz [LR13]. Laser-based measurements can thus study effects that are
both slower and faster.

My experiments are aimed at characterising the inter-phase while changing a
certain stimulus like temperature or solvent. Meanwhile, the experimental
technique should not interfere with the measurement, and ideally measure
single beads. However, experimental techniques that | discussed above leave
this experimental niche open. Subsequently, | developed a method to measure
and analyse the Brownian motion of single brush-coated beads. Using this
method, the viscoelastic response to stimuli of coated beads and their inter-
phase can be measured in situ.

1.4 Outline of this thesis

The rest of the thesis is written to answer the questions posed here. In chap-
ter 2, | describe the synthesis of the PNIPAM brush-coated colloids that | used,
and a basic characterisation of those in the dry state.

In the following chapter 3, | present the method that | developed and used to
measure coated colloids. First in this chapter, | go into some depth about the
sample that | measure — a PNIPAM brush-coated glass bead that adhered to
a glass substrate — to con rm this situation of the sample and why this is the
case. Furthermore, in this chapter | outline the set-up and its physical basis,
the method of analysis of the data, and what the results of the analysis tell
with regard to the inter-phase and the brush.

In chapter 4, | expose the sample to the rst stimulus: temperature. As the
title of this chapter hints, here | observed a two-stage collapse. | analyse these
observations, and relate those to my hypothesis of what is happening within
the inter-phase.

In the next chapter 5, | exposed the sample to heat in a reversed con rmation.
In this case, the glass substrate was coated with the PNIPAM brush instead,
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while the glass bead was kept bare.

In chapter 6, | investigated the response of the coated bead to an ethanol-water
solvent mixture to examine the co-non-solvency effect.

Chapter 7 is included into this thesis because this was the would-be topic of
this thesis when | started this PhD in the group of Prof. Butt. In this chapter, |
discuss the Debye length of the double-layer force under extreme hydrostatic
pressures up to 2.2 kbar. | acknowledge that this chapter is out of the main
scope of this thesis about responsive polymer brushes. Nevertheless, | did
spend a signi cant amount of time on this topic. In the end, | did manage to
draw a few conclusions about the Debye length at such high pressures.

Finally, 1 place my results and ndings in perspective in the conclusions
chapter 8, and answer the questions that are outlined within this introduction.
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Chapter 2

Thin Functional Layers: PNIPAM
Brushes

Stimuli-responsive coated colloids are relevant and important (see chapter 1).
In this chapter | describe how the glass colloids were coated with the PNIPAM
brush. Subsequently, | show that the colloids were indeed coated. Further-
more, | describe the characterisation of the colloids and their coating in the dry
state. In subsequent chapters | describe the investigation of the responses to
stimuli of these coated colloids. Therefore, in this chapter | set out to con rm
that the synthesis was successful.

2.1 Synthesis of PNIPAM brushes on colloids

The grafting of the brush onto the beads is described in Van Duinen et al.
[vBB19], | partially re-used the text of the publication here. Grafting of PNI-
PAM brushes was done using atom transfer radical polymerisation (ATRP)
by Gunnar Kircher, a technician in our group. The grafting started with
functionalising the beads with the initiator. Here, the ATRP initiator 3-(2-
bromoisobutyryl)propyl dimethylchlorosilane was used. Before use, the ini-
tiator was prepared as described by Bumbu et al. [Bum+04]. The beads that
were used had a 54um diameter (Duke Standards ™ Dry Borosilicate Glass
Microspheres, 9005 series 5.4t 0.7 um). First, 300 mg of dry beads was im-
mersed in 15 mL dry toluene (anhydrous, Sigma Aldrich 99.8 % used without
puri cation). Next, 0.4mL trimethylamine (Sigma Aldrich 99.8 % distilled
over CaH before use) and 0.2 mL of initiator were added. This mixture was
stirred for 24 h under argon atmosphere. After mixing, the beads were al-
lowed to sediment and the solution was decanted. Subsequently, the beads
were washed nine times with methanol (Fisher chemical 99.8 % used without
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puri cation). Finally, the beads were dried in a vacuum oven overnight, and
the beads were ready for the polymerisation.

Once the beads were dried, we used ATRP to grow PNIPAM chains on the
glass beads. With CuCl, only thin PNIPAM brushes could be obtained. There-
fore, CuBr was used as catalyst, instead. The polymerisation with CuBr was
faster and less controlled compared to CuCl, as it resulted in a thicker layer
with high polydispersity. Then, 0.97 g NIPAM (Sigma Aldrich, recrystallized
from Hexane), 9.8 mg CuBr (Sigma Aldrich 98 %), and 8 mL of a DMF/water
1:1 mixture (DMF from Sigma Aldrich 99.8 % used without puri cation) were
mixed with the initiator-functionalised beads. In this study, all water used was
MilliQ-grade ( 18.2 MW cm). The mixture was degassed by two freeze-thaw
cycles. Then,20 uL Me6TREN (Alfa Aesar 99+ %, used without puri cation)
was added under argon ow. The mixture was degassed by three more freeze-
thaw cycles and stirred at 60 C for 1 h. Afterwards, the beads were allowed
to sediment, and the supernatant liquid was removed. Finally, the beads
were washed ten times with methanol. For every wash, methanol was added
and stirred for a few seconds. After stirring, the beads were left to sediment,
and the supernatant methanol was removed. Before the experiments, we
dispersed the beads in water.

2.2 Characterisation of the coated colloids

2.2.1 Determination of the dry brush thickness

| used the focused ion beam (FIB) and scanning electron microscope (SEM)
to determine the dry thickness of the brush. First, a small droplet of bead
dispersion was deposited onto a silicon substrate, which was then allowed
to dry. Applying the SEM and FIB techniques raised two challenges: 1) the
sample would charge, thereby hindering the techniques, and 2) the FIB can
unintentionally damage polymer layers [Bas+12]. To assess challenge 1), the
sample surface was made conductive by a platinum coating. To do so, the
whole sample was coated with a 10 nm-thick Pt-layer by sputtering. For
challenge 2), a thicker Pt-layer was locally deposited (Fig. 2.1A). Depositing
of the thicker layer was done by ion-assisted Pt-deposition at a beam voltage
of 30kV and a 1 nA beam current. Thus, locally, a micrometer-thick Pt coating
protected the PNIPAM-coated beads from unintended damage.
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FIGURE 2.1: SEM images of cross-sections of beads. The cross-sections were
produced with FIB. A Cross-section of three PNIPAM-coated beads and the
protective Pt-layer. B A zoom-in of the red-rectangle that is showed in A. |
attribute the dark layer to PNIPAM. C A cross-section of uncoated beads with-
out a dark layer. D Leaving the beads dispersed in water did not signi cantly
change the PNIPAM layer thickness. Reproduced in part with permission
from Langmuir 2019, 35, 48, 15776—-15783. Copyright 2019 American Chemical
Society.
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The FIB was used to mill-away half of the beads shown in Fig. 2.1A, making
the cross-section. For rough milling, a current of 3 nA was used. Passing the
beam over a rectangular section removed half of the bead. After many passes,
the bead was ultimately completely cut through. Subsequently, the cross-
sectional surface was polished with the FIB. Polishing happened carefully at
low currents in two steps: rstat 0.5nA and nally at 0.3 nA.

SEM was done to image the smooth cross-sections of the brush-coated beads.
Imaging by SEM happened at 2kV and at a 35°angle (Fig. 2.1). The imaging
happened at an angle non-normal to the cross-section surface. This angle was
corrected for by scaling the image. To con rm the existence of the PNIPAM
brush, | compared the ATRP-treated beads to pristine beads (Fig. 2.1B to
Fig. 2.1C, resp.). The beads look different: the treated beads display a dark
region around the bead that is not present around the pristine bead. Thus,

| attribute the dark region to the PNIPAM brush. The measurements were
performed in a vacuum atmosphere, so these images show the brush layer in
the dry state. Using the software ImageJ (Version 1.52i), | determined the layer
thickness over the bead's perimeter 20 times, providing a mean thickness and
a standard deviation. Through this procedure, | measured Ly, =51 3nm,
the mean dry brush thickness.

The in uence of water immersion on the brush

| also investigated the effect of prolonged exposure to water on the coated
beads. In some cases, dispersing the coated beads in water can degrade the
layer. Initially, | used a sonic bath to disperse the dried coated beads in milliQ
water. However, | found that the sonic bath degraded the brush layer. While
performing the interference experiments (see chapter 3), | found that there was
PNIPAM dissolved in the water phase. Consequently, | concluded that the
brush layer had degraded and stopped using the sonic bath. Instead, | only
used beads that were separated from each other without actively separating.
In this study, the beads were left dispersed in water over the course of a day.
Therefore, | checked whether water over such a period had an in uence on
the brush. To do so, | compared two dispersions of the same batch of beads.
One of these dispersions was prepared one day prior to the other, which
were subsequently exposed to water for one day longer. For the beads that
were dispersed in water for one day, | found the mean dry thickness to be
55 14nm (Fig. 2.1D), compared to51 3 nm for the freshly dispersed beads.
The differing errors could be caused by a difference in roughness between the
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beads, or be an outlier as | measured a low amount of beads. Nonetheless, |
found that dispersing the beads in water over the course of one day did not
signi cantly change the dry brush thickness. Thus, | concluded that during
the time of the measurements, the PNIPAM brush layer does not degrade.

The PNIPAM layer can be considered a brush

Whether or not the layer can be called a brush depends on the ratio between
two layer characteristics: the grafting density and the radius of gyration. First,
the grafting density s, which describes the surface density of the polymer
chains that are grafted on the substrate surface. Grafting on the beads did
not allow characterisation of the degree of polymerisation. Different from the
case of coating of beads, coating on a planar surface did allow this. Hence,
to estimate s for the coated bead, | considered a brush on a planar surface
that was synthesised separately (see section 5.1 for more details on the planar
brush). The surface functionalisation of the initiator was the same for bead
or planar. Therefore, | assume that the s for the brush on the plane and on
the bead were comparable. For the planar coating, unbound PNIPAM chains
could be collected, and s could be determined. In this manner, | estimate that
s=0.2nm 2.

Secondly, the radius of gyration determines how much space one chain occu-
pies (Fig. 2.2A). The radius of gyration is [BGKO03]:

I N
Rg = —p? (2.1)

Here, | is the chain segment length, and N the number of chains per molecule.
The planar brush had properties: Lglr‘;nar =138 nmand NP2 = 400Q Conse-

quently, using Lgfy"‘d =51nm, | ndthat NPead = 150Q Here, | neglected any
curvature effects, since the bead radius is much larger than the brush thick-
ness. Furthermore, | assumel to be about 0.3 nm [KFA90; Plu+06; Yon+20].

With these numbers, | ndthat Rg=5nm.

One considers the layer to be a brush when s Rié (Fig. 2.2B) [BGKO3]. In

this case, | nd for the beads 0.2nm 2  0.04nm 2. Hence, | conclude that
the PNIPAM coating on the glass beads can indeed be classi ed as a brush
layer.
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FIGURE 2.2: A Sketch showing the properties of a polymer chain in a good

solvent. In this example, the polymer is a linear chain consisting of N =17

segments of length |. The chain occupies a sphere with radius Ry. B Sketch of

end-grafted chains. Reducing the distance between two chains, the polymer
layer will be in a brush con guration.

Density of the beads

The cross-section of the one-day bead dispersion showed a peculiarity (Fig. 2.3).
One bead displays what seems to be a cavity. Calibration of the bead radius in
optical force measurements has been dif cult in previous experiments. At the
time, this dif culty was attributed to unknown bead density. 1 Such cavities in
beads are an explanation for these dif culties.

FIGURE 2.3: SEM images of cross-sections of beads that have been dispersed
in water over the course of one day.

1During the PhD period of Dr. Dominik Pilat [Pil+16], my predecessor. Source: Verbal
communication with Dr. Rudiger Berger.
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Chapter 3

Viscoelastic Characterisation by
Optical Interference

In many applications, the viscoelastic properties of PNIPAM brushes on col-
loids play a key role. However, there is no perfect technique to measure such
properties in situ. In this chapter, | will outline the method that | developed to
monitor these properties of coated beads. As a model sample, | investigated
a single bead that was coated with a PNIPAM brush and that stuck to a hy-
drophilic planar surface. First, we shall con rm that the beads were indeed
sticking to the surface and what forces and processes played a role (section 3.1).
In this sticky situation, the coated bead exhibited Brownian motion. We shall
consider the theory behind such Brownian motion (section 3.2). To measure
the Brownian motion, | developed a non-invasive method that can measure
the motion of a single bead (section 3.3). Through such measurements, the
spectrum of the Brownian motion was determined. The spectral properties
were determined by the brush properties (section 3.4).

3.1 Adsorption of beads to a hydrophilic surface

3.1.1 PNIPAM-coated beads are not mobile

The characterisation method that | used was based on the interference of a
laser. The focus of this laser was stationary. Furthermore, the measurements
involved beads dispersed in water close to a horizontal planar glass surface,
which is described further on in section 3.3. Therefore, to properly measure
the beads, they had to be stationary. Hence, we must rst con rm that the
beads are not mobile and stick to the glass surface. Using a microscope, |
found that the coated beads that were described in chapter 2 did not move
(Fig. 3.1A). In contrast and as an example, beads that were not coated were
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FIGURE 3.1: Microscope image of beads. A PNIPAM coated glass beads, 54m

diameter. The beads stuck to the glass capillary wall and did not move. B In

contrast, glass beads with an 84um diameter. The beads were aggregated, since

they were able to move as these did not stick. The white scale bar corresponds

to 10 um. A is reproduced in part with permission from Langmuir 2019, 35,
48, 15776-15783. Copyright 2019 American Chemical Society.

able to move freely parallel to the horizontal glass surface. This movement
resulted in the beads aggregating at some position (Fig. 3.1B). Thus, I conclude
that the PNIPAM-coated beads stuck to the glass surface.

3.1.2 The forces that cause the coated beads to stick
Attractive bridging forces

The bead remained stationary due to attractive forces between the bead and
the wall. In this case of the PNIPAM-coated bead on a glass surface, the
attraction was caused by nonspeci ¢ bridging by the PNIPAM chains. At the
one end of the chain at the surface of the bead, the PNIPAM chains were cova-
lently end-grafted. At the other end, at the glass capillary wall, the PNIPAM
physisorbed to the surface. Two possible pathways for such physisorption
are through hydrogen bonding or Van der Waals interactions [Isr11b]. Two
molecular groups speci cally play important roles in hydrogen bonding:
the hydroxyl groups of the glass surface (—OH), and the amide groups of
PNIPAM (—CONH—). Both the oxygen and nitrogen atoms are strongly
electronegative, and thus can participate in hydrogen bonds. Subsequently,
hydrogen bonds formed between the PNIPAM and glass. Another possible
bridging mechanism is through Van der Waals interactions, although Van der
Waals interactions are not as strong as a hydrogen bonds. Every molecule has
temporary dipoles induced by thermal uctuations. These temporary dipoles
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can cause an induced dipole in another molecule. This interaction between
dipoles results in the attractive Van der Waals force.

There exist literature studies on the attractive interactions between PNIPAM

brush-coated surfaces and hydrophilic surfaces. The interaction forces involv-
ing a PNIPAM brush-coated surface were measured with various methods: a
surface force apparatus with a mica surface [Plu+06], a silicon nitride SPM tip
[GKBO04], or a silica colloidal probe [Mur+16; Hum+19b]. The magnitudes of

the forces that these studies found varied greatly. Yet, each of them reported
attractive forces, which were attributed to bridging by the PNIPAM brushes.

Repulsive steric forces

The brush also induced forces that opposed the attractive bridging, including
steric repulsive forces. The PNIPAM chains were densely grafted to the
surface. Because of this high grafting density, the PNIPAM density of the brush
layer was very high as well. Such a high density is entropically unfavourable,
which lead to an osmotic pressure away from the grafted surface. Due to
this osmotic pressure, the chains stretched away from the surface and formed
the brush shape. This osmotic pressure is even higher when the brush is
compressed, e.g. due to attractive bridging. Thus, there was a repulsive force
acting on the bead. When one knows the parameters of the polymer layer,
the steric repulsion can be described by the Alexander-de Gennes equation
[Ale77; DG87; But+99; Isrl11b].

Repulsive electrostatic forces

In addition to the repulsive steric forces, charging of the surfaces may also
result in repulsion. In our case, the glass surfaces of the wall and the bead
may have dissociated with water, thereby charging the surface. This was
likely the case, since the isoelectric point (or point of zero charge) of silica is at
acidic conditions. In my experiments, | did not control the pH actively but
instead dispersed the beads in pure water. For this reason, it is probable that
the pH was above the isoelectric point and the glass was negatively charged.
Therefore, | argue that both glass surfaces in the experiments were negatively
charged.

The force that results from charged surfaces can be described by the dou-
ble layer force. lons that are dissolved in the liquid gather at the charged
surface, thereby forming the double layer [BK10; Isrlla]. Gathering of such
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ions between two surfaces leads to a high local ion concentration, which is
entropically unfavourable. This results in a repulsive osmotic pressure. The
range of the repulsion is determined by the Debye length, | p [DH23]. The
Debye length is determined solely by the liquid, and depends on the con-
centration of ions in the liquid. In fact, ions shield charges. Thus, a higher
ion concentration reduces the Debye length. For pure water, the ions consist
of dissociated water ions, hydroxyl and hydronium. The concentration of
the dissociated water ions is relatively low, thus resulting in a rather long
Debye length. For distilled water, | p = 300 nm, which corresponds to an ion
concentration of 1 uM [Ste+19]. In case of added electrolytes, the Debye length
reduces to 10 nm for a monovalent salt of concentration 0.1 mM [Isrlla].

3.1.3 Remarks on predicting the forces
Polymer-mediated forces

There are a few aspects that make it dif cult to
predict the attractive bridging and the repulsive
steric forces. PNIPAM brush layers have a com-
plex density pro le: closer to the grafted surface
the density is higher than away from the surface
(Fig. 3.2 and see also section 4.3) [Bal+03; Yim+05;
Plu+06; Koo+12; Mur+16; HWW18; Hum+19a].
Moreover, my experiments featured coated beads
that stuck to a surface. It is possible that the wall

in uenced the polymer density, making it dif -

cult to predict (Fig. 3.3). Yet, both polymer-mediated forces depend on the
density of the brush. Furthermore, for the bridging force, the surface of the
glass wall is nite. In other words, the surface cannot accommodate endless
PNIPAM, leading to additional circumstances that depend on brush com-
pression. In addition, bridging is a dynamic and reversible process. For this
reason, studies found multiple relations between force and distance, ranging
from a linear to exponential dependence [Isr11b].

FIGURE 3.2: Sketch of the
complex density pro le of

a PNIPAM brush. The
brush density is highest
close to its grafting point
at the glass wall and re-
duces with x, away from

the surface.

An upper limit for the double layer repulsion

In my experiments, | did not explicitly add electrolytes. Nonetheless, it is
likely that some dissolved ions are present. These can be remnants from the
brush synthesis process, in spite of repetitive rinsing with a good solvent. In
these experiments, | did not determine the double layer force. Nevertheless,
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FIGURE 3.3: Two sketches of how the brush could possibly look like. The
brush is covalently bound to the bead, and physisorbed on the surface of
the glass substrate (the wall). The left side depicts the case where the wall
induces a higher polymer density, similar to the covalently bound side at the
bead. The right side shows the situation in which the wall does not in uence
the polymer density. Adapted with permission from Langmuir 2019, 35, 48,
15776-15783. Copyright 2019 American Chemical Society.

something can be said about its upper limit. The surfaces attracted each other,
which was caused by bridging of the brush. Such attraction only occurs if the
brush is in contact with the glass wall. Thus, we can conclude that the range
of electrostatic repulsion is lower than the brush thickness in the swollen
state. The dry brush thickness was 51 3 nm, and typical swelling ratios for
PNIPAM in water range from 2 to 3 [Chr+16; Yu+15]. Thus, the range of
double layer repulsion is shorter than about 100 nm: shorter than the brush
layer thickness.

The potential well of the bead

All'in all, the uncertainties regarding the inter-phase between bead and wall
prevent predicting or calculating the forces. Quantitatively, the relation to
distance is exponential for both the repulsive steric and electrostatic forces,
and linear for the attractive bridging force in its simplest form [Isrlla; BK10;
Isr11b]. The combination of attractive bridging and repulsive forces causes a
minimum in the energy landscape normal to the substrate. The bead resides
within this energy minimum that is shaped by the inter-phase.
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FIGURE 3.4: A sketch indicating the potential landscape of the coated bead
that stuck to the capillary wall. With U the potential and x a spatial parameter
normal to the surface. The inset shows a harmonic potential.

3.2 Brownian motion of a sticky PNIPAM-coated
colloid

Though the beads stuck to the surface, they still wiggled. The collective
bombardment by the water molecules caused Brownian motion of the bead.
Meanwhile, the bead resides in the potential well. Assuming that the Brown-
ian motion was small, the potential landscape around equilibrium of the bead
could be described by a harmonic potential well (Inset Fig. 3.4). Commonly,
small motions within a harmonic potential well can be described as a damped
harmonic oscillator.

We shall describe the Brownian motion of a bead as a damped harmonic
oscillator as Paul Langevin did in 1908 [Lan08; LG97]. The derivation is based
on Newton's second law in one dimension: F = mg%‘. Here, F is the force,
m the mass of the bead, and x the dimension of motion that changes with
time, t. Note that x is the displacement from equilibrium. The force acting on
the bead consists of three terms: a Brownian force, damping due to viscosity,
and a harmonic restoring force due to the brush. This results in the following
Langevin equation [BSFO04]:

dx(t)

Ferown (1) dt kx(t) = m

d?x(t)
dt2

(3.1)
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Here, Fgrown (1) is the random Brownian force, b the damping coef cient, and
k the harmonic oscillator spring constant. The Brownian force is described by:

Farown (t) = (2keTb)™2 2(t) (3.2)

Here, kgT is the thermal energy at absolute temperature T. The variable z(t)
is a normalised white-noise process whose average is zero and its value at
time t is uncorrelated with any other time t% In mathematical terms:

he(t)i=0 and  z(t) z(t% =dit t9 (3.3)

Furthermore, eg. 3.1 can be simpli ed. The right-hand side term in eq. 3.1
describes the inertia of the system. Inertial effects happen at a time-scale:
tp = m/ b [BSFO4; Luk+07]. In my experiments, | measured effects at longer
time scales that were signi cantly longer than t (see e.g. section 3.4). Thus,
we can drop the inertia term in eq. 3.1. Furthermore, if we divide by b, we
nd the following equation that describes the Brownian motion of the bead as

an overdamped harmonic oscillator:

dx(t)
dt

+ 2p fix(t) = (2D) Y2 z(t) (3.4)
Here, f,, was introduced, which is the cut-off frequency de ned as:
fr= — (3.5

In addition, D is the diffusion coef cient and is de ned by the Stokes-Einstein's
equation:

D= B (3.6)

One way to describe motion is through the power spectral density (PSD) of
the motion. Taking the Fourier transform of eq. 3.4 and using the properties
of z(t) provides the PSD of the Brownian motion:

PSD() = o D (3.7)

2
2p2 f2+ f
This function has a smooth Lorenztian shape with frequency f, and is the PSD
of a trapped bead (Fig. 3.5). The Lorentzian spectrum is characterised by two
regimes. At low frequencies, below f,, the PSD describes a constant plateau.
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FIGURE 3.5: The theoretical plot of the PSD of an overdamped harmonic

oscillator vs. frequency (eq. 3.7). The shape of the PSD is Lorentzian. The

cut-off frequency f, is indicated. Both axes are logarithmic. The inset in the

bottom left shows the model that the theory is based on, which consists of a
mass that moves up-and-down, a spring, and a damper.

At high frequencies, above f,, the PSD decreases withl/ f2. The model and
eq. 3.7 are physically very simple (inset Fig. 3.5). This physical simplicity is
one beautiful aspect of this model.

The system that | investigated was overdamped. Hence, there was no res-
onance. This is in contrast to harmonic oscillator systems that do have a
resonance, for example in SPM. The SPM cantilever in air is an underdamped
system, which has a sharp resonance peak at a speci c frequency. It is also
possible to have resonances in cases similar to my experiments, experiments
involving micron-sized beads in a uid [Fra+11]. In these experiments, a
bead was trapped in optical tweezers. The authors achieved the resonance by
strong trapping, and by suspending the bead in a low-viscosity uid away
from any surfaces. In this manner, they obtained a stiff trap (high k) and
reduced damping (low b). As a result, inertial forces did play a role, which
resulted in a resonance?

1| point out that the inertial effect in those experiments are more complex than described
in eg. 3.1. Franosch et al. describe that the inertial effects strongly depend on the inertia of the
uid.
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3.3 Method and set-up for measuring Brownian mo-
tion

3.3.1 Sample preparation

All beads that | measured were dispersed in water before use. For measuring
the Brownian motion, | lled a capillary with bead dispersion (capillary:
VitroCom, VitroTubes 5010, borosilicate rectangular glass capillary, nominal
inner dimensions of cross-section: 0.1mm 1mm). Filling was done by
dipping the capillary in bead dispersion, subsequent capillary forces lled the
capillary. Furthermore, | prevented evaporation of the water. Before capillary
placement, the ends of the capillary were sealed with a highly viscous paste
(Bayer, high-viscosity Baysilone paste). Then | placed the capillary on a
microscope sample slide and installed it on a translation stage in the optical
set-up.

3.3.2 Optical set-up

The optical set-up included a home-built inverted microscope (Fig. 3.6) [Pil+16].

Typically, a couple of beads are in view (Fig. 3.7A). Using the optical set-up,

| adjusted the sample such that one of the beads was in the focus of the mi-
croscope objective. The Brownian motion of the bead in the optical focus was

then investigated.

In addition to the microscope, the set-up was equipped with a laser (Coherent,
Ultra Low Noise, 5mW, | = 635nm, <0.1%RMS at below 10 MHz). The
light of this laser was used to investigate the Brownian motion as it was
focused onto one bead.

As the laser light propagated upwards, it re ected. There are two surfaces that
played a major role in these experiments: the bead's and that of the capillary
wall. Let us consider the inter-phase between the bead and wall (Fig. 3.8).
Here, the laser light passes three different phases: the glass capillary wall, the
PNIPAM brush inter-phase, and nally the glass bead. Each phase has its own
different refractive index. Some of the light also re ected off the top surface
of the bead. This does not change the measurement for two reasons. First,
this re ection is weaker since it is not exactly in the focus of the microscope.
Secondly, this only changes a phase shift in the re ected light off the bead,
as the distance between top and bottom is constant. All in all, the re ected
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FIGURE 3.6: Schematic of the optical set-up used to detect the Brownian
motion. The sample is illuminated from above by focusing white light, which

is not shown in this schematic. The yellow arrows correspond to the white
microscope light, while the red arrows correspond to the red interference laser.
Most of the red light is Itered out before reaching the CCD camera by a tilted
Notch Iter (shown in green). The red light that was ltered out was detected
by the APD. Reproduced in part with permission from Langmuir 2019, 35, 48,

15776-15783. Copyright 2019 American Chemical Society.

FIGURE 3.7: Microscope images of the beads that were imaged and the in-

terference pattern from the red laser. One bead was selected. The sample

was moved such that this bead was in the optical focus, indicated by the

white arrow. The white scale bar corresponds to 10 um. Reproduced in part

with permission from Langmuir 2019, 35, 48, 15776-15783. Copyright 2019
American Chemical Society.
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FIGURE 3.8: Schematic that indicates the re ections of the red laser. As the

laser is incident from below, it rst re ects off the glass capillary wall, and

then off the glass bead. Reproduced in part with permission from Langmuir
2019, 35, 48, 15776-15783. Copyright 2019 American Chemical Society.

light originates mainly from two sources: the wall-brush interface, and at the
brush—bead interface.

The re ected laser light interfered, as indicated by the rings that are visible in
the microscope image (Fig. 3.7B). Let us consider one bead. The total re ected
intensity depends on the phase difference between the two re ected light
waves. Notably, the phase difference depends on the optical path length
difference. In our case, the optical path length difference is twice the distance
between the bead and the wall, d, times the refractive index of the brush region.
As the bead moves, e.g. due to Brownian motion, d changes. This detection
method is based on re ection interference contrast microscopy (RICM), and
the re ected intensity, |, , can be described as follows [LS09; Pil+16]:

e = I+ lp+ 2 Tyl cos @d(tw j (3.8)

Here, |y, are the re ected intensity off the wall or off the bead, n; the refractive
index of the interface brush layer, | the wavelength of the laser (I = 635 nm),
and j is a phase shift. In this case,j = p, as the refractive index of the
interface brush layer is lower than that of the glass bead, which causes a
half-period phase shift upon re ection. Consequently, the re ected intensity
depends on the Brownian motion perpendicular to the capillary wall.

We now have measured |, , which depends on d. However, we cannot
determine d(t) quantitatively. Typically in RICM, one can determine |
while the bead moves over a range that is bigger than wavelength of the laser.
In those cases,l,. crosses multiple interference minima and maxima (see
chapter 7). In contrast, in this case the brush-coated bead only moved slightly
due to Brownian motion: Dd 2|_n. Because of this relatively small motion,
my experiments did not provide values for 1. Thus, rather than analysing
the Brownian motion directly, we shall look at |,e , instead.
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FIGURE 3.9: APD signal, | , of a PNIPAM-coated stuck Brownian particle.
Reproduced in part with permission from Langmuir 2019, 35, 48, 15776-15783.
Copyright 2019 American Chemical Society.

The objective (Nikon CFI TU Plan EPI ELWD 50 ) collected the re ected light.
Please note that other interfaces, e.g. the top surface of the bead, were out of
focus of the microscope objective. Thus, other re ections did not signi cantly
contribute to the re ected light. After passing the objective, most of the laser
light was Itered out of the beam by a tilted notch lter (Thorlabs, | =633 nm,
fwhm = 25nm). Finally, I, was recorded by the avalanche photodiode (APD)
(Thorlabs, APD130A/M) at a sampling rate of 50 kHz.

3.4 The spectrum of the Brownian motion

To characterise the Brownian motion of a stuck bead, | measured for one
minute. The motion is visible at short time-scales (Fig. 3.9). At these timescales,
one can see that signal variations occurred over about 10 ms.

A suitable way to analyse the dynamics of the Brownian motion is to look

at the signal in frequency space. The timescale of these variations indicates
that the dynamics happen at a frequency of about 1/10ms = 100Hz. To
move from time space to frequency space, | took the square of the fast Fourier
transform. This was then normalised by the sampling rate ( 50 kHz) and the
number of data points (60s 50kHz). All data analysis was done with Matlab
9.2.0.538062 (version R2017a). In this manner, | computed the PSD of the
Brownian motion.

Averaging is required before tting by a least squares method. One assump-
tion for this method is that each data point is statistically distributed around
its average. Therefore, | applied an averaging method before tting the data.
Blocking, an averaging method, is useful to display data with a logarithmic
axis [BSF04]. The blocked data has its data points distributed logarithmically.
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FIGURE 3.10: The PSD of a PNIPAM brush-coated glass bead that sticks to a
hydrophilic glass surface (blue circles). Some regions were noise dominated
and were disregarded in the t (solid grey line). | tted the PSD with eq. 3.9
(solid black line). The individual terms of eq. 3.9 are indicated: dotted, dash-
dotted, and dotted lines. The t parameters ( A, D, fi, and C) and their
in uence on the shape of the tted equation are indicated as well. The plot
below shows the residuals of the data and the t as Iog(%‘). Reproduced
in part with permission from Langmuir 2019, 35, 48, 15776-15783. Copyright
2019 American Chemical Society.

In contrast, the original data was distributed linearly. In my experiments, |
blocked to 50 data points per frequency decade. To block the data, a number
of the original data points were averaged to one blocked data point. Thereby,
| used the standard deviation of the averaged data points as the error of the
blocked data point. These blocked spectra will be considered in the analysis
(Fig. 3.10).

We expect a Lorentzian shape for the PSD of the bead (section 3.2 and Fig. 3.5).
This Lorentzian shape is apparent in the measured spectrum (Fig. 3.10 dotted
line), with f, at about 45Hz. However, eq. 3.7 does not fully describe the
measured spectrum. The measured PSD deviates at frequencies one order of
magnitude below fy, and at one order of magnitude above f,. | attributed
low frequency deviation to drifts of the set-up. Such drift caused the laser
beam focus to move with respect to the bead. The beam waist was similar
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to the bead radius (2.4 0.4umto 2.7 0.4 um, respectively). Since a bead is
curved, drift causes a change in I as the light hits the bead off-centre, which
is visible in the PSD. Furthermore, at high frequencies, the PSD was constant
and does not depend on frequency. This frequency regime was de ned by
white noise in the laser or detection limit of the APD.

To describe these non-Lorentzian contributions, | added two terms to eq. 3.7
(Fig. 3.10 dash-dotted and dashed lines). For the drift | added A/ f2, and for
the experimental limits at high frequencies | added C. Thus, we describe the
measured PSD with the following function:

PSD(f) = er %+ C (3.9)
The measured PSD values vary over a few orders of magnitude (Fig. 3.10).
Fitting is based on calculating and minimizing the difference between the
measured data and the tted model, resulting in an overall root mean squared
error (RMSE). Therefore, the relative contributions to the RMSE differ for high
or low PSD values. However, the high PSD values are equally important as
the low PSD values. To make these contribute more similarly to the RMSE, |
tted the logarithmic PSD values, instead.

Eg. 3.9 describes the measured data well ( tted solid line in Fig. 3.10). In
particular, each of the tted parameters is independent. Thus, the model is
sensitive to each physical process.

For example, let us consider a measurement in which the drift is stronger.
Then, the drift term will move upwards parallel to the y-axis, and a larger
value of A will be tted (dash-dotted line in Fig. 3.10, see also 3.4.2). However,
the other contributions, the Lorentzian Brownian term and the experimental
limit term, do not change.

The errors of the tted parameters that | report are based on the 95%con -
dence interval of the t. In this measurement, each of the terms are clearly
visible in the spectrum. Therefore, each parameter is well represented in the
data, and the errors are small: a few percent of the value.

One other indication that the tis good, is the residuals-plot (bottom subplot
in Fig. 3.10). The residuals are close to zero, although there is a little deviation
at frequencies of about 5Hz. This frequency regime is characterised by the
drift term. This deviation could indicate that the model that | used for the
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drift, A/ f2, is not perfect. Nonetheless, this model was useful for the purpose
of characterising the coated bead.

After all, the physics concerning the brush was visible in another frequency
range of about 10 Hz to 300 Hz. In this frequency range, the deviations are
small. Thus, this t describes the Brownian motion of the bead well.

A nal indication of a good t was the root mean squared error (RMSE) value

of the tof 0.0106 An RMSE value of zero means that the model describes
the data perfectly, whereas a number of one means that the overall deviation
between the data and the model constitutes one decade in the PSD. Thus, the
overall deviation is about one hundredth of a decade. Thus, eq. 3.9, which is
based on an overdamped harmonic oscillator model and includes drift and
noise terms, describes the data well.

3.4.1 Physical interpretation of the t and its parameters
The most in uential parameter is the cut-off frequency

The variable fy in eq. 3.5 describes the damped harmonic oscillator, and
is proportional to k, which corresponds to the steepness of the harmonic
oscillator potential. A stiffer spring, high k, leads to a steeper potential well.
Thus, in the case of the sticky brush-coated bead, a high value of fy indicates
a stiff brush.

However, fy also inversely depends on the damping factor b. In this case of
a bead that is so close to a substrate p is dominated by viscous effects. The
volume between the brush and the wall contains solvent, which can ow.
There are a number of effects that contribute to b. As b describes viscous
effects, | start with Stokes' law that describes the drag of a small sphere as it
moves through a bulk liquid (Fig. 3.11A): 2

Dstokes = 6PNsR (3.10)

Here, hs is the viscosity of the solvent, in this case water, and R is the radius
of the bead.

In this case, however, the bead is sticking to a surface: it is not in bulk liquid.
As a sphere is close to a surface, the liquid in between cannot move in all

2In this case, the Reynolds number is very small. Therefore, the ow is laminar and Stokes'
law is valid. The Reynolds numberis Ngre = RUr/ hs, with U the velocity of the sphere, and
r the solvent density.
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FIGURE 3.11:Sketches of contributions to the damping coef cient, b. In water,

the bead experiences Brownian motion, indicated by the double-ended, open

arrow. A The bead in bulk water with b = bgiokes @ccording to Stokes' law. B

As the bead is close to a wall it restricts water movement. Here b increases by

a factor of by due to the drainage effect. The dotted arrows indicate the ow

of water. C The polymer brush layer increases the effective viscosity between
the bead and the wall to h;, which increases b even further.

directions, as the sphere and surface will block the liquid in those directions
(Fig. 3.11B). This is drainage, and increases the magnitude ofb [Lor07; WCT76;
BK10]. To include the drainage effect, | multiplied eq. 3.10 with a factor, bg.
There is no analytical description of by. Nonetheless, it can be approximated
fairly well by by 1+ R/ d. Thus, as the bead approaches the wall, the
damping term will increase, scaling inversely with the intermediate distance,
d.

Finally, there is one other relevant factor that in uences the damping, namely
the brush between the surfaces. The brush hinders the drainage of solvent
even further (Fig. 3.11C). Mixtures of polymer and solvent have viscosities
values that are manifold the values of just the solvent and scale strongly with
polymer concentration [SR99; MSRO03; Kam+17]. To include this effect, we
replace the viscosity of the solvent, hs, with the viscosity of the polymer-
solvent inter-phase, h;j, which is not known in most cases. Thus, we end up
with a new and more complete description of the damping factor:

b = 6ph;Rby (3.11)

As we will look at relative changes of the PNIPAM brush-coated bead, it is
practical to write the viscosity relative to the bulk: h,e = hj/ hs. Consequently,
we can also write b as a function of the bulk damping by Stokes' law:

b = DsiokesPdhrel (3.12)
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Finally, using eq. 3.12 in eq. 3.5 results in:

k

= 3.13
2pb stokesPdhrel ( )

fi

In conclusion, more than just the stiffness of the brush de nes f,. Changesin fy
can indicate changes of the polymer-solvent inter-phase, which is determined
by the inter-phase thickness and viscosity as well as the polymer stiffness.

Discussion on the diffusion coef cient

The diffusion coef cient, D, describes the mobility of the bead, in principle.
However, D cannot be measured accurately. We measureD in “arbitrary
units” of V2s 1, instead of the typical m?s 1. Typically in optical tweezers
applications, one calibrates D by correlating the value found in arbitrary units

to the Stokes-Einstein equation, eq. 3.6 [BSF04]. However, using the Stokes-
Einstein equation requires accurate knowledge about the environment of the
bead. As we can see in eq. 3.12, this environment is dominated by the the
polymer brush and the inter-phase, which is exactly what we are interested

in and which is unknown. Thus, right now we cannot analyse D to obtain
knowledge about the Brownian motion.

However, in principle it is possible to even measure D in useful units. By mak-
ing a few assumptions about the optical path length in my experiments, we
can gain a couple of insights and illustrate the problem. First, an assumption
about the distance between the bead and wall, d, which is assumed to be twice
the dry thickness: d = 2dyy, = 102nm[Chr+16; Koo+12; Yu+15]. Second, |
assume that the refractive index of the inter-phase, nj, is between the index
of water, ny (= 1.33, and of dry PNIPAM, np (= 1.46[Ko0+12]). Speci cally,
let us assume thatn; depends on the volume fraction of PNIPAM, f (notably
not the optical phase shift, j ). When the layer is completely dry ( d = dgy)
then f = 1, and when the layer is swollen (d = ZHdry) thenf = 0.5 In thi§

case we assume thain; = 3[npf  nyw(1 f)]= 3 np2tiM+ pn, (1 2am)
With these assumptions combined with the average re ected intensity | ,
we can nd a linear relation between 1, and I, (eq. 3.8)2 Therefore, this is an
underdetermined problem with one equation and two unknowns, Iy and I.
Theoretically, adding a second interference laser with a different wavelength
would introduce another equation and hence allow solving this problem. With

3Note that I, and I, are similar to lpax and Iy as found by Pilat et al. [Pil+16]; their use
is interchangable [LS09].
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the set-up | used, | cannot make any more sensible assumptions, and thus
cannot solve this problem quantitatively.

However, using a few options that satisfy the relation between |, and I, will
give us a possible range for d(t): 2nm to 15nm. This leads to values of D,
and subsequenth,e. Although the value for h, can range over two orders of
magnitude, | nd that it is bigger than one. Thus, we con rm that indeed the
viscosity of the polymer inter-phase is higher than that of water.

Pilat et al. used the same set-up to investigate the double layer force acting on
non-coated beads of4 um radius [Pil+16]. For such experiments, the set-up
includes an optical trapping laser that allows measuring force-distance curves
(see also chapter 7). In their experiments, the bead travelled micrometers,
much more than the wavelength of light, | = 635 nm. Therefore, they could
measure |y and 1y, allowing quantitative determination of the range of d.
When | apply values |, that are on the order of this study, | nd that h;is a
few ten times bigger than hyater, Which is in line with other studies ([SR99;
MSRO03; Kam+17]).

3.4.2 Noises and detection limits

The measured spectra had noisy regions (solid grey lines in Fig. 3.10). These
peaks were visible in every measurement, also when no bead was in the opti-
cal focus (Fig. 3.12). To nd the origin of the peaks, | investigated mechanical
vibrations of the optical set-up. The mechanical vibrations of the set-up were
logged with an accelerometer over the coarse of one day. This measurement
showed that there was signi cant mechanical noise of the set-up itself. There-
fore, we can attribute the noisy regions to mechanical noise of the set-up.
Through encasing the set-up with a foam box and disconnecting the lab from
the building's ventilation system this noise was reduced. Nonetheless, noise
remained. Therefore, this noise was disregarded while tting with eq. 3.9.

The model also provides values to describe the experimental limits. | allowed
the set-up to equilibrate for at least 10 min before measuring. This reduced
drift, and was especially required in the experiments that involve heating
(e.g. chapter 4). For example, tting the PSD of two measurements gave
A = 0.09 0.02pVs ?and A = 1.6 0.2uVs 2, for a low and high drift
measurement, respectively (Fig. 3.13). Thus, equilibrating can greatly improve
a measurement, reducing the effect of drift by orders of magnitude.
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FIGURE 3.12:A Microscope image of a set of beads. A bead is in the optical
focus, indicated by the arrow. B In this microscope image, the sample has
been moved a few micron to the right. Here, the interference laser (the white
spot at the arrow) is focused on only the planar wall. Therefore, the signal,
Iapp, Was not in uenced by any beads. The white scale bar corresponds to
10 um. C PSD of noise in the set-up. To measure the noise, the sample was
moved such as in B. Therefore, | only measured the re ection of the wall. The
noisy frequencies do not differ signi cantly at 23 C and 41 C. The PSD at
41 C has been offset by one decade for clarity.

FIGURE 3.13: Two measurements of Iapp Vvs. time. The measurements are
taken at 27 C and 29 C, both below the LCST. Both the actual data and a line
to describe the trend are plotted. A measurement in which drift was low (red),
and a measurement with high drift (blue). Only the drift parameter A differs
signi cantly, the other PSD parameters are similar for both measurements.
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The parameter C describes the detection limit and describes noise of the laser
and the APD. Its magnitude depends on the alignment of the set-up and the
incident laser intensity. Therefore, the magnitude varies between experiments.

A requirement, is that the term of the PSD that describes Brownian motion was
visible. For the tto work, this line shape has be be clearly visible (Fig. 3.10).
| have also measured coated beads that did not display a clear Lorentzian
spectrum. In these cases, either the parametersA or C were too high, or the
Lorentzian was too weak. The latter could occur when the Brownian motion
was restricted. Such restriction leads to a low diffusion coef cient, D, and
thus a low plateau for the Lorentzian. In such instances, little information can
be found about the coated bead. Therefore, in the experiments that | present
in this thesis, the Lorentzian line shape was visible.

3.5 Summary and conclusion

The Brownian motion of a coated bead at an interface is dominated by the
coating. Here, | investigated PNIPAM brush-coated beads at a glass interface.
In this case, its Brownian motion was characterised through its spectral prop-
erties: the power spectral density (PSD). The main parameter of the PSD that
describes the Brownian motion is the cut-off frequency ( fy). This method pro-
vides a tool to characterise individual coated colloids. Since the measurement
is purely optical, colloids can be analysed without external in uence: the
method is non-invasive. Hence, this manner of characterisation describes the
colloid in situations that are comparable to the actual application in situ. For
the case of the PNIPAM-coated bead, this technique can be used to monitor
the viscoelastic properties under the in uence of a stimuli such as temperature
or solvent.
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Two-Stage Thermal Collapse of a

PNIPAM-Coated Bead

4.1 Temperature as a stimulus

In the previous chapter we considered
the method to describe the viscoelastic
properties of the bead-brush-wall sys-
tem. PNIPAM collapses as the tempera-
ture is increased above to its LCST, a phe-
nomena that has been intensively stud-
ied. However, some aspects of this re-
sponse remained unexplained. The two-
stage collapse has been reported some-
times, but not always. In this chapter,
we explore the the response of PNIPAM
to heat.

To increase the temperature, | adapted
the sample holder. The microscope slide
that held the sample was wrapped with

a resistor wire. Then, | heated the sam- FIGURE 4.1:

Fitted PSDs of a

ple by passing a current through the PNIPAM-coated bead at a glass
wire, the subsequent ohmic resistance wall at different temperatures. The
increased the temperature. The temper- subsequent lines are offset by one
ature was determined with a Pt-100 sen- decade for clarity. Adapted with
sor. The sensor measured with an ac- permission from Langmuir 2019, 35,
curacy of 1 C, and was placed within 48, 15776-15783. Copyright 2019
1 cm of the laser focus on the sample. American Chemical Society.
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FIGURE 4.2: The in uence of temperature on the spectral properties of a
PNIPAM-coated bead. A The measured cut-off frequency, f,, derived from
the spectra in Fig. 4.1 (in that gure, f, was indicated in black). The vertical
dashed lines are drawn at 36 C and 46 C. B The normalised prediction of
the damping factor (solid line). Also the individual contributions of  bgtokes
and by are also plotted (dashed and dotted lines, respectively. The x-axes in A
and B have the same temperature scale. Reproduced in part with permission
from Langmuir 2019, 35, 48, 15776-15783. Copyright 2019 American Chemical
Society.

Through this way, | measured Iapp for 1 min at various temperatures, typ-

ically increasing by steps of 2 C to 5 C. Each signal Iapp was analysed

accordingly (see chapter 3). Subsequently, | obtained the PSD, the power
spectral density, at each temperature step (Fig. 4.1). Finally, PSD at each
temperature was tted with eq. 3.9, leading to fy (Fig. 4.2A).

After measuring the heated sample, | allowed it to cool down overnight.
PNIPAM is known for its reversible transition [Stu+10]. This is why | also
determined the PSD after the sample had cooled down (top blue line Fig. 4.1).
Indeed, both PSDs at23 C were similar, before and after heating. Thus, |
con rmed that also in my experiments the collapse of the PNIPAM brush was
reversible.

Before we look at the changes of f, with temperature, let us rst think about
what may change. One effect of temperature is that the viscosity of the solvent,
hs, changes. As temperature increases from23 Cto 55 C, hyater Will decrease
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monotonically by about 40 %[LMF16]. hyater in uences the Brownian motion
of the bead through bgiokes, @s described by eq. 3.10. Therefore, similarly to
hwater, @lS0 bgiokes decreases monotonically by 40 %.

Furthermore, it is known that as a PNIPAM layer collapses, its volume reduces.
The volume can be found to in uence two relevant parameters: R, andd (in
egs. 3.10 and 3.11). The rst,R, is the sum of the radius of the uncoated bead
and the brush thickness. At low temperatures, the brush is swollen. The
swollen brush thickness is about twice as thick as the dry thickness, Lgy =
51 3nm [Chr+16; Yu+15]. The uncoated bead has a radius of2.7 0.4 um.
Therefore, the radius changed by 2 % as the PNIPAM layer collapsed. This
change is too low to be detected with the set-up that | used. Consequently,
changes in R will not be considered further. In contrast, the other in uence on
dis signi cant. The distance, d, between the bead and the wall is determined
by the brush thickness. The drainage factor, by, depends inversely on d
(eq. 3.11). Therefore, as the brush collapses andl reduces, by increases. As
the temperature is increased above the LCST, the brush thickness reduces by a
factor of two, which happens over a range of 10 C [Chr+16; Koo+12; Yu+15].
Thus, by increases signi cantly as PNIPAM collapses at the LCST, by a factor
of two.

The quantity that we will nally consider is  f, the cut-off frequency. It
depends inversely on the complete damping coef cient, b and its constituents
Dsiokes Pd, @and hye (eq. 3.13). Therefore, let us consider the inverse damping
coef cients, b 1. Figure 4.2B shows the normalised individual contributions

1 1 :
bgiokes @Nd by~ and their product.

As we made the prediction above that are based on established knowledge,
we can now argue that f, decreases by a predicted factor of 1.4 around the
LCST transition. Importantly, we can now attribute changes that exceed the
predicted factor to the two other parameters in eq. 3.13: the spring constant k,
or the relative viscosity he. These two parameters describe the inter-phase
between the bead and wall surfaces. Thus, any changes beyond the pre-
dicted factor of 1.4can be associated withk, or h,, which are the viscoelastic
properties of the polymer brush in the inter-phase.

Considering f,, the bead displayed two transitions (Fig. 4.2A). | characterised
these transitions by tting f, with a double sigmoid function. Though this
function is purely phenomenological, it describes the transition with tempera-
ture well. Previously, sigmoid functions were used to describe the collapse of
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FIGURE 4.3: Sketches of the brush inter-phase for the rst transition: at
temperatures below (A) and above (B) 36 C. The brush is covalently bound
to the bead. The left and right parts of the sketches show different possible
pro les of the brush, depending on the glass substrate—PNIPAM interaction
and adsorption (see section 3.1). Adapted with permission from Langmuir
2019, 35, 48, 15776-15783. Copyright 2019 American Chemical Society.

PNIPAM. The temperature-induced change of brush layer thickness, viscoelas-
tic dissipation, and static contact angle could be described well [Hum+16;
Mic+16; Hum+19b]. In my case, the transition temperatures indicate the point
of 50% change. As the temperature increased, at36 C, f, decreased by a
factor of 11 over 5 C. At even higher temperature, 46 C, f increased by a
factor of 7 over 5 C.

The rsttransition at 36 C exceeded the predicted factor of 1.4. Therefore, |
conclude that the inter-phase viscoelastic properties had changed. | attribute
this transition to the LCST collapse of PNIPAM. As PNIPAM collapsed, wa-
ter was expelled from the inter-phase and the packing density of PNIPAM
increased. The density of PNIPAM strongly in uenced the effective viscosity.
The PNIPAM chains hindered the diffusion of water [IBO7], which caused
the viscosity to increase. Literature reports that the viscosity increased su-
perlinearly with polymer density [MSRO03]. The observed parameter fy is
proportional to k/ he (eg. 3.13). Thus, considering the observed decrease by a
factor of 11 and accounting for the predicted factor of 1.4, the rst transition
can be explained by an increase ofh,e by a factor of 8.

The observation of the decrease of f,, could also be caused by a decrease of
the spring constant (eq. 3.13). Remarkably, in contrast to a decrease of the
spring constant, previous studies by Ishida and Biggs and Humphreys et al.
showed that PNIPAM brushes became stiffer as they collapsed [IBO7; IB10;
Hum+16]. Nonetheless, by examining the brush layer, this disagreement can
be explained. Therefore, we have to consider the properties concerning the
spring constant of the brush layer.

In the brush layer, each grafted polymer chain acts as a spring. The number
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of chains that contribute depends on the grafting density, s, and on the part
of the brush that connects the bead and the wall, which is the area of contact,
Acontact- The chains can be added like springs that are in parallel. Hence, the
effective spring constant, k, can be written as:

K = NchainsKchain = SAcontactKchain (4.1)

Where Kehain is the spring constant of individual chains. Thus, the effective
spring constant is proportional to the spring constant of the individual chains.

Becausek depends on Kghain, We require a way to describe the spring constant
of individual chains, Kchain- HOwever, we know that the the brush layer
was not homogeneous, it displayed a gradient (Fig. 4.3). The gradient brush
density pro le and the stiffness of the brush changed as temperature increased,
in turn in uencing the spring constant.

We can describe a single chain using two states: col-

lapsed and swollen. Close to the substrate, the PNI-

PAM is dense and collapsed. Here, the chains form

inter- and intrachain bonds, thereby stiffening the

chain. The swollen part of the chain, away from the

substrate, is not as stiff. This also implies that one

single PNIPAM polymer molecule exists in two states FIGURE 4.4: Exam-
simultaneously (Fig. 4.4). In this simplistic view, the  ples of inter- and in-
brush has alocalspring constant that scales with the trachain bonds of an
density. Thus, due to the gradient in density, the brush ~ end-grafted PNIPAM
also has a gradient in spring constant. molecule.

The constant of one chain, kchain, IS @ function of the local spring constant. A
single spring can be considered as a combination of many spring segments,
e.g. PNIPAM monomers, that are in series.

1 —
kchain i

1
- (4.2)

I Qo5

1

Here, n is the total number of segments, each with the local spring constant k;.
In our case, we consider the local state of PNIPAM, and thus k; can assume

1 _ Xc N 1 X
Kehain(Xc) Keollapsed ~ Kswollen

(4.3)
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Here, X¢ is the fraction of the segments that are collapsed, while the fraction of
swollen segments equalsl Xc. Therefore, kenain hardly changes for low X,
where a large fraction of segments remains swollen (Fig. 4.5C). In contrast, the
value of k.hain Changes strongly for high x, as the collapse is almost complete.
Thus, a stiffening of k can only be observed for near-complete collapse of the
brush layer.

This model of springs in parallel and in series thus explain the experimental
results. At 36 C, part of the brush collapses, and hence causes the viscosity
h,e to increase. Yet, at this rst transition, no change of stiffness can be
observed. Only as the brush layer collapses completely at 46 C can an increase
of stiffness be observed (Fig. 4.6). Here,fy increased, and k increased by a
factor of 7 (Fig. 4.2). This number agrees well with literature, which reports
increasing stiffnesses by about one order of magnitude [Sch+10; Che+05;
Bac+17a).

The collapse of PNIPAM only sometimes occurs as a two-stage process. In
1994, Zhu and Napper observed that the collapse of PNIPAM brushes oc-
curred over a surprisingly broad temperature range [ZN94]. Later, Shan et al.
observed a two-stage collapse of PNIPAM brushes [Sha+04], which was later
con rmed by other groups [Wu+07; TZW14]. These groups attributed these
phenomena to heterogeneities in the brush layer (see also section 4.3). The
polymer density close to the surface is higher than away from the surface.
Therefore, the conditions of the polymer differ. The conditions in uence the
transition process. Thus, the surface changed the conditions for the PNIPAM,
which lead to two distinct transitions.

The surface had another effect on PNIPAM's transition. | observed the rst
transition at 36 C. Halperin, Kroger, and Winnik report that demixing tem-
peratures can vary by up to 7 C [HKW15]. In my experiments, the transition
temperature is higher than typically reported values ( 31 C to 35 C). The
LCST of PNIPAM can be raised by hydrophilic end groups. Xia, Burke, and
Stover measured the cloud point of PNIPAM chains with different end groups.
They found that hydrophilic end groups could raise the LCST. Furthermore,
they found that the rise of LCST was stronger for shorter PNIPAM chains. For
example, chains with end group —NH 5 that had a M, of 4500 Dahad an LCST
of 45.3 C. Likewise, the LCST for longer chains, 16 300 Dg was 34.4 C. In
both cases, the LCST was raised considerably, by a few degrees Celsius. In
my experiments, the wall and bead surfaces were glass with hydroxyl groups.
Glass is hydrophilic. Therefore, the glass surface raised the LCST. Yet, in my



4.1. Temperature as a stimulus 47

FIGURE 4.5: The spring constant of a single polymer chain can be modelled
as a combination of springs in series. In this gure, | chose the case where the
brush density pro le is symmetric for both glass surfaces (left side of Fig. 4.3A
and B). This choice has no in uence on the resulting Kenain- A The sketches
of the brush density pro le at temperatures ( T): 1: below the rst transition
temperature, 2: in between the two transition temperatures, 3: above the
second transition temperature. B The spring of one chain can be considered
a sum of segments in series, in this example a total of ten segments. Close
to the surfaces, the brush layer is collapsed with Kgjjapsed- Most of the brush
is swollen, with low spring constant, Kgyolen- AS the temperature increases
above a transition, more spring segments will collapse. In these examples,
the number of collapsed spring segments is for 1: four segments; 2: seven
segments; 3: all ten segments. C A plot of the spring constant, Kgnain VS.
fraction of collapsed springs, X (according to eq. 4.3). The examples given (1,
2, 3) are indicated in the plot. As example, the transitions (T1 and T2) could
occur at fraction x of 0.6 or 0.8.

FIGURE 4.6: Sketches of the brush inter-phase for the second transition: at

temperatures below (A) and above (B) 46 C. The left and right parts of the

sketch in A show different possible pro les of the brush. At temperatures

above 46 C the complete brush is collapsed. Therefore, the complete brush

is drawn as a homogeneous layer with a uniform density pro le. Adapted

with permission from Langmuir 2019, 35, 48, 15776—-15783. Copyright 2019
American Chemical Society.
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experiments, | estimated that M, was about 170 kDa, which is signi cantly
longer than the chains of Xia, Burke, and Stover (see section 2.2). It may
be that one chain is in uenced by multiple hydroxyl groups of the surface,
thereby raising the LCST. Thus, | identify the rst transition at 36 C as the
LCST transition.

4.2 \Viscous damping dominates over other types
of damping

Thus far, | have only considered damping caused by viscous effects. However,
other forms of damping are possible as well, and thus should be discussed as
well. One example is conformational losses from the PNIPAM chain, described
by Backes and von Klitzing [Bv18] for cross-linked PNIPAM microgels. They
write that conformational losses increase as PNIPAM collapses.

Such losses can be included in my model as well. In order to include these, let
us add another damping term, b9, where the subscript "p" stands for polymer.

| added the prime symbol to discern from b that describes viscous losses. The
term, bg, can be added linearly to b in eq. 3.12, because the Brownian motion
is small. Adding the polymer-related damping to the viscous damping term
(eq. 3.12) results in:

b = DBuyiscous * b8 = Dstokesrelbg + bg (4.4)

Previously, b was written relative to bulk value, the Stokes-Einstein drag
coef cient, bsiokes(€g. 3.10). The same can be done for these polymer-related
losses:b%, = b))/ bsiokes Using bY,, we nd the following expression for ~ f,
the observed parameter:

k

fk =
2prtokes hrelbd + b(r)el

(4.5)

The PNIPAM became stiffer because it formed inter-chain physical bonds. |

expect these physical bonds to change the damping in a similar fashion to the
stiffness. Therefore, | would expect conformational losses to increase at the
same time as the stiffness would. Springs add linearly. Dashpots (dampers)
add linearly as well. Hence, similar to k, | reason that b%, also changed with

the transition of PNIPAM. Thus, any changes in b?el will occur at 46 C.
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At the 46 C transition, f, increased by a factor of 7. This increase was at-
tributed before to a stiffening of the spring, which corresponded well to
existing literature. Therefore, the denominator of the right hand side of eq. 4.5
remained constant. Sinceb?eI can only increase, this increase could in principle
have been compensated by a decrease ih,. However, we know that h,g did
not decrease. Consequently, we can conclude thatb?eI was negligible com-
pared to h,e. Hence, the damping term that | used was complete (egs. 3.12 and
3.13): the dissipations in my measurements were dominated by the viscosity

of the inter-phase polymer layer, hyg.

4.3 The complex density pro le of PNIPAM

Thus far, | explained some of my experimental observations to the complex
density pro le of the brush (as Fig. 3.2). In this section, | will discuss this
density pro le and why it explains the results.

The complex density pro le of PNIPAM brushes has been con rmed experi-
mentally. One of the rst studies was by Balamurugan et al. in 2003 [Bal+03].
They compared the results of two techniques at different temperatures. First,
surface plasmon resonance experiments provided information about the entire
brush layer. Second, contact angle experiments provided information about
the outermost layer of the brush, since the droplet only interacts with the
surface of the brush layer. They observed that changes in the contact angle
measurements occurred at a higher temperature than the surface plasmon
resonance experiment. Hence, they concluded that the inner layer close to the
substrate must change differently from the outer layer. Later, the complex den-
sity pro le was con rmed by several different experiments: neutron re ection
[Yim+05; Mur+16], small angle neutron scattering [Hum+19a], AFM [Plu+06;
Mur+16; Hum+19a], ellipsometry [Koo+12], and dissipation-QCM [Mur+16;
Hum+19a]. Often, this complex density pro le is referred to as vertical phase
separation: indicating two distinct phases in the brush.

4.3.1 Theory of vertical phase separation

Just like any other physical process, the reason for the transition of PNIPAM

is to minimise its energy. The Gibbs energy of a system is dened as G =
H TS, with H the enthalpy, and S the entropy at temperature T. Let us
distinguish between two cases: swollen and collapsed. Which case is preferred
is determined by the moieties of PNIPAM. The amide moiety is hydrophilic,
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FIGURE 4.7: The Gibbs energy for hydrated and collapsed PNIPAM below
and above the LCST. The font size of Gs¢ corresponds to its magnitude. The
stable state is indicated by the ovals.

and participates in hydrogen bonding. These hydrogen bonds can occur
with other amide moieties or with water. The enthalpy that corresponds to
the swollen state, Hsg, is lower than the enthalpy of the collapsed state, H¢
[Ahm+09]. The other contribution to G is through entropy. The entropy is
governed in a great part by the water molecules surrounding the PNIPAM.
Due to the hydrophobic groups, the PNIPAM polymer backbone and the
isopropyl moieties, the water molecules are restricted in their orientation. This
restriction lowers the entropy. Hence, fewer water molecules are restricted
in the collapsed state. Therefore, the entropy of the collapsed state, S, is
bigger than the hydrated state, Ss. Now, we can de ne G for the hydrated and
collapsed cases:

Swollen: Gs= Hs TS

(4.6)
Collapsed: Ge= He T&

The entropy contribution, ST, lowers G linearly with temperature. At low
temperatures, below the LCST, G, < G¢ (Fig. 4.7). Therefore, below the LCST
the swollen state of PNIPAM is energetically favourable.

As the temperature increases, both Gs and G; will decrease. BecauseSs < S,
the free energy of the collapsed state, G, will decrease more rapidly with
temperature than the free energy of the swollen state, Gs. Above T = LCST,
the collapsed state is preferred, asGs > G¢. Therefore, above the LCST the
collapsed state of PNIPAM is preferred.

There is a different way, based on the same principles of minimising energy.
The collapse of PNIPAM can also be explained through a phase diagram
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FIGURE 4.8: The phase diagram (T vs. f ) of PNIPAM, data taken from Heskins
and Guillet [HG68]. The solid arrow indicates heating, the dashed arrows
indicate phase separation.

of PNIPAM (Fig. 4.8) 1. Let us consider the collapse of PNIPAM, where we
start with the initial state at room temperature at some polymer volume
fraction, f thatis in the mixed regime. This initial state is in the mixed regime:
PNIPAM and water are mixed, thus PNIPAM is swollen. As the temperature

is increased to 40 C the system crosses past the system's spinodal into the
unstable regime [HKW15]. Therefore, the system will phase separate into two
phases: a water-rich (f 1) and a polymer-rich ( f ») phase.

At the basis of the phase diagram lies the polymer-solvent interaction parame-
ter. This is the Flory parameter c(T), which can describe a type | transition
[HKW15]. Similarly to eq. 4.6, c¢(T) depends on the temperature and describes
the entropy term. However, with only the T-dependence,c(T) cannot de-
scribe the vertical phase separation. To this end, an additional dependence on
f , the polymer volume fraction, is required. The new interaction parameter
c(f,T) describes a type Il phase separation.

Often, c(f , T) is described phenomenologically, where some expansion of ¢
describes the experimental results [HKW15]. De Gennes proposed a physical
model instead [DG91]. De Gennes called it the n-cluster model, which has
at times been used by groups to explain their observations [ZN96; Plu+06;
HKW15; Mur+16]. 2 The n-cluster model poses that clusters of monomers

INote that measurements of the phase diagram of PNIPAM vary signi cantly [HKW15].
No systematic reason has been found for these differences. Heskins and Guillet were the rst
to describe the phase diagram of PNIPAM [HG68]. Therefore, | chose to show their data in
Fig. 4.8.

2| note that in their review in 2015, Halperin, Kréger, and Winnik write: "To our knowledge
the n-cluster model was never utilized to t PNIPAM phase diagrams” [HKW15]. Yet, the
authors fail to give a reason for this.



52 Chapter 4. Two-Stage Thermal Collapse of a PNIPAM-Coated Bead

form when f is high, thus leading to the f dependency. The clusters consist of
more than two monomers, n > 2, hence the namen-cluster. This model also
predicts the vertical phase separation. Nonetheless, it has not been undeniably
con rmed that the phase transition of PNIPAM happens in such a way, as a
type Il phase separation. Yet, the interaction parameter and phase diagram
lay at the basis of data analysis and simulation models of different PNIPAM
arrangements [Yim+05; HDQ9; Sch+10; HKW15; MK17].

My experiments showed the two-stage collapse of a PNIPAM brush layer,

for which vertical phase separation is a requirement. Thus, my experiments

added to the indications that the interaction parameter depends on f as well
asT, leading to type Il phase separation with corresponding vertical phase

separation.

4.4 Other considerations

4.4.1 Molecular interaction between PNIPAM and water

The af nity between PNIPAM and water played a role in my experiments.
Many studies reported on the switch from hydrophilic to hydrophobic prop-
erties of PNIPAM-coated surfaces, often based on contact angle measure-
ments. However, Pelton argued against that interpretation [Pel10]. Aptly
titled " Poly(N-isopropylacrylamide) (PNIPAM) is never hydrophdbibe argued
that PNIPAM is both hydrophobic and hydrophilic, independent of the tem-
perature. Later, Tavagnacco, Zaccarelli, and Chiessi did atomistic molecular
dynamics simulations on the thermal collapse of PNIPAM in water [TZC18].
Speci cally, they investigated the hydration of PNIPAM. One nding was that
upon collapse only about 14 %of the bonds between PNIPAM and water are
lost. Hence, the interaction between water and PNIPAM only reduces slightly.
In my experiments, | showed that h,, increased, which | attributed to the
increase of the density of PNIPAM. In contrast, in the hypothetical case that
PNIPAM became hydrophobic upon collapse, the viscosity of the brush layer
inter-phase (h,e) should have decreased. Therefore, my experiments support
the view that the af nity between PNIPAM and water does not signi cantly
change upon collapse, and PNIPAM does not become hydrophobic.
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4.4.2 Softening of PNIPAM microgels

Findings on one arrangement of PNIPAM deserves a mention in this the-
sis, namely microgels. Compared to the planar (2D) brushes, microgels are
cross-linked 3D gels with colloidal size. Hirotsu investigated the mechanical
modulus of a PNIPAM macrogel [Hir91]. Later, a number of groups report
similar ndings on the mechanical moduli of PNIPAM microgels [HDO9;
SM+11; Vou+13; Rov+19]. These studies found that the Poisson ratio has a
minimum at the LCST. Moreover, this is caused by a minimum in the bulk
modulus, a softening of PNIPAM.

| attributed the observed decrease of fy at 36 C to an increase of the viscous
damping. Yet, this observation could also be the result of a softening of PNI-
PAM. Hence, the softening of the previously mentioned studies does appear
similar to what | observed. Therefore, for completeness it is worthwhile to
have a look at their analysis and discussion.

The groups used Flory-Rehner theory to describe the softening that they
observed. In this theory, the moduli of a gel are described. The model is
based on the balance between osmotic pressure of polymer-solvent af nity
and elastic pressure from the gel network [RC+03; SM+11]. Factors such as
cross-linking density, polymer-solvent interaction ( ¢), and polymer volume
fraction (f ) play arole. Itis the dependency of the bulk modulus on ¢ and f
that causes the softening.

However, not all groups that investigated PNIPAM gels and microgels nd

this softening at the LCST [Che+05; Sch+10; Fer+10; Bac+17b; Bac+17a]. Re-
gardless of the softening, the literature studies agree that the modulus in-
creases by about one order of magnitude as T is increased from below to
above the LCST.

PNIPAM brushes and microgels are fundamentally different. First, microgels
are cross-linked gels, whereas a brush is not. Second, their arrangement is
very different. A microgel is a 3D spherical object. As such, it has a de ned
Poisson ratio and bulk modulus. De ning these parameters for a brush is
doubtful. After all, a brush is an object on a surface. The brush can only
expand in one dimension due to this hard surface. The Flory-Rehner theory
was developed for gels that can swell in all dimensions. Using the same
Flory-Rehner theory for brushes is not possible. Thus, there are signi cant
differences between PNIPAM microgels and brushes. In addition, not all
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TABLE 4.1: Fitted PSD parameters (eq. 3.9) while heating a PNIPAM brush-

coated bead. The columns labelled “err” indicate the errors of the previous

columns, and are the 95% con dence interval values from the t. From
[vBB19].

studies report the softening. Therefore, | do not attribute my observations to
softening of the brush.

4.4.3 The quality of the PSD ts and the other parameters

Before, | focused on fy, which is the most important parameter. Here, | will
discuss the other t parameters, D, A, and C. These t parameters were
discussed in chapter 3. As | discussed before,D does hold potential. It can
describe the diffusion coef cient of the stuck coated bead. However, right now

it is in uenced by parameters that are unknown, for example the re ected
intensity that changes as the brush layer collapses. Therefore, we cannot draw
any conclusions about the collapse that are based onD and discussing how it
changes with T would be futile.

The t parameter A describes the set-up drift and is not involved with
the Brownian motion. Since this experiment involved heating, and mate-
rials expand, it is not unlikely that A changed. Its value did change from
measurement-to-measurement. Yet, no trend can be observed with T (ta-
ble 4.1). Therefore, | conclude that set-up drift due to heating was prevented
by equilibrating the system.

The last t parameter, C, describes the limit of detection of the set-up. It de-
scribes laser noise or noise in the APD detector, for example. The magnitude of
C changed from experiment-to-experiment (compare e.g. Fig. 3.10 to table 4.1).
| attribute this difference to alignment of the set-up. These data were taken at
different days. It is likely that the optical alignment on these days differed.
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Moreover, | did not observe a signi cant trend in  C with temperature or the
transitions at 36 C and 46 C (table 4.1). Thus, though it is likely that the
refractive index of the brush changed as it collapsed, this had no signi cant
in uence on the detection limits of the set-up.

One indication for the quality of the t can be found in two values, the
RMSE and the adjusted R-squared value (adj. R).2 The RMSE describes the
error between t and data points. In my case, | tted the logarithm of the
data (section 3.2). Therefore, the unit of RMSE is log(vV?s ). A value of 1
means that the RMSE value between data and t is one decade, whereas the
hypothetical value of 0 describes a perfect match between data and t. The
other value, adj. R?, describes the quality in a range of 0to 1. Here, a value
of 1 describes a perfect t that describes the data completely. Note that data
has variance, thus a value of 1 is not feasible. For my experiments, the RMSE
value is roughly 0.01decade, which indicates a good t. Also adj. R ? values
are consistently close to 1. Furthermore, both values are independent of T.
Naturally, having a weak Brownian signal, or high noise levels will lead to
high errors in fy. For the twith eq. 3.9 to work, the signal magnitude of the
Brownian motion should not be exceeded by A and C. In the experiments that
involved heating, the errors of f, ranged between 5%to 30 % depending on
the clarity of the Brownian motion signal. Therefore, although the Brownian
motion signal was less clear at high temperature, it lead to an error of 30 %
(Fig. 4.1). This error still allowed the analysis of the collapse of the PNIPAM
brush with suf cient signi cance.

4.5 Summary and conclusion

For the method | applied the formalism of Berg-Sgrensen and Flyvbjerg, which
was developed for optical tweezers calibration [BSF04]. This formalism was
tailored to my experiments to study the Brownian motion of coated particles
at an interface. My results show that the method is well suited to charac-
terise single particles at different temperatures. Furthermore, the technique
IS unique in that it is non-invasive, easy to use and it allows comparing mul-
tiple beads in quick succession. Therefore, this method complements other
techniques and lls a unique niche in that it can easily monitor the surface
viscoelastic properties of single beads.

3The adj. R%-value is adjusted for the degrees of freedom, the number of data points minus
number of t parameters.
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Through this method, | measured the Brownian motion of a single PNIPAM
brush-coated bead situated on a hydrophilic glass surface. | found that the
state of the PNIPAM determined this Brownian motion. The PSD, charac-
terised by the cut-off frequency fy, changed with temperature. | observed a
two-stage collapse in the viscoelastic properties of PNIPAM brushes. With
increasing temperature, | rst observed a decrease of fy at 36 C, and then an
increase at46 C. The rst transition was interpreted as an increase of the vis-
cosity of the inter-phase and h,, which | identi ed as the LCST of PNIPAM.

| also concluded that viscous losses dominated over other types of losses,
for example conformational losses. The second transition was interpreted
as the complete collapse of the PNIPAM layer and subsequent stiffening of
the contact. The fact that there were two transitions indicates that the brush
within the inter-phase consisted of two phases with distinct polymer densities.
Furthermore, the two transitions indicate a type Il transition, as mentioned in
the review by Halperin, Kroger, and Winnik [HKW15].



57

Chapter 5

Temperature Collapse of a Planar
PNIPAM Brush

Planar responsive polymer layers gather much interest and are suitable for
many applications [Stu+10]. With the method that | developed, bare beads
can be used to probe planar layers, much in the same way as described in
chapter 3. In the following chapter, | describe a PNIPAM brush on a planar
surface. More speci cally, | investigate the temperature collapse of such
brushes.

5.1 Synthesis and characterisation of the brush

5.1.1 Brush synthesis on a planar surface

The PNIPAM brush synthesis was done by Gunnar Kircher, here | describe the
protocoll to make these. To clean and coat the glass slides (VWR®, VistaVision
cover glass No. 1 thickness, borosilicate), they were placed in a Te on holder.
First, the slides were rinsed with dichloromethane and then allowed to dry.
Then, the slides were immersed in a mixture of 4mL hydrogen peroxide
(25%), 4 mL of 25% ammonia solution, and 50 mL of milliQ water. In this
manner, the slides were cleaned for 20min at 80 C. Afterwards, the slides
were rinsed thoroughly, rst with milliQ water, secondly with ethanol, and
nally dried.

Before growing the PNIPAM brush, the slides were functionalised with the
initiator for ATRP. The Te on holder with the slides was placed in a specially
designed Schlenck ask as described in [Bum+04]. The synthesis was similar
to the brush on the bead as described in chapter 2). Before use, the trimethy-
lamine was distilled over CaH. For functionalisation, the slides were immersed
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in a mixture of 28 mL dry toluene (anhydrous, Sigma Aldrich 99.8% used
without puri cation), 0.4 mL trimethylamine (Sigma Aldrich 99.8%), and
0.2mL of the initiator 3-(2-bromoisobutyryl)-propyl-dimethylchlorosilane.
This mixture was stirred overnight under argon atmosphere at room tempera-
ture. Afterwards, the holder with the slides was removed from the solution
and rinsed with dicholomethane, then washed for 2 h in a Soxhlet extractor
that was lled with dichloromethane, and nally dried.

The brush on the slides was grown by surface-initiated ATRP, a grafting-from
method as described in [Bra+09]. The slides in the Te on holder were placed
in a Schlenck ask. Subsequently, 2.72 gof NIPAM monomer (Sigma Aldrich,
recrystallized from Hexane), and 19 mg of the ATRP catalyst CuCl were added.
The ask was then evacuated and ushed with argon gas. Then,a 28mL 1:1
mixture of degassed DMF and water (DMF from Sigma Aldrich  99.8 % used
without puri cation), 56 L Me6TREN (tris(2-dimethylaminoethyl)amine,
Alfa Aesar 99+ %, used without puri cation), and 22 L of sacri cial ini-
tiator methyl-2-chloropropionate were added. The mixture was then carefully
degassed by three freeze-pump-thaw cycles. Brushes were thus polymerised
by stirring the mixture for 45 min at room temperature. Afterwards, the holder
and slide were removed and rinsed with methanol (Fisher chemical 99.8%
used without puri cation). Finally, the holder and slides were placed in a
Soxhlet extractor and lled with methanol to be washed overnight. This
resulted in a clean PNIPAM layer on a glass substrate.

5.1.2 Gel permeation chromatography

During synthesis of the planar brush, also some free dissolved initiator was
polymerised to obtain some free linear PNIPAM. Therefore, after removing
the holder and slide, there was similarly grown PNIPAM, which allowed gel
permeation chromatography (GPC) characterisation. Here, the permeation of
the PNIPAM through a gel phase is compared to the permeation of a known
polymer, in this case polystyrene. In such a way, we found that the brush has
a molecular weight, M, = 460kgmol ! and has a polydispersity index of
2.5. Using the molar mass of the monomer (Mpnipam = 113.16 gmol 1), this
corresponds to about N = 4000.
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5.1.3 Thickness of the dry layer

The thickness of the PNIPAM layer, Lgy, Was obtained using a pro lometer
(Stylus Pro ler P-7, KLA-Tencor). First, | scratched the PNIPAM surface
with a needle, thereby removing the brush layer locally and revealing the
hard glass surface. Subsequently, | measured a pro le perpendicular to the
scratch direction. From the pro le, the difference between high and low
indicated the height of the dry brush. During these measurements, the relative
humidity was 20.0 %and the temperature was 21.5 C. Three different pro les
at different places along the PNIPAM-coated surface were obtained. In this
manner, | found the dry brush thickness Lgy = 138 1nm. The error is the
standard deviation of the three measurements. This error is low, indicating a
uniform brush layer along the glass slide.

5.1.4 Grafting density and classi cation of the layer as brush

To con rm that the polymer layer was indeed a brush layer, | calculated the
grafting density. The grafting density, s, is the number of chains per unit area
and is given by [Chr+16]:
Ldry Na T
= — A

s M- (5.1)
Here, Lqry is the dry thickness, N is the Avogadro constant, r is the polymer
density (I used r = 1118kgm 3 [Sch92]), and M, is the molecular weight.
Hence, | ndthat s was on the order of 0.2nm 2.

To classify the layer as a brush, we need to compares to the radius of gyration
of the polymer ( Ry). A layer is a brush if the following condition is met (see

chapter 2):
1

Ré (5.2)
Using the de nition for Rq (eq. 2.1) and the earlier resultN = 400Q we nd
that R; = 8nm. Consequently, | nd 0.2nm 2 0.02nm 2. Therefore,
the condition of eq. 5.2 was ful lled, and we can conclude that the planar

PNIPAM layer was indeed a brush.
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